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TECHNICAL PAPER

Experimental study of a string-based counterflow wet electrostatic precipitator 
for collection of fine and ultrafine particles
Abolfazl Sadeghpour a, Farzan Oroumiyehb, Yifang Zhub, Danny D. Koa, Hangjie Jic, Andrea L. Bertozzia,c, 
and Y. Sungtaek Ju a

aDepartment of Mechanical and Aerospace Engineering, University of California Los Angeles, Los Angeles, USA; bDepartment of Environmental 
Health Sciences, University of California Los Angeles, Los Angeles, USA; cDepartment of Mathematics, University of California Los Angeles, Los 
Angeles, USA

ABSTRACT
Wet electrostatic precipitators (WESP) have been widely studied for collecting fine and ultrafine 
particles, such as diesel particulate matter (DPM), which have deleterious effects on human health. 
Here, we report an experimental and numerical simulation study on a novel string-based two-stage 
WESP. Our new design incorporates grounded vertically aligned polymer strings, along which thin 
films of water flow down. The water beads, generated by intrinsic flow instability, travel down the 
strings and collect charged particles in the counterflowing gas stream. We performed experiments 
using two different geometric configurations of WESP: rectangular and cylindrical. We examined 
the effects of the WESP electrode bias voltage, air stream velocity, and water flow rate on the 
number-based fractional collection efficiency for particles of diameters ranging from 10 nm to 
2.5 μm. The collection efficiency improves with increasing bias voltages or decreasing airflow rates. 
At liquid-to-gas (L/G) as low as approximately 0.0066, our design delivers a collection efficiency over 
70% even for fine and ultrafine particles. The rectangular and cylindrical configurations exhibit 
similar collection efficiencies under nominally identical experimental conditions. We also compare 
the water-to-air mass flow rate ratio, air flow rate per unit collector volume, and collection efficiency 
of our string-based design with those of previously reported WESPs. The present work demon-
strates a promising design for a highly efficient, compact, and scalable two-stage WESPs with 
minimal water consumption.

Implications: Wet Electrostatic Precipitators (WESPs) are highly effective for collecting fine parti-
cles in exhaust air streams from various sources such as diesel engines, power plants, and oil 
refineries. However, their large-scale adoption has been limited by high water usage and reduced 
collection efficiencies for ultrafine particles. We perform experimental and numerical investigation 
to characterize the collection efficiency and water flow rate-dependence of a new design of WESP. 
The string-based counterflow WESP reported in this study offers number-based collection efficien-
cies >70% at air flow rates per collector volume as high as 4.36 (m3/s)/m3 for particles of diameters 
ranging from 10 nm – 2.5 μm, while significantly reducing water usage. Our work provides a basis 
for the design of more compact and water-efficient WESPs.
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Introduction

Electrostatic precipitators (ESP) are widely used to col-
lect particulate matters (PMs) from various exhaust 
streams. Important examples include exhausts from die-
sel engines and power plants, which represent some of 
the major particulate emitters in many developing 
countries.

Reducing the emission of particulate matters has 
attracted a lot of attention from researchers and govern-
ments due to its potential to cause severe health and 
environmental issues (Hesterberg et al. 2009; Karanasiou 
et al. 2014; Lewtas 2007; Pant et al. 2017; Prasad and Bella 
2011; Pui, Chen, and Zuo 2014; Ristovski et al. 2012). 

In particular, current engine technologies and strict gov-
ernmental regulations aim for reduction in particle emis-
sion rates of diesel engines (Fiebig et al. 2014). However, 
the benefit of emission rate reduction remains rather 
elusive.

Previous studies showed that the major portion of 
particles emitted from diesel engines are smaller than 
2.5 μm in aerodynamic diameter, commonly referred to 
as fine particles (Carotenuto, Di Natale, and Lancia 
2010; Maricq 2006). Fine particles have greater impact 
on human health because they have elevated toxin bur-
dens, can penetrate deep inside the respiratory system, 
and translocate into the circulation system (Dockery 
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et al. 1993; Kim, Kabir, and Kabir 2015; Ning, Cheung, 
and Liu 2004; Pope et al. 2002; Yang et al. 2017).

