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Abstract. This study investigated the performance of a novel electrostatic precipi-
tator. This system consists of a charging section and collection section with glass
plates that have discharge electrodes on them. Biased alternating current (AC) with
high voltage was intermittently applied to the discharge electrodes to build up
charges with polarity similar to the bias on the dielectric surface to create a strong
electric field between the electrodes and the surface. This electric field attracts the
soot charged in the charging section to the glass surface, where plasma can cause
the oxidative decomposition of the collected soot. In this system, the intermittent
mode of voltage application plays a key role in the collection of particulates. The
collection efficiency of the reactor was estimated with an OFF duration in the range
of 0-1990 ms and an ON duration of 10 ms. The surface potential distributions of
the dielectric substrates used in the reactor were measured with respect to the time
duration after the voltage application had been completed. Thus, it was found that
the collection efficiency was influenced by the OFF duration, because the surface
charges on the glass plates had a certain lifetime.
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1 INTRODUCTION

In many regions worldwide, the concentration of PM» 5, whose particulate matter
(PM) aerodynamic diameter does not exceed 2.5 um, largely surpasses the value of
25 pg/m?3 recommended by the World Health Organization [1, 2]. These particles
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often originate from human activity. Carbon particulates from combustion pro-
cesses are a potential risk to human health because they generally consist of many
primary particles with a diameter of approximately 0.1 pm and harmful hydrocar-
bons that are adsorbed between the primary particles. Therefore, carbon particulates
must be removed from the exhaust gases of combustion devices and from the at-
mosphere. Diesel particulate filters (DPFs) have been used as a technique for the
aftertreatment of gas exhausted by diesel engines. However, the pressure loss and
additional energy consumption of DPFs must still be mitigated. Electrostatic pre-
cipitation is a promising technology for reducing the carbon particulates produced
by engines and those in the atmosphere, because it consumes less energy and pro-
vides small pressure drop. Therefore, several aftertreatment techniques have been
intensively developed [3-18]. The authors previously investigated a novel type of
electrostatic precipitator, by which particulates are first adhered to a dielectric sur-
face that is regularly decomposed by a dielectric barrier discharge (DBD) plasma
[19, 20]. This technique consumes a small amount of energy because the regenera-
tion process using the DBD plasma is only conducted occasionally. Fig.1 shows the
collection mechanism assumed by previous studies [19, 20]. The high-voltage that
is intermittently applied to the discharge electrodes on the dielectric surface results
in a high surface potential after the voltage application has been completed. The
electric field created between the surface and the discharge electrode guides the
particles that are charged in advance with opposite polarity at the charging section.
This study investigated the relationships among the time interval between voltage
applications, the particulate collection efficiency, and the surface potential.
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Fig. 1. Particle collection mechanism.

2 EXPERIMENTAL SETUP AND METHOD

Fig. 2 shows the internal structure of the aftertreatment device that removes the
PM from the exhaust gas. A 25-mm long charging section and a 125-mm long col-
lection section were placed in series in an acrylic chamber. In the charging section,
three needles (diameter of 0.5 mm) made of stainless steel were used as the corona
discharge electrodes. Negative direct current (DC) with high voltage was applied to
provide passing particles with negative charges.
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Fig. 2. Internal structure of PM reactor.

Fig. 3 shows the electrode plates comprising the collection section. As shown in
Fig. 3(a), one of the electrode plates consisted of a borosilicate glass plate with a
thickness of 1.3 mm, a discharge electrode pattern made of copper film, and a
ground electrode attached behind the glass plate. The discharge electrode consisted
of four strips with a width of 2.5 mm placed at an interval of 8 mm. Fig. 3(b) shows
the four electrode plates stacked in the collection section. The gas stream was di-
vided into two channels with a height of 3.6 mm, which were formed by surfaces
with discharge electrodes.
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Fig. 3. Electrode plates for particle collection.

