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ABSTRACT

The enhancement of plasma generation in atmospheric pressure dielectric barrier discharge (DBD) is gaining increasing interest for various
plasma applications. In this paper, the effect of surface charges moving with the rotating dielectric plate on improving the generation of
streamer channels is investigated by a statistical analysis of electrical measurements, optical diagnostics, and numerical simulation in a
needle-plate DBD device with a rotating dielectric plate. Results suggest that rotating the dielectric plate can improve the spatiotemporal dis-
tribution of streamer channels by inducing a bending of the streamer channels and an increase in the number of discharges. Statistical
results show that the number of current pulse and discharge energy are increased by 20% and 47%, respectively, at the rotating speed of
160 rps (revolution per second). Based on the interaction between the applied electric field and the electric field induced by surface charges,
a formula is proposed to govern the effect of rotating the dielectric plate on the discharge energy and streamer bending. To further under-
stand the mechanism of the influence of rotating the dielectric plate on plasma properties, a 2D fluid model is implemented, and the
reduced electric field and streamer propagation are analyzed. Results show that the effective transfer and reuse of surface charges play an
important role in the enhancement of plasma generation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136280

I. INTRODUCTION

Dielectric barrier discharge (DBD), as an important non-
thermal plasma source, has been used for various applications,
such as ozone generation, pollutant degradation, biomedicine,
energy conversion, and material surface modification.1–8 Generally,
the DBD plasma presents a filamentary regime with numerous
streamer channels at atmospheric pressure attributed to the high pd
value.9,10 Many studies have shown that it is beneficial for enhanc-
ing the energy efficiency concerning plasma applications to
improve plasma generation.11–13 The plasma characteristics are
dependent on various factors, including reactor configuration,
power supply parameters, and gas environments. The reduction in
the gas gap and the enhancement of the applied voltage can result
in the improvement of the number and spatial distribution of
microdischarges.14,15 However, too small air gap and too high
voltage may result in the breakdown of dielectric materials.15,16

In addition, increasing the frequency of the power supply and the
adoption of the dual AC/RF excitation can enhance the plasma
generation;17–19 however, high frequencies may lead to a reduction
in the energy efficiency in some plasma applications such as pollut-
ant degradation and ozone generation.15,20 Therefore, it is impor-
tant for DBD applications to achieve an increase in plasma
generation without upgrading voltage and frequency levels.

Surface charges play an important role in DBD, and many
studies have shown that the modulation of the surface charge distri-
bution is an effective method to enhance plasma generation.21–24

Somekawa et al. suggest that the clearance of memory effects for
surface charges by a voltage of opposite polarity can improve the
discharge uniformity.23 Choi et al. found that surface charges
spreading on the dielectric surface can enhance the spatial distribu-
tion of discharges by increasing the surface conductivity of a dielec-
tric plate.24 The above studies focus on the effect of the memory
effect of surface charges on the spatiotemporal distribution for
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different discharge cycles. However, relatively few studies have been
conducted to improve plasma generation in the same discharge
cycle by optimizing the distribution of surface charges. The electric
field induced by surface charges is opposite to that of the applied
voltage, which is not conducive to the generation of discharges at
the same position during the same discharge cycle.25,26 Beyond
that, surface charges can also suppress the formation of streamer
channels at the surrounding positions,21,27 which further limits the
spatiotemporal expansion of streamer channels. For AC-driven
DBD, the effective transfer of surface charges during the rise of the
applied voltage can weaken the electric field induced by surface
charges, indicating that the total electric field (the electric field of
an applied voltage minus that induced by surface charges) in the
gas gap can be enhanced. Therefore, achieving an efficient transfer
of surface charges is advantageous for the generation of subsequent
streamer channels at the same discharge period. Furthermore, these
surface charges are expected to be efficiently utilized in subsequent
discharge cycles. Considering the fact that surface charges are
trapped by the traps on the dielectric surface,2,28 these surface
charges can travel with a rotating dielectric plate. Hence, we
propose to enhance plasma generation via effective transfer and
reuse of surface charges in a rotating dielectric plate DBD without
upgrading the voltage and frequency levels. The plasma generation
in a single pin-plate DBD offers the advantage of easy diagnosis,
and the influence mechanism of a rotating dielectric plate on the
plasma characteristics in this type DBD is the same as that in the
multi-pin-plate and multi-pin-cylinder DBDs commonly used in
plasma applications, such as plasma agriculture29 and pollutant
degradation.30 Therefore, a single needle-plate DBD is employed to
study the physical mechanism of enhanced plasma generation by a
rotating dielectric plate.

In this work, the plasma generation in a needle-plate DBD
device with a rotating dielectric plate is investigated. The discharge
images of different exposure times are taken by a digital camera
and an intensified charge-coupled device (ICCD) camera to investi-
gate the effect of the rotating dielectric plate on the spatiotemporal
expansion of streamer channels. The statistical studies of electrical
measurements are implemented to study the influence of the rotat-
ing dielectric plate on the discharge energy and the amplitude and
number of current pulses. Based on the matching principle of the
rotating speed and applied voltage frequency, the formula that
determines whether the discharge power can be enhanced is pro-
posed. The mechanism of the rotating dielectric plate on plasma
generation is analyzed based on a 2D fluid simulation model. The
enhanced plasma generation by rotating a dielectric plate is demon-
strated in a single pin-plate DBD without upgrading voltage and
frequency levels, which can provide the theoretical and experimen-
tal foundation for this method to be generalized to the plasma
applications based on the multi-pin-plate and multi-pin-cylinder
DBDs.

