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Improving energy efficiency in plasma NO removal is a critical issue. When the surface dielectric barrier
discharge (SDBD) device is considered as a combination of multiple plasma actuators, the induced plasma
aerodynamic effect cannot be ignored, which can affect the mass transfer, then affect the chemical reac-
tions. Five SDBD devices with different electrode arrangements are studied for NO conversion. They cor-
respond to different flow patterns. We find that the energy efficiency in an SDBD device with a common
structure (Type 1) is 28% lower than that in SDBD devices with a special arrangement (Types 2–5). Two
reasons may explain the results. First, fewer active species are produced in Type 1 because the develop-
ment of discharge is hindered by the mutually exclusive electric field forces caused by the symmetrically
distributed charged particles. Second, the plasma wind induced by the plasma actuator can enhance the
mass and heat transfer. The mixing of reactants and products is better in Types 2–5 than Type 1 due to
higher turbulence kinetic energy.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction tion will make this technology more economical and more
The burning of fossil fuels produces a large amount of NOx every
year [1–3]. NOx can damage the respiratory system of humans and
animals [4]. Acid rain formed by NOx corrodes buildings and
endangers organisms [5,6]. As a result, many countries have set
increasingly strict standards for NOx emissions [7]. Numerous
methods have been studied to control it [8–14]. Low temperature
plasma has a wide range of applications, such as the preparation
of Au and Pd nanoparticles [15], gas purification [16,17], reforming
of dimethyl ether to produce hydrogen [18], degradation of acid
orange 7 (AO7) dye [19], removal of benzene [20], and plasma-
assisted ignition [21]. Surface dielectric barrier discharge (SDBD)
is a method of generating low temperature plasma, which has been
widely used in NO removal [22–27]. Plasma oxidation dominates
in oxygen-rich environments. NO is a gas difficult to be removed
directly, while NO2 is much easier to handle. Plasma removal of
NO is therefore usually divided into two steps. Plasma converts
NO into NO2 in the first step and utilizes other methods to remove
NO2 in the second step. Electricity accounts for a large part of the
cost of plasma NO removal [28], so reducing its energy consump-
marketable.
An SDBD device usually consists of a high-voltage electrode, a

dielectric barrier, and a ground electrode [23,25,26,29–31]. The
high-voltage electrode and the ground electrode are closely
attached to both sides of the dielectric barrier. High-voltage elec-
trodes are usually metal strips, and the ground electrode is usually
a whole metal plate. Above the ground electrode, the high-voltage
electrodes are equally spaced. Recently, a hybrid volume-surface
DBD device is proposed to get a better performance [32]. Another
type of SDBD device is cylindrical [22,27]. It is composed of an
external ground electrode, an internal high-voltage electrode, and
a dielectric barrier in the middle. Unlike the previous, the high-
voltage electrode is a spiral metal wire. In these two types of reac-
tors, the discharge area is distributed on both sides of the high-
voltage electrode.

Plasma actuators are used as an active flow control method,
which has been widely studied in aviation. The plasma actuator
includes an exposed electrode and an embedded electrode as
shown in Fig. 1(a). Then, the common SDBD device can be viewed
as a combination of many plasma actuators as shown in Fig. 1(b).
The plasma actuator can produce a plasma wind with a velocity
of several meters per second, which flows from the exposed elec-
trode to the embedded electrode. The wind can affect the mass
transfer, then further affects the chemical reactions. In our



Fig. 1. Schematic diagrams of SDBD devices.

A. Wang, Z. Zhou / Chinese Journal of Chemical Engineering 53 (2023) 270–279 271
previous research, different flow patterns induced by the plasma
aerodynamic effect were found to have different conversion effi-
ciencies and energy efficiency [33]. The plasma aerodynamic effect
on chemical reactions caused by the plasma actuator cannot be
ignored.

In this study, we compare the performance of five types of SDBD
devices for ozone production and NO conversion. In Type 1, elec-
trodes are arranged in a common way as shown in Fig. 1(b). Two
exposed electrodes and the ground electrode form four plasma
actuators whose direction is not consistent. In Type 2, the elec-
trodes are arranged as shown in Fig. 1(c). The plasma actuators 1
and 2 are in the same direction. Types 3–5 are shown in Fig. 2.
The number of plasma actuators is four in Types 3–5. The distances
between plasma actuators in Types 3–5 are 2, 5, and 10 mm,
respectively. Plasma actuators are in the same direction in Types
3–5. The effect of air gap is also studied.

