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Abstract: Exhaust gases from internal combustion engines contain fine carbon particles. If a biofuel
is used as the engine fuel for low-carbon emission, the exhaust gas still contains numerous carbon
particles. For example, the ceramic filters currently used in automobiles with diesel engines trap
these carbon particles, which are then burned during the filter regeneration process, thus releasing
additional CO2. Electrostatic precipitators are generally suitable to achieve low particle concentrations
and large treatment quantities. However, low-resistivity particles, such as carbon particles, cause
re-entrainment phenomena in electrostatic precipitators. In this study, we develop an electrostatic
precipitator to collect fine carbon particles. Woodceramics were used for the grounded electrode in
the precipitator to collect carbon particles on the carbon electrode. Woodceramics are eco-friendly
materials, made from sawdust. The electrical resistivity and surface roughness of the woodceramics
are varied by the firing temperature in the production process. Woodceramics electrodes feature
higher resistivity and roughness as compared to stainless-steel electrodes. We evaluated the influence
of woodceramics electrodes on the electric field formed by electrostatic precipitators and calculated
the corresponding charge distribution. Furthermore, the particle-collection efficiency of the developed
system was evaluated using an experimental apparatus.

Keywords: electrostatic precipitator; corona discharge; woodceramics; low-resistivity particle;
re-entrainment phenomena; agglomeration

1. Introduction

In the interest of realizing a low carbon emission society, internal combustion engines powered by
biofuels have been developed; however, the combustion of biofuels generates carbon particles similar
to those generated from conventional fuels. Filters made from porous cordierite, silicon carbide, steel
mesh are often used to collect carbon particles suspended in the exhaust gases of boilers and internal
combustion engines [1]. The ceramic filters used in diesel engines called diesel particulate filters (DPFs)
are regenerated by burning the collected carbon particles with the help of the diesel engine control,
thus generating CO and CO2. However, if the collected particles are gathered but not burned, the
carbon density is higher than in the gas phase and the CO2 emission can be efficiently reduced.

In an electrostatic precipitator, the particles are charged and collected on an electrode by the
Coulomb force. Electrostatic precipitators offer advantages of limited pressure loss and highly
effective particle collection. When the target gases have low particle concentration and high flow
rates, electrostatic precipitators are suitable for particle collection [2]. Electrostatic precipitators have
wide-ranging applications in, for example, thermal power plants, cement factories, and home air
cleaners. The performance of an electrostatic precipitator is strongly influenced by the physical
properties of the particles. The particle resistivity also affects the collection performance as particles
with high resistivity remain charged for a long time. As the collected particles are charged to an
inverse polarity relative to the polarity between the surface and the contacted grounded electrode,
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high particle resistivity results in a breakdown in the electric field across the layer of collected particles
as the generated ions and charges arising from the charged particles are diminished. However, when
the particle resistivity is low, charged particles are collected on the grounded electrode, and the electric
charge is released; thus the collected particles are charged to the opposite polarity. The collected
particles are agglomerated on the electrode surface move into the gas flow [3,4].

In general, particles in diesel exhaust feature low resistivity. In previous studies, electrostatic
precipitators were attached to the diesel engines; the influence of re-entrainment phenomena
was avoided by improving electrode structure and by using electrohydrodynamics [5,6], however,
re-entrainment was not prevented. In another study, water or a surfactant solution was sprayed
into the gas stream upstream of the electrostatic precipitator because of the addition of the liquid
bridge force by the Coulomb force; this bridge force prevented the agglomerated particles on the
collection electrode from moving into the gas flow. Because of the effects of the liquid bridge force
with the surfactant, the agglomerated particles formed a lump-like shape rather than a pearl-chain-like
structure [7]. Additionally, in another study, the polarity of the high voltage applied to the electrode
were changed after a constant time interval. As a result, the collecting electrode area increased and
the agglomeration particles on the electrode did not grow because of the change in the electric field
direction [8]. As the collected particles remain charged, researchers have investigated the use of
insulating sheets on the collector electrode [9]. In this method, the collection efficiency decreased with
increasing operation time because of charging the surface of the insulating sheets.