Among these fine particles, those with diameter less 
than 0.1 μm are referred to as ultrafine particles and can 
be even more harmful to human respiratory and cardi-
ovascular systems on a unit mass basis (HEI 2013; Lane 
et al. 2016; Ohlwein et al. 2019). Recently, these fine and 
ultrafine particles are also recognized to have malevolent 
effects on other parts of the human body such as the 
kidney (Xu et al. 2018).

Electrostatic precipitators utilize high-voltage electric 
fields and corona discharge to electrically charge parti-
cles, which are then collected on to plates of the opposite 
polarity. Traditional electrostatic precipitators can han-
dle large volumes of gas (up to about 1900 m3/s), main-
tain a low pressure drop (less than 150 Pa), operate at 
high gas temperatures (up to 650°C), and deliver high 
overall mass collection efficiencies (Miller 2017).

However, traditional ESPs suffer from significant 
decrease in the collection efficiency for fine and ultrafine 
particles, with minimum typically occurring for particles 
of diameters around 0.2 to 0.5 μm (Jaworek et al. 2018; 
Mizuno 2000). This is within typical size ranges for many 
particulate emission sources, including diesel engines. 
Two-stage ESPs improve removal rates for fine particles 
by separating the charging and collection chambers. 
However, previous studies noted that, even with two- 
stage ESPs, the collection efficiency of fine particles 
remains low due to the re-entrainment effect inherent to 
traditional dry-type ESPs (Zukeran et al. 1999).

Wet electrostatic precipitators (WESP) help cir-
cumvent these issues by continuously running films 
of a liquid, typically water, to wash captured particles 
off the collector plates. WESP has been researched by 
many investigators, but many key challenges remain. 
These include high water consumption rates and 
corrosion of collector plates that cause dry spots 
and decrease the collection efficiency (Bayless et al. 
2004). WESP are also ill-suited for direct particle 
capture from high-temperature exhausts because 
they quench the gas stream and lose collector water 
through evaporation.

To mitigate dry spots and corrosion of collectors, 
previous studies proposed new collector materials and 
designs, such as membrane-based collection plates, 
which utilize capillary force to maintain uniform films 
of water over the entire collection area (Huang et al. 
2014; Pasic, Alam, and Bayless 2001; Pasic, Caine, and 
Shah 2006). Bayless et al. (2004) developed a parallel- 
plate, single-stage WESP using a membrane-based col-
lection plate for collecting particles in the range of 1 to 
25 μm. They observed that the collection efficiency on 
average was about 30% higher than that of dry ESPs with 

almost no attenuation in the collection efficiency for the 
smaller particles. Ali and colleagues (Ali et al. 2016) 
developed a single-stage cross-flow WESP design with 
vertical columns of membrane cords supplied with 
water. They reported particle collection efficiencies 
greater than 80% for a particle size range of 1.61 μm 
to 8.84 μm. Neither studies, however, reported the 
collection efficiency for fine and ultrafine particles. 
Saiyasitpanich et al. (2006) experimentally examined 
a cylindrical single-stage WESP and reported high col-
lection efficiencies for ultrafine particles (from 10 to 
100 nm). However, the water-to-air flow rate ratio in 
their study was very high, ~0.9 (kg-water/kg-air).

To help mitigate challenges of existing WESPs, we 
report a two-stage WESP design where liquid water 
beads traveling down along vertically aligned strings 
act as collection electrodes for a counterflowing exhaust 
gas stream. We performed a combined experimental and 
numerical simulation study to assess the performance of 
our design. Two different collection electrode configura-
tions, rectangular and cylindrical, are implemented and 
examined in this work. The effects of the collector bias 
voltage, air velocity, and water flow rate per string on the 
collection performance were investigated experimen-
tally. The particle trajectories and the effects of the 
water flow rate were studied using numerical simulation 
to help further understand the operation of our string- 
based collectors.

