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Abstract:
Diesel particulate filter (DPF) has been established as a key technology in reducing diesel
particulate emission. However, technological improvements to pressure drop, durability, and
insufficient collection efficiency for nano-particles are still required. Electrostatic precipitator (ESP) is
another leading technology used in exhaust treatment but it is currently limited to applications for
stationary sources. In this paper we have proven that simultaneous use of ESP and DPF show
synergetic effects of very high collection efficiency and slower increase of the pressure drop. The
number concentration of particles observed downstream of the combined system was 98% smaller
compared with that of DPF only. At the same time, it was confirmed that increase in the pressure drop
across the DPF was slower about 10% compared with that of DPF only. In addition, regeneration of
DPF was also investigated using non-thermal plasma (NTP). In order to generate the plasma inside
the DPF, a surface discharge was used in front and a DC electric field was applied across the DPF. In
this study, the discharge plasma was used to oxidize PM accumulated inside the DPF. It showed
around ten grams per kilowatt-hour (g/kWh) of the PM oxidation efficiency.

1 Introduction
The
demand
for
more
efficient
automobiles has increased due to the sharp
increase in oil price. In the meantime, strong
economic growth in several countries has
caused serious air pollution due to exhaust
from vehicles. Suspended particulate matter
(SPM) and nitrogen oxide (NOX) are main
pollutants. SPM is a particle smaller than 10
μm suspended in the atmosphere for a long
time [1]. DPF has been widely used to prevent
emission of SPM. Although this method has a
high particulate matter (PM) collection
efficiency, it still has many problems such as
high pressure drop and durability during
regeneration of collected soot by combustion.
ESP is another technology for removing
particles, and it has been used satisfactorily for
cleaning of flue gas from large-capacity
factories, combustion furnaces and thermal
power plants. However a problem with ESP is
an abnormal dust re-entrainment. Using ESP,
SPM agglomerates to large particles [2]. The
agglomerated particles repeat jumping and
emitting from ESP. Combination of ESP and a
DPF could improve collection efficiency and
the increase in the pressure drop can be

slower due to agglomeration. In this paper,
characteristics of an ESP-DPF combined
system are reported. In addition, the situation
of collected particles in a mock filter was
observed by using a scanning electron
microscope (SEM) to evaluate the influence of
the particles charged in an ESP, due to the
difficulty in observing particles collected on the
surface of DPF.
On the other hand, in order to develop a
self-consistent aftertreatment system, it is also
very important to consider DPF regeneration or
the removal of PM deposit. Oxidation using an
afterburner or a electric heater is the most
typical regeneration process [3]. However, the
o
temperature of the DPF must be 600 C or
higher during these regeneration. Therefore it
is possible to damage the DPF when the
oxidation of the collected PM on the filter gets
out of control and the temperature of the DPF
becomes too high. For this reason, a novel
low-temperature regeneration technology has
been required.
To cope with this problem, a new method
of regeneration using non-thermal plasma has
been developed [4]. Since the discharge
plasma can generate reactive species such as
ozone, the regeneration without thermal

Fig. 1: ESP and DPF combined system

(a) Regeneration reactor of DPF using
sliding discharge

Fig. 2: Experimental Setup for the ESP and
DPF combined system
loading is expected. Recently, generation of
non-thermal plasma inside honeycomb-shaped
ceramic using sliding discharge has been
made possible [5,6]. The sliding discharge is a
discharge generated on a dielectric surface by
a combination of AC and DC powers in threeelectrode geometry [7]. The discharge is a
product of AC-driven barrier discharge
“sliding”along the dielectrics when the DC
component is applied to the remote third
electrode. Using the sliding discharge, synergic
effect of plasma and catalytic reaction for NO X
reduction in selective catalytic reduction (SCR)
system has been reported [8].
In order to generate the plasma inside the
fine channels of the DPF, surface discharge
was used in front and a DC electric field was
applied across the DPF. Here, we have
characterized the oxidation efficiency of this
regeneration reactor.

2 Experimental setup
2.1

Collection of diesel exhaust
particle (DEP) using ESP and
DPF combined system

Figure 1 shows the schematic illustration
of the precipitator. The discharge electrode
(stainless steel wire (φ0.2 mm)) was energized
with the negative D.C. high voltage. A stainless
steel tube (36 mm inside diameter, 38 mm

(b) Surface discharge electrode
Fig.
3:
Schematic
illustration
regeneration system for DPF

of

Fig. 4: Experimental setup for the
regeneration system for DPF
outside diameter) was used as a collection
electrode. A ceramic tube (43.1 mm inside
diameter, 50 mm outside diameter) was used
as an insulator. In the ESP, the length of the
discharge area is 100 mm, the gas residence
time was 0.024 second, and the temperature of
o
the exhaust was 70 C. Because of limitation of
insulating materials of the ESP used in this
preliminary study to check the effect of
charging, the measurements were conducted

