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a b s t r a c t

This study designed and tested a wet electrocyclone with high efficiency for long-term operation. The
inner diameter of the collection electrode is 25 cm, and the discharge electrodes consist of seven circular
discs with zigzag-shaped edges for particle charging and removal. The tip of the circular saw-type discs is
20 lm in diameter and the tip to the inner wall (collection electrode) spacing is 4 cm. Cleaning water near
the inter wall was used to keep the collection electrodes clean. Experimental results showed that the col-
lection efficiency of the present wet electrocyclone decreased with an increasing air flow rate. The effi-
ciency for oleic acid (OA) particles was reduced only slightly from 78–92% to 75–90% for particles
from 22.1 to 805 nm in electrical mobility diameter (dp) after 6 h of micro-Al2O3 loading test. In the field
test, the collection efficiencies of the present wet electrocyclone for submicron SiO2 particles with mass
concentration of 20–50 mg/m3 were also found to keep higher than 93% for continuous 14-day operation.

A modified Deutsch-Anderson model was developed to predict the charged particle collection effi-
ciency (gelec,p, %) of nanoparticle as well as larger particles. The present model is gelec;p

ð%Þ ¼ 1� expf�½AðNB
DeÞ þ CðNDeÞ þ D�g � 100%, where A, B, C and D are regression coefficients, and NDe

is the modified Deutsch number. Good agreement was obtained between the present predictions and
experimental data.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

A cyclone is a simple dust control device, which is cost efficient
to construct, operate, and maintain [1,2]. It is capable of handling
large flow rate with low pressure drop [3,4]. The cutoff aerody-
namic diameter (dpa50) of a cyclone is usually greater than 5–
10 lm, and therefore it is used as a pre-collector in front of other
high-efficiency devices [1], such as electrostatic precipitators
(ESPs). By combining ESPs and cyclones, electrocyclones were
developed to control fine particles efficiently without an increase
in pressure drop and reduce capital costs [5]. The effect of various
operation conditions on particle collection efficiency was investi-
gated in several experimental [4–8] and mathematical studies
[9–13] for particles larger than 0.5 lm in diameter. In electrocy-
clones, high voltage is applied to a discharge electrode or vortex
finder [6,9,10] which is installed in the central axis of cyclones to
generate corona ions and electrostatic force. When particles are
introduced into electrocyclones, they are charged by diffusion
and field charging mechanism and then driven to the collection
wall by electrostatic force in conjunction with centrifugal force
[11–14]. The collection mechanism is dominated by electrostatic
ll rights reserved.

.

force to enhance collection efficiency for fine particles when the
electric migration velocity is larger than terminal velocity [7].

The particle collection efficiency of electrocyclones was found
to increase with an increasing particle residence time [7], the
applied voltage [4,5], dust loading [5], and the length of the wire
and the collection electrode [4,8]. The collection efficiency for par-
ticles in the size range of 0.5–10 lm can reach up to 99% as shown
in Lim et al. [4]. However, the experimental data of particle collec-
tion efficiencies in electrocyclone for particles smaller than 0.5 lm
are still lacking, and the mathematical model is not available. Be-
sides, the deposition of particles on the discharge electrodes and
collection electrodes [15,16], back corona [17] and particle re-
entrainment [18,19] occurring in traditional dry ESPs may reduce
collection efficiency of electrocyclone for particles in all size
ranges.

In order to solve the problems of traditional dry ESPs and cy-
clones as mentioned above, wet ESPs [16,20] and wetted wall cy-
clones [19] have been developed, in which a continuous cleaning
water flow is supplied to prevent the deposition and accumulation
of particles on the collection electrode surfaces and particle re-
entrainment caused by rapping [21]. However, the performance
of the wet ESP [16,20] for long-term operation needs to be further
investigated. Besides, for particles with diameter smaller than
2.5 lm, the collection efficiency of the wetted wall cyclone was
shown to be lower than 60% and needs to be improved.

http://dx.doi.org/10.1016/j.seppur.2013.04.039
mailto:cjtsai@mail.nctu.edu.tw
http://dx.doi.org/10.1016/j.seppur.2013.04.039
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The objective of this study is to develop a wet electrocyclone to
enhance the collection efficiency of fine and nanosized particles.
Clean recirculating water flow was supplied continuously to clean
the wall of the cyclone, which is the collection electrode. The opti-
mal operating factors of the present wet electrocyclone including
the air flow rate, the pressure drop, and the cleaning water flow
rate were examined. The collection efficiency at initially clean
and particle loading conditions was tested and compared with that
of dry electrocyclone. Finally, a modified Deutsch–Anderson equa-
tion was developed to predict the collection efficiency for fine and
nanosized particle and then validated by using experimental data
obtained by this study.
2. Experimental methods