Methods and procedures

Experimental setup

Figure 1 shows a schematic of the experimental setup 
used in this work to characterize the performance of our 
string-based two-stage WESPs. The experimental setup 
consists of four main sections: a diesel generator, 
a particle pre-charger, a particle collector (either rectan-
gular or cylindrical configuration), and particle number 
concentration measurement systems.

A portable diesel engine (Sportsman GEN4000DF, 
4 kW) served as the particle source in this study. An 
indirect air-cooled heat exchanger cooled down the gen-
erator exhaust from 200 ~ 350°C down to less than 40°C. 
The condensed water was collected in an in-line con-
tainer. This cooling was necessary to protect the poly-
meric components in our prototype collectors and to 
mitigate significant evaporation of water from the col-
lector strings. A flow diverter controlled the flow rate of 
the exhaust stream entering the charging cell. We varied 
the flow velocity in the charging region from 0.7 to 2 m/ 
s, which corresponds to the flow velocity of 2 to 6 m/s in 
the collection region.
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We examined two string-based WESP configurations. 
The rectangular configuration consisted of five parallel 
strings of diameter 0.76 mm, which were placed 5 mm 

apart (Figure 2(a)). This configuration provides a 25 mm 
× 25 mm cross-sectional area for the air stream. The 
channel walls were made of a 3-mm-thick acrylic sheet. 

Figure 1. Schematic of the experimental setup for characterizing the performance of the string-based collectors.

Figure 2. Schematics of (a) the rectangular and (b) the cylindrical configuration on the left and (c) the particle pre-charger and the front 
view of the particle pre-charger used in this study on the right.
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Two 0.5-mm-thick copper sheets placed on the outside 
of the air channel act as a high voltage electrode of the 
opposite polarity (see Figure 2(a)). The second config-
uration consisted of cylindrical cross section with 
a single vertical string at the center. The cylindrical 
configuration provided a circular cross-section of 
25 mm in diameter for the air stream. Both WESP 
configurations were 0.6 m long.

A copper sheet covering the outside of the cylinder 
acted as a counter electrode and provided a symmetric 
electric field around the string. The copper sheet was 
placed outside of dielectric walls to prevent possible 
electric breakdown caused by water vapor. We note 
that high voltage electrode placed outside of the collec-
tor chamber wall can pose safety issues and that an 
additional exterior insulation is necessary. The copper 
sheets were connected to a variable voltage source (0– 10 
kV) to investigate the effects of the collector voltage on 
the collection efficiency.

We used cotton fibers as strings in the present study. 
As shown in our previous works (Sadeghpour et al. 
2019; Zeng, Sadeghpour, and Sungtaek Ju 2019), cotton 
threads absorb water and function as a super- 
hydrophilic surface. As a thin film of liquid flows 
down each string, intrinsic flow instability generates 
traveling water beads. These beads help wash collected 
particles efficiently and mitigate the re-entrainment 
issue. It also helps to eliminate potential dry spots at 
minimal water usage.

Water was supplied to the strings using stainless steel 
nozzles of 1.2 mm inner diameter connected to the top 
reservoir. The top water reservoir is grounded. A set of 
pumps and flow meters controlled the flow of water to 
the top reservoir. We varied the water flow rate per 
string in the range of 0.01 to 0.135 g/s by controlling 
the liquid height in the top reservoir to investigate its 
effects on the collection efficiency. The bottom reservoir 
with a weight-scale of 0.1 gram precision was used to 
measure the water flow rate.

A particle pre-charger (Figure 2(c) and (d)) is used to 
charge particles in the exhaust gas stream before being 
treated in WESP. The charging cell consists of three 
grounded parallel aluminum plates with thickness, tAl, of 
2 mm and length, Lp, of 10 mm. Two tungsten wires 
(200 μm in diameter) were placed in between the plates. 
The plates are spaced 14 mm apart. Tungsten wires are 
connected to a high voltage source (0– 20 kV). The applied 
voltage and the resulting corona current are measured 
using insulated digital multimeters. Since the cross- 
sectional area of the two WESP in this study are different, 
we designed two different pre-chargers with different 
heights. The height of the pre-charger, hp, used for the 
cylindrical configuration is 60 mm and that for the 

rectangular configuration is 80 mm. The other geometric 
parameters of the charging cells, Lp and wp, are identical for 
both pre-chargers.