2. Methods

2.1. Reactor

2.1.1. SDBD devices
In this study, five types of SDBD devices were studied, namely

Types 1–5 (Fig. 2). As shown in Fig. 2, Type 1 has a common struc-
ture among the five types. And the directions of the plasma actua-
tors are different. In Types 2–5 there is a certain distance between
the plasma actuators. And the plasma actuators are in the same
direction.

All SDBD devices have a dielectric barrier in the middle and cop-
per electrodes on either side. The material of the dielectric barrier
is FR-4. The length and the width are both 100 mm, and the thick-
ness is 1 mm.

All high voltage electrodes and ground electrodes are made of
copper. They are 0.05 mm thick. In the Fig. 2, the high voltage elec-
trode is indicated by a narrow yellow vertical bar. The length and
the width of the high voltage electrodes (H1 and H2) are 80 mm
and 2 mm in all the five SDBD devices.

The ground electrode (G1) of Type 1 is 76 mm long and 19 mm
wide. The distance between the high-voltage electrodes is 5 mm in
Fig. 2. Structure of
Type 1. The distance between the edge of the ground electrode and
the high-voltage electrode is 5 mm, too. Ground electrodes of
Types 2–5 (G2) are 6 mm wide and 76 mm long. The high-
voltage electrode and the ground electrode overlap by 1 mm in
the vertical direction. Hence, the distance between the high-
voltage electrode and the edge of the ground electrode is 5 mm,
too. Thus, the width of the ground electrode in each plasma actu-
ator in Types 1–5 is the same. This ensures their similarity in
discharge.

There are two plasma actuators in Type 2. The distance between
the two plasma actuators is 5 mm. There are four plasma actuators
in Types 3–5. Distances between plasma actuators in Types 3–5 are
2, 5, and 10 mm, respectively. The actual pictures of SDBD devices
are in Fig. 3.

2.1.2. Reaction cavity
The SDBD device is placed at the bottom of a cuboid made of

four acrylic plates (Fig. 4(b)). The outer width of the cuboid is
104 mm, the outer height is 16 mm, and the length is 100 mm.
The acrylic plates on the left and right sides are 2 mm thick. The
acrylic plates on the upper and lower sides are 5 mm thick. The
height of the internal cavity is 6 mm. After placing the SDBD
device, the remaining air gap is marked as H. H is in the range of
5–25 mm in this study. In Types 2–5, the direction of the plasma
wind and the inlet airflow is opposite (Fig. 4(b)).

2.2. Measurement methods

2.2.1. Electrical measurement
Electrical signals are measured by an oscilloscope (Keysight

EDUX1002A, USA). The AC power supply is manufactured by Trek
(Model 615-10, USA). The voltage is obtained through a built-in
1000:1 voltage divider of the power supply. The current is obtained
by measuring the voltage drop across a 220 X resistor.

2.2.2. Flow field simulation
Particle image velocimetry (PIV) is used to determine the veloc-

ity field distribution near a single plasma actuator in quiescent air.
The thickness of the reactor is 5–25 mm, which is not in the range
SDBD devices.



Fig. 3. Physical pictures of SDBD devices.

Fig. 4. Schematic of (a) the experimental setup and (b) the reactor with SDBD devices inside.
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suitable for our PIV cameras. It seems too small at the distance at
which the camera of our PIV system can focus. A transparent
acrylic container of 200 mm � 200 mm � 200 mm is used to con-
tain the electrode. Bubbles act as tracer particles. After the tracer
particles in the container have stabilized, a high voltage is applied.
The peak-to-peak voltage and frequency are 8 kV and 10 kHz,
respectively. The discharge occurs, and the plasma wind is induced.
Then, PIV was used to get the velocity distribution near the
electrode.