2.1. The present wet electrocyclone

The schematic diagram and dimensions of the present wet elec-
trocyclone are shown in Fig. 1. The wet electrocyclone is made of
stainless steel, in which the discharge electrodes consisting of se-
ven circular saw-type discs (the tip is 20 lm in diameter) is in-
stalled in the central axis of the collection electrode to generate
corona ions and electric field. The tip to collection electrode spac-
ing (dy) and tip to tip spacing (S) are 40 and 18 mm, respectively.
Clean recirculating water at the flow rate of 21 L/min is supplied
tangentially at four different positions on the wall to prevent the
deposition and accumulation of particles on the collection elec-
trode surface. In order to clean the discharge electrodes, two spray
nozzles (BIM-K, Ikeuchi Taiwan Co., Ltd.) were installed at the inlet
and top of the wet electrocyclone to generate fine water mist with
the Sauter diameter of 15–50 lm at the hydraulic pressure of
30 psi. The direction of the mist jet generated by the spray nozzles
at the inlet and the top of the wet electrocyclone is parallel and
perpendicular to the aerosol flow, respectively. The water flow rate
is 0.15 L/min and air pressure is 60 psi. Water mist was also used to
enhance fine particle collection efficiency by means of Coulombic
Fig. 1. Schematic diagram of the wet electrocyclone.
force between electrically charged droplets and particles [22].
The cleaning water and water mist were collected by a reservoir
at the bottom of the wet electrocyclone and filtered by 5 lm filters
(CT-G9, Chanson Water Ionizers USA, Inc.) for recirculation.

A blower was used to create the air flow rate of 1500–4500 L/
min through the electrocyclone which was measured by a laminar
flow meter (Model 50MC2-8, Meriam, USA). Generated test aero-
sols of less than 10 L/min were introduced into the electrocyclone
after the laminar flow meter and dispersed by the incoming clean-
ing air. In this study, the particle collection efficiency experiment
was conducted at the air flow rate (Qa) of 1000, 2500, and
4500 L/min (corresponding to total particle residence time of
1.28, 0.50, and 0.28 s) when the present wet electrocyclone was
initially clean under the following conditions: (1) high voltage
was not applied, cleaning water and water mist were not supplied;
(2) high voltage of 21 kV was applied, cleaning water and water
mist were not supplied; (3) high voltage of 21 kV was applied,
cleaning water and water mist were also supplied. Oleic acid par-
ticles (OA), and micro-Al2O3 (QF-Al-8000, Sipernat, Japan) were
used as the test particles to investigate the effect of particle resis-
tivity on collection efficiencies. The Polydisperse OA particles were
generated by atomizing (Atomizer, TSI Model 3076) 8% (v/v) OA
solution at 3 L/min, and then the aerosol flow was dried by a silica
gel drier. Micro-Al2O3 was dispersed by a Jet-O-Mizer (Model 000,
Fluid Energy Processing and Equipment Co., Hatfield, UK) at an air
flow rate of 10 L/min corresponding to a mass loading rate of 10 g/
h. All test particles were diluted by zero air in a mixing tank and
then introduced into the wet electrocyclone. The particle genera-
tion system is shown in Fig. 2.

Fig. 3 shows the experimental setup for particle collection effi-
ciency, particle loading test and field test. To generate an electric
field and corona ions, high negative voltage was supplied to the
discharge electrodes by using a high voltage D.C. power supplier
(maximum output: 21 kV, 150 mA, Luxe Electric Co., Ltd., Taiwan).
The voltage and corresponding corona current were measured by
using a high voltage probe (HVP 40, Pintek Electronics Co., Ltd.)
and a multi-meter (KT 325 DDM, Klter Electronicd institute Co.,
Ltd.). A scanning mobility particle sizer (SMPS, model 3085, TSI
Inc.) with a condensation particle counter (CPC, model 3022, TSI
Inc.) (range: 2.5–1000 nm) was used to measure the size distribu-
tion of the polydisperse OA based on electrical mobility diameter
(dp). A micro-orifice uniform deposit impactor (MOUDI, MSP Corp.,
Shoreview, MN, USA) was used to measure mass distribution based
on aerodynamic diameter (dpa) for micro-Al2O3. The characteristics
and number size distribution of the test aerosols are shown in Ta-
ble 1. The particle collection efficiency of the wet electrocyclone,
gtotal(dp), was calculated based on the number concentration (#/
cm3) of OA and the mass concentration of micro-Al2O3 (lg/m3)
by the following equation:

gtotalðdpÞð%Þ ¼ 1� CinðdpÞ � CoutðdpÞ
CinðdpÞ

� �
� 100% ð1Þ

where Cin(dp) is the particle inlet concentration and Cout(dp) is the
outlet concentration for particles with dp.

The particle loading effect on the collection efficiency of the wet
electrocyclone was investigated based on the method described in
Lin et al. [16]. The Jet-O-Mizer was used to disperse micro-Al2O3 at
an aerosol flow rate of 10.0 L/min corresponding to the mass load-
ing rate of 106.0 g/h. The amount of the particles penetration (Wout,
g) was measured by the MOUDI at the outlet of the wet electrocy-
clone. After particle loading for 6 h, the quantity of particles on the
collection electrode surface, Wloaded (g), was calculated to be
635.9 g by the following equation:
W loaded ¼W total �Woutlet ð2Þ



Fig. 2. Test particle generation system.