The particle size distributions were continuously 
monitored downstream of the collectors using two mea-
surement systems: a SMPS (Scanning Mobility Particle 
Sizer; model 3080, TSI Inc., Shoreview, MN, USA) and 
a CPC (Condensation Particle Counter; model 3787, TSI 
Inc., Shoreview, MN, USA) for particles in the range of 
10 nm to 300 nm and an APS (Aerodynamic Particle 
Sizer; model 3321, TSI Inc., Shoreview, MN, USA) for 
particles in the range of 0.5 μm to 10 μm. Table 1 
summarizes the experimental conditions.

The performance of our two-stage WESPs, expressed 
in terms of the fractional particle collection efficiency, η, 
is given by the following expression: 

η ¼ 1 �
Con

Coff

� �

� 100 (1) 

where Con and Coff are the number concentration of the 
particles (particles/cm3) the copper electrode in the col-
lector was biased or not, respectively.

Particle charging and collection model

Many previous studies investigated particle charging 
mechanisms and proposed various models (Lawless 
1996; Liu and Kapadia 1978; Liu and Yeh 1968). 
Predictions of these models agree reasonably well with 
the experimental results. We use the Cochet’s charging 
model, which was shown to be valid for the particle size 
range of our main concern (from 0.1 to 1 μm) (Bai, Lu, 
and Chang 1995; Park and Chun 2002). This model 
predicts the maximum charge, Qp, on particles as 
(Cochet 1961): 

Qp ¼ 1þ
2λ
dp

� �2

�
2

1þ 2λ
dp

 !
εr � 1
εr þ 2

� �" #

πε0dp
2Ep

(2) 

where λ is the mean free path of gas molecules, dp is the 
diameter of the particles, εr is the dielectric constant of 
the particles, ε0 is the electrical permittivity of vacuum 

Table 1. Parameters and test conditions used to study the string- 
based WESP performance.

Parameters Conditions Notes

Applied voltage [kV] 0– 10 Bias voltage for string 
collectors, ΔVc

7– 7.6 Bias voltage for particle 
pre-charger, ΔVp

Air velocity [m/s] 2.3– 4.5 In WESP
0.7– 1.5 In particle pre-charger

Water flow rate per string [g/s] 0.01– 0.135 _mLps

Air inlet temperature [oC] 30– 40 –
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and Ep is the electrical field in the particle charging cell. 
Note that, DPMs are not chemically homogenous. In the 
present work, we treated εr as an adjustable parameter to 
compare the general trend of the collection efficiency as 
a function of the particle size.

Past studies also proposed various models for particle 
collection in ESPs (Cooperman 1971; Riehle and Löfer 
1995; Zhibin and Guoquan 1994). Deutsch (1922) pre-
sented a simplified model by assuming perfect mixing 
which predicted the collection efficiency to be exponentially 
decreasing function of the length of the collection 
electrodes: 

η ¼ 1 � exp
$mL
�UaS

� �

(3) 

where ϖm is the theoretical migration velocity of parti-
cles toward the collection plate due to the electric field 
(m/s), L is the length of the collection plate in the flow 
direction, �Ua is the mean velocity of the air stream, and 
S is the distance between the high-voltage electrode 
(copper sheets in this work) and the collection surface 
(strings). We obtain ϖm by balancing the Stokes’ drag 
with the electrical force: 

$m ¼
QpEcCc

3πμdp
(4) 

where Ec is the pseudo-homogeneous electric field in the 
collector (V/m) and μ is the gas dynamic viscosity. Cc is 
the Cunningham correction factor, which is given as 
follows (Flagan and Seinfeld 1988): 

