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An efficient wire-to-plate single-stage wet electrostatic precipitator (WESP) was designed and tested to
control nanoparticles, submicron and micron-sized particles emitted from semiconductor manufacturing
processes. Tungsten-wires of 0.36 mm in diameter were used as discharge electrodes and a fixed voltage
of �15 kV was supplied to generate the electric field and corona ions. Fine water mist at room temper-
ature was used to quench the high temperature exhaust gas to enhance particle condensation growth and
improve the collection efficiency of nanoparticles. Experimental results showed that without fine water
mist, nanoparticle collection efficiency was 67.9–92.9%, which was greatly enhanced to 99.2–99.7% when
the WESP was operated with fine water mist. A predictive method was developed to calculate the particle
collection efficiency equation g(%) in the form as g(%) = [1 � exp(�a(NDe)b + c)] � 100%, in which a, b and
c are regression coefficients and NDe is the Deutsch number. Good agreement was obtained between
present predictions and experimental data. For longer term operation, the periodic wall-cleaning water
was used to clean discharge electrodes and collection electrodes regularly. In the field tests, the total
collection efficiencies (40 6 dp 6 8100 nm) of the WESP were found to maintain greater than 98.7% and
97.3% for continuous operation for 35 and 22 day at fab A and fab B, respectively.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Silicon-containing chemicals including silane (SiH4), tetraethyl
orthosilicate (TEOS) and dicholorsilane (DCS) etc. are used as
chemical precursors for silicon (Si) film in chemical vapor deposi-
tion (CVD) processes [1–3]. Residual SiH4, TEOS and DCS and
byproducts such as SiF4 in the processes are emitted and treated
by the local scrubbers of electric thermal or combustion types.
Numerous SiO2 nanoparticles (diameter < 100 nm) and fine parti-
cles (diameter < 2.5 lm) are formed in these local scrubbers [4,5].
These sticky and corrosive particles are emitted into the discharge
gas of the local scrubbers at a temperature higher than 200 �C but
without being properly treated. When emitted to the workplaces
and the atmosphere, they may pose adverse effects on human
health, ecology and the environment [6–10].

Electrostatic precipitators (ESPs) are used widely in the industry
to remove suspended particles from the exhaust gas because of the
advantages of low pressure drop and high operating flow rate. They
can also be operated at high exhaust temperature while achieving
high particle collection efficiency. However in dry ESPs, the
accumulation of dust cake on the discharge and collection elec-
trodes results in the decrease in the electrical field strength [11–
13], particle re-entrainment caused by rapping [14–16] and back
corona [17], which all lead to reduction in particle collection effi-
ciency. In addition, dry ESPs are not suitable to collect particles
that are sticky, corrosive, or have high dust cake resistivity. Wet
electrostatic precipitators (WESPs) are designed and developed to
eliminate the above-mentioned problems by using periodic or con-
tinuous scrubbing water to remove deposited particles on the col-
lection electrodes [13,18].

ESPs have a high collection efficiency for fine particles. How-
ever, contrary to theory, experimental studies found that collection
efficiency decreased with decreasing particle diameter for particle
smaller than about 60 nm [19,20]. The low capture efficiency was
primarily attributed to partial charging of ultrafine particles
[21,22]. Although using the soft X-ray [23] and increasing the
applied voltage of the ESPs [20,24] can minimize the partial charg-
ing effect and increases the nanoparticle collection efficiency, it
may increase power consumption and operation cost.