Fig. 3. Experimental setup for particle collection efficiency and particle loading tests.

Table 1
Characteristics of test particles.

Size range Apparent density CMD (MMAD) GSD Resistivity (X-cm) Total concentration

OA 22.1–805.8 nm 113.7 nm 1.96 2 � 106 4.67 � 105 (#/cm3)
Micro-Al2O3 0.42–18.0 lm 0.267a (g/cm3) 10.2 lm (MMAD) 2.38 >1014 [23] 154 (mg/m3) (1000 L/min)

34.4 (mg/m3) (2500 L/min)
15.2 (mg/m3) (4500 L/min)

SiO2 0.42–18.0 lm 0.04b (g/cm3) 221 nm (MMAD) 2.15 1016 (bulk, [24]) 20–50 (mg/m3)

a Determined in this study according to CEN 15051 [37].
b From Tsai et al. [36].
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where Wtotal (g) is the total particle dispersed by the Jet-O-Mizer.
OA particles and micro-Al2O3 were used to examine the collection
efficiency of the present wet electrocyclone respectively for nano-
sized particles and particles with 0.4 6 dp 6 20 lm after 3–6 h of



ig. 5. Flow chart for the calculation procedure of particle collection efficiency in
e wet electrocyclone.
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heavy particle loading. It is noted that OA particles were used for
examining nanoparticle collection efficiencies instead of micro-
Al2O3 because very few particles with dp 6 100 nm were generated
by standard dispersive technique as found in Tsai et al. [25].

The field test was conducted continuously for 14 days to inves-
tigate the performance of the present wet electrocyclone during
long-term operation in an exhaust stack of an optoelectronic com-
pany in Linkou, Taiwan, where fine SiO2 particles were emitted.
The MOUDI and filter samplers were used to measure the mass dis-
tributions and total mass concentrations of particulate matters in
the exhaust gas, respectively.

3. Theoretical model

3.1. Electric field and ion current

Fig. 4 shows the schematic diagram of a typical multiple needle-
to-plate electrostatic precipitator. The ion current, It, is calculated
as follows [26,27]:

It ¼ N � I ð3Þ

I ¼ aie0ZiVaðVa � V0Þ=dy ð4Þ

where N is the number of tips in the wet electrocyclone, I is the ion
current for single needle, ai is the empirical coefficient, which is
shown in Eq. (8), e0 is the gas permittivity (C2/N m2), Zi is the ion
mobility (m2/V s), Va is the applied voltage (V), V0 is the breakdown
voltage (V), which is calculated as [27,28]:

V0 ¼
Es � r � ln 4dy

r

� �
2

ð5Þ

where

Es ¼ 3:1� 104d 1þ 0:308ffiffiffiffiffiffiffiffiffiffiffiffi
0:5rd
p

� �
ð6Þ

d ¼ T0P
TP0

ð7Þ

In the above equations, Es is the breakdown electric filed (V/m), P is
the air pressure (bar), P0 is the standard pressure (bar), T is the air
temperature (�K), T0 is the standard temperature (�K), and r is the
radius of the tip of discharge electrode (m). To calculate ai, the fol-
lowing equation is used:

ai ¼ f ðS=dyÞ ¼ E � S
dy

� �F

ð8Þ

where E and F are regression coefficients, which are calculated to be
1.16 and 0.55, respectively, by fitting Eq. (8) to the experimental
data of El-Mohandes et al. [29]. ai was calculated to be 0.75 with
corresponding dy of 40 and S of 18 mm in the present wet electro-
Fig. 4. Schematic diagram of a typical multiple needle-to-plate electrostatic
precipitator.
F
th
Fig. 6. Comparison of V–I curve between the theoretical values and the experi-
mental data in the wet electrocyclone.
cyclone. However, when ai of 0.75 was used, a large deviation in the
V–I curve between predicted values and experimental data was ob-
tained. When ai value of 2.1 was used, which is the maximum value
proposed by Sigmond [30] for the multi-needle electrode, good
agreement was obtained. This result will be shown and discussed
later. After obtaining ai, the current density on the plate, J(h), is cal-
culated by using Warburg formula as [30]:

JðhÞ ¼ Jð0Þ cosm h; h 6 63� ð9Þ

Jð0Þ ¼ e0 � Zi � VaðVa � V0Þ
d3

y

ð10Þ
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ai ¼
2p

m� 2
� 1� ½1þ ðtan hÞ2� 1�m

2ð Þn o
ð11Þ

R ¼ dy � tanðhÞ ð12Þ

where m is 4.82 and 4.65 for positive and negative corona, respec-
tively, h is the subtending half-apex angle for the triangle of the dis-
tribution of corona from a tip of electrode over the collection
electrode surface, and R is the radius of drift region on the collection
electrode surface (m).