In this study, carbon particles were collected on carbon electrodes made of woodceramics.
Stainless-steel or aluminum are generally used as the electrode materials in the electrostatic precipitator.
The woodceramics whose electric resistance and surface roughness were high compared with
stainless-steel were used as the electrode materials. This woodceramics was formed using sawdust
charcoal and phenol resin powder under specific pressure and temperature conditions; the formed
pieces were then fired under a vacuum [10,11]. Woodceramics are eco-friendly materials. The
electrical resistivity and pore distribution were modified by varying the firing temperature. At a firing
temperature of approximately 600 ◦C, the wood fiber remained and the resistivity was high. When the
firing temperature was above 900 ◦C, the carbon content was high, and the resistivity was low. The
woodceramics electrodes are porous media with large surface areas on which particles may be collected.
Also, woodceramics electrodes offer higher electrical resistance than stainless-steel electrodes. The
electric potential near the surface of the grounded electrode might be high, thus decreasing the Coulomb
force. In the present study, the electric field and charge distribution around the woodceramics electrodes
are calculated and compared with those around the stainless-steel electrodes [12,13]. Furthermore, the
particle collection efficiency of the proposed electrode is evaluated experimentally.

2. Calculation of the Corona Discharge Model

2.1. Calculation Model

The space charge and electrical field distributions were calculated by the finite-element method
(FEM) using COMSOL Multiphysics FEM software [14,15]. The calculation model is shown in Figure 1.
The air gap between the high voltage wire electrode and the grounded electrode was 9 mm the voltage
supplied to the wire electrode was +8 kV, and the grounded electrode was assumed to be 0.1 mm thick
in the case of stainless steel and 10 mm thick in the case of woodceramics. The electrical potential at
the bottom of each electrode was 0 V. The overall mesh size was 0.4 mm or less, and the mesh above
the grounded electrode was further divided of 0.08 mm in width or less. In this model, it was assumed
that the woodceramics electrode was a solid material. The stainless-steel material was not defined in
this model but, as a substitute a boundary condition between d and c in Figure 1 was set as 0 V. In the
woodceramics, the gas-flow velocity was set to zero, other parameters of the woodceramics are shown



Energies 2019, 12, 2805 3 of 11

in Table 1 [16–19]. The diffusion constant of the woodceramics was calculated using the Einstein’s
equation for Brownian motion as follows:

D
µ

=
k·T
e

, (1)

where D is the diffusion constant, µ is the mobility, k is the Boltzmann constant (1.380662 × 10−23 J/K), e
is the elementary charge (1.602 × 10−19 C), and T is the temperature (278 K).
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Figure 1. Calculation models for (a) the grounded electrode with a stainless-steel electrode and (b) the
grounded electrode with a woodceramics electrode (which is defined as a solid substance of 10 mm
thickness).

Table 1. Calculation parameters in the air and woodceramics domains.

In Air Woodceramics

Mobility (m2/V·s) 2.34 × 10−4 1.00
Diffusion constant (m2/s) 2.89 × 10−6 0.256

Relative permittivity 1.00 5.68
Gas flow (m/s) - 0

The space charge was analyzed by the FEM with reference to [14,15]. The spatial electric field was
calculated by the following Poisson equation:

−∇ · ε0εr∇V = ρ, (2)

where ε0 is the dielectric constant, V is the electric potential, and εr is the relative permittivity of air
(1.0). The space charge density, r, is expressed by the following equation:

