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Abstract
NOx removal in a corona radical shower system depends not only on the discharging
characteristics but also on the airﬂow pattern in the reactor. In this paper, the effects of
discharging nozzle electrode conﬁguration such as number of nozzles on the pipe electrode on
the current distribution and airﬂow in the reactor are measured. The airﬂow in the reactor is
visualized for the several nozzle electrode conﬁgurations by Shadowgraph method. As a result,
it is found that the current density distribution depends on the nozzles conﬁguration on the
pipe electrode, and corona current density increase with increasing the applied voltage, while
the location of maximum current density reaches to the underneath the tip of the nozzles as the
applied voltage increases. The image obtained by Shadowgraph method shows the generation
of turbulent ﬂow around the pipe with nozzles electrode. It is found that the airﬂow is much
different from that of the conventional discharging electrode such as the smooth wire.
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1. Introduction
Up to now, many researches have been made to remove NOx in ﬂue gases by using
non-thermal plasmas [1–5]. A corona radical shower system (CRSS) has been
considered to be one of the most efﬁcient methods in terms of the energy efﬁciency
for NOx removal [6–8]. In CRSS, a pipe with nozzles electrode is used as a stresses
electrode. Therefore, it is considered that the ﬂow ﬁeld in the vicinity of the discharge
zone is complicated compared to that of the conventional one such as the wire-toplate geometry [9,10]. Recently, NO density proﬁles obtained in our laser-induced
ﬂuorescence (LIF) measurements indicate that the electrohydrodynamic (EHD) ﬂow
plays the dominant role in the process when the gas velocity is low, and NO
oxidation occurs not only in the vicinity of the discharging electrode but also in the
region far from the discharge zone [11]. Moreover, according to the visualization of
ﬂow ﬁeld in the CRSS reactor using laser light visualization method [12], the EHDinduced secondary ﬂow (i.e. ionic wind) is responsible for the transportation of
ozone in the direction of upstream of the reactor. As the EHD-induced secondary
ﬂow is correlated with the discharging characteristics, the current distribution
seems to become an important factor affecting the processes [13,14]. Especially,
the current distribution can be controlled by changing the nozzle conﬁguration
such as the number of the nozzles on the pipe electrode, nozzle-to-nozzle spacing,
and nozzle arrangement. In this study, the effects of nozzle conﬁguration on
current distributions are measured. The airﬂow in the reactor is also visualized
by Shadowgraph method. The relationship between the current distribution
and airﬂow pattern is discussed to provide the information about the design of
optimized CRSS.

2. Experimental apparatus and method
A schematic diagram of experimental apparatus is shown in Fig. 1. In order to
observe corona discharge and airﬂow inside the reactor, the discharging electrode
system is enclosed in acrylic vessel. In the CRSS, a pipe (4 mm in diameter) with
nozzles (1.5 mm outer diameter, 1.0 mm inner diameter, 5 mm in length) electrode is
used as a discharging electrode and has a function of additional gas injection. The
pipe electrode is placed at the center of grounded parallel plates (50  12.5 cm2) with
a gap of 10 cm as shown in Fig. 1. The several nozzle conﬁgurations by changing the
number of the nozzles on the pipe electrode, nozzle-to-nozzle spacing, and nozzle
arrangement is evaluated. In this paper, the experimental results using the pipe with
one pair of nozzles (2 nozzles) or ﬁve pairs of nozzles (10 nozzles) electrodes shown
in Fig. 2 are presented.
An arrangement diagram of the current density measuring probe on the plate
electrode is shown in Fig. 3. The diameter of the probe is 3 mm and each probe is
electrically isolated from the plate electrode. The spacing of the probes is 5 mm. The
corona currents ﬂowing to the probe is measured by an electrometer. Current density
is calculated from the corona current divided by the effective probe area
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Fig. 1. Experimental set-up.
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Fig. 2. Construction of discharging electrode (unit: mm). (a) 2 nozzles; (b) 10 nozzles.

(0.0962 cm2). The current density distribution is measurable in the parallel (x-axis)
and vertical (y-axis) directions to the gas ﬂow as shown in Fig. 3.
The airﬂow pattern inside the reactor is visualized by Shadowgraph method. The
system consists of a halogen lamp and two concave mirrors (30 cm in diameter), and
CCD camera with a video recorder. In order to make density gradient of airﬂow,
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Fig. 3. Schematic of current probe on the plate electrode.

three nichrome wires (0.15 mm in diameter and 12.5 mm length) are set at 25 cm
upstream of the discharging electrode. With the heated air through the wires (0.64 A/
wire), the streamlines of the airﬂow between the stressed pipe with nozzles electrode
and the grounded plate electrode can be observed. Laser light visualization method is
also used for a detailed investigation.
Dry NO (200 ppm)/air mixture or only air is supplied to the reactor as a main gas.
The main gas ﬂow velocity (UT) is 0.5 cm/s to 1 m/s by changing the gas ﬂow rate. As
an injection gas, the additional gases consisting of N2, O2, and CO2 are introduced
from the nozzles with an average velocity of 1.6–7.9 m/s. Positive dc high voltage is
used to produce streamer coronas. The experiments are conducted at room
temperature under atmospheric pressure.