The vertical electric field distribution from the tip to the collec-
tion electrode (Eave, V/cm), Ey(y), is given by [31]:

EyðyÞ ¼
2Va

ln 4dy

r

� � 1

2yþ r � y2

dy

ð13Þ

where y is the distance from the tip of the discharge electrode (m).
The electric field strength at x direction, Ex, is assumed to be zero.
Therefore, the average electric field strength, Eave, is given by:

Eave ¼
R dy

0 EyðyÞdy
dy

ð14Þ
Fig. 7. Collection efficiency of the present wet electrocyclone under three operation co
After J(h), Eave are obtained, the average ion concentration (Ni, #/
m3) is calculated as:

Ni ¼
JðhÞ

ZiEavee
ð15Þ
3.2. Particle collection efficiency

The following semi-empirical equation is developed based on
the method in Lin et al. [32] to calculate the charged particle col-
lection efficiencies of wet electrocyclones (gelec,p(dp)):

gelec;pð%Þ ¼ 1� expf�½AðNB
DeÞ þ CðNDeÞ þ D�g � 100% ð16Þ

where A, B, C, and D are regression coefficients obtained by fitting
Eq. (14) to the experimental data of the present study, NDe is the
modified Deutsch number which is defined as:

NDe ¼
W � A

Q
ð17Þ

in which A is the area of the collection electrode surface (m2), Q is
the air flow rate (m3/s), and W is the particle migration veloc-
ity(m/s), which is calculated by:
nditions at the aerosol flow rate of 1000–4500 L/min and applied voltage of 21 kV.
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W ¼ npðtÞEaveCðdpÞ
3pldp

ð18Þ

where C(dp) is the slip correction factor of particles with dp (lm), l
is the air viscosity (N-s/m2), np(t) is the total number of elemental
units of particle charges as function of time, which is given by [32]:

npðtÞ ¼ ndiff ðtÞ � exp½a� ndiff ðtÞb þ cndiff ðtÞ þ d� þ nfieldðtÞ ð19Þ

where

ndiff ðtÞ ¼
dpkT

2KEe2 ln 1þ pKEdp�cie2Nit
2kT

� �
ð20Þ

nfieldðtÞ ¼
3e

eþ 2

� �
Eaved2

p

2KEe

 !
pKEeZiNit

1þ pKEeZiNit

� �
ð21Þ

In the above equations, a is 1.91588, b is �0.1425, c is 1.296 � 10�5,
and d is �1.2671, �ct is the mean thermal speed of ion (m/s) , e is the
relative permittivity of particle, k is the Boltzmann constant
(1.38 � 10�23 J/K), KE = 9.0 � 109 (N-m/C2), e is the elementary
charge (C), Ni is the ion concentration (#/m3), t is the residence time
of particles in the charged region of wet electrocyclones (s), which
is given by:

te ¼ V cyclone;cr � Voutlet;cr ð22Þ

where Vcyclone,cr is the volume of cyclone in the particle charged re-
gion (m3), which depends on R, Voutlet,cr is the volume of cyclone
outlet in the particle charged region (m3).

3.3. Calculation procedure

Fig. 5 shows the calculation procedure for the average electric
field and ion concentration, particle charging, and particle collec-
tion in the present model. ai and V0 are first calculated by using
Eq. (8) and Eqs. (5)–(7), respectively. After obtaining ai, h and It

are calculated by Eq. (11) and Eqs. (3) and (4), respectively. The
current density on the plate (J(h)), the radius of drift region on
the collection electrode surface (R), and the average electric field
(Eave) then can be calculated by Eqs. (9), (10), (12), (13), (14),
respectively. Finally, Ni and n0pðtÞ are obtained by Eqs. (15), (20),
and (21), respectively.
Fig. 8. Comparison of particle collection efficiency in the wet electrocyclone for OA
particles between the present predictions and the experimental data at the aerosol
flow rate of 1000–4500 L/min and the applied voltage of 21 kV.
After obtaining the average electric field, ion concentration and
particle charge, particle collection efficiency in ESPs is calculated
by using Eq. (16) with regression coefficients A, B, C, and D, which
are obtained by fitting Eq. (16) to the experimental data obtained
by the present study.
4. Results and discussion