Cc ¼ 1þ 1:246
2λ
dp

� �

þ 0:42
2λ
dp

� �

exp � 0:87
dp

2λ

� �� �

(5) 

Numerical modeling

To help interpret our experimental results, we also per-
formed a simplified numerical simulation study of elec-
trohydrodynamic (EHD) using a commercial software 
package (“COMSOL Multiphysics® Modeling Software” 
2020). The numerical simulation helps to visualize par-
ticle trajectories in our string-based WESP and examine 
the particle charging and collection models presented in 
the previous section. Figure 3 shows the numerical 
simulation domains used in the present study: a 3D 
domain (Figure 3(a)) representing the rectangular 
WESP and a 2D axisymmetric domain (Figure 3(b)) 
representing the cylindrical WESP with a string of 
radius, Rs, 0.38 mm at the center.

Figure 3. Schematics of the numerical simulation domains for (a) the rectangular WESP and (b) the cylindrical WESP.
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We solved the steady, incompressible, Navier-Stokes 
equations (Adamiak 2013; Jewell-Larsen et al. 2008) to 
first predict the velocity field of the air stream: 

Ñ:~Ua ¼ 0 (6) 

ρa
~Ua:Ñ~Ua ¼ � Ñpþ μaÑ2~Ua � ρaÑV (7) 

where ~Ua is the velocity vector, p is the air pressure, V is 
the electric potential, and ρa and μa are the density and 
dynamics viscosity of air, respectively.

To predict the trajectories of charged particles in the 
collector, we numerically solved the following equa-
tion, which considers the effect of drag force, ~Fd, buoy-
ancy force, and Coulomb’s force, ~Fe, (Liu, Zhang, and 
Chen 2015): 

mp
d~Up

dt
¼~Fd þ

g ρp � ρa

� �

ρp
þ~Fe (8) 

where mp denotes the particle mass, g is the gravitational 
acceleration constant, and ρp is the particle density.

The drag force, ~Fd, is calculated using (Kherbouche 
et al. 2016): 

~Fd ¼
1
2

CdSpρa
~Up � ~Ua
�
�

�
� ~Up � ~Ua
� �

(9) 

where ~Up is the velocity of particles, Sp is the cross- 
section of particles in the air flow (= π.dp

2/4), and Cd is 
the drag coefficient for low Reynolds number (Haider 
and Levenspiel 1989; Morsi and Alexander 1972; Parker 
1997), defined as follows: 

Cd ¼
24
Rep

(10) 

Here, Rep is the particle Reynolds number defined 
using the particle diameter as the characteristic length. 
For air velocities considered in this study, Equation 
(10) is a reasonable approximation for sizes as large 
as 1 μm. Note that our primary focus was on sub- 
micron particles.

The electric force, ~Fe, is obtained from: 

~Fe ¼ Qp~Ec (11) 

~Ec, the electric field vector in the collector, is in turn 
obtained from: 

~Ec ¼ � ÑV (12) 

where V is the applied bias voltage to the collector string. 
In the simulations, it is assumed that the gas and particle 
distributions at the inlet are uniform. The initial values 
for the number of charges on the particles are assigned 
based on Equation (2). A mesh-independence study was 
performed to ensure that the velocity and electric field 
distribution in the air stream and the number of col-
lected particles do not change by more than 3% with 
further mesh refinement. The final computational 
meshes for the 2D domain (cylindrical collector) and 
the 3D domain (5-strings collector) contain approxi-
mately 80000 and 1950000 elements, respectively.