3. Experimental results
3.1. Streamer corona discharge characteristics
The typical corona discharge current–voltage characteristic is shown in Fig. 4.
The air containing NO (200 ppm) is introduced to the reactor at the ﬂow rate
of 5.0 L/min. The averaged main gas velocity is 6.7 mm/s. The corona onset
voltage of this CRSS is 16.3 kV. Fig. 5 shows the comparison of discharge
luminescence and the corona current density proﬁles at the plate electrode along
x-axis (y=0). The corona current density increases with increasing the applied
voltage, and the current ﬂowing area spreads much wider than the discharge
luminescence area. The low current region exists underneath the pipe electrode in
both ﬁgures. Fig. 6 shows the corona current distribution on the plate electrode. As
well as Fig. 5, high current density distribution area increases with increasing the
applied voltage, while the points of maximum current density reach to the
underneath the tip of the nozzles as the applied voltage increases. In the case of
the pipe with one pair of nozzles, the corona current density distribution pattern is a
sector as shown in Figs. 6(a) and (b). On the other hand, in the case of the pipe with
ﬁve pairs of nozzles, the current distribution area increases compared to that of one
pair of nozzles (Fig. 6(c)).

ARTICLE IN PRESS
S. Shimamoto et al. / Journal of Electrostatics 61 (2004) 223–230

227

Fig. 4. Corona discharge current–voltage characteristic. Treatment gas: N2+O2+NO (NO: 200 ppm,
O2=20%), injection gas: N2+O2 (19%)+CO2 (4.76%)=0.74 L/min.

Fig. 5. Comparison of discharge luminescence and corona current density proﬁle (UT=6.7 mm/s).
(a) V=17.5 kV, I=14 mA, (b) V=27 kV, I=85 mA.

The current uniformity is improved at higher applied voltage as shown in
Fig. 6(d). It is considered that these current distributions affect on the ﬂow ﬁeld in
the reactor.
3.2. Flow visualizations
The airﬂow around the discharge zone is visualized by using Shadowgraph
method. Fig. 7(a) shows schematic side view of the airﬂow visualization. The effect
of heated air on gas ﬂow is negligible as shown in Fig. 7(b). When the discharge is
occurred, the streamlines near the stressed electrode become vague due to the
turbulent ﬂow around the pipe with nozzles electrode. This is due to the generation
of ionic wind from the nozzles. As the applied voltage increases, ﬂow disturbance
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Fig. 6. Corona current distribution on the plate electrode (UT=1 m/s). (a) V=17.5 kV, I=14 mA
(2 nozzles), (b) V=27 kV, I=85 mA (2 nozzles), (c) V=17.5 kV, I=13.5 mA (10 nozzles), (d) V=27 kV,
I=156 mA (10 nozzles)

become signiﬁcant. These complex airﬂow patterns observed in this study may
correlate with the discharge current distribution caused by the stressed electrode
conﬁguration. Moreover, vortex generation can be observed using laser light
visualization method as shown in Fig. 8. From these results, it is found that the
airﬂow using the pipe with nozzles electrode is much different from that of the
conventional discharging electrode such as the smooth wire. According to the
measurement of spatial distribution of ozone in the reactor, the long-live species such
as ozone can be transported from the generation area to both downstream and
upstream of the discharge region, by diffusion, the additional gas ﬂow from the
nozzles and the EHD secondary ﬂow. A mixing of the gas occurs in the reactor,
which is a cause of NO removal far from the discharge zone in the upstream.

4. Conclusion
The results obtained are as follows:
1. The corona current distribution depends on the nozzles conﬁguration on the pipe
electrode. As the applied voltage increases, the corona current distribution area
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Fig. 7. Shadowgraph images of heated air from upstream heating wires for streamer corona. The white
lines in the photographs show stream lines in CRSS (UT=1 m/s). (a) Schematic side view of the airﬂow
visualization, (b) V=0 kV, I=0 mA (2 nozzles), (c) V=17.5 kV, I=14 mA (2 nozzles), (d) V=27 kV,
I=85 mA (2 nozzles), (e) V=17.5 kV, I=13.5 mA (10 nozzles), (f) V=27 kV, I=156 mA (10 nozzles).

Fig. 8. Image of the ﬂow ﬁeld in the CRSS reactor using the laser light visualization method (V=28 kV,
I=150 mA, UT=1 m/s).
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increases, while the points of maximum current density reach to the underneath
the tip of the nozzles. The current distribution spread much wider than the
luminescence area. It is considered that the spatial current ﬂowing to the
grounded electrode has an inﬂuence on the ionic wind, affecting the airﬂow
around the discharge zone.
2. The airﬂow observations by Shadowgraph method show the generation of
turbulent ﬂow around the pipe with nozzles electrode. These measurements
indicate that a mixing of the gas results in enhancement of gaseous treatment if
the main gas ﬂow is low.
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