II. EXPERIMENTAL SETUP AND NUMERICAL
APPROACH

A. Experimental setup

The needle-plate DBD experimental setup with a rotating
dielectric plate is built and shown in Fig. 1(a). The setup is

composed of a tungsten needle electrode and a grounded dielectric
plate connected to a spindle motor through an acrylic stand. The
dielectric is a circular quartz glass with a thickness of 1 mm and a
diameter of 70 mm. A 0.1 mm thick copper foil is adhered on the
surface of the quartz glass and fixed on the acrylic stand. The
copper foil extending on the side of the dielectric plate is connected
to the ground through a carbon fiber brush to ensure the stability
of the circuit during the rotation of the dielectric plate. The hori-
zontal distance between the needle tip and the central axis of the
ground electrode is 20 mm and the gas gap is 3 mm. The rotational
speed of the dielectric plate is adjustable from 0 to 180 rps (revolu-
tions per second). The reactor is driven by an AC power source
connected to a transformer. The voltage and current waveforms are
detected by a high-voltage probe (Tektronix P6015A) and a
Pearson current coil (Model 6595) and recorded by a digital phos-
phor oscilloscope (RIGOL MSO5104, 100MHz and 8.0 Gs/s).
Charge–voltage diagrams are derived by an additional serial capaci-
tance (100 nF) and used to calculate the discharge power.31 To
study the streamer morphology characteristics, the discharge
images are taken by a digital camera (Canon EOS 80D) and an
ICCD camera (Princeton, PI-MAX 3 1024i) that can be triggered
via a signal delivered from the digital phosphor oscilloscope. To
collect the optical emission spectra (OES), the light emitted from
the discharge is focused by a lens into a fiber connected to the
entrance slit (width: 1.3 mm) of a spectrometer (Princeton, Action
SP2750) with an ICCD array.

B. Numerical approach

The 2D PArallel Streamer Solver with KinEtics (PASSKEy)
code is adopted to study the effect of the rotating dielectric plate on
streamer propagation. Code feasibility verification, detailed descrip-
tions for mathematical formulations, and numerical approaches
can be found in literatures.32–34 The 2D fluid code based on the
local mean energy approximation (LMEA) approach is adopted.
The mobility and diffusion coefficients for electron and electron
energy and the reaction rate coefficients can be calculated based on
LMEA.34 The DBD in air is described using coupled continuity
equations with drift-diffusion approximation, Helmholtz equations
for photoionization, the energy conservation equation for mean
electron energy, and Poisson’s equation for the electric field.
Detailed descriptions are given in the supplementary material.

A volume fraction of 0.79 N2 and 0.21 O2 is adopted for air
composition. The gas pressure and temperature are set to 1 atm
and 293.15 K. Eighteen species including neutral, charged, and
excited species and 62 reactions are adopted in the kinetic reactions
model, and detailed kinetic reactions are shown in Table S1 in the
supplementary material. A total computational domain of
10 × 7mm2 is shown in Fig. 1(b). The curvature radius of the tung-
sten needle at the tip is 50 μm in our experiment; therefore,
the expression of the needle electrode is assumed to be
y � 10000� (x � x0)

2 þ y0 (unit: m), where x0 and y0 correspond
to the abscissa and ordinate at the needle tip and are set to
5� 10�3 and 4� 10�3 m, respectively. The minimum cell size of
4 μm is implemented and the computational domain contains
219 716 plasma nodes. In the fact of such a complex physical
module, the numerical calculation for an entire voltage cycle
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greatly increases the computational cost for the frequency of
400 Hz. Taking account of the fact that this paper only focuses on
the influence of positional changes for surface charges on the
streamer development, the single streamer generation and develop-
ment under the peak voltage instead of the AC waveform is
adopted and the similar method is adopted in papers.35,36

III. RESULTS AND DISCUSSION

A. Effect of the rotating dielectric plate on electrical
and optical characteristics of plasma

To study the effect of rotating the dielectric plate on plasma
characteristics, the discharge powers at different rotational speeds
for 400 Hz and 10 kV are shown in Fig. 2(a), where each power is
the average value of 10 groups of measurements. It can be found
that the discharge power can be improved under appropriate rotat-
ing speeds. For example, compared with 0 rps (0.45W), the dis-
charge power is increased by 47% at the rotational speed of 160 rps

(0.66W). However, there is no obvious regularity in the variation
of discharge power as the rotational speed increases from 0 to
180 rps. Moreover, it can be found that the discharge powers in the
rotating dielectric plate DBD are lower than that in the stationary
electrode DBD at some rotational speeds. For example, the dis-
charge power reaches the local minimums (0.32W for 100 rps and
0.24W for 130 rps), which are lower than that (0.45W) for the sta-
tionary electrode, as shown in Fig. 2. The above results indicate
that rotating the dielectric plate can enhance the discharge energy
only at some specific speeds, and the corresponding theoretical
mechanism will be analyzed in Sec. III B. In addition, it is signifi-
cant to study the effective capacitance in DBD to gain a deeper
understanding of the influence of rotating the dielectric plate on
plasma characteristics. The Lissajous graphs for three typical rotat-
ing speeds (stationary electrode: 0 rps, power suppressed: 130 rps,
and power enhanced: 160 rps) are shown in Fig. 2(b), where kn rep-
resents the cell capacitance without discharge (the dielectric capaci-
tance and gap capacitance in series) and kd stands for the

