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CZASTEK ZE SPALIN SILNIKA DIESLA
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Abstract. A precipitator section is modeled numerically in 3D to determine the collection efficiency for diesel exhaust particulates. It consists of a circular
tube and a wire electrode mounted at the center of the tube, supplied with a negative high dc voltage, while the tube is electrically grounded. The analytical
solutions of Poisson and current continuity equations are implemented to obtain the ionic space charge density and electric potential distributions in the
channel. Commercial CFD FLUENT software is used to solve the turbulent flow mode. Effects of some electrical characteristics of diesel exhaust particulates
on collection efficiency are assessed.
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3D Numerical Study of Wire-Cylinder Precipitator for Collecting Ultrafine Particles from Diesel Exhaust

Streszczenie. Jedna sekcja elektrofiltru zostata zamodelowana numerycznie w celu wyznaczenia sprawnosci wytapywania czqstek ze spalin silnika Diesla.
Elektrofiltr sktada sie¢ z uziemionej cylindrycznej rury i cienkiej elektrody zasilanej wysokim napieciem ujemnym. Do obliczenr wykorzystano analityczne
rozwigzanie réwnania Poissona i rownania cigglosci ladunku oraz komercyjny software FLUENT do obliczen przeplywu gazu. Czgstki byly tadowane w

wyniku tgcznych mechanizmow polowych i dyfuzyjnych. Zbadany zostat efekt niektorych parametrow procesu na sprawnosé filtrowania.

Stowa kluczowe: elektrofiltry, elektrohydrodynamika, wyladowanie koronowe, trajektorie czastek, sprawno$¢ osadzania.

Introduction

Diesel Exhaust Particulate (DEP) is one of many causes of air
pollution in urban areas. In recent years, special environmental
concerns have been directed towards controlling the emission of
ultrafine particles. This is also related to different strategies used
by engine designers to increase engine efficiency.

Optimization of the engine combustion process using
alternative fuels, or special fuel additives, and installing after-
treatment systems, such as catalytic converters, wet scrubbers,
cyclones, bag filters, Diesel Particulate Filters (DPFs) and
Electrostatic Precipitators (ESPs), are among conventional
methods attempted to reduce particulate emissions. Despite the
very good performance of DPFs, they still suffer from high
pressure drop, high energy consumption and maintenance costs,
low durability and insufficient collection efficiency for nano-
particles. On the other hand, ESPs are more reliable particulate
control devices due to their high collection efficiency, lower
pressure drop, lower energy consumption and capability to operate
over a wide range of gas temperature [1]-[3].

Due to the low electrical resistivity of diesel particulates, they
lose their charge as soon as they arrive at the collecting plates, and
can easily re-enter the channel, resulting in a substantial decrease
in particle removal efficiency. To overcome this problem, several
authors have worked on the electrostatic agglomeration of aerosols
emitted by diesel engines [4]-[6] by moving their distribution
towards large diameters (several micrometers at least). In [7], A.
Mizuno et al. employed electrostatic flocking electrodes as the
collecting plates in an ESP to improve the collection efficiency of
fine particles by increasing the surface area of the collecting
electrodes. The same authors also suggested an ESP-DPF
combined system to obtain higher collection efficiency for diesel
particulates, where the number density of particles measured in
downstream of the combined system was 98 % less compared with
that of DPF alone [8]. In addition, they confirmed that increase in
the pressure drop of the DPF is slower due to agglomeration.

Wire-tube electrostatic precipitators, where a thin wire is placed
in center of the tube and charged with high voltage are proposed
by some authors to capture ultra fine particles and diesel
particulates [8]-[11]. Saiyasitpanich et al. performed experiments
[2], [3] to examine a tubular single-stage wet electrostatic
precipitator (WESP) performance in removal of diesel particulate
matter. Their measured collection efficiencies were significantly
higher than the predicted values based on the well-known Deutsch
equation [12].

In this paper, a 3D numerical simulation is carried out for
modeling a wire-tube ESP for collecting diesel particulates. The
corona-induced secondary flow in an ESP with eccentric wire-
cylinder geometry is discussed. Particles charging and deposition
patterns are obtained and the collection efficiency of the ESP is
predicted. The influence of the applied voltage to the corona
electrode, the gas inlet velocity and channel length on the
precipitation performance is also investigated.