Results and discussion

Particle size distribution and electrical performance 
of the pre-charger

Figure 4(a) shows the current-voltage relationship of 
the wire-plate particle pre-charger. The corona onset 

Figure 4. (a) Voltage-current curve and (b) average particle size distribution at the inlet of the particle pre-charger.
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voltage (COV) in our particle pre-charger is 5.5 kV. 
Figure 4(b) shows average over four independently 
measured particle size distributions at the inlet of the 
charging cell using SMSP and APS. Each SMPS data in 
turn consist of 10 consecutive size distribution mea-
surements and each APS data include approximately 
200 consecutive measurements. Size distributions 
obtained using SMPS and APS are merged using the 
TSI Data Merge Software Module (TSI Inc., Shoreview, 
MN). This software module converts electronic mobi-
lity diameters measured by SMPS to aerodynamic dia-
meters and merges them with APS data. The composite 
size distributions are derived from fitting the merged 
data into two- or three-mode distributions.

The particle precipitation rate of the pre-charger was 
less than approximately 15%. This was measured at the 
outlet of the overall set up in which the bias voltage and 
water flow rate at the collector strings were set to zero.

Effects of water flow rate

Figure 5 shows the fractional collection efficiency of the 
two-stage cylindrical WESP as a function of the particle 
diameter. The water flow rates per string, _mLps, were 
fixed at 0.01, 0.08, or 0.135 g/s. The air velocities in the 
particle pre-charger and the collection zone were main-
tained at 1 and 3 m/s, respectively. The particle pre- 
charger and the string collector bias voltage were 7.4 
kV and 10 kV, respectively. Under the bias voltage 

applied to the collector strings and the distance 
between the string collector and electrode, we did not 
observe any water jet or droplet emission from the 
string collectors. The results indicate that increasing 
the water flow rate per string has negligible effects on 
the collection efficiency. As discussed in our previous 
work (Sadeghpour et al. 2019), as the water flow rate 
increases, the number of water beads per string length 
increases. However, increasing the bead density has 
a negligible effect on the gas stream velocity profile 
and the electrical field in the particle collector partly 
because water beads only occupy less than 3% of the 
cross section in the collector (see Numerical simulation 
results for further discussion). As a result, increasing 
the water flow rate has a small effect on the particle 
collection efficiency.

As mentioned before, a water consumption rate 
necessary for cleaning the collection plates is an impor-
tant consideration in WESP. Therefore, we use the 
liquid-to-gas mass flow rate ratio [kg-water/kg-air] as 
the key performance metric. Figure 6 shows the frac-
tional collection efficiency of our design compared with 
that of other WESP designs as a function of the water-to- 
air mass flow rate ratio. Our string-based collector offers 
comparable collection efficiencies over a wide range of 
particle diameters at approximately one third of the 
water-to-air mass flow rate ratios.

Previous studies reported high collection efficiencies 
(>95%) with different WESP designs when the air flow 

Figure 5. Effect of the water flow rate per string on the fractional collection efficiency of the cylindrical WESP.

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION 857



velocity in the collection chamber is very low (<0.2 m/s) 
(Chen et al. 2014; Kim et al. 2015; Teng, Fan, and Li. 
2020). To account for the effect of the air flow rate 
normalized with respect to the device size, we compare 
the air flow rate per unit collector volume as another 

useful metric in Table 2. This table also shows the air 
flow rate per unit collector volume of previously 
reported WESPs together with the corresponding 
experimental conditions, particle diameter ranges, and 
collection efficiencies. This comparison shows that the 

Figure 6. Collection efficiencies as a function of the liquid-to-gas flow rate ratio for different WESP devices. We compare our device 
with previously reported WESP devices; electrostatic droplet spray (Pilat 1975), cylindrical WESP for DPM (Saiyasitpanich et al. 2006), 
flat-plate WESP (Kim et al. 2011), electrospray tower scrubber (Kim et al. 2014), cross flow string-based WESP (Ali et al. 2016), wire-to- 
plate WESP (Yang et al. 2017), and self-flushing WESP (Su et al. 2018).

Table 2. Comparison of the experimental conditions and performance metrics of the present design with those of previous WESP 
designs.