FIG. 1. (a) Experimental system diagram of the rotational dielectric plate DBD. (b) The computational domain in numerical simulation. (b1) Geometric configuration of the
needle-plate DBD. (b2) Schematic of the computational domain. (b3) Mesh distribution around the needle tip.
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measured capacitance, which is referred to as effective dielectric
capacitance and depends on the surface charge area.37,38 It can be
found that kn is equal in three cases, indicating that rotating the
dielectric plate does not change the cell capacitance. Also, kd-0 rps
is greater than kd-130 rps and less than kd-160 rps, indicating that
rotating the dielectric plate can affect the dielectric area covered by
surface charges. Then, for the case of increased discharge, more
regions on the dielectric plate are covered by surface charges.

Studying the appearance of the streamer is a key point for
gaining insight into plasma properties. The long-term morphologi-
cal characteristics of the streamer channels are studied by using a
digital camera with an exposure time of 250 ms (100 voltage
cycles). The streamer images in an anodic needle half-cycle are
obtained using an ICCD camera (exposure time: 1.25 ms, gain: 30).
The results are displayed in Fig. 3, where the speeds greater than or
equal to 62 rps are obtained based on the interaction between the
applied electric field and the electric field induced by surface
charges, which will be mentioned in Sec. III B. By comparing those
images, it can be found that for stationary electrodes, the streamer
channel is vertical [Fig. 3(a)]. For speeds from 20 to 73 rps, the
streamer channels bend to the right direction, which is consistent
with the direction of the tangential direction of the dielectric plate
rotation. However, an interesting phenomenon can be found that
the direction of streamer bending does not always coincide with
that of the rotating dielectric plate. For 80, 100, and 133 rps, the
streamers bend to the right direction, as shown in Figs. 3(g), 3(i),
and 3(k). For 89, 114, and 160 rps, the discharges bend to the left
direction, which is opposite to the rotating direction, as shown in
Figs. 3(h), 3( j), and 3(l). For the latter case, rotating the dielectric
plate can lead to higher light intensity, more streamer branches,
and wider spatial distribution of streamers. The above results show
that the effect of different rotational speeds on the streamer
channel is different, and only rotating the dielectric plate at proper

rotational speeds can enhance the distribution of streamer
channels.

According to the results in Fig. 3, three typical rotational
speeds (0 rps for stationary dielectric plate, 62 rps for low speed,
and 160 rps for high speed) are selected to further study the
streamer morphologies at different times in an applied voltage
cycle. Figures 4(a1)–4(a3) give the waveforms of single-shot voltage
and current and six time periods of capturing ICCD images.
Moreover, for the stationary electrode, the magnified current wave-
form in the cathodic needle half-cycle is recorded after increasing
the resolution of time and amplitude in the oscilloscope and shown
in Fig. 4(a1m). Δt1 (−175–25 μs) is near zero voltage, and Δt2
(25–225 μs), Δt3 (225–425 μs), and Δt4 (425–625 μs) are at the
rising edge of the applied voltage on an anodic needle half-cycle.
Δt5 (625–825 μs) is at the falling edge on the anodic needle half-
cycle. Δt6 (1250–1875 μs) is at the rising edge on the cathodic
needle half-cycle. The images corresponding to those periods are
presented in Figs. 4(b)–4(d). Results show that the streamer chan-
nels can be found in Δt1−Δt4 [Figs. 4(b1)–4(b4)] for 0 rps.
Although there are some streamer branches near the dielectric, the
streamer channel is basically vertical. The applied voltages corre-
sponding to Δt1 is close to 0 kV, indicating that the discharge in
Fig. 4(b1) is dominated by residual surface charges.27,39 Moreover,
the surface discharge induced by the volume discharge can be
found on the dielectric surface, and the propagation distance is
about 3.2 mm [Fig. 4(b4)]. At the falling edge of the voltage, the
streamer cannot be ignited except for the discharge near the zero
voltage, which is because that the surface charges accumulated on
the dielectric will inhibit the discharge on the same voltage
cycle.27,39 Then, the current pulse and the streamer channel corre-
sponding to Δt5 are not found in Figs. 4(a1) and 4(b5). The
corona discharge is found in the cathodic needle half-cycle (Δt7),
as shown in Fig. 4(b6), which corresponds to the lower amplitude

FIG. 2. (a) Discharge powers at different rotational speeds for 400 Hz and 10 kV. (b) The QV diagram at the rotating speeds of 0, 130, and 160 rps.
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current pulse in Fig. 4(a1m). This phenomenon of finding different
discharges in the positive and negative periods is due to the fact that
negative discharges require much higher ignition voltages.40–42

For 62 rps, streamer channels can also be observed in Δt1−Δt4
[Figs. 4(c1)–4(c4)], and the corona discharge is shown in t6
[Fig. 4(c6)], which is consistent with that for 0 rps. Moreover, all the
streamer channels at 62 rps bend to the right, which is consistent with
that in Fig. 3(d). For 160 rps, the corona discharge rather than the
streamer discharge is observed in Δt1, as shown in Fig. 4(c1).
However, the current pulse and the streamer channel corresponding
to the falling edge of the voltage (Δt5) can be found in Figs. 4(a3)
and 4(d5). The streamer channels at 160 rps bend to the right, which
is consistent with that in Fig. 3(l). It can be indicated that rotating
the dielectric plate not only enhances the spatial distribution of the
streamer, but also influences the time phase of the discharge.