Nucleated or heterogeneous condensation was applied in con-
densation particle counters (CPCs) [25] and many air pollution
control devices. According to Tsai et al. [26], when the exhaust
gas with a temperature higher than 200 �C was quenched with fine
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water mist at room temperature in front of the venturi scrubber,
the exhaust gas could reach the super-saturation condition. Nano-
particles and submicron particles were grown to micron-sized and
the collection efficiency was enhanced. Their results showed that
the particle collection efficiency of the venturi scrubber with the
water mist system could be enhanced to 40–80% for particles from
50 to 100 nm in diameter and 80–90% for particles larger than
100 nm. Huang et al. [27] added steam before the venturi scrubber
and mixed it with waste stream at room temperature. The collec-
tion efficiencies of SiO2 particles from 70 to 500 nm in diameter
were enhanced significantly from 50% to 90%. Yang et al. [28]
improved a wet flue gas desulfurization (WFGD) system by adding
steam into the gas stream at room temperature to remove parti-
cles. The collection efficiency of the WFGD system for particles
was improved from 25–45% to 45–70% for CaCO3 particles from
70 to 10,000 nm in diameter. The results of these studies indicate
that the collection efficiency of submicron particles can be
enhanced by nucleated condensation but the enhancement of
nanoparticles collection efficiency is not very obvious.

In the literature, there are no studies to enhance the collection
efficiency of fine and nano-sized particles by condensational
growth in the WESP. In this study, a wire-in-plate WESP employing
particle condensational growth method was designed and tested.
The fine and nano-sized particle collection efficiency of the WESP
was examined with or without fine water mist using laboratory
generated particles. For continuous operation, wall-cleaning water
was further used to clean collection and discharge electrodes peri-
odically to maintain a high collection efficiency. Long-term field
tests of the WESP were further conducted for more than 3 weeks
at two semiconductor fabrication plants (or called fabs) where lots
of fine and nano-sized SiO2 particles were emitted.

To facilitate the design of the WESP, a modified equation based
on the empirical equations of Lin et al. [21] and Ortiz’s et al. [29]
was used to predict the particle collection efficiencies which were
then validated by present and previous experimental data.
Fig. 1. Schematic diagram of the present WESP. (a) Top view and (b) side view.
2. Experimental methods

Fig. 1 shows the schematic diagram and dimensions of the pres-
ent WESP made of stainless steel with a condensation chamber at
the inlet. In the condensation chamber, fine water mist (average
droplet diameter is 15–20 lm) is generated by atomizer nozzles
(Model SU1A, Spraying System Corp., USA) and the mixing ratio
is kept at 0.9–0.11 to ensure that nanoparticles and fine particles
can grow to 0.8–1.75 lm [26,27].

There are total of four channels in the WESP and four tungsten-
wire discharge electrodes of 0.36 mm in diameter in each channel.
The channel width is 0.048 m. The surface area of each collection
electrode is 0.034 m2. To generate the electric field and corona
ions, �15 kV was supplied on the discharge electrodes by using a
high voltage power supply (Model PT-10, Taiwan-ep Corp.,
Taiwan). The distances of discharge wire to the collection electrode
and the wire to wire are 24 and 56 mm, respectively. In order to
clean collection and discharge electrodes, two spray nozzles
(Model Flat Jet K, Spraying System Corp., USA) were installed at
the top of each collection electrode to spray clean water on the
wall and wires at a wide-angle of 115–120�. For water saving,
the cleaning duration was 10 s for every 10 min at the water flow
rate of 0.6 L/min for each collection electrode. During cleaning,
high voltage power was disconnected to avoid short circuiting.

Fig. 2 shows the experimental setup for the tests in the labora-
tory and at field. An electrical low pressure impactor (ELPI, Dekati
Ltd., Finland), which combines the well-known impactor technol-
ogy with particle charging and electrical detection and enables
real-time particles size distribution measurements (size range of
30–10,000 nm), was employed to measure the size distributions
at the WESP inlet and outlet. The particle collection efficiency
(gdp) is calculated by the following equation:

gdpð%Þ ¼
CinðdpÞ � CoutðdpÞ

CinðdpÞ
� 100% ð1Þ

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



Fig. 2. Schematic diagram of the experimental setup. (a and b) Laboratory tests, (c)
field tests.