Fig. 4 shows the experimental setup used to test the performance of the PM reactor.
A stationary diesel engine generator (YDG200VS, Yanmar Diesel Co. Ltd.; dis-
placement=200 mL, rotation rate=3600 rpm, load rating=2 kW) was used as the
particulate source, and a 1-kW electric heater was connected to it as the load. The
exhaust gas contained O,, CO, NO, and NO, gas components at the volume con-
centrations of 12.6-12.7%, 360-430 ppm, 230-260 ppm, and 20-30 ppm, respec-
tively, and PM of 20-25 mg/m?>. Part of the exhaust gas was introduced into the PM
reactor, which was placed in a thermostatic chamber maintained at 70 °C. The gas
immediately downstream of the reactor was branched into a glass fiber filter (Ad-
vantec Co., Ltd., GF-75; filtration efficiency of 0.3 pum, particle diameter>99.999%)
to quantify the PM concentration. The branching flow rate was precisely controlled
at 7 L/min using a mass-flow controller. After the PM sampling port, the gas flow
rate was measured using the difference between the static and dynamic flow pres-
sures at a flow bench. A single performance test consisting of five 20-minute PM
samplings was conducted in series at one-minute intervals. The PM reactor was
operated during the third and fourth turns of the sampling (operated for 41 min).
The PM removal performance of the reactor was determined by comparing the PM
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concentrations downstream of the reactor measured at the time when the reactor
was operated and the time when the reactor was not operated.
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Fig. 4. Setup for testing performance of PM reactor.

Two types of PM removal efficiencies, namely, 1, and 1, are defined in Equa-
tions (1) and (2).

Gy
=1-—= 1
Nt Co (D
Cin
=1--2= 2
Nch CO ( )

where 1) is the efficiency of the entire reactor and e is the efficiency of only the
charging section; Cy is the PM concentration when the reactor was not operated and
C, is the PM concentration when the reactor was operated; Cp, is the PM concentra-
tion immediately after the charging section, and is not a measured value but rather
a value deduced from the weight change of the charging and collection section.

Fig. 5 shows the electric circuit used to apply high voltage to the discharge elec-
trodes of the collection section. A voltage that oscillated from O to the positive max-
imum was generated by shifting a 10-kHz AC voltage from a power source (Masuda
Research Inc., LC-SDBD-100; controllable with external on/off signals) by its am-
plitude using a circuit comprising a capacitor and a diode. The 50-MQ resistor con-
nected in parallel to the diode quickly returned the voltage to O V when the AC high
voltage was turned off. The current flowing through the collection section was de-
tected as the voltage at the 100-Q resistor inserted between the AC power source
and the ground.

Fig. 6(a) shows the typical waveforms of the voltage applied to the discharge elec-
trodes at the collection section. The voltage was alternately ON and OFF for a reg-
ular period. The ON and OFF durations are indicated as to, and tofr, respectively.



5
When the AC voltage was turned off, it took approximately 100 ms for the voltage
to return to 0 V.
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Fig. 5. Electric circuit used to apply high voltage to collection section.

Fig. 6(b) shows the applied voltage and current i that flowed through the collection
section during the ON period. As can be seen, the voltage varied from 0 to the pos-
itive maximum. The power consumed in the collection section can be calculated as
follows:

1 tot+nT
Pon = — . ivdt 3)
P =Py x—on 4)
on ton + Lofr

where P, 1, v, and T represent the instant power, current, voltage, and AC voltage
period during the ON period; n is the number of periods in the obtained data; to
simply indicates the beginning of integration. The average value of P, was approx-
imately 16 W. The power consumed at the collection section P was determined us-
ing Equation (4) and Po,. The power dissipation at the bias circuit is not included in
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Fig. 6. Typical waveforms of voltage applied to collection section.