The number and amplitude of current pulses are positively
correlated with the number and intensity of discharges, respec-
tively, in a pin-plate DBD. Then, the investigation of the effect of
rotating the dielectric plate on current pulse parameters is benefi-
cial for gaining insight into the enhancement mechanism of

plasma generation. Current–voltage waveforms are recorded at 0
and 160 rps to investigate the effect of rotating the dielectric plate
on the current pulse under increased discharge power. The results
are shown in Fig. 5(a), where the current waveform is accumu-
lated 130 times. It is worth noting that the electromagnetic inter-
ference generated by the motor may affect the statistics of corona
discharges, while it does not influence the statistics of streamer
discharges, as shown in Fig. S1 in the supplementary material.
Therefore, this work presents only the statistical results of the dis-
charges in the positive half-cycle. The time probability distribu-
tion map of the current pulse is shown in Fig. 5(b), which is
obtained according to the statistical analysis of the current signal
of 130 times (260 voltage cycles in total) in Fig. 5(a). It can be found
that the discharge can be ignited before the start of the anodic
needle half-cycle for a stationary electrode and the current pulse dis-
appears after the applied voltage reaching peak [Fig. 5(b)], which is
consistent with the result in Fig. 4(a1). For 160 rps, the current
pulse appears after the start of the anodic needle half-cycle;
however, the corresponding probability is much lower than that of
the stationary electrode, as shown in Figs. 5(b1) and 5(b2).

FIG. 3. Discharge images at different rotational speeds at 400 Hz and 10 kV. (a1)–(l1) Images with the exposure time of 250 ms. (a2)–(l2) Images with the exposure time of
1.25 ms in the anodic needle half-cycle. n corresponds to that in Eqs. (3) and (4) and will be mentioned in Sec. III B.
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In addition, the discharge can be ignited even after the voltage
peaks [Fig. 5(b2)], which is consistent with Figs. 4(a3) and 4(d5).

The average amplitude and number of pulses for 260 voltage
cycles of current pulses in Fig. 5(a) are statistically analyzed, and
the result is presented in Fig. 6(a). It can be seen that for 0 rps, the
average amplitude and the number of current pulses are 56 mA
and 10, respectively. For 160 rps, the average amplitude and the
number of current pulses are 61 mA and 12, respectively. Then,
compared to the stationary electrode DBD, the amplitude and
number of current pulses are increased by 8.9% and 20% at
160 rps. In addition, the probability distribution map of the current
pulse amplitude is shown in Fig. 6(b). It can be found that the
maximum probability appears at 55 and 68 mA for 0 and 160 rps,
which indicates that the amplitude with the highest probability for
rotating the dielectric plate is higher than that of the stationary
electrode. Therefore, the improvement in the discharge power is
due to the increase in the number and amplitude of the current
pulses.

To further investigate the effect of rotating the dielectric
plate on plasma properties, the OES in the range of 300–420 nm
for 0, 62, and 160 rps are measured and shown in Fig. 7(a).
The OES are mainly composed of the second positive bands of
N2 (C3Πu→B3Πg) and the first negative bands of N2

+

(B2Σu
+→ X2Σg

+).43,44 The light intensities at 337 nm for different
speeds are shown in Fig. 7(b). The rotating dielectric plate can

increase the intensity of the spectrum, which corresponds to the
increase in discharge power (Fig. 2). The intensity ratio of the
FNS(0, 0) and SPS(2, 5) for nitrogen bands (I391/I394) can be used
to represent the reduced electric field (E/N) in atmospheric pres-
sure discharge.30,45–47 The effect of rotating the dielectric plate on
I391/I394 under different speeds is shown in Fig. 7(b). It can be
seen that the rotating dielectric plate can enhance the ratio of
I391/I394, which indicates that higher E/N can be obtained in the
rotating dielectric plate DBD.

B. Matching mechanism of the rotating speed and the
frequency of the applied voltage

The movement of the dielectric plate is the key to enhance the
discharge energy and the spatial and temporal distribution of the
streamer channel. Considering the fact that surface charges are
trapped by the traps on the dielectric surface,2,28 these surface
charges can travel with the moving dielectric plate at the same
speed, which will be demonstrated in Sec. III C. Then, the mecha-
nism schematic diagram of surface charges affecting subsequent
discharge is shown in Fig. 8, where the red stands for positive
charges and the blue represents negative charges. A simple case in
which surface charges can inhibit the discharge is presented in
Fig. 8(a). Assuming only once electrical breakdown per half-cycle
of the voltage, the surface charges accumulate on the dielectric

FIG. 4. (a1)–(a3) Single-shot voltage and current waveforms at 0, 62, and 160 rps. (a1m) The magnified current waveform in the cathodic needle half-cycle. (b)–(d)
Discharge images taken by the ICCD camera. Where Δt1 = Δt2 = Δt3 = Δt4 = Δt5 = 200 μs and Δt6 = 625 μs.
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FIG. 5. (a) Current–voltage waveform of the discharge with the rotational speeds of 0 and 160 rps, where current waveform is accumulated 130 cycles. (b) Time probability
distribution map of current pulses.