T.-M. Chen et al. / Separation and Purification Technology 136 (2014) 27–35 29
At first, laboratory tests for particle collection efficiency were
conducted when the present WESP was initially clean and with
or without fine water mist for particle condensational growth (in
part (a) of Fig. 2). 1% SiH4 from a cylinder was oxidized by the tube
furnace to generate polydisperse SiO2 particles for the tests. Mass
flow meters were used to control the carrier air and SiH4 gas flow
rates. The gas temperature at the inlet of the WESP was measured
to be 250 ± 20 �C, which is close to the exhaust gas temperature of
an electric thermal local scrubber commonly used in fabs. The air
velocities of 0.062, 0.093 and 0.124 m/s corresponding to the
residence time of 3.95, 2.63 and 1.79 s were used for the tests.

Prior to long-term field tests, the particle collection efficiency of
the present WESP was tested continuously for 1 week (operating
for 6 h each day), using aerosols generated from an electric thermal
local scrubber (Model SGA-310, IPI, Taiwan) in the laboratory as
shown in part (b) of Fig. 2. 1% SiH4 from a cylinder was oxidized
by the local scrubber to generate polydisperse SiO2 particles.
Long-term operation of the WESP was then continued for 22 and
35 days at fabs A and B, respectively, in the Hsinchu Science Park,
Taiwan (part (c) of Fig. 2). Chemicals discharged from upstream
process tools including SiH4 in fab A, and tetraethyl orthosilicate
(TEOS) and Dicholorsilane in fab B, were treated by local scrubbers
(fab A: Model SGA-310, IPI, Taiwan; fab B: Model Thermal Wet,
CDO, USA) and SiO2 particles were generated. The ELPI was also
used to determine the particle collection efficiency at the 7th day
and the end of the continuous operation (or 22nd and 35th day)
at fab A and B, respectively. Since the field studies were mainly
aimed at long-term tests, measurements at the first day were not
conducted as requested by fab engineers.

3. Theoretical model

The ideal theoretical equation to predict the particle collection
efficiency for the ESP is the Deutsch–Anderson [30] as shown
below:

gð%Þ ¼ ½1� expð�ðNDeÞ� � 100% ð2Þ

where NDe is the Deutsch number, which is defined as:

NDe ¼
w � A

Q
ð3Þ
where A is the surface area of the collection electrode (m2), Q is the
air flow rate (m3/s), and w is the particle migration velocity (m/s).

Ortiz et al. [29] developed a simple fitted model which
considered several dimensionless parameters, including turbu-
lence and electro-hydrodynamics factors, and a modified NDe

0:

gð%Þ ¼ ½1� 1:042� expð�ðN0DeÞ
0:612� � 100% ð4Þ

where N0De ¼
w
v �

x
D

; 0 6 x 6 L ð5Þ

where x is the coordinate in the direction of the air stream, D is the
distance of wire to plate (m), v is gas velocity (m/s), L is the collec-
tion electrode length (m).

However the best fit to the experimental data [29] by Eq. (4)
only applied to particles with the diameter larger than 10 lm.
For smaller particles, Lin et al. [21] developed a semi-empirical
equation for predicting the collection efficiency as:

gð%Þ ¼ ½1� expð�aðNDeÞb þ cðNDeÞ� � 100% ð6Þ

where a, b and c are regression coefficients. Good agreement was
obtained at the applied voltage of 35 kV and the gas velocity of
1.41 m/s with the deviation 0.7–5.9% for particles from 0.1 to
10 lm in diameter when 0.15 6 NDe 6 2.20 [21]. As will be shown
in the later sections, this equation is not applicable when the gas
velocity is lower than 1 m/s and NDe exceeds 2.20. In this study,
the following modified equation was found to fit present and
previous experiment data well:

gð%Þ ¼ ½1� expð�aðNDeÞb þ cÞ� � 100% ð7Þ

where a, b and c are regression coefficients, which are 1.89, 0.50
and �0.01 respectively. NDe is defined in Eq. (3) in which the
particle migration velocity w is given by:

w ¼ npðtÞEaveCðdpÞ
3pldp

ð8Þ

In the above equation, Eave is the average electric field strength,
C(dp) is the slip correction factor of particles with dp (m), l is the
dynamic air viscosity (kg/s m) and np(t) is the total number of
elemental units of particle charges as a function of time, which
can be calculated as [31]:

npðtÞ ¼ ndiff ðtÞ � exp½a1 � ndiff ðtÞa2 þ a3ndiff ðtÞ þ a4� þ nfieldðtÞ ð9Þ

where

ndiff ðtÞ ¼
dpkT

2KEe2 ln 1þ pKEdpcie2Nit
2kT

� �
ð10Þ

nfieldðtÞ ¼
3e

eþ 2

� �
Eaved2

p

2KEe

 !
pKEeZiNit

1þ pKEeZiNit

� �
ð11Þ

where ndiff and nfield are particle charges acquired due to diffusion
and field charging mechanisms, respectively.

In above equations, a1 is 1.91588, a2 is �0.1425, a3 is
1.296 � 10�5, and a4 is �1.2671, k is the Boltzmann constant
(1.38 � 10�23 J/K), KE = 9.0 � 109 (N m/C2), e is the elementary
charge (C), �ci is the mean thermal speed of ion (m/s), Zi is ion
mobility (m2/V s), e is the relative permittivity of particle, t is the
residence time of particles in ESPs (s). The average ion concentra-
tion (Ni, #/m3) is calculated as:

Ni ¼
Jp

ZiEavee
ð12Þ

where Jp is the average current density at the plate (A/m2), which is
defined as:
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Jp ¼
I

4Sxl
ð13Þ

where I is total ion current (A) per discharge wire, Sx is the distance
of discharge wire to wire (m), l is the wire length (m). The average
electric field strength Eave and total ion current I in the present
model are calculated by the procedure described in Lin et al. [21].
4. Results and discussion

4.1. Particle collection efficiency of the present WESP

Fig. 3 shows the collection efficiency of the present WESP as a
function of particle diameter (30 6 dp 6 10,000 nm) when the gas
velocity is 0.062 m/s and total particle concentration is 5.0–
6.0 � 106 #/cm3 with and without fine water mist. Each condition
was tested for 12–15 times. The standard deviation of the data for
the condition ‘‘without fine water mist’’ and ‘‘with fine water mist’’
is 1–3.4% and 1–2.0%, respectively. As shown in the figure, the
average particle collection efficiency for particles smaller than
100 nm (nanoparticles) is 67.9–92.9% and that for particles larger
than 0.1 lm is greater than 99% for the WESP without fine water
mist. With water mist, the collection efficiency is significantly
improved to 99.2–99.7% for nanoparticles.

In this study, the exhaust gas temperature was measured to be
230–250 �C and fine water mist at room temperature quenched the
exhaust gas to 50–60 �C to reach the super-saturation condition so
that nanoparticles grew to larger sizes to enhance the collection
efficiency. According to Tsai et al. [26], when the mixing ratio
was 0.9, nanoparticle could grow to 800–1700 nm depending on
particle concentration. From the experimental data, it can be
concluded that heterogeneous nucleation and condensational
particle growth by fine water mist in the current WESP is effective
for nanoparticle removal.

With fine water mist, the experimental average collection
efficiencies for particles in the range of 30 6 dp 6 10,000 nm are
greater than 99% at 0.062 m/s, 98.5–99.6% at 0.093 m/s and 95.6–
96.9% at 0.124 m/s when the average total particle concentration
ranges from 5.0 to 6.0 � 106 #/cm3 as shown in Fig. 4(a)–(c). The
standard deviation shown in Fig. 4(a)–(c) is 0.5–1.8%, 0.9–1.6%,
Fig. 3. Collection efficiency of the present WESP with and without fine water mist.
The gas velocity is fixed at 0.062 m/s and the applied voltage is �15 kV.
and 0.7–2.6%, respectively. It is seen that the collection efficiency
drops with increasing gas velocity, or decreasing particle residence
time in the present WESP. U-shaped collection efficiency curves are
also observed with the minimum collection efficiency correspond-
ing to the particle diameter between 210 and 330 nm, which is
similar to that in Lin et al. [13] and Saiyasitpanich et al. [32].