Fig. 7 describes the method for measuring the surface potential on the electrode
plate. Because the potential difference between the dielectric surface and the dis-
charge electrodes during the OFF period is a key consideration in this technique,
the change in the surface potential was measured after the voltage application had
been completed. To investigate the potential decay under a realistic condition, the
electrode plates that had been used in the PM reactor for 20 minutes (half the oper-
ating duration of a typical PM treatment test) were used in the measurement. A non-
contact voltmeter (Trek Inc., model 347; measurement range: 0 — +3 kV, response
time (10%-90%) < 3 ms for a step change of 1 kV) was used to measure the surface
potential. The tip of the potential probe was kept at a distance of 8 mm from the
surface to avoid interference with the discharge during the ON periods. Immediately
after the ON and OFF periods had been repeated 10 times, the tip of the probe was
quickly moved to a distance of 1 mm from the surface using a servo motor con-
trolled by a microcomputer. The changes in the potential after 200 ms from the start
of the OFF period were observed.
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(a) While voltage was applied (b) While the surface potential was measured.

Fig. 7. Method for measuring surface potential.

3 RESULTS AND DISCUSSION

Fig. 8 shows the PM removal efficiencies 1, and nen as functions of the OFF du-
ration tor, which was changed from 0-1990 ms with t,, fixed at 10 ms. The flow
rate of the exhaust gas was 35 NL/min. A DC voltage of —4.2 kV was applied to the
corona needles of the charging section, and as a result, a current of 160 pA flowed
to charge the particles. The value of ne, was approximately 0.28, regardless of to,
owing to the constant condition in the charging section. Moreover, 1, exhibited an
approximate peak value of 0.78 when tof was approximately 490 ms. This result can
be explained by the potential difference between the discharge electrodes and the
glass surface. The surface potential of the dielectric plate decreased as toff increased.
However, with an extremely small tos, the period wherein the discharge electrodes
were at high potential occupied a larger part of the repetition period (ton+tofr). There-
fore, the time average of the potential difference likely reached the maximum with
tor=500 ms, yielding the highest 1. Additionally, when tor was O ms (voltage was
continuously applied), the particulates were guided directly onto the discharge elec-
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trodes owing to the electric field formed between the charging section and the dis-
charge electrodes [20]. The above results suggest that the surface potential decayed
with a time constant in the order of 0.5 s.
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Fig. 8. Particulate removal efficiencies as functions of tot.

Fig. 9 shows the area wherein the surface potentials were measured. Specifically,
the figure shows the electrode plate that was used in the PM reactor under the same
conditions as those of the reactor performance test for 20 minutes, and indicates that
the particulates adhered intensively to the area surrounding the discharge electrodes,
which suggests that the negatively charged particles were guided by the positive
charges on the glass substrate. As can be seen, the particulate adhesion is denser at
the upper stream part. The x-axis and y-axis are defined to indicate the locations on
the substrate; the x-axis is defined along the direction of the gas stream with x=0 at
the upstream end; Ay measures the distance from the edge of one of the electrode
strips toward the middle of the interval between the electrode strips. The surface
potentials were measured at locations in the range of 5 mm < x < 50 mm and —0.5
mm <y <4.0 mm at increments of 0.5 mm.
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Fig. 9. Electrode plate used in PM reactor and area wherein the surface potential was
measured.

The time series data for the surface potential Vs were reordered into space distri-
butions. Figs. 10(a) and (b) show the distributions of V; at x=40 mm and 20 mm,
respectively, for the time range from the start of the OFF duration, that is, 2004000
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ms. The surface potentials decayed with time for all locations. Notably, Vi was as-
sumed to be 0 V at Ay=0 mm, but the probe obtained information within an area
with a width of approximately 1 mm, which resulted in non-zero potentials.