2.2

Regeneration of
sliding discharge

DPF

using

Figure 3 shows the schematic illustration
of the DPF regeneration system. Surface
discharge was generated as preceding
discharge. DPF was inserted into the quartz
glass tube. A stainless steel mesh (16 mesh)
was placed on the opposite side of the surface
discharge electrode. This stainless steel mesh
was connected to a DC power supply to
generate the sliding discharge inside the fine
channel. When DC high voltage was applied,
the inside of the DPF was ionized, as if the
surface discharge generated by the AC power
supply were elongated by the DC electric field.
In this study, the discharge plasma was
applied for the oxidation of accumulated PM
inside the DPF (diameter 30 mm, length 25
mm). The condition of exhaust gas from a
diesel engine was same as above. Exhaust
gas from a diesel engine was supplied with 20
L/min of the flow rate to the reactor by an air
pump. Diesel exhaust particles
were
accumulated into the DPF for 30 min before
the regeneration experiment.
Figure 4 shows the experimental setup for
the regeneration system of DPF. The gas flow
rate was controlled by mass flow controllers. In
this study, nitrogen gas flow rate was 4 L/min
and oxygen gas flow rate was 1 L/min. The
outlet gas from the regeneration reactor was
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Fig. 5: The change in particles collection
efficiency with ESP alone. Applied voltage: 12.5 kV
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at this temperature. The ESP was installed in
front of the DPF (diameter 50 mm, length 128
mm) at about 5 m downstream from the
engine.
Figure 2 shows the schematic diagram of
the experimental setup for the ESP and DPF
combined system. The exhaust gas from a
diesel engine generator (FUJI HEAVY
INDUSTRIES Ltd., SGD3000S-III) of 3 kW
capacity was used with a high load of 2.6 kW
in order to reduce the ratio of soluble organic
fraction (SOF). SOF consists of unburned fuel
and lubricant. 250 L/min of the exhaust gas
was passed through the precipitator. The
collection efficiency was evaluated by
measuring number concentration and size
distribution of the particles using an engine
exhaust particle sizer (EEPS) (TSI Ltd, 3090).
For the measurement, the exhaust sample was
diluted by 50 times with nitrogen gas from the
cylinder (12 L/min). The pressure drop across
the DPF was also measured with a pressure
gauge.
To prepare the samples for SEM
observation, 39 L of exhaust gas from the ESP
was filtered with a quartz fiber filter instead.
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Fig. 6: Particle collection efficiency with ESP +
DPF. Applied voltage: -12.5 kV
analyzed by using a fourier transform infrared
spectroscope (FT-IR). The regeneration
reactor was placed in a convection oven in
order to control the ambient temperature.
A DC high voltage power supply (Pulse
Electronic Engineering Co., Ltd. HDV50K3SUD) and an AC high voltage power
supply (TREK Model 20/20C High Voltage
Amplifier) equipped with a function generator
(KENWOOD OSCILLATOR AG-204D) were
used. The waveform of the applied voltage was
measured using a digital oscilloscope
(Tektronix TDS 2014) equipped with a high
voltage probe (Tektronix P6015).
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Fig. 7: Pressure drops of DPF and combined
ESP/DPF. Applied voltage: -12.5 kV
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3 Results and Discussion
3.1

Collection of diesel exhaust
particle (DEP) using ESP and
DPF combined system

Figure 5 shows the particle collection
efficiency when only ESP was used. The size
distribution measurement of the DEP without
the ESP showed that the highest number
concentration of particles was observed at 69.8
nm in diameter (data not shown). The
collection efficiency shown here, therefore,
was calculated for these particles. The ESP
was operated with constant applied voltage of 12.5 kV and current was between -0.45 mA ~ 1.25 mA. ESP was turned on at 3 minutes after
starting the measurement to 80 minutes. The
collection efficiency was calculated by counting
particles with and without the ESP operation.
Figure 5 shows that the collection efficiency
was about 95% or more.
Figure 6 shows the collection efficiency
when the DPF was added after the ESP and
the ESP was switched on and off every 10
minutes. The applied voltage was -12.5 kV and
current was -0.5 mA ~ -1.2 mA. The figure
shows that the collection efficiency of the
particles with and without the ESP on were
nearly 100% and 98% respectively. These
results suggest that the effectiveness of the
simultaneous use of ESP and DPF for the
particles collection.
From figures 5 and 6, it is clear that the
collection efficiency is higher with the ESP on.
A plausible reason is agglomeration of
conductive particles in the ESP [2]. Due to
abnormal re-entrainment, conductive particles
are easily agglomerated in an ESP. Such large
particles are easy to be trapped by a DPF. We
consider that this phenomenon is an important
factor leading to the high collection efficiency.
Figure 7 is the time lapse change of the

(b)

(c)

(d)
Fig. 8: Microscopic observation of collected
particles on a filter set after the ESP. (a)New
filter. (b)ESP off and an exposure time of 3
min. (c)ESP on and exposure time of 3 min.
(d)Magnified image of (c)

Regeneration of DPF by sliding
discharge

Table 1 shows the experimental condition of
the regeneration of DPF. In this study, the
effects of voltages applied to both surface
discharge and sliding discharge electrodes,
ambient temperature, and the applied
frequency of the surface discharge were
experimentally examined. The oxidation
Table 1: Experimental condition
Parameters