According to particle charging theory, field charging is the main
mechanism for particles larger than 1.0 lm in diameter while dif-
fusion charging is the principal mechanism for particles less than
about 300 nm [33]. Particle charges acquired due to field charging
is particle surface area dependent. Therefore, the increase in the
particle charge is proportional to the particle diameter. In diffusion
charging dominated regime, the particle charge decreases with
decreasing particle size while the mechanical mobility increases
rapidly with decreasing particle size. Therefore, there is minimum
collection efficiency for ESPs in the particle size range of 100–
1000 nm.
4.2. Comparison of experimental particle collection efficiencies with
present model results

Fig. 4 also shows the theoretical predictions by the present
model, or Eq. (7). The regression coefficients are obtained from
experimental data at the gas velocity of 0.124 m/s and the fixed
applied voltage of �15 kV when the negative ion mobility is set
to be 1.57 � 10�4 m2/V s [20], which are 1.89 for a, 0.50 for b,
and �0.01 for c, respectively. Particle collection efficiencies were
calculated at other operation conditions and compared with the
present and previous experimental data [11,17,20,34]. As shown
in Fig. 4, for NDe in the range from 2.46 to 31.8 (corresponding to
particles of 30 6 dp 6 10,000 nm), the comparison of particle col-
lection efficiencies between present model predictions and present
experimental data shows good agreement with a deviation of
0.2–1.1%, 0.3–1.8% and 0.04–2.2% at the gas velocity of 0.062,
0.093 and 0.124 m/s, respectively.

The comparison of predicted particle collection efficiencies by
the present model and the model of Lin et al. [21] (Eq. (6)) with
previous experimental data in the literature [11,17,20,34] is shown
in Fig. 5. In Fig. 5(a) the experimental data of Huang and Chen
[11,20] are for particles ranging from 34 to 1000 nm at the fixed
gas velocity of 0.18 m/s and the applied voltages of �26.4 kV and
�34.5 kV. The predicted values of the present model agree reason-
ably with experimental data with a deviation of 0.02–4.7% at
�26.4 kV and 0.9–5.3% at �34.5 kV. In comparison, the deviation
of particle collection efficiencies calculated by Eq. (6) from the
experimental data at �26.4 kV and �34.5 kV is much larger, which
is 8.5–13.3% and 7.4–10.4%, respectively. If the equation of Ortiz
et al. [29] (Eq. (4)) is used, an even larger deviation occurs, which
is 23.3–42.0% and 28.5–34.2% at �26.4 kV and �34.5 kV (data are
not shown).

Fig. 5(b) shows the ESP efficiency data of Riehle and Löffier [34]
at the gas velocity of 0.5 m/s, the applied voltage of �25 kV, and
the particle diameter of 300 6 dp 6 7800 nm. The prediction of
present model is seen consistent with the experimental data with
a deviation of 0.3–3.2%. The deviation of the particle collection effi-
ciencies calculated by Eq. (6) from the experimental data is again
larger, which is 1.4–11.3%. If Eq. (4) is used, even a larger deviation
occurs (data not shown).

Fig. 5(c) shows the comparison of predicted particle collection
efficiencies with the experimental data of Chang and Bai [17] at
the gas velocity of 0.199 m/s and the applied voltages of �27 kV.
The test particle diameter range is 21 6 dp 6 5550 nm. The predic-
tions again agree well with the experimental data with a deviation
of 0.2–5.8%. The deviation of particle collection efficiencies
calculated by Eq. (6) from the experimental data is larger, which



Fig. 4. Comparison of particle collection efficiency of the WESP with fine water mist between the experimental data and the present predictions at the gas velocity of 0.062–
0.124 m/s and applied voltage of �15 kV.
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is 5.0–13.4%. If the equation of Eq. (4) is used, again a larger
deviation occurs (data are not shown).