4.1. Characteristics of the V–I curve

Fig. 6 shows the comparison of V–I curve between the theoret-
ical values and the experimental data in the wet electrocyclone.
Under the initially clean condition, the experimental results for
ion current was measured to be 3.7–7.8 mA when the applied volt-
age was 12.5–21 kV with the critical voltage of 2.26 kV. In the V–I
curve, large deviation between predicted values calculated by
using ai of 0.75 and experimental data was obtained. It is because
the shape of the discharge electrode in the wet electrocyclone is
ig. 9. Collection efficiency for micro-Al2O3. (a) Collection efficiency of the wet
lectrocyclone under condition 1. (b) Comparison of particle collection efficiency in
e wet electrocyclone for micro-Al2O3 between the present predictions and the

xperimental data at the aerosol flow rate of 1000–4500 L/min and the applied
oltage of 21 kV.
F
e
th
e
v
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different from that in El-Mohandes et al. [29]. The tip of needles in
EL-Mohandes et al. [29] is much sharper than the tip of the dis-
charge electrode in the present wet electrocyclone. Therefore, Eq.
(8) is not applicable to calculate ai in the wet electrocyclone. In-
stead, it was found that when ai of 2.1 and the ion mobility of
2.3 � 10�4 m2/V/s for negative ions [27] were used, good agree-
ment between the calculated results and experimental data for
the V–I curve was obtained. Thus, a fixed value of ai of 2.1 was used
to predict the ion current in the present wet electrocyclone. After
6 h of particle loading test in the dry electrocyclone, ion currents
decreased from 3.7 to 3.5 mA and from 7.8 to 7.2 when the applied
voltage were 12.5 and 21.0 kV, respectively. It was because the
resistivity of dust layer accumulated on the collection electrode
surface reduced electric field strength, and thus the particle collec-
tion efficiency was reduced. This will be discussed further in the la-
ter section.
4.2. Comparing the particle collection efficiency in the present wet
electrocyclone

Fig. 7 shows the collection efficiency of the wet electrocyclone
as a function of OA particles with 22.1 6 dp 6 805.8 nm when the
aerosol flow rate is in the range of 1000–4500 L/min under three
different conditions as mentioned in experimental method section.
Under condition 1 (no high voltage, no cleaning water and water
mist), the collection efficiencies for particles are shown to be lower
than 10%. It is because centrifugal force is not high enough to re-
move submicron particles efficiently. The collection efficiencies
are highly enhanced to 97.1–99.3% at 1000 L/min, 87.4–93.7% at
2500 L/min, and 80.2–91.3% at 4500 L/min under condition 2 (with
high voltage of 21 kV, no cleaning water and water mist), and 97.1–
99.3% at 1000 L/min, 89.1–94.9% at 2500 L/min, and 80.2–91.3% at
4500 L/min under condition 3 (with high voltage of 21 kV, cleaning
water and water mist) due to high electrostatic precipitation effi-
ciency. As shown in Fig. 7, the collection efficiencies decrease with
the increasing aerosol flow rate from 1000 to 4500 L/min due to a
decrease in particle retention time from 0.93 to 0.21 s in the wet
electrocyclone, resulting in a decrease in the number of particle
charge from 1.2–69.5 to 0.92–58.8.
Fig. 10. Collection efficiency for OA particles and micro-Al2O3 in the dry electro-
cyclone at different TiO2 loadings (Open symbols: electrical mobility diameter;
closed symbols: aerodynamic diameter). The applied voltage and aerosol flow rate
are 21 kV and 4500 L/min, respectively.
The present model is mainly used to predict collection efficien-
cies for charged particles removed by electrostatic forces in wet
electrocyclones. In order to compare the present predictions with
the experimental data, the experimental results of charged particle
collection efficiencies, gelec,e(dp), can be calculated by the following
equations [16]:

gelec;eðdpÞð%Þ ¼
gtotalðdpÞð%Þ � gcycloneðdpÞð%Þ

100%� gcycloneðdpÞð%Þ
� 100% ð23Þ

where gcyclone(dp) (%) is the particle collection efficiencies of cy-
clones. The charged particle collection efficiencies were calculated
to be 97.5–99.1% at 1000 L/min, 86.4–92.9% at 2500 L/min, and
75.6–88.4% at 4500 L/min. After obtaining the experimental results
of charged particle collection efficiencies, the regression coefficients
of 6.122 for A, 0.729 for B, �3.273 for C, and 0.582 for D are derived
by fitting Eq. (16) to the experimental data for OA particles with
22.1 6 dp 6 805.8 nm when NDe is in the range from 0.1 to 4.0.
The deviation between fitted curves and experimental data, as
shown in Fig. 8, is 0.09–3.73%, 0.45–5.62%, and 0.54–9.33% at the
aerosol flow rate of 1000, 2500 and 4500 L/min, respectively.

Fig. 9 shows the particle collection efficiency of the wet electro-
cyclone for micro-Al2O3 with 0.42 6 dpa 6 18.0 lm. Under condi-
tion 1, the collection efficiencies are 0–97.4% at 1000 L/min, 0–
98.9% at 2500 L/min, and 0–99.3% at 4500 L/min, as shown in
Fig. 9a. Under condition 3, the experimental results of charged par-
ticle collection efficiencies are calculated to be 95.5–99.9% at
1000 L/min, 86.7–98.7% at 2500 L/min, and 79.3–97.8% at 4500 L/
min by using Eq. (22). The comparison of particle collection effi-
ciencies between the present predictions and experimental data
shows good agreement with deviation of 0.70–2.37% at 1000 L/
min, 0.90–4.86% at 2500 L/min, and 1.21–10.3% at 4500 L/min, as
shown in Fig. 9b.