1. Model description

The wire-cylinder electrostatic precipitator utilized by H.
Hayashi et al. [8] to collect exhaust gas emissions from a diesel
engine generator (Fuji Heavy Industries Ltd., SGD3000S-III, max
power output: 3 kW), as shown in Fig. 1, is simulated. The
discharge electrode was a stainless steel wire with the diameter of
0.2 mm energized with a negative high dc voltage to generate
corona discharge. A stainless steel tube with the diameter of 36
mm and length of 50-300 mm was used as a collection electrode.
The exhaust gas with dust mass concentration of 20 mg/m® and
initial velocity of 0.6-1.5 m/s was passed through the precipitator.
Diesel aerosols are in the range of 5-550 nm with density of 998.9
kg/m3.
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Rys. 1. Schemat elektrofiltru
Fig. 1. Schematic diagram of a wire-cylinder ESP

Two number concentrations of diesel particulates were
assumed at the inlet for engine working in low load (0 W, 110°C)
and high load (2.6 kW, 210°C), as shown in Fig. 2. Each particle
size was injected from 248 points at the inlet resulting in a total
number of 7440 and 6696 particle streams in the ESP channel for
engine at zero load and high load conditions, respectively.
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2. Computational procedure

The exact analytical solution for solving the Poisson and
current continuity equations for wire-cylinder geometry was
utilized to obtain the electric potential, electric field, and ion
charge density distributions in the precipitation channel for

—8— Zaroload, 110°C
=B Ligh load, 210° C

Rys. 2.
Fig. 2.

Zaleznos¢ koncentracji ilosciowej od srednicy czqstek na wejsciu
Number concentration versus particles diameter at inlet

different applied voltages [13]. It was assumed that the ionic
charge distribution in the channel would not be disturbed by the
airflow and only the strong effect of electrostatic forces due to the
presence of ionic space charge in electric fields on the airflow
patterns was considered. The airflow equations were solved inside
FLUENT using the Finite Volume Method (FVM) and the
turbulence effect was included by using the k-¢ model. The
Lagrangian random walk approach was used to determine particle
motion, as affected by EHD flows and gas turbulence. This part
was performed with the aid of DPM module in FLUENT
considering submicron particle charging equations. The detailed
description of the methodology and procedures can be found in
[14].

3. Results and Discussion

3.1. EHD Flow Pattern

In a concentric configuration of electrodes, the secondary flow
does not exist due to symmetry of the geometry and static
conditions in the channel, where the electric body force is
balanced by the pressure force along the radial direction, as it was
also proven in [15]. Assuming 1% electrode eccentricity in the z >
0 direction, a corona-induced jet is developed along the
eccentricity direction with two spiral vortices on either sides of the
jet, where the vortex on the right rotates counter clockwise, and
the vortex on the left rotates clockwise, as shown in Fig. 3. These
vortices occupy almost the whole area of the ESP cross section.

Rys. 3. Linie  strumienia  wtornego
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EHD secondary flow streamlines for eccentric configuration of the corona
discharge electrode
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Stosunek tadunku do masy (a) i procent wylapanych czgstek wzdtuz kanatu
elektrofiltru (b) dla czgstek o sSrednicy 100 nm i trzech predkosci gazu
(silnik w stanie jalowym, przylozone napiecie -10 kV, diugosé kanatu 100
mm, temperatura 110° C)

Charge-to-mass ratio (a) and percentage of trapped particle along the ESP
channel (b) for 100 nm particles and for three inlet velocities (engine at
zero load condition, applied voltage is -10 kV, channel length is 100 mm,
and temperature is 110° C)

0.24 T T
—6—0.6 /s
022[{ "B 1.0nvs //B: =1
—— 1.5 s 75/ N
-
02 —o ]
—&
a yava
=< o0.18
S Y4
2
2 oo f e
= //
=]
g
k=
© 0.14 ;(
0.12 &
0.1
-0.05 -0.04 -0.03 -0.02 -0.01 o 0.01 0.02 0.03 0.04 0.05
16 E T
14 X —HB—1.0m/s [
VAN S
12 - -4
\ R\
R e N
eV \e
B sX o
g, ]
% 5!
s
£
S a4
&
2 o)
o
-0.05 0.04 0.03 0.02 0.01 o 0.01 0.02 0.03 0.04 0.05

X (m)
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Charge-to-mass ratio (a) and percentage of trapped particle along the ESP
channel (b) for 500 nm particles and for three inlet velocities (engine at
zero load condition, applied voltage is -10 kV, channel length is 100 mm,
and temperature is 110° C)
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Rys. 6. Predkos¢ migracji czqstek dla roznych wartosci napiecia (dltugosé kanatu
100 mm, predkosci gazu 0.6 m/s, 1 m/s i 1.5 m/s)

Fig. 6. Particle migration velocity for different applied voltages (channel length of
100 mm and inlet velocities of 0.6 m/s, 1 m/s and 1.5 m/s)