The computational fluid dynamics (CFD) model is calibrated
according to the PIV experimental results. More details of the
CFD model can be found in Ref. [34]. The mesh used for simulation
is made by the software Ansys ICEM CFD. The discharge zone is set
to 1 mm thick according to the experimental results in Ref. [35],
whose experimental parameters are similar to ours. The width of
the discharge area is set based on the actual discharge image.
The two outer discharge areas of Type 1 are set to 3.5 mm wide.
Two discharge areas in the middle of Type 1 are set to 2 mm wide.
The discharge area of Types 2–5 is 3.5 mm wide. The calibrated
CFD model is then used for the simulation of the flow field in this
study.
2.2.3. Gas composition measurement
Simulated flue gas in this study is a mixture of NO (N2 as a bal-

ance gas) and air (about 78% N2, and 21% O2). The concentration of
NO to be treated is 0.4 mg�L–1, and the flow rate is 3 L�min�1. The
NO concentration is measured by the Testo 340 (Germany). The
measured NO concentration is not affected by ozone, which has
been verified by Filimonova [36]. During experiments, no VOCs
were detected. The O3 concentration is measured by an ozone
detector (B1010, WOST, China).
2.2.4. Capture of discharge images
The discharge images were taken with a Sony A7M2 (Japan).

The shooting was conducted with an aperture of 5.6, a focal length
of 70 mm, and an exposure time of 30 s at an ISO (International
Organization for Standardization) of 100.
2.3. Definitions

2.3.1. Conversion efficiency
The NO conversion efficiency � (%) is calculated as,

� ¼ NOi � NOf

NOi
� 100% ð1Þ

where NOi is the initial NO concentration (mg�L–1), NOf is the final
NO concentration (mg�L–1).
2.3.2. Energy efficiency of NO conversion
The energy efficiency of NO conversion gNO (g�kWh�1) is calcu-

lated as,

gNO ¼ Q � 60� DNO
P

ð2Þ

whereQ is the flow rate (L�min�1),DNO is theNO converted (mg�L–1),
P is the power consumed (W).



Fig. 5. Discharge images of the five SDBD devices as the voltage changes.

A. Wang, Z. Zhou / Chinese Journal of Chemical Engineering 53 (2023) 270–279 273
2.3.3. Energy efficiency of O3 production
The energy efficiency of O3 production gO3

(g�kWh�1) is calcu-
lated as,

gO3
¼ Q � 60� CO3

P
ð3Þ

where Q is the flow rate (L�min�1), CO3 is the produced O3 (mg�L–1), P
is the power consumed (W).

2.3.4. Turbulence kinetic energy (TKE)
TKE is defined as

k ¼ u
02 þ v 02 þw

02

2
; u

0 ¼ u� u
�
; v 0 ¼ v � v

�
; w

0 ¼ w�w
� ð4Þ

where k is the TKE, the instantaneous velocities in the x, y, and z

directions are represented by u, v, w, respectively. u
�
, v

�
, w

�
are the

average velocity.

2.3.5. Power
The consumed power can be calculated by the integral of the

product of u(t) and i(t),

P Wð Þ ¼ 1
N

XN

t¼1

u tð Þi tð Þ ð5Þ

where u(t) is the instantaneous voltage on the reactor and i(t) is the
filtered instantaneous current.

2.3.6. Gray value
The gray value is defined as

Gray value ¼ 0:299Rþ 0:587Gþ 0:144B ð6Þ
where R, G, B, represent the red, green, and blue components,
respectively.

2.4. Statistical methods

All electronic signals are sampled for more than 10 cycles. The
concentration was measured 5 times. Error bars consist of mean
and standard deviation.
3. Results

3.1. Brightness, uniformity and width of discharge

They are discharge images of Types 1–5 in Fig. 5 from left to
right, respectively. From top to bottom, the discharge voltage is
6.0, 6.5, 7.0, 7.5, 8.0 kV, respectively. With 6.0 kV, the discharge
is in its initial stage, and there is only a weak discharge. At
6.5 kV, the discharge becomes bright but mottled. It does not cover
the whole electrode. At 7.0 kV, the entire electrode is emitting
light, but a few positions are still missing. At 7.5 kV, the discharge
basically reached a uniform state. At 8.0 kV, the discharge is com-
pletely uniform.

As the voltage increases, the brightness of the discharge
increases. The brightness changes little after 7.0 kV. The brightness
of the five SDBD devices is different at the same voltage. Types 2–5
has a gray value of 170, while Type 1 only has a gray value of 150.
As the voltage rises, the discharge area tends to widen. The width
of the discharge area of Types 2–5 is about 3.5 mm at 8.0 kV. The
outer two discharge areas of Type 1 (plasma actuator 1 and 4 in
Fig. 1(b)) are about 3.5 mm wide, and the middle two (plasma
actuator 2 and 3 in Fig. 1(b)) are only about 2 mm wide.
3.2. Typical voltage and current