4.3. Particle loading test and field test

The collection efficiency was tested under conditions 2 and 3
with an aerosol flow rate of 4500 L/min, an applied voltage of
21 kV, and with the micro-Al2O3 loading quantity of 106.0 g/h.
The thickness of dust layer was measured to be 0.5 cm. As shown
in Fig. 10, collection efficiencies for OA particles with 19.9 6 dp -
6 758.6 nm decrease from 78.5–90.2% to 65.0–84.6% in the dry
electrocyclone after 3 h of particle loading, and further decrease
to 55.3–77.3% after 6 h of particle loading. For particles with
0.42 6 dpa 6 18.0 lm, collection efficiencies also decrease from
80.0–99.3% to 50.0–94.5%. Craters were observed on 10% area of
dust layers due to the occurrence of back corona [15]. It is noted
that a decrease in collection efficiencies for submicron particles
is larger than that for micron particles because the electric field
strength dominates the submicron particle collection efficiencies
which are decreased due to the accumulation of micro-Al2O3 on
the collected electrode surface after 6 h of particle loading.

Fig. 11 shows the particle collection efficiency of the present
wet electrocyclone under the same operation and loading condi-
tions as the dry electrocyclone. After 6 h of loading, collection effi-
ciencies were measured to be 75.1–84.7%, which were comparable
to 77.1–89.4% at the initially clean condition for particles with
22.1 6 dp 6 805.8 nm. That is, the continuous cleaning water of
37 L/min per collection surface area (0.59 m2) was able to wash
the collection electrode surface clean. The water mist was also
capable of cleaning the discharge electrodes. Therefore, a high col-
lection efficiency of the present wet electrocyclone under heavy
particle loading conditions can be maintained by using both clean-
ing water and water mist. In the future, the collection efficiencies
can be further increased to 90.6–98.6%, 93.3–98.8%, and 95.1–
98.8% (22.1 6 dp 6 805.8 nm) by increasing the applied voltage to



Fig. 11. Collection efficiency for OA particles in the wet electrocyclone at different
TiO2 loadings. The applied voltage and aerosol flow rate are 21 kV and 4500 L/min,
respectively.
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40, 50, and 60 kV, respectively, as predicted by the present model
and shown in Fig. 11.

The cleaning water flow was shown to decrease the pressure
drop in the wet electrocyclone. The measured pressure drop of
the wet electrocyclone was increased from 0.2 to 4.05 cm H2O with
an increasing aerosol flow rate from 1000 to 4500 L/min. The
experimental data of pressure drop are in good agreement with
the theoretical values calculated by using the mathematical model
of Dirgo [33] with the deviation of 0.02–0.06%. After supplying
cleaning water, the pressure drop was found to decrease to 0.2–
3.3 cm H2O, which was much lower than that of 20.3–25.4 cm
H2O in a typical high efficiency cyclone because the uniform flow-
ing water film reduced the air friction force on the collection elec-
trode surface [34].

Field tests were first conducted at the aerosol flow rate of
4500 L/min and the applied voltage of 18 kV under initially clean
condition. The major element of particulate matters was analyzed
to be SiO2 by using NIOSH method 7601 [35]. The mass median
aerodynamic diameter (MMAD) at the inlet and outlet of the wet
Fig. 12. Experimental results in field tests. (a) Mass concentration distribution of SiO2; (b
water mist during long-term operation.
electrocyclone are 221 and 207 nm, respectively, as shown in
Fig. 12a. It is obvious that the exhaust gases emitted from this
semiconductor factory contain much more submicron particles
than coarse particles.

The present wet electrocyclone was further used to conduct the
field test at the aerosol flow rate of 4500 L/min and the applied
voltage of 18 kV for 14 days of continuous operation. When the
water mist is not supplied to clean the discharge electrodes, as
shown in Fig. 12b, the total collection efficiency in the wet electro-
cyclone is decreased from 92.5% to 85.5% in 14 days due to parti-
cles accumulated on the tips of the discharge electrodes, which
results in a reduction of ion current and electric field strength. By
supplying water mist, the total collection efficiency can be main-
tained to be 93.0% after 14 days of continuous operation, which
is comparable to 95.0% at the initially clean condition (Fig. 12b).
These results again suggest that continuous cleaning water and
water mist are able to maintain high efficiency of the present
wet electrocyclone for a long-term operation.