The comparison of predicted particle collection efficiencies of
the present model with present and previous experimental data
shows good agreement with a maximum deviation less than 6%.
It suggests that present model is appropriate for predicting particle
collection efficiency when the gas velocity in the WESP is lower
than 0.5 m/s, the particles size range is 30 6 dp 6 10,000 nm, and
NDe ranges from 0.72 to 31.81.

4.3. Effect of wall-cleaning water on the collection efficiency of the
WESP with fine water mist

To show the effect of particle loading and wall-cleaning water
on the collection efficiency of the WESP, SiO2 particles were gener-
ated in the laboratory with the average particle concentration of
7.0 � 106 #/cm3 and the size range of 40–8100 nm to test the pres-
ent WESP without wall-cleaning water first at a gas velocity of
0.124 m/s and an applied voltage of �15 kV for 20 min. The
average collection efficiencies for particle 40–8100 nm are
93.4–99.9% in average with the standard deviation of 0.8–4.0%,
85.0–99.0% with the standard deviation of 0.7–3.0%, 15.7–39.0%
with the standard deviation of 2.0–5.2% and 5.0–21.0% with the
standard deviation of 5.0–11.5% at the initial condition, and contin-
uous operation time of 10, 15 and 20 min, respectively, as shown in
Fig. 6. The collection efficiency decreased only slightly from 93.4–
99.9% to 85.0–99.0% after continuous operation for 10 min. How-
ever, after 15 and 20 min, the collection efficiencies decreased sub-
stantially to 15.7–39.0% and 5.0–21.0%. A significant amount of
SiO2 particles accumulated on the collection electrodes and
discharge wires were observed, which led to the decrease in the
collection efficiency due to the decrease in the electric field. In



Fig. 5. Comparison of predicted particle collection efficiencies with the experimental data of (a) Huang and Chen [11,20], (b) Riehle and Löffier [34], and (c) Chang and Bai
[17].
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addition, if the dust cake is too thick, particles could also be re-
entrained into the gas stream because of the reduction of the elec-
trostatic force between the SiO2 dust layer and the collection plate.
These re-entrained particles are too small to settle by gravity and
might not be captured by dry ESP [35].

With the application of wall-cleaning water to maintain the col-
lection electrodes and wires clean, the collection efficiency of the
WESP was measured to be 95.8–98.8% in average with the standard
deviation of 0.1–1.5%, 95.0–97.4% with the standard deviation of
0.4–2.1% and 93.1–96.9% with the standard deviation of 0.5–2.7%
at the initial condition, and after continuous operation for 1 and
6 h, respectively, as shown in Fig. 7. That is, the collection effi-
ciency does not change very much from the initial condition after
long-term operation for up to 6 h. The periodic wall-cleaning water
of 0.6 L/min per collection surface area (0.0343 m2) was found to
be able to keep both collection and discharge electrodes clean.
Therefore, this laboratory loading test shows that a high collection
efficiency of the present WESP can be maintained with the aid of
periodic wall-cleaning water spray.

4.4. Long-term field test results

Long-term field tests were conducted at fab A and fab B. At fab
A, the WESP was tested at the gas velocity of 0.10–0.11 m/s and the
WESP with fine water mist and wall-cleaning water was applied
periodically (10 s for every 10 min) at the water flow rate of 0.6
L/min per collection surface area from April 20 to May 25 in
2011 and the particle collection efficiencies were measured at
the 7th and 35th day (note: these test dates were requested by
the fab engineers) when the total inlet particle concentrations
were measured to be 1.2 � 107 #/cm3 and 1.5 � 107 #/cm3, respec-
tively. Fig. 8(a) shows the particle number concentration versus
particle diameter in the field tests at fab A. As shown in Fig. 8(b),
the collection efficiency decreases slightly to 98.1–99.0% after



Fig. 6. Collection efficiency of the WESP without wall-cleaning water versus
operation time. The applied voltage and gas velocity are �15 kV and 0.124 m/s,
respectively.