Value

Applied voltage
at surface discharge
electrode [kVP-P]

8, 10, 12

Frequency [kHz]

0.5, 1.0, 1.5, 2.0

Applied voltage
at sliding discharge
electrode [kV]

4, 8

o

Temperature [ C]
Treatment time [min]

25, 90, 125, 150
30

Oxidation Efficiency [g/kWh]

8

DC : 4 kV

7

DC : 8 kV

6
5
4
3
2
1
0
7

8
9
10
11
12
13
Applied voltage at surface discharge electrode [kVp-p]

Fig. 9: Oxidation efficiency versus applied
voltage at surface discharge electrode with
different applied voltage at sliding discharge
electrode. Frequency at surface discharge
o
electrode: 1.0 kHz, Ambient temperature: 25 C
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Fig. 10: Oxidation efficiency versus ambient
temperature. Applied voltage: AC 12 kVp-p 1.0
kHz and DC 4 kV
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pressure drop of the DPF with and without the
energization of the ESP. The applied voltage; 12.5 kV, current; -0.65 mA ~ -0.87 mA. The
pressure drop started to increase after the
engine was on. The pressure drop increased
rapidly and reached to about 35 kPa after 9
minutes without ESP. With the ESP on, the
pressure drop rose significantly slower. The
cause of this could be the collection of particles
in the ESP, as well as the difference in the
deposition behavior of the agglomerated
particles on the wall of DPF.
Using SEM the state of the particles
collected on the glass fiber filter set
downstream of the ESP with the applied
voltage of -12.5 kV (and current was -0.70 mA)
was observed as shown in Figure 8.
Figure 8(a) is a new filter. Figure 8(b), is the
particles collected without ESP operation. In
Figure 8(b), many particles in round form were
found. Figure 8(c) and (d) shows the samples
with the ESP on. Figure 8(c) shows
agglomerated particles on the quartz fiber filter.
This figure clearly shows that particles emitted
from the ESP agglomerated to be a large
particle. Such large particles are easy to be
trapped by the DPF. It is also expected that the
agglomerated large particles are less closely
accumulated on the DPF probably resulting in
lower pressure drop. Therefore, this is an
important factor leading to the high collection
efficiency and low pressure drop. In Figure 8(d),
with magnified observation, pearl-chain
formation of particles was confirmed,
suggesting the existence of the electric field
around the filter fibers. This is a phenomenon
not seen in Figure 8(b). This microscopic
observation shows the effectiveness of
charging particles prior to mechanical filtration.
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Fig. 11: Oxidation efficiency and amount of PM
oxidized versus the applied frequency of the
surface discharge electrode. Applied voltage:
AC 12 kVp-p and DC 4 kV, Ambient temperature:
o
150 C, Treatment time: 30 minutes
efficiency was calculated from the weight
change of the DPF before and after the
regeneration.
Figure 9 shows the correlation of oxidation
efficiency and applied voltage to the surface
discharge electrode for two different voltages
applied to the sliding electrode: DC 4 kV and
DC 8 kV. Gas flow rate was 5 L/min, ambient

o

temperature was 25 C, and the frequency of
surface discharge was 1.0 kHz in this
experiment. Not depending on the DC high
voltages, the oxidation efficiency increased in
proportion to the applied voltage at the surface
discharge electrode. Therefore, it was
confirmed that DPF was regenerated by using
a sliding discharge. The oxidation efficiency
was higher for DC 4 kV than that of DC 8 kV at
the all experimental points of the applied
voltage for surface discharge. These results
suggest that the sliding discharge was affected
mainly by AC voltage. In this case, the DC
voltage was 4 kV.
Figure 10 shows the oxidation efficiency
versus ambient temperature. Gas flow rate
was 5 L/min at room temperature. The applied
voltage and the frequency of the surface
discharge electrode were fixed at 12 kVp-p and
1.0 kHz, respectively. The applied voltage of
the sliding discharge electrode was fixed at 4
kV in this experiment. The oxidation efficiency
increased with increasing the ambient
temperature. Oxidation efficiency was more
o
than 11 g/kWh at 150 C. We considered that
ozone produced by surface discharge and
sliding discharge was activated by increasing
the ambient temperature.
Figure 11 shows the oxidation efficiency and
the amount of PM oxidized versus the
frequency of the voltage applied to surface
discharge electrode. Gas flow rate was 5 L/min,
o
and the ambient temperature was 154 C, the
applied voltage and frequency of the surface
discharge electrode were fixed at 12 kVp-p
respectively. The DC applied voltage of the
sliding discharge electrode was fixed at 4 kV in
this experiment. This result shows that
frequency of the AC high voltage does not
effect the efficiency. However, the amount of
PM oxidized in a fixed discharge time
increased
in
proportion
to
frequency
suggesting that the intensity of the sliding
discharge increased with the frequency of AC
voltage.

a sliding discharge. The PM oxidation
efficiency was improved by increasing the
applied AC high voltage of the surface
discharge and the ambient temperature. These
results suggest that the novel aftertreatment
system can be in practical use with further
improvement of PM oxidation efficiency.
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