ρ = −eNp, (3)

where Np is the number density of positive ions (in Num/m3) and e is the elementary charge (in C). The
applied voltage and number density of charges were multiplied by tanh (105 t) (where t is the time in
seconds) to obtain 90% of the applied voltage at 15 µs and 99.5% of the number density at 30 µs. The
charge density Np is given around the wire. However, the calculations revealed that there was a gap
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between high density and zero density in the unmodified model. Hence, given the central position of
the wire was x = 0, Np was multiplied by the following parameter:

α = 1−
x2

l2
, (4)

where x is the position in the horizontal direction, and l is half of the wire radius. It should be noted
that this calculation method does not result in attenuation compared with the real charge density. The
number density of positive ions, Np, was calculated as follows:

Np =
Id
Lw
×

1
µp × Lg

×
LAir
Vap
×

1
e
×

1
2

, (5)

where Id is the corona discharge current, Vap is the applied voltage, Lw is the length of each wire
electrode (88 mm × 2), and µp is the mobility of the positive ions (2.34 × 10−4 m2/V·s).

The transport equation for positive ions, including the ion wind and the gas flow, is given in
Equation (6).

∂Np

∂t
+∇ ·

(
−Dp∇Np − µpENp

)
+∇ ·

(
NpUg

)
= 0, (6)

where Dp is the diffusion constant of the positive ions in the air (2.89 × 10−6 m2/s), Ug is the gas flow
(in m/s), and E is the electric field strength (in V/m):

E = −∇V. (7)

Note that this equation does not account for thermal diffusion.
The Navier–Stokes equation is used to model the gas flow and ion wind as follows:

ρg
∂Ug

∂t
+ ρg

(
Ug · ∇

)
Ug = −∇P + µg∇

2Ug + F, (8)

where P is the pressure (in Pa), rg is the air density (1.205 kg/m3), µg is the dynamic coefficient of air
viscosity (1.822 × 10−5 Pa·s), and F is the external Coulomb force (in N), which is the product of the
space charge density, ρ and the electric field E.

2.2. Numerical Results

The potential distributions are shown in Figure 2. The contour lines represent the equipotential
line from 500 to 4000 V. With the woodceramics electrode, the potential is high near the grounded
electrode. In addition, the ion distributions over 2.0 × 1014 Num/m3 are shown in Figure 3. The two
graphs are similar in shape demonstrating that the ion distribution area in the corona discharge has not
changed. Due to the influence of the electrode material, the electric field and ion number distribution
were evaluated directly below the wire electrode. The electric fields between the wire and the grounded
electrode are shown in Figure 4a. The electric field at the surface of the woodceramics electrode was
approximately 10% less than that at the surface of the stainless-steel electrode. The ion distribution
between the wire and the grounded electrode is shown in Figure 4b. This curve was smoothed with
a moving average algorithm over an averaging distance of 0.48 mm for approximately 20 sampling
points. With the stainless-steel electrode, the ion density slightly fluctuated. The ion density increased
close to the electrodes but remained comparable for the two types of electrodes.
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Figure 3. Illustration of the charge number densities of charges at the (a) stainless-steel grounded
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distribution. It can be seen that the resistivity of the grounded electrode does not have strong influence
on the overall charge distribution.
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These results shed light on the particle-collection process; the particle charge and immigration
velocity decrease when using a woodceramics electrode, unlike with a stainless-steel electrode, because
of the decrease in the electric field.