FIG. 6. (a) The correlation diagram between the average amplitude and the number for current pulses and (b) probability distribution map of current pulse amplitude
histograms.
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twice during the dielectric plate making one revolution when the
cycle of the rotating dielectric plate and the voltage cycle are the
same. Figure 8(a1) shows the distribution of surface charges after
the discharge in a positive half-cycle. Before the next negative half-
cycle discharge, the negative surface charges are just below the
needle electrode due to dielectric rotation [Fig. 8(a2)]. In this case,
the direction of the electric field induced by surface charges is
opposite to that of the applied electric field, and the discharge is
inhibited. In the other case, when the voltage cycle is 1.5 times the
rotation cycle of the dielectric plate, the surface charges are accu-
mulated three times on the dielectric surface during the dielectric
plate rotating once. The surface charges distribution after the dis-
charge in a positive half-cycle is presented in Fig. 8(b1). Before the

next negative half-cycle discharge, the positive surface charges are
just below the needle electrode [Fig. 8(b2)]. The electric field
induced by the surface charge is directed in the same direction as
the applied voltage and, thus, promotes the discharge. In this case,
the surface charges that re-enter the discharge area can be reused
effectively by subsequent reverse discharges.

In general, the voltage cycle is smaller than the rotation cycle
and the surface charges accumulated in different voltage cycles can
exist on a dielectric surface simultaneously. Therefore, the matching
principle can be generalized as follows. If the electric field induced
by the surface charge moving with the dielectric is opposite to that
of the applied voltage before the start of each discharge, the dis-
charge is suppressed. In this case, an even number of surface
charges are accumulated when the electrode rotates once, which
can be described via

Ta ¼ T
n
: (1)

On the other hand, if the electric field induced by the surface
charge moving with the dielectric is the same as that of the applied
voltage before the start of each discharge, the discharge can be pro-
moted. In the case, an odd number of surface charges are accumulated
when the dielectric plate rotates once, which can be described via

Ta ¼ T
n� 0:5

, (2)

where Ta denotes the applied voltage cycle, T is the rotation period of
the dielectric plate, and n is the positive integer.

To correspond to experimental conditions, Eq. (1) can be
recast as follows by replacing Ta with 1

fa
, T with 1

ω:

ω ¼ fa
n
: (3)

FIG. 7. (a) Optical emission spectrum in the wavelength range of 300–420 nm for different rotating speeds. (b) The intensity of I391.4/I394.3 and the light intensity at 337 nm
for different speeds.

FIG. 8. Schematic diagram of the surface charges affecting subsequent dis-
charge. (a) Surface charges suppress subsequent discharge. (b) Surface
charges enhance subsequent discharge.
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Equation (2) can be recast as follows by the same method,

ω ¼ fa
n� 0:5

, (4)

where fa is the voltage frequency (unit: Hz) and ω denotes the rota-
tional speed of the dielectric plate (unit: rps).

Based on the above matching principle, the effect of matching
between the dielectric plate rotation speed and the applied voltage
frequency on the discharge power is shown in Table I. The
numbers in the schematic diagram of the surface charge distribu-
tion represent the surface charges accumulated at different dis-
charge cycles. It can be found that for 400 Hz, the discharge could
be suppressed when the rotational speeds are 100 and 133 rps, and
the discharge can be promoted when the rotational speeds are 110
and 160 rps, which is consistent with experimental results in Fig. 2.
The results indicate that the irregular variation in power in Fig. 2 is
attributed to surface charges moving with the dielectric plate.

To further confirm the above matching principle, Table I
shows the matching results of rotational speeds and frequencies
when the frequencies are 200 and 100 Hz. The corresponding
powers are measured at the peak voltage of 10 kV and shown in
Fig. 9. It can be found that for 200 Hz, the discharge is suppressed
at 100 and 66 rps, and the discharge can be promoted at 133 and
80 rps in Table I. The experimental results show that the smaller
discharge powers are found at 100 and 70 rps, and the higher
powers appear at 130 and 80 rps for 200 Hz, which is consistent
with the matching principle in Table I. Also, Fig. 9 shows that the
smaller discharge powers are at 100 and 50 rps, and the higher dis-
charge power is at 70 rps for 100 Hz, which is also consistent with
the matching results in Table I. Then, the interaction between the
applied electric field and the electric field induced by surface
charges plays an important role in the discharge power in the DBD
and Eqs. (3) and (4) can determine whether the discharge power
can be enhanced.

C. Verification of surface charges moving with the
rotating dielectric plate

The movement of the surface charges with the dielectric plate
is considered to be responsible for the above experimental results.
Then, it is necessary to validate the movement of surface charges
with the rotating dielectric plate. In general, the measurement tech-
niques based on the electrostatic probe and the Pockels electro-
optic effect are used to study the distribution of surface charge.48–50

However, these methods are difficult to be achieved in our experi-
ments due to that the former is affected by the original electric
field and the latter is limited by the structure of the rotating dielec-
tric plate. Here, we propose the introduction of a second ground
electrode to confirm that the surface charge can move with the
dielectric plate. The diagram of the experimental setup is presented
in Fig. 10(a). The second ground electrode is at the symmetrical
position of the high-voltage electrode about the axis of the dielec-
tric plate and the gas gap is set to 1 mm. If the surface charges can
move with the dielectric and pass under the second ground elec-
trode, the electric field of the surface charges could induce dis-
charge. Discharge images with exposure times of 250 ms at TA
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different rotational speeds are taken and shown in Fig. 10(b).
Results show that the discharge filaments can be observed at the
second ground electrode when the rotational speed reaches 50 rps. In
addition, the intensity of light at the second ground electrode becomes
stronger as the velocity increases, indicating that more surface charges
can move with the dielectric plate at higher velocities.