The experimental total collection efficiency for SiO2 is slightly
higher than the predicted value of 80.1% (data not shown) with a
deviation of 14.9%, and also higher than the experimental values
for micro-Al2O3 obtained in the laboratory. It is because the MMAD
of SiO2 of 221 nm is much smaller than micro-Al2O3 of 10.2 lm,
and the inlet number concentration of SiO2 (apparent qp = 0.04 g/
cm3 [36]) of 1.11–2.77 � 107 #/cm3 emitted from the exhaust stack
of an optoelectronic company is much higher than micro-Al2O3

(apparent qp = 0.267 g/cm3 [37]) of 12.8 #/cm3 dispersed by the
Jet-O-Mizer. The collection efficiency of the electrocyclone in-
creases with an increasing inlet fine particle concentrations due
to the following reasons: (1) high inlet fine particle concentration
results in high particle space charge density, which enhances the
electric field strength, and therefore, increases the particle collec-
tion efficiency [38]. (2) Fine particles agglomerate in the electrocy-
clone and the probability of agglomeration increases with an
increasing inlet particle concentration. As a result, larger agglomer-
ates are formed which are removed by electrostatic force with
higher collection efficiency [39].
5. Conclusions

This study designed and developed an efficient wet electrocy-
clone to control micron and nanosized particles. The experimental
results showed that the present wet electrocyclone can be used to
) collection efficiency of the wet electrocyclone for SiO2 with and without supplying
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control particles with 22.1 6 dp 6 805.8 nm and 0.42 6 dpa -
6 18.0 lm at an applied voltage of 21 kV and aerosol flow rate of
1000–4500 L/min under initially clean condition. Under heavy
loading conditions with the micro-Al2O3 loading quantity of
106 g/h, only a slight decrease of 5% in collection efficiency for
OA particles with 22.1 6 dp 6 805.8 nm was found because the
cleaning water and the water mist can be used to effectively clean
the collection and discharge electrodes, respectively, to maintain a
high collection efficiency. High particle collection efficiency was
also found in field tests, in which the collection efficiencies of the
wet electrocyclone for SiO2 with 0.032 6 dpa 6 18.0 lm can be
maintained to be 93.0% after 14 days of continuous operation.

A mathematical model was developed to predict the electric
field strength, the number of particle charge, and a modified Deu-
tsch–Anderson equation for particle collection efficiency in the wet
electrocyclone. The comparison of particle collection efficiencies
between the present predictions and experimental data shows
good agreement with a deviation smaller than 10% for three tested
particles in the size range from 0.022 to 18.0 lm. It is expected that
the present modified equation can be used to facilitate the design
and scale-up of the wet electrocyclone for controlling emissions of
nanosized and fine particles efficiently.
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[10] J. Pluciński, L. Gradoń, J. Nowicki, Collection of aerosol particles in a cyclone
with an external electric field, J. Aerosol Sci. 20 (1989) 695–700.

[11] J. Li, W. Cai, B. Dong, Study of solid-gas separation mechanism of cyclone with
impulse excitation, J. Electrostat. 57 (2003) 225–232.

[12] J. Li, W. Cai, Study of cut diameter of solid-gas separation in cyclone with
electrostatic excitation, J. Electrostat. 60 (2004) 15–23.

[13] J. Li, W. Cai, Theory and Application of cyclone with impulse electrostatic
excitation for cleaning molecular gas, J. Electrostat. 64 (2006) 254–258.
[14] A. Jaworek, A. Krupa, T. Czech, Modern electrostatic devices and methods for
exhaust gas cleaning: a brief review, J. Electrostat. 65 (2007) 133–155.

[15] S.H. Huang, C.C. Chen, Loading characteristics of a miniature wire-pate
electrostatic precipitator, Aerosol Sci. Technol. 37 (2003) 109–121.

[16] G.Y. Lin, C.J. Tsai, S.C. Chen, M.C. Tzu, S.N. Li, An efficient single-stage wet
electrostatic precipitator for fine and nanosized particle control, Aerosol Sci.
Technol. 44 (2010) 38–45.

[17] C.L. Chang, H. Bai, An experimental study on the performance of a single
discharge wire-plate electrostatic precipitator with back corona, J. Aerosol Sci.
30 (1999) 325–340.

[18] T. Ferge, J. Maguhn, H. Felber, R. Zimmermann, Particle collection efficiency
and particle re-entrainment of an electrostatic precipitator in a sewage sludge
incineration plant, Environ. Sci. Technol. 38 (2004) 1545–1553.

[19] S.M. Ahuja, Wetted wall cyclone – a novel concept, Powder Technol. 204
(2010) 45–53.

[20] G.Y. Lin, C.J. Tsai, Numerical modeling of nanoparticle collection efficiency of
single-stage wire-in-plate electrostatic precipitators, Aerosol Sci. Technol. 44
(2010) 1122–1130.

[21] US Environmental Protection Agency. Air Pollution Control Technology Fact
Sheet; EPA-452/F-03-030, EPA: Washington, DC, 2003.

[22] A. Jaworek, W. Balachandran, A. Krupa, J. Kulon, M. Lackowski, Wet
electroscrubbers for state of the art gas cleaning, Environ. Sci. Technol. 40
(2006) 6197–6207.

[23] Y. Zhuang, Y.J. Kim, T.G. Lee, P. Biswas, Experimental and theoretical studies of
ultra-fine particle behavior in electrostatic precipitators, J. Electrostat. 48
(2000) 245–260.