3.2. Particle Charging and Deposition

Particle charge-to-mass ratio and deposition rate along the
ESP channel length for 100 nm and 500 nm particles are shown in
Figs. 4 and 5, respectively, assuming different inlet velocities of
0.6 m/s, 1.0 m/s and 1.5 m/s, zero engine load and -10 kV
excitation voltage to the corona wire. Fig. 4a shows that by
increasing the inlet velocity particles travel faster in the ESP
channel and the charge-to-mass ratio decreases. The charge-to-
mass ratio of particles increases as the particles traverse the
channel. However, larger particles obtain the saturated charge
quicker and the velocity effect on charge-to-mass ratio becomes
negligible (Fig. 5a). Similar graphs were obtained for engine at
high load condition.

In the presented simulation model, particles smaller than 20 nm
obtain no charge or at most one electron charge, as they traverse
the whole length of the ESP channel, and their trajectories are only
affected by airflow drag forces, thus, practically these particles
could not be trapped. Therefore, the numerical results in this paper
are only valid for particles larger than 20 nm.

3.3. Particle Migration Velocity

Fig. 6 shows the particle migration velocity under different
voltages applied to the corona wire assuming three different inlet
velocities of 0.6, 1.0 and 1.5 m/s and engine at zero load
condition. The particle migration velocity increases by increasing
the applied voltage and it has a minimum around 200-300 nm
particle diameter, which is theoretically explained in [16]. Similar
graphs were obtained for the engine at the high load condition.

3.4. Grade Efficiency

Figs. 7a and 7b show the corresponding grade efficiencies of
different particle sizes for applied voltages of -10 kV and -17 kV,
and inlet velocities of 0.6, 1.0 and 1.5 m/s, assuming engine at
zero load condition. For excitation voltages of -10 kV (Fig. 7a),
the grade efficiency has a minimum value at around 200-300 nm
particle diameter and the grade efficiency decreases by increasing
the inlet velocity from 0.6 m/s to 1.5 m/s. This can be explained by
looking at the particle migration velocities, shown in Fig. 6, and
the relation between the particle migration velocity and grade
collection efficiency in the Deutsch equation [12]. However, for -
17 kV excitation voltage the grade efficiency for all particle sizes
is more than 95% as shown in Fig. 7b.

Figs. 8a and 8b show the particle residence time and grade
efficiencies versus exhaust particle diameter for channel length in
the range of 50-300 mm, engine at low load condition and -10 kV
applied voltage to the corona wire. It is clear that the residence
time and grade efficiency of particles increases by increasing the
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Rys. 7. Sprawnos¢ osadzania dla réznych wielkosci czgstek i roznych predkosci
gazu (diugosc kanatu 100 mm, silnik na biegu jalowym, napigcie zasilania -
10kV (a) i -17 kV (b))
Fig. 7. Grade efficiency of ESP for three inlet velocities at inlet (channel length of
100 mm, engine at zero load condition and applied voltages of -10 kV (a)
and -17 kV(b))

channel length and for 300 mm almost all particles are trapped in
the ESP channel. The minimum grade efficiency and maximum
particle residence time around 200-300 nm particle diameter can
be observed for different channel length as well. Similar graphs
were obtained for the engine at the high load condition.

4. Conclusions

A one-stage laboratory scale single wire-cylinder ESP for
collecting submicron diesel particulates was simulated. It was
shown that the EHD secondary flow is only generated in the
channel when the corona wire is slightly off-center in the
cylindrical channel. For different particle sizes, particle charge-to-
mass ratio and deposition rate along the ESP channel were
compared for different inlet velocities. It was shown that by
increasing the gas residence time, i.e. decreasing the inlet velocity,
the particle charge-to-mass ratio increases and the particle removal
efficiency increases. Particle migration velocities were obtained
for different applied voltages. Total mass collection efficiency for
different channel lengths and the grade efficiencies of all particle
sizes were also obtained. It was shown that the collection
efficiency graphs versus diesel particle diameter have a minimum
around 200-300 nm for lower excitation voltages. However, for
higher excitation voltage and lower gas velocities at inlet, the
collection efficiency for all particle sizes is above 95%.
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Rys. 8. Czas (a) i sprawnos¢ osadzania (b) dla réznych wielkosci czgstek i
czterech roznych dlugosci kanatu (napiecie zasilania -10 kV, predkos¢ gazu
0.6 m/s, silnik lekko obcigzony)

Fig. 8. Particle residence time (a) and grade efficiency (b) versus exhaust particle
diameter for four different length of the ESP channel (applied voltage is -10
kV, inlet velocity is 0.6 m/s and engine is at low load condition)
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