3. Experimental Methods

3.1. Woodceramics

Figure 5 shows the process of manufacturing woodceramics by molding charcoal powder or a
part of a plywood board. In this study, sawdust charcoal was used as the charcoal powder; it was
pulverized to a particle size of less than 1 mm and mixed with phenol resin powder (Kanebo, Bellpearl
S899) at a weight ratio of 8:2 using a ball mill. The mixed powder was placed in a mold temporarily
while degassing at 200 ◦C and 4.0 MPa. Thereafter, the samples were compressed at 160 ◦C and 20 MPa
and cooled from 160 ◦C to 40 ◦C for 10 min. The samples were then molded elsewhere. Under a
vacuum of less than 50 Pa, the molded samples were fired at 300 ◦C or 600 ◦C for 3 h to complete
the woodceramics manufacturing process. Microscopic photographs were taken using a digital still
microscope (KEYENCE, VH-5000) (see Figure 6). In the woodceramics, the wood fibers remained on
the surface, which was rougher than that of the stainless-steel electrode.
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The electric resistivities of the woodceramics and stainless-steel electrodes were measured
according to the Japanese Industrial Standard (JIS K7194 Testing method for resistivity of conductive
plastics with a four-point probe array) using the measurement probe is shown in Figure 7. The needles
were sewing needles with radii of curvature of R = 70 µm and diameters ofΦ= 0.71 mm. Woodceramics
and stainless-steel electrodes were prepared for each of three samples, and five points were measured
on each sample. A current of 1 or 10 mA was flowed between A and D while the voltage between B
and C was measured with a source measure unit (Yokogawa GS610). The contacts at the tips of the
needles and the test piece were adjusted to a minimum voltage between B and C. The resistivity was
calculated as follows:

ρ = F·t·R, (9)

where r is the resistivity (in Ω·cm), t is the thickness (in cm) of the test piece, and R is the resistance
(in Ω) obtained from the current and voltage measurements. The thickness, t was in the range of
0.106–0.138 mm for the stainless-steel electrodes and in the range of 11.4–11.9 mm for the woodceramics
electrodes. Thus, the correction factor for the thickness, F was 4.2353 for the stainless-steel electrodes
and in the range of 2.3693–2.4014 for the woodceramics electrodes.
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Figure 7. Four terminal probes used for measuring resistivity. Terminals A to D are needles of the same
shape. Current flowed from A to D or from D to A, while the voltage was measured between B and C.

The average resistivities are shown In Table 2. The resistivity of the woodceramics material was
98.2 Ω·cm, which was 4400 times higher than that of stainless steel which was measured as 0.0281 Ω·cm.

Table 2. Resistivities of woodceramics and stainless-steel.

Resistivity (Ω·cm)

Stainless-Steel Woodceramics

Average 0.0218 96.2
Max. 0.032 137
Min. 0.0143 67.3

3.2. Experimental Setup and Conditions

A schematic diagram of the experimental apparatus is shown in Figure 8. The test particles were
generated by the combustion of vegetable oil. Particle-laden gas was introduced via the experimental
duct with the updraft, and the gas was diffused by a diffusion fan. Then, the sample gas was absorbed
into the electrostatic precipitator and treated with a positive corona discharge and diffused by the fan.
The treated gas then resided in the downstream test duct. The number density of particles in this gas
was measured with a particle counter (RION, KC-01E + diluter KD-01); the number densities of the
room air and target gas are shown in Table 3. The concentration of 0.3–0.5 µm particles in the target
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gas was 1.2 × 105 Num/L and over 80% of these particles originated from the combustion. To verify the
particle concentration, the sampling position was moved to upstream of the electrostatic precipitator
before and after each test was completed. Thus the particle-collection efficiency was calculated as
follows:

η =

(
1− Nout

Nin

)
× 100 (%) , (10)

where Nin indicates the upstream particle number concentration, and Nout is the downstream particle
number concentration of the electrostatic precipitator. Instead of Nin, the averaged particle concentration
measured downstream of the electrostatic precipitator without an applied voltage was used.
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Figure 8. Schematic diagram of the experimental apparatus. An oil lantern was used as the particle
generator. The particle concentration was measured downstream of the electrostatic precipitator.

Table 3. Average concentrations of particles in various size ranges in the room air and target gas.