[24] M.B. Sahana, P. Skog, G. Vikor, R.T.R. Kumar, R. Schuch, Guiding of highly
charged ions by highly ordered SiO2 nanocapillaries, Phys. Rev. A 73 (2006)
040901-1–040901-4.

[25] C.J. Tsai, D.Y.H. Pui, Editorial: recent advances and new challenges of
occupational and environmental health of nanotechnology, J. Nanopart. Res.
11 (2009) 1–4.

[26] B.A. Kozlov, V.I. Solovyov, Limit current of a multineedle corona discharge,
Techn. Phys. 51 (2006) 821–826.

[27] K. Adamiak, P. Atten, Simulation of corona discharge in the needle-plane
configuration, J. Electrostat. 61 (2004) 85–98.

[28] K. Adamiak, V. Atrazhev, P. Atten, Corona discharge in the hyperbolic needle-
plane configuration: direct ionization criterion versus approximate
formulations, IEEE Trans. Dielectr. Electr. Insul. 12 (2005) 1025–1034.

[29] M. El-Mohandes, T. Ushiroda, S. Kajita, S. Kondo, Negative corona in a multiple
interacting needle-to-plane gap in air, IEEE Trans. Indus. Appl. IA-21 (1992)
518–522.

[30] R.S. Sigmond, Simple approximate treatment of unipolar space charge
dominated coronas: the Warburg law and the saturation current, J. Appl.
Phys. (1982) 53.

[31] M.A. Salam, M. Nakano, A. Mizuno, Electric fields and corona currents in
needle-to-meshed plate gaps, J. Phys. D: Appl. Phys. 40 (2007) 3363–3370.

[32] G.Y. Lin, T.M. Chen, C.J. Tsai, A modified Deutsch–Anderson equation for
predicting nanoparticle efficiency by electrostatic precipitators, AAQR 12
(2012) 697–706.

[33] J. Dirgo, Relationships between cyclone dimensions and performance, Doctoral
thesis, Harvard University, Boston, 1988.

[34] J. Casal, J.M. Martinez-Benet, A better way to calculate cyclone pressure drop,
Chem. Eng. 7 (1983) 99–100.

[35] National Institute of Occupational Safety and Health (NIOSH) method 7601,
Silica, crystalline, in: P.M. Miller (Ed.), Manual of analytical methods, DHHS
Publication, Cincinnati, 1984, 84–100 (1–5).

[36] C.J. Tsai, C.Y. Huang, S.C. Chen, C.E. Ho, C.H. Huang, C.W. Chen, C.P. Chang, S.J.
Tsai, M.J. Ellenbecker, Exposure assessment of nano-sized and respirable
particles at different workplaces, J. Nanopart. Res. 13 (2011) 4161–4172.

[37] CEN (European Committee for Standardization). Workplace atmospheres,
measurement of the dustiness of bulk material-requirements and reference
test methods, EN 15051, 2006.

[38] S.H. Huang, C.C. Chen, Ultrafine aerosol penetration through electrostatic
precipitators, Environ. Sci. Technol. 36 (2002) 4625–4632.

[39] Z. Ji, Z. Xiong, X. Wu, H. Chen, H. Wu, Experimental investigations on a cyclone
separator performance at an extremely low particle concentration, Powder
Technol. 191 (2009) 254–259.

http://refhub.elsevier.com/S1383-5866(13)00263-3/h0005
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0005
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0010
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0010
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0010
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0015
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0015
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0015
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0020
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0020
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0025
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0025
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0025
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0030
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0030
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0035
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0035
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0035
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0040
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0040
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0045
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0045
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0050
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0050
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0055
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0055
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0060
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0060
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0065
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0065
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0070
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0070
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0075
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0075
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0075
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0080
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0080
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0080
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0085
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0085
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0085
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0090
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0090
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0095
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0095
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0095
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0100
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0100
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0100
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0105
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0105
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0105
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0110
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0110
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0110
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0110
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0115
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0115
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0115
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0120
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0120
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0125
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0125
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0130
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0130
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0130
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0135
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0135
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0135
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0140
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0140
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0140
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0145
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0145
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0150
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0150
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0150
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0160
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0160
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0165
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0165
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0165
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0170
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0170
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0175
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0175
http://refhub.elsevier.com/S1383-5866(13)00263-3/h0175

	High-efficiency wet electrocyclone for removing fine and nanosized particles
	1 Introduction
	2 Experimental methods
	2.1 The present wet electrocyclone

	3 Theoretical model
	3.1 Electric field and ion current
	3.2 Particle collection efficiency
	3.3 Calculation procedure

	4 Results and discussion
	4.1 Characteristics of the V–I curve
	4.2 Comparing the particle collection efficiency in the present wet electrocyclone
	4.3 Particle loading test and field test

	5 Conclusions
	Acknowledgement
	References