Fig. 6 shows the typical discharge waveform of Types 1–5. A dis-
charge waveform of about two cycles was recorded. Each cycle is
about 0.0001 s, and the corresponding frequency is 10 kHz. The
voltage and the fundamental frequency of the current have the
form of a sine curve. The current waveform is accompanied by a
large number of spikes. The amplitude of the spikes of the five
types of discharge device reached 0.6, 0.2, 0.4, 0.4, 0.4 A, respec-
tively. And the spikes of Type 2 are sparser than the other four.
At the same time, the phase of the current waveform is ahead of
the voltage waveform by about p/2, which is a typical capacitive
load.
3.3. Velocity distribution

The plasma wind induced by the plasma actuator is about
1 m�s�1 in Fig. 7. The inlet airflow is about 0.1 m�s�1. The induced
plasma wind has a much higher velocity than the inlet airflow.
Plasma wind blows from the exposed electrode to the embedded
electrode. When the plasma wind and the inlet airflow is opposite,
the plasma wind first blows toward the inlet for a certain distance
before being pushed toward the outlet by the inlet air pressure.
This is the case for Types 2–5 and the left part of Type 1 (plasma
actuator 1 and 3 in Fig. 1(b)) in Fig. 7. When the direction of the
plasma wind and the inlet airflow are the same, the induced
plasma wind absorbs part of the inlet airflow, then flow toward
the outlet. This is the case for the right part of Type 1 (plasma actu-
ator 2 and 4 in Fig. 1(b)) in Fig. 7.

For a single plasma actuator, the plasma wind reaches its max-
imum speed around the discharge area. When the induced plasma
wind is opposite to the inlet airflow, the velocity is relatively large
(about 0.5 m�s�1) in the range of about 10 mm wide and about
5 mm high with the electrode as the center in Types 2–5 and the
left part of Type 1 in Fig. 7. This entire area is irregularly elliptical.
When the induced plasma wind is in the same direction as the inlet
airflow, the discharge area is about 2 mm toward the inlet, about
6 mm toward the outlet direction, and about 2 mm high, and the
velocity value is about 0.5 m�s�1 in the right part of Type 1 in
Fig. 7. The entire area is obliquely long. When the plasma wind



Fig. 6. Typical discharge voltage and current of Types 1–5 at 8.0 kV, 10 kHz. (The NO concentration is 0.4 mg�L–1. The flow rate is 3 L�min�1. Discharge occurs at room
temperature.)

Fig. 7. Velocity distributions (m�s�1) of five types of discharge devices at 8.0 kV, 3 L�min�1. The air gap is 5 mm.
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and inlet gas flow are opposite, there is a larger discharge area than
when they are the same.

As a whole, the direction of plasma wind and inlet gas flow in
Types 2–5 is opposite, and the velocity distribution around each
discharge area is similar. The only difference is the distance
between plasma actuators. Type 3 has a short distance, and the
plasma wind induced by four plasma actuators seems to be con-
nected. In Type 1, the common SDBD device, plasma wind induced
by two discharge areas are identical to inlet gas flow in direction,
and the other two are opposite. As a result, its velocity distribution
is very different from Types 2–5.

3.4. TKE distribution

The TKE of all five SDBD devices reaches 0.35 m2�s�2 in the dis-
charge area (Fig. 8). The TKE is higher than 0.15 m2�s�2 in a large
area. As the distance from the discharge area increases, the TKE
decreases. Areas with high TKE are formed around the plasma
actuator.

When the plasma wind and the inlet flow are opposite, irregular
elliptical areas with high TKE is formed around the electrode, such
as the leftmost discharge area in Type 1 and all discharge areas in
Types 2–5. The area reaches the upper wall of the reactor. The
height is about 5 mm, and the width is about 10 mm. When the
plasma wind and the inlet flow are in the same direction, the high
TKE area formed around the electrode is inclined and flat, such as
the rightmost in Type 1. The width of this area is 10 mm, but the
height is only 2 mm. The area with high TKE is much larger when
the plasma wind and the inlet flow are in opposite directions than
in the same direction.

The area with high TKE is small in the middle two discharge
areas of Type 1 (plasma actuator 2 and 3 in Fig. 1(b)) because the
two plasma actuators are opposite. The plasma wind induced by
two plasma actuators is opposite and cancels each other out. TKE
is small in the right area of Type 1 due to these factors. In Types
2–5, the distribution of TKE is similar. Only in Type 3, the discharge
areas seem to be connected together due to their short distance.