Studying the current pulses of discharge at the second ground
electrode is a key point to gain further insight into the moving
characteristics of surface charges. The currents through the second
ground electrode at different rotating speeds are measured, and
the single-shot current and voltage waveforms are presented in
Fig. 11(a). It is worth pointing out that the voltage between the
high-voltage electrode and the rotating dielectric plate is used to
trigger the oscilloscope to ensure the consistency of the trigger time
when acquiring current pulses through the second ground elec-
trode. Thus, all voltage signals in Fig. 11 correspond to the voltage
between the high voltage electrode and the rotating dielectric plate.
To exclude random interference and increase the reliability of
the experimental results, the current–voltage waveforms with the
current accumulation of 130 times are shown in Fig. 11(b). It can
be found that there are obvious negative current pulses for the
rotating speed of 50 rps [Figs. 11(a1) and 11(b1)]. The negative
current pulse corresponds to the discharge induced by the positive
surface charges accumulated on the anodic needle half-cycle.
Figure 11(b1) shows that the time intervals corresponding to the
appearance of the current pulses are not random but only fluctuate
within a certain time. The time intervals are about 2.5 ms (one
voltage cycle), indicating that those current pulses correspond to
surface charges accumulated in two consecutive voltage cycles.
Moreover, the number of current pulses tends to increase as the
speed increases, which corresponds to the increase in light intensity

FIG. 9. Discharge powers at different speeds for the frequencies of 100 and
200 Hz at 10 kV.

FIG. 10. (a) Diagram of the experimental setup with the introduction of the second ground electrode. (b) Discharge images with exposure time of 1/4 s at different rota-
tional speeds.
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in Fig. 10(b). The positive weak current pulses can be found in
Figs. 11(a2)–11(a12), which is induced by negative surface charges.
The results indicate that the number of surface charges that can be
efficiently transferred increases as the rotational speed increases.

In addition, the time corresponding to the current pulse
with increasing rotational speeds is different, as shown in
Figs. 11(b1)–11(b12), which is caused by the difference in the time
spent on surface charges moving to the second ground electrode.

FIG. 11. (a1)–(a12) Single-shot current waveform of the second ground electrode at the rotational speeds from 50 to 160 rps, respectively. (b1)–(b12) Current waveform
accumulated 130 times.
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The statistical time probability distribution is shown in Fig. S2 in
the supplementary material. Δtωn�(ωnþ10) represents the time differ-
ence for the surface charge moving from the high voltage electrode
to the second ground electrode when the speed is increased from ω
to ωþ 10. In theory, Δtωn�(ωnþ10) can be derived by the following
method:

The time for the surface charges moving to the second ground
electrode is

t ¼ 1
2ω

: (5)

The time intervals at different rotational speeds can be calcu-
lated via

Δt ¼ 1
2ωn

� 1
2ωm

, (6)

where ωn and ωm represent different angular velocities of the
dielectric plate.

For a speed increase of 10 rps, the time intervals can be given
by

Δtωn�(ωnþ10) ¼ 1
2ωn

� 1
2(ωn þ 10)

¼ 5
ω2
n þ 10ωn

: (7)

Experimental and theoretical time intervals for the rotational
speeds from ωn to (ωn þ 10) are shown in Fig. 12. It can be found
that the experimental results are in good agreement with theoretical

derivation, which demonstrates that the surface charges can move
with the dielectric at the same speed.

D. Numerical simulation and theoretical analysis of
surface charges moving with a rotating dielectric plate
on the plasma characteristics

Surface charges play an important role in the plasma charac-
teristics in DBD.37 Most of the surface charges can be considered
laterally mobile on time-scales of 100s of ns after an electric
breakdown, which result in that mostly flat charge distributions
on the dielectric surface interspersed by Gaussian peaks at the
locations of the volume discharge.51 The surface charge region
with Gaussian distribution plays the most critical role in the sup-
pression of subsequent discharges in the same discharge cycle.52

For stationary electrode DBD, these surface charges are always
distributed on the dielectric surface below the needle tip.
However, for the rotating dielectric plate DBD, those surface
charges can move synchronously with the dielectric plate. Then, it
is necessary to investigate the effect of the distribution for those
surface charges on the reduced electric field. The numerical simu-
lation of the effect of surface charge on the reduced electric field
at the applied voltage of 10 kV is implemented and shown in
Fig. 13, where the surface charge distribution range is set to 2 mm
to reduce calculation costs, and the surface charge density is set
to +10 nC/cm2, which is close to that in the paper.49,52–54 It can
be found that both the reduced electric field (Ep) at the needle tip
and the average reduced electric field (Eave) for x = 5 mm in the
air gap improve with the increasing distance (dm) of surface
charges, which indicates that the movement of surface charges is
favorable to increase the electric field in the air gap, which is con-
sistent with the result in Fig. 7.