Particle Size Range (µm) Room Air (Num/L) Target Gas (Num/L)

0.3–0.5 1.6 × 104 1.2 × 105

0.5–1.0 9.6 × 102 5.8 × 103

1.0–2.0 3.0 × 10 5.8 × 102

2.0–5.0 0 1.7 × 102

3.3. Electrostatic Precipitator

A top-down view of the electrostatic precipitator is shown in Figure 9. The gas treated with
corona discharge passed through the strainer with the perforated metal plate and was channeled to the
downstream exhaust duct. The gas-flow velocity was adjusted by varying the fan speed. The fan and
the gas flow were stopped when measuring the discharge current. The mean gas velocity was kept at 3
m/s when evaluating the particle collection.
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The electrode structures of the corona discharge with the woodceramics grounded electrode and
stainless-steel grounded electrode are shown in Figure 10. The two grounded electrodes were placed
parallel to each other at a distance of 18 mm apart, and the two wire electrodes for the applied high
voltage were set at the midpoint between the grounded electrodes. The electrostatic precipitator duct
was 88 mm in total width and 18 mm high. The wire electrode was connected to a DC + high-voltage
power supply (Matsusada Precision, HAR-20R15), and the discharge current was measured with an
ammeter attached to the power supply. In each grounded electrode, the distance between the wire
electrode and grounded electrode was 9 mm. In addition, the thickness of the woodceramics was
approximately 10 mm, and a copper grounded electrode was attached behind the woodceramics.
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Figure 10. Side view of each electrode structure. In the corona discharge electrode configuration, the
grounded electrode was either a (a) stainless-steel grounded electrode or (b) woodceramics grounded
electrode. Each grounded plate electrode structure was placed such that its surface was the same
distance from the wire electrode.

4. Results and Discussion

Figure 11 shows the discharge current as a function of the applied voltage. The corona on-set
voltage was approximately 6.0 kV. The current-voltage curves for the woodceramics and stainless-steel
grounded electrodes were very similar.
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Figure 12 shows the collection efficiencies using woodceramics and stainless-steel grounded
electrodes for operating times of 0–5 min, 5–10 min, 10–15 min, and 15–20 min. The particle-collection
efficiency with the woodceramics electrode was high and remained constant over the entire operating
period. On the other hand, when using the stainless-steel electrode, the particle-collection efficiency
was constant for particles smaller than 1 µm during the operating time, but that for particles larger than
1 µm decreased over the operating period. This decrease can be attributed to the particle agglomeration
on the electrode surface and the occurrence of particle re-entrainment phenomena. However, such
particle re-entrainment phenomena were prevented by using the woodceramics electrode. Thus, the
surface roughness and the electrical resistivity of woodceramics improve the collection efficiency.
In future studies, we will investigate the mechanism underlying the agglomeration of the collected
particles and the effect of improving the particle collection using a woodceramics electrode.
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Figure 12. Particle-collection efficiencies over time for various electrode types and particle size ranges.
With the woodceramics electrode, the collection efficiency for large particles remained high while that
with the stainless-steel electrode decreased with the operating time.

5. Conclusions

Stainless-steel or aluminum are generally used as electrode materials in the electrostatic precipitator.
In this study, we utilized a novel electrostatic precipitator to collect carbon particles on a carbon
electrode based on charged particles and the Coulomb force. A woodceramics made from sawdust
charcoal which has an electrical resistivity 4400 times higher than stainless steel was used as the carbon
electrode. Because the woodceramics material has a porous surface, it was expected to improve the
particle collection. The electric field and charge distribution were calculated and the actual particle
collection was evaluated experimentally.

The calculation results showed that, using woodceramics electrodes, the electric field near the
electrode surface was reduced by approximately 10%, and the particle-collection efficiency was reduced
accordingly. However, the adhesion force of the particles after contact with the electrode depended on
the intermolecular force and not the Coulomb force. Therefore, the only concern was the reduction in
the migration speed.

Our experimental results showed that, with the use of the woodceramics electrode, the
particle-collection efficiency improved in all particle size ranges while the re-entrainment phenomenon
decreased. However, the present study serves only as a feasibility study. In future research, the applied
voltage characteristics and flow velocity characteristics should be further tested.
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