Collection type

Particle 
diameter 

[μm]
Water flow 
rate [kg/s]

Air 
flow rate 

[kg/s]
Air velocity 

[m/s]

Collection 
efficiency 

[%]

Air flow rate/collec-
tor volume 
[(m3/s)/m3]

Liquid to gas flow ratio 
[(kg/s)/(kg/s)]

Cylindrical WESP 
(Saiyasitpanich et al. 2006)

0.02–0.8 0.05 0.056 2.3 90–99 2.5 0.89

Single-stage parallel plate WESP 
(Lin et al. 2010)

0.02–0.6 0.0005 0.0008 0.076 97–99.7 0.538 6.25

Flat-plate WESP 
(Kim et al. 2011)

0.02–0.5 0.003 0.0016 1 70–95 2.4 1.88

PVC cylindrical WESP (Kim et al. 
2012)

0.05–2 0.0083 0.0035 1 99–99.7 2.44 2.37

Cross flow string 
based WESP 
(Ali et al. 2016)

1.61–8.84 0.04 3.24 3 60–80 1.25 0.012

Membrane based WESP 
(Wang et al. 2016)

0.01–10 10−4 0.002 0.4 65–93 2.67 0.05

Spray-type WESP 
(Du et al. 2016)

0.3–2.5 0.0042 0.181 2.35 35–69 0.783 0.023

Wire-to-plate WESP 
(Yang et al. 2017)

0.02–9 0.03 0.03 1.16 85–99 1.1 1

Pulsed corona WESP (Kuroki et al. 
2017)

0.02–0.4 0.0004 7 x 10−5 0.21 80–99 0.816 6.246

Self-flushing WESP 
(Su et al. 2018)

0.07–2.5 0.007 0.031 3 60–72 1 0.22

Charged water drop WESP 
(Teng, Fan, and Li. 2020)

0.02–3.8 0.001 0.013 0.19 93–99 0.78 0.077

String-based Cylindrical WESP 
(Present study)

0.01–2.5 10−5 0.0015 3 80–99 4.36 0.0066
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present string-based collector can achieve over 70% col-
lection efficiencies at higher air flow rates per unit 
volume of the collector and at lower water consumption 
rates.

Effects of collector bias voltage

Figure 7 shows the fractional collection efficiency as 
a function of the particle size for the cylindrical and 
the rectangular WESP under different collector bias 
voltages. String collector bias voltage of 5 kV and 10 
kV were tested. The applied bias voltages were not high 
enough to cause visible water jet or droplet emission 
from the string collectors. Also shown is the collection 
efficiency predicted using Equations (2)–(5). A 7.2 kV 
bias voltage was used in the particle pre-charger, and the 
water flow rate per string, _mLps, was 0.06 g/s.

Increasing the collector bias voltage increases the 
particle collection efficiency for all particles larger than 
approximately 30 nm in diameter. However, for parti-
cles smaller than approximately 30 nm in diameter, the 
applied collector voltage has a negligible effect on the 
collection efficiency. This behavior, which was also 
reported in earlier studies (Kim et al. 2011; Li and 
Christofides 2006; Yoo, Lee, and Oh 1997), is due to 
the fractional charging effect. Ultrafine particles have 
average acquired elementary charges of less than one. 
This implies that some of these particles do not acquire 

any electric charge in the pre-charger and are not col-
lected efficiently, regardless of the collector bias voltage, 
ΔVc. In fact, for particles smaller than approximately 
30 nm in diameter, the partial charging and lower ion 
attachment coefficients result in degraded collection 
efficiency with decreasing particle sizes (Adachi, 
Kousaka, and Okuyama 1985; Huang and Chen 2002; 
Zhuang et al. 2000).

Figure 7 shows that, under the experimental condi-
tions used in the present study, the prediction (Deutsch 
collection theory) based on Cochet’s charging model is 
consistent with the experimentally measured trend of 
the fractional collection efficiency for particles larger 
than 100 nm. However, due in part to the limitation of 
Cochet’s assumption of infinite particle charging time, 
the agreement is poor for particles smaller than 100 nm. 
For larger particles, where the field charging mechanism 
dominates, the assumption of infinite charging time is 
adequate as they readily reach saturation charge 
(Mizuno 2000; White 1951). However, for ultrafine par-
ticles where the diffusion charging is the dominant 
mechanism, longer relaxation time is necessary to gain 
sufficient charges (Adachi, Kousaka, and Okuyama 
1985; Pui et al. 1988; White 1951).