3.5. The average TKE of the five SDBD devices

Since the number of plasma actuators for each type of SDBD
devices is not consistent, the total TKE is divided by the number
of plasma actuators to get an average value. The results are shown
in Fig. 9. It shows that the average TKE in Type 1 is only about
250 m2�s�2, while the TKE in Types 3–5 reaches about
450 m2�s�2. Type 2 is the highest and reaches 550 m2�s�2. This
can also be seen from the Fig. 8 that the high TKE area of Type 1
is smaller than that of Types 2–5.



Fig. 8. TKE distributions (m2�s�2) of five types of discharge devices at 8.0 kV, 3 L�min�1. The air gap is 5 mm.

Fig. 9. Mean TKE of five types of discharge devices.
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3.6. The effect of air gap on ozone production

Fig. 10 shows the effect of air gap and reactor type on ozone
production. The air gap means the distance between the upper wall
Fig. 10. The ozone production as a function of reactor type and air gap. The voltage
is 8.0 kV. The frequency is 10 kHz. The flow rate is 6 L�min�1. Discharge occurs at
room temperature. Note that the order of the five reactors is Type 2, Type 1, Type 3,
Type 4, Type 5 so that Type 2 is not blocked.
of the reactor and the plasma actuator, which is marked as H in
Fig. 4. The concentration of the produced ozone of Types 1, 3, 4,
and 5 is about 1.2 mg�L–1 with a 5 mm air gap. That of Type 2 is
about 0.7 mg�L–1. The possible reason is that it only has two plasma
actuators while others have four. The ozone production of Types 1–
5 decreases approximately linearly with an increasing air gap,
which is similar to results in Ref. [32]. The possible reason is that
with the increase of the air gap, the proportion of gas in contact
with the discharge area becomes smaller. Then it leads to a smaller
probability of collision between the O2 and the active species.
Finally, it leads to a decrease in ozone production.

Fig. 11 shows the effect of air gap and reactor type on the
energy efficiency of ozone production. When the air gap is 5 mm,
the energy efficiency of Types 2–5 for ozone production is about
100 g�kWh�1. The energy efficiency is less than 80 g�kWh�1 for
Type 1 with the same air gap. It decreases approximately linearly
with an increasing air gap due to the same reason described in
the previous paragraph.
3.7. The effect of air gap on NO conversion

Fig. 12 shows the effect of air gap and reactor type on NO con-
version. The conversion efficiency of Types 1, 3, 4, and 5 reached
about 80% when the air gap is 5 mm. The distance between the
plasma actuators seems not to have a significant effect on the con-
version efficiency and discharge power of Types 3–5. Among them,
Fig. 11. The energy efficiency of ozone production as a function of reactor type and
air gap. The voltage is 8.0 kV. The frequency is 10 kHz. The flow rate is 6 L�min�1.
Discharge occurs at room temperature.



Fig. 12. The conversion efficiency of NO as a function of reactor type and air gap.
The voltage is 8.0 kV. The frequency is 10 kHz. The concentration is 0.4 mg�L–1. The
flow rate is 3 L�min�1. Discharge occurs at room temperature. Note that the order of
the five reactors is Type 2, Type 1, Type 3, Type 4, Type 5 so that Type 2 is not
blocked.
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the conversion efficiency of Types 1 and 4 reaches higher than 85%.
However, the power consumption of these two is also the highest,
reaching about 3 and 2.3 W, respectively. Types 3 and 5 have
slightly lower power than Type 4. The conversion efficiency of Type
2 is about 50% with the same air gap. Type 2 has only two plasma
actuators, and it has the lowest discharge power. The conversion
efficiency of Types 1–5 decreases approximately linearly with an
increasing air gap. For example, the conversion efficiency of Type
1 is about 85% with a air gap of 5 mm. It reduces to about 60% when
the air gap is 25 mm.

Fig. 13 shows the effect of air gap and reactor type on the
energy efficiency of NO conversion. When the air gap is 5 mm,
the energy efficiency of Types 2–5 is about 23 g�kWh�1. The dis-
tance between plasma actuators and the number of plasma actua-
tors has little effect on the energy efficiency of Types 2–5. The
energy efficiency is only about 18 g�kWh�1 for Type 1 with the
Fig. 13. The energy efficiency of NO conversion as a function of reactor type and air
gap. The voltage is 8.0 kV. The frequency is 10 kHz. The concentration is 0.4 mg�L–1.
The flow rate is 3 L�min�1. Discharge occurs at room temperature.
same air gap. The energy efficiency of Types 2–5 is 28% higher than
that of Type 1. It decreases approximately linearly with an increas-
ing air gap as a result of a decrease in conversion efficiency.
4. Discussion

The plasma NO conversion can be affected by the flow field and
the electric field. The flow field can affect the distribution of reac-
tants and products, thereby affecting the chemical reactions. It can
also affect the distribution of some heavy-charged particles,
thereby affecting the discharge. The gas discharge is affected by
the drag force of airflow and the electrostatic force at atmospheric
pressure, which has been validated in Ref. [37].