To further investigate the mechanism of effective transfer of
surface charges on the plasma enhancement at the same discharge
cycle, Fig. 14(a) shows the moving distance (dm) of surface charges
at 200, 400, and 625 μs (quarter voltage cycle) for different rota-
tional speeds, respectively. It can be found that dm reaches 4, 8, and
12.6 mm for 160 rps at 200, 400, and 625 μs. This distance is
enough to affect the total electric field in the gas gap. Figure 14(b)
shows the mechanism of the effective transfer of surface charges to
enhance the reduced electric field. For a stationary electrode, the
surface charges always accumulate on the dielectric below the
needle tip. The electric field (Es) induced by the surface charge and
the electric field (Ea) of the applied voltage are in opposite direc-
tions. The total electric field (Et) in the discharge air gap is Ea−Es,
which indicates that Es can result in the extinction of discharge
when Et is less than the breakdown threshold (Eb). For AC DBD, as
Ea continues to increase, the streamer channel is re-ignited when Et
is greater than Eb. For the rotational dielectric plate, the distance
from the needle tip to the central of surface charges distribution
increases, as shown in Fig. 14(b2). The electric field induced by
surface charges (Esr) is inversely proportional to the square of its
distance from the needle tip. Hence, Esr is less than Es and the total
electric field (Etr) at the needle tip is larger than Et, as shown in
Figs. 14(b1) and 14(b2). Therefore, the rotation of the dielectric
plate can enhance the E/N in DBD. The enhancement of the E/N is
in favor of subsequent discharges at the same discharge cycle.

FIG. 12. Time intervals for the surface charges moving from the high voltage
electrode to the second ground electrode when the speed is increased from ω
to ω + 10.
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Hence, rotating the dielectric plate can induce discharges on the
falling edge of the voltage and increase the number of electrical
breakdowns in Figs. 4 and 5. As the rotational speed decreases, dm
decreases, which leads to a weakening of the effect of increasing Etr

by rotating the dielectric plate. Based on the above conclusions, it
can be concluded that the effective transfer of surface charges with
rotating the dielectric plate can facilitate subsequent discharge gen-
eration by increasing the E/N in gas gap.

FIG. 13. Numerical simulation results of the effect of surface charge position on the electric field. (a) Electric field distribution when the applied voltage is 10 kV and the
surface charge density is 10 nC/cm2. (b) The magnitude of the electric field at the moving distance of surface charge. Ep is the reduced electric field at the needle tip and
Eave denotes the average reduced electric field in the gas gap at x = 5 mm.

FIG. 14. (a) The moving distance (dm) of the dielectric plate at different rotational speeds. (b) The effect of the surface charge movement on the electric field at the needle
tip. (b1) Stationary electrode. (b2) Rotational dielectric plate. Ea denotes the electric field of applied voltage. Es and Esr are the electric fields induced by surface charges.
Esh is the component of Esr along the vertical direction. Et and Etr represent the total electric fields at the tip of the needle along the vertical direction.
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The effect of rotating the dielectric plate on streamer mor-
phology is also caused by the movement of surface charges, and
Fig. 15 shows the schematic diagram of surface charges affecting
the streamer bending. It is worth pointing out that all the charges
accumulated on the dielectric surface in a discharge cycle can influ-
ence the subsequent discharge and each clump of surface charges
in Fig. 15 represents the cumulative result of all discharges in a dis-
charge cycle. Therefore, the range of surface charge distribution
depends on the rotating speed of the dielectric plate. Then, for the

same rotating speed, the equal spreading diameter of positive and
negative surface charges is assumed in Fig. 15. According to
Table I, for 160 rps, the surface charge distribution after one nega-
tive half-cycle discharge is shown in Fig. 15(a1). These surface
charges can move with the rotating dielectric and the surface
charges (S1) move away from the discharge area. Assuming that the
next streamer discharge will occur after a 1/4 voltage cycle, the
travel distance is about 12.6 mm. Such a large distance suggests that
they cannot affect the propagation of subsequent streamer after

FIG. 15. Schematic diagram of surface charges affecting the direction of streamer bending. S1 denotes the surface charges that have just accumulated on the dielectric
and S2 stands for the surface charges that have rotated one revolution. Sc is the surface charge that would be consumed by the subsequent positive streamer discharge
and St denotes the surface charges that can transfer one revolution with the dielectric plate.
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voltage reversal. While the surface charges (S2) approach the dis-
charge area from the left side, they can induce the total electric
field to bend to the left [Fig. 15(a3)]. Therefore, the streamer is
bent to the left direction at 160 rps in Fig. 3(l). For 133 rps, the
effect of surface charges on streamer bending is similar to that of
160 rps. However, the total electric field bends to the right because
that the direction of the electric field induced by surface charges
and the applied electric field are the same, as shown in Fig. 15(b3).
According to Eq. (3), the effects of surface charges on streamer
bending for 114 and 89 rps are the same as that for 160 rps, and
the effects of the surface charge on streamer bending for 100 and
80 rps are the same as that for 133 rps. For 62 rps, the surface
charge distribution after one negative half-cycle discharge is shown
in Fig. 15(c1). Before the next streamer discharge, the surface
charges (S1) move about 4.8 mm. The radius of the surface dis-
charge distribution range is about 3.2 mm, as shown in Fig. 4(b4).
Some of the surface charges remain close to the needle tip, and