Fig. 7. Collection efficiency of the WESP with wall-cleaning water versus operation
time. The applied voltage and gas velocity are �15 kV and 0.124 m/s, respectively.

Fig. 8. (a) The particle number concentration versus particle diameter in the field
tests at fab A. (b) Total particle collection efficiency of the WESP with fine water
mist and wall-cleaning water. WESP 1: gas velocity = 0.10–0.11 m/s, t = 2.4–2.2 s,
from April 20 to May 25 of 2011 at fab A.

T.-M. Chen et al. / Separation and Purification Technology 136 (2014) 27–35 33
35-day continuous operation, which is similar to the collection
efficiency of 98.5–99.7% at the 7th day. In Fig. 8(b), the standard
deviation of the data in ‘‘April 27 in 2011’’ and ‘‘May 25 in 2011’’
is 3.1–5.0%, and 3.1–4.9%, respectively.

The field test at fab B was conducted at the gas velocity of
0.12–0.14 m/s, the applied voltage of �15 kV and the periodic
wall-cleaning water of 0.6 L/min per collection surface area (10 s
for every 10 min). The total inlet particle concentration was 1.7–
1.8 � 107 #/cm3 and the test period was from December 28 of
2012 to January 18 of 2013. The particle collection efficiencies
were evaluated at the 7th and 22nd day (note: these test dates
were also requested by the fab engineers). Fig. 9(a) shows the
particle number concentration versus particle diameter in the field
tests at fab B. As shown in Fig. 9(b), the collection efficiency
decreases slightly to 97.5–98.4% after continuous operation for
22 days, which is comparable to the collection efficiency of 96.5–
99.3% at the 7th day. The standard deviation of the data in ‘‘January
2 in 2013’’ and ‘‘January 18 in 2013’’ is 3.1–4.7%, and 3.2–4.6%,
respectively.

These field test results conclude that wall-cleaning water is able
to maintain both discharge and collection electrodes clean and
ensure that the present WESP with fine water mist can operate
at a high particle removal efficiency for long-term.



Fig. 9. (a) The particle number concentration versus particle diameter in the field
tests at fab B. (b) Total particle collection efficiency of the WESP with fine water
mist and wall-cleaning water. WESP 2: gas velocity = 0.12–0.14 m/s, t = 1.97–1.8 s,
from December 28 of 2012 to January 18 of 2013 at fab B.
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5. Conclusion

This study designed and developed a WESP to control micron,
submicron and nano-sized particles. Fine water mist was used to
quench high temperature exhaust gas to reach the super-
saturation condition to promote condensational growth of nano-
particles and enhance their collection efficiency. The experimental
results showed that the present WESP can collect particles
(40 6 dp 6 8100 nm) efficiently at the applied voltage of �15 kV
and the gas velocity of 0.062–0.124 m/s. For continuous tests of
the WESP for 6 h in the laboratory with wall-cleaning water, only
a slight decrease of less than 2% in the collection efficiency for
SiO2 particles (40 6 dp 6 8100 nm) was found because the
scrubbing water could clean collection and discharge electrodes
effectively to maintain a high collection efficiency. High particle
collection efficiency was also found in the long-term field tests,
in which the collection efficiencies of the WESP for SiO2 particles
with 40 6 dp 6 8100 nm could be maintained to be greater than
the total collection efficiencies of the WESP were found to maintain
greater than 98.9% and 97.3% for continuous operation for 35 and
22 day at fab A and fab B, respectively.

An empirical equation was derived to predict the particle collec-
tion efficiency of the WESP when the gas velocity is lower than or
equal to 0.5 m/s. The comparison of predicted particle collection
efficiencies by the present model with the present and previous
experimental data showed good agreement with a deviation of
<3% and <6%, respectively. It is expected that the empirical equa-
tion can facilitate the design and scale-up of the WESP for mitigate
the emission of nanoparticles and fine particles efficiently.
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