For the distributions at x=40 mm at 200 ms, V, was approximately 1700 V and
2100 V at Ay=0.5 mm and 1.0 mm, respectively, and reached the maximum of 2150
V at Ay=1.5 mm. The maximum potential gradient along the surface was 3.4 MV/m,
which exceeds the dielectric strength of air. Considering the low spatial resolution
of the probe, it was assumed that the potential gradient reached the limitation of 3
MV/m. For the distributions at x=20 mm at 200 ms, Vs was 1200 V and 1850 V at
Ay=0.5 mm and 1.0 mm, respectively, and reached the maximum of 2100 V at
Ay=2.0 mm. The maximum potential gradient was 2.4 MV/m, which is lower than
that for x=40 mm. The lower gradient is attributed to the denser deposition of par-
ticulates at x=20 mm compared with x=40 mm. However, the maximum potentials
were the same when Ay was sufficiently large.

For Ay=1.0 mm at 4000 ms, V; was 1500 V and 1200 V at x=40 mm and 20 mm,
respectively. These values are 71% and 65% of those at 200 ms at each x location,
which indicates that the more densely deposited particulates accelerated the poten-
tial decay.

With a clean surface, the surface potential increased up to the time-average of the
applied voltage of 2500 V [20] and maintained its value for more than several
minutes [21]. Hence, the above results suggest that the conductivity of the deposited
particulates allows the absorption of surface charges by the discharge electrodes.
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Fig. 10. Change in surface potential distributions.

Based on the mechanism described in Fig. 1, the time-average of the difference

between the surface potential and that of the discharge electrode V; — v expressed
by Equation (5) determines the PM removal efficiency at the collection section.

1 ton“'toff
V—vz—f (V, —v)dt (5)
’ ton * torr Jo °

Fig. 11 shows V; — v as a function of to. The calculations were carried out with a
potential difference of 0 V during the ON period, and V; at t=to, + 200 ms was used
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for t from top to ton + 200 ms. Therefore, V; — v was 0 V at t,x=0, rapidly increased
up to its maximum at t,=~600 ms, and subsequently decreased slowly for a larger
tofr at either x=20 mm or 40 mm. These results are almost consistent with the fact
that 1, peaked at to=490 ms. However, 1, appears to have decreased more rapidly
than V; — v after they reach the respective peaks. This discrepancy is attributed to
the higher relative humidity and temperature of the exhaust gas, whereby the surface
charges would have dissipated more rapidly.
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Fig. 11. Time-average of potential differences between dielectric substrate and electrode,
Vs —v.

4 CONCLUSIONS

Applying intermittent unipolar high voltage to discharge electrodes on dielectric
substrates creates a potential distribution whereby the dielectric surface has high
voltages and the discharge electrodes are at 0 V. To elucidate the particle collection
mechanism in this technique using the uneven potential distribution, the relationship
between the potential variation on the surface of the dielectric substrate and the
particle removal efficiency of the reactor was investigated. The gas exhausted by a
diesel engine was used as the particulate source. The voltage applied to the dis-
charge electrodes in the collection section was generated by shifting a 10-kHz AC
high voltage such that it oscillated between 0 and +5 kV. The OFF duration to; was
varied from 0 to 1990 ms with the ON duration fixed at 10 ms. The surface poten-
tials were measured for the substrate with particulate deposition. The following con-
clusions were drawn from the experimental results:

(a) The maximum particulate removal efficiency of 0.78 was achieved when tos was
490 ms.

(b) The surface potential gradient along the surface decreased as the density of the
deposited particulates increased, but exceeded 3 MV/m at a part with relatively
less dense particulates. For locations at a sufficient distance from the electrode
edge, the potential values were slightly lower than the time-average of the volt-
age applied to the electrode, regardless of the particulate deposition density. The
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decay of the potential was accelerated by the particulate. By comparing the val-
ues at the distance of 1 mm from the electrode edge, it was found that the decay
was 71% and 65% of the initial values in 4 s at locations with relatively less and
more particulate deposition, respectively. These results suggest that the surface
charges were absorbed by the electrodes owing to the conductivity of the depos-
ited particulates.

(d) The potential difference between the dielectric substrate and the electrode time-
averaged over the ON and OFF periods reached its maximum at to=600 ms.
This result indicates that the potential difference determines the reactor perfor-
mance.
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