they induce a bending of the streamer to the right. As a result,
those surface charges can be consumed by the positive streamer
discharge. Although some of the surface charges (St) far from the
tip area can move with the dielectric plate, the number of surface
charges is much smaller than that at high speed, which has been
confirmed by the results in Figs. 10 and 11. Then, the surface
charges (St) cannot dominate the direction of streamer bending.
When the rotational speed reaches 80 rps, before the next streamer
discharge, the surface charge (S1) moves about 6.3 mm, which is
approximately equal to the distribution range (diameter: 6.4 mm)
of the surface discharge. Therefore, most of the surface charges are
already far away from the area below the tip of the needle, and S1
cannot dominate the direction of the streamer development.
Therefore, the streamer bend at low speed (less than 80 rps) is
dominated by charges accumulated in the immediately preceding
half-cycle discharge, and the direction of the streamer channels
depends on the rotation of the rotating dielectric plate. When the

FIG. 16. Streamer propagation under pre-charging with different polarities.
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rotational speed is greater than or equal to 80 rps, the surface
charge that rotates one revolution with the dielectric plate can
dominate the bending of the streamer channels, and the direction
of streamer channels depends on the matching of the rotating
speed and applied voltage frequency, i.e., the morphology of
streamers can be governed by Eqs. (3) and (4).

To further understand the matching mechanism of the rotat-
ing speed and the applied voltage frequency [Eqs. (3) and (4)],
Fig. 16 shows the influence of surface charges with different polari-
ties on streamer propagation. When Eq. (4) is satisfied, the negative
surface charges enter the discharge region from the left side. In this
case, the offset surface charges (x: from −2.75 to −4.75 mm;
−10 nC/cm2) are set on the dielectric surface, where the density of
surface charges is close to that in the papers.49,52–54 The simulation
results show that the streamer channel (both the E/N and ne)
bends to the left, which is in good agreement with the experimental
results for 89, 114, and 160 rps in Fig. 3. When Eq. (3) is fulfilled,
the positive surface charges enter the discharge region from the left
side. The simulation results show that both E/N and ne bend to the
right direction, which is consistent with the experimental results
for 80, 100, and 133 rps in Fig. 3. Furthermore, it can be found that
streamer propagation for Eq. (4) is faster than that for Eq. (3),
which is attributed to the different effects of different polarities for
surface charges on the discharge. The surface charges inhibit dis-
charges when Eq. (3) is satisfied, while they promote discharges
when Eq. (4) is fulfilled, which is consistent with the results in
Table I. For high speeds (over 80 rps) when the direction of the
electric field induced by the surface charges re-entering the dis-
charge region is opposite to that of the applied voltage [Eq. (3) is
satisfied], the bending direction of the streamer channel is consis-
tent with that of the rotating dielectric plate. Furthermore, when
the direction of the electric field induced by these surface charges
re-entering the discharge region is the same as that of the applied
voltage [Eq. (4) is fulfilled], the bending direction of the streamer
channels is opposite to that of the rotating dielectric plate.

IV. CONCLUSIONS

In this paper, a needle-plate DBD device with a rotating
dielectric plate has been proposed for improving plasma generation.
The effects of the rotational dielectric plate on discharge power,
streamer morphology, reduced electric field, and current pulses are
investigated. The main results are as follows:

(1) The influence of the rotating dielectric plate on the discharge
energy depends on the matching of the voltage frequency and
the rotational speed. When ω ¼ fa/n, the direction of the elec-
tric field induced by surface charges returning to the discharge
area is consistent with that of the applied voltage; thus, the dis-
charge power is suppressed. In contrast, the discharge power is
increased as ω ¼ fa/(n� 0:5) due to that the direction of the
electric field induced by surface charges is opposite to that of
the applied voltage. In the latter case, both the number and the
amplitude of the current pulses can be increased. For 400 Hz
and 160 rps, the discharge power can be improved by 47%
(from 0.45W at 0 rps to 0.66W at 160 rps). At the same condi-
tions, the statistical results show that the amplitude and the

number of current pulses are increased by 8.9% (from 56 to
61 mA) and 20% (from 10 to 12), respectively.

(2) Rotation of the dielectric plate can increase the spatial distribu-
tion of the streamer channels by inducing a bending of the
streamer channels and an increase in the number of streamer
branches. The results of OES and numerical simulations show
that the transfer of surface charges can increase E/N, which
facilitates the generation of subsequent discharges at the same
discharge cycle. The movement of surface charges plays an
important role in the bending direction of streamer channels.
At low speed (less than 80 rps), the streamer bending is domi-
nated by surface charges accumulated in the immediately pre-
ceding half-cycle discharge. In this case, the bending direction
of the streamer channels is consistent with that of the rotating
dielectric plate. When rotating speeds reach 80 rps, the
bending of streamer channels is dominated by surface charges
re-entering the discharge region. Then, the direction of
streamer channels depends on the matching of rotating speed
and applied voltage frequency.

(3) The electrical breakdown at the second ground electrode indi-
cates that the surface charges move synchronously with the
dielectric plate. The number of discharge current pulses at the
second ground electrode increases with increasing rotation
speeds, indicating that the surface charges can be transferred
more efficiently at high rotational speeds.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed descriptions of
the 2D fluid simulation model and the kinetic reactions, rate coeffi-
cients (Table S1), electromagnetic interference generated by the
motor operation (Fig. S1), and the time probability distribution of
the current pulses at the second ground electrode (Fig. S2).
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