The flow field is affected by the inlet airflow and the wind
induced by the plasma actuator. Compared to a single plasma actu-
ator, SDBD devices with multiple plasma actuators present two
new characteristics. One is that the charged particles inside the
adjacent discharge areas in common SDBD devices affect each
other, thereby affecting the internal electric field, and then affect-
ing the discharge. The second is that the flow field in the reactor is
affected not only by the inlet airflow and the plasma wind induced
by one plasma actuator but also by the interaction between the
plasma winds induced by multiple plasma actuators.
4.1. The development of discharge is hindered by mutually exclusive
charged particles in the two adjacent discharge areas in common
SDBD devices like Type 1

In Fig. 5, the width of the two discharge areas in the middle of
Type 1 is about 2 mm. The width of the two discharge areas on the
two outer sides in Type 1 is about 3.5 mm. The former is smaller
than the latter. In Type 1, the discharge area on the two outer sides
is similar in width to the discharge area in Types 2–5. The two
plasma actuators in the middle of Type 1 (plasma actuator 2 and
3 in Fig. 1(b)) are in opposite directions. The plasma actuators in
Types 2–5 are in the same direction.

Positive ions and free electrons are generated in the discharge
area after a discharge. When positive high voltage is applied on
the exposed electrode, because electrons move at two orders of
magnitude faster than positive ions, they reach the exposed anode
first, while positive ions remain in the discharge area. When nega-
tive high voltage is applied on the exposed electrode, electrons
accumulate on the surface of the dielectric barrier above the
ground electrode, and positive ions are distributed in the discharge
area after a discharge (Fig. 14) [37].

Thus, the distribution of charged particles in the two adjacent
discharge areas in the middle of Type 1 is similar. The same kind
of charges generates a mutually exclusive force, hindering the
development of the discharge. In Ref. [37], a significant mutual
repulsion phenomenon is observed between two discharge fila-
ments at a distance of 10 mm. In that paper, the electric field force
near the discharge area is greater than the drag force of the airflow
and plays a dominant role. As the number of HV electrodes
increases in common SDBD devices like Type 1, most discharge
areas will be in the state the same as plasma actuator 2 and 3 in
Type 1. In other words, they are in a state where the development
of the discharge is hindered. The same phenomenon could also be
found in Ref. [29], where two adjacent discharge areas cannot fuse
together even at a high voltage.

In Types 2–5, the distributions of charged particles in different
discharge areas are arranged in the same direction as shown in
Fig. 14, which is beneficial to the development of discharge. In
Type 1, the development of discharge is hindered by the mutually
exclusive charged particles formed by discharge. As a result, fewer
active species are formed in SDBD devices like Type 1, which neg-



Fig. 14. Schematic diagram of the distribution of charged particles in SDBD devices. The electron is represented by the letter ’e’. The positive charge is indicated by green
circles with a positive sign inside. The mutually exclusive electric field force between two adjacent discharge areas is represented by Fr.
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atively affects the chemical reactions. In summary, SDBD devices
like Types 2–5 are more beneficial to the development of discharge
and can facilitate chemical reactions.

4.2. The improvement of energy efficiency of NO conversion caused by
the plasma aerodynamic effect

Before discharge, the initial gas composition is uniformly dis-
tributed throughout the reactor. When discharge occurs, various
active species are produced in the discharge area. These active spe-
cies will decay in several microseconds. Thus, most of the active
species are limited in the discharge area. At the same time, the
reaction products like O3 and NO2 can live much longer, follow
the airflow, and move out of the discharge area. The distribution
of reactants and the products are not uniform.

The plasma wind induced by the plasma actuator can enhance
the mass and heat transfer [38]. The plasma wind is found to
reduce the effective thickness of the gas/liquid boundary layer,
enhance the mixing between active species and pollutants, and
increase the absorption of SO2 [39–41]. The enhancement is stron-
ger at a higher TKE. In this study, the aerodynamic effect induced
by the plasma actuator enhances the mass transfer, then weakens
the uneven distribution of reactants and production, thereby pro-
moting NO conversion and ozone production. Types 2–5 has a
higher TKE than Type 1, which means a better mixing ability. That
is possibly why the performance of Types 2–5 is better than that of
Type 1.

4.3. The influence of the distance between the plasma actuators and
number of plasma actuators in SDBD devices like Types 2–5

Fig. 13 shows that for Types 3–5, the distance between plasma
actuators increased from 2mm to 10 mm, but the energy efficiency
did not change much. For Type 2 and Type 4, the increase in the
number of plasma actuators has little effect on energy efficiency.
However, in Fig. 9, Type 2 has higher average TKE than Type 4.
The statistics here are the sum of TKE in the entire reactor. Aside
from the discharge area having the strongest TKE, it also contains
other areas with weaker TKE. If the value of this part is Tothers,
the TKE generated by each plasma actuator is Telec. For an SDBD
devices with two plasma actuators, the average TKE is Tothers/2 +-
Telec. For an SDBD devices with four plasma actuators, the average
TKE is Tothers/4 + Telec. The average TKE of the former is naturally
higher than that of the latter. As a result, the TKE for each plasma
actuator is similar.
Therefore, the distance between the plasma actuators and the
number of the plasma actuators have little effect on their energy
efficiency, which provides the potential for the expansion of this
kind of SDBD device.
5. Conclusions

Surface dielectric barrier discharge (SDBD) is a promising way
to remove harmful substances and produce ozone. Electrodes in
the SDBD device can be seen as plasma actuators. Then the SDBD
device can be considered to consist of many plasma actuators.
Plasma actuators can induce plasma wind and affect mass and heat
transfer, then affect the chemical reactions. The interactions
between charged particles in discharge areas produced by different
plasma actuators can affect the internal electric field.

In this study, five SDBD devices with different electrode
arrangements are studied for NO conversion and ozone production.
We find that the energy efficiency in an SDBD device with a com-
mon structure (Type 1) is about 28% lower than that in SDBD
devices with special arrangement (Types 2–5). Two reasons may
explain the results. First, the width of the discharge area in Type
1 is about 2 mm, while it is about 3.5 mm in Types 2–5, which
results in fewer active species being produced. Because the
charged particles are symmetrically distributed in the common
SDBD device, they produce mutually exclusive electric field forces
which hinder the development of discharge. Second, the mass
transfer in Types 2–5 is stronger than that in Type 1 because the
TKE in Types 2–5 is higher than that of Type 1, which means a bet-
ter mixing ability of the reactants and products.
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Appendix A. Chemical reaction processes in plasma NO
conversion

The main chemical reactions that occur during plasma NO con-
version are listed in this section.

eþ O2 ! eþ Oð3pÞ þ Oð3pÞ ðA:1Þ

eþ O2 ! eþ Oð3PÞ þ Oð1DÞ ðA:2Þ

eþ N2 ! eþ Nð4SÞ þNð4SÞ ðA:3Þ

eþ N2 ! eþ Nð4SÞ þNð2DÞ ðA:4Þ

Nð4SÞ þ NO ! N2 þ Oð3PÞ ðA:5Þ

Nð4SÞ þ NO2 ! 2NO ðA:6Þ

Nð4SÞ þ O2 ! NOþ Oð3PÞ ðA:7Þ

Nð4SÞ þ O3 ! NOþ O2 ðA:8Þ

Nð2DÞ þ O2 ! NOþ Oð3PÞ ðA:9Þ

Nð2DÞ þ NO ! N2 þ Oð3PÞ ðA:10Þ

Oð3PÞ þ NOþM ! NO2 þM ðA:11Þ

Oð3PÞ þ NO2 ! NOþ O2 ðA:12Þ

Oð3PÞ þ O2 þM ! O3 þM ðA:13Þ

Oð3PÞ þ NO2 þM ! NO3 þM ðA:14Þ
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Oð PÞ þ NO3 ! NO2 þ O2 ðA:15Þ

O3 þ NO ! O2 þ NO2 ðA:16Þ

NOþ NO3 ! 2NO2 ðA:17Þ
2NOþ O2 ! 2NO2 ðA:18Þ
NO2 þ O3 ! NO3 þ O2 ðA:19Þ