The collection efficiency of the cylindrical configura-
tion was similar to that of the rectangular configuration 
under comparable operating conditions. This implies 
that asymmetric electric fields in the rectangular 

Figure 7. Experimentally measured and predicted (Cochet’s model) fractional collection efficiencies for the cylindrical and the 
rectangular WESP at different collector bias voltages. The experimental and predicted values are presented as the symbols and the 
lines, respectively.
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collector have a small influence on the overall perfor-
mance. However, the rectangular collector requires 
higher water-to-air mass flow rate ratios than the cylind-
rical collector. Cylindrical collector also requires less 
electrode area per unit footprint of the device. As such, 
cylindrical devices are more attractive for applications in 
large-scale applications for reduced electrode cost and 
exposed high-voltage surface area.

Effects of air stream velocity

Figure 8 shows the experimentally measured and predicted 
(using Equations (2)–(5)) fractional collection efficiency 
for the cylindrical and the rectangular WESP as 
a function of the particle diameter for different air flow 
velocities. In these experiments, the water flow rate per 
string, _mLps, was fixed at 0.06 g/s. The air stream velocity 
in the collector was either set to 2.3 or 4.5 m/s, and the bias 
voltages for the particle pre-charger and the string collec-
tors were 7.4 kV and 10 kV, respectively. The smaller air 
stream velocities result in larger fractional collection effi-
ciencies for the entire range of particle diameters due to the 
longer residence times provided for both charging and 
collection processes. The comparison of the collection effi-
ciencies obtained from the models (Equations (2)–(5)) with 
those of experiments in Figure 8 shows similar trends to 
those observed in Figure 7.

Numerical simulation results

We performed numerical simulation to help further exam-
ine particle collection in our string-based collectors. The 
average number of charges per particle, np, is not known 
a priori. This is further complicated by the fact that parti-
cles in the exhausts of a diesel generator are heterogeneous 
and their dielectric constants do not have a single constant 
value. Previous studies (Hinds 1999), for example, esti-
mated the effective dielectric constant to be between 1 
and 10. In view of this, we use an iterative approach to 
estimate the average number of charges per particle from 
our experimental data. That is, for particles of a given 
diameter, we adjust the corresponding np until the frac-
tional collection efficiency obtained in our numerical simu-
lation matches the experimental results (blue triangles in 
Figure 9(a)). We emphasize that our numerical simulation 
is intended to help interpret our experimental data rather 
than provide an independent validation of the data.

The fractional collection efficiency is calculated by 
dividing the number of particles that reach the surface 
of the string by the total number of particles released at 
the inlet. The prediction from Cochet’s model agrees to 
within 15% with our results for particles larger than 
approximately 100 nm (Figure 9(a)). Cochet’s model, 
however, overpredicts np for smaller particles. For the 
smallest particles, our results indicate partial charging 
(np < 1), consistent with the earlier observation from 

Figure 8. Effect of the gas velocities in the collector on the experimentally measured and predicted (Cochet’s model) fractional 
collection efficiencies for the cylindrical and the rectangular WESP. The experimental results and predicted values are presented as the 
symbols and the lines, respectively.
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Figure 7. The average numbers of charges obtained 
from the linear and cylindrical collectors are compar-
able, differing by less than 5%.

Figure 9(b) illustrates representative particle trajectories 
in the cylindrical collector under the bias voltage, ΔVc, of 
10 kV. The air is set to travel upward at a velocity of 3 m/s, 
the diameter of particles is 0.1 μm, the average number of 
elementary charges on each particle is 11.5, and the total 
number of particles released at the inlet is 100. The color 
bar indicates the magnitudes of particle velocities. The 

average speed of particles increases as particles travel 
downstream due to the acceleration of particles in the 
radial direction caused by the electric field. The maximum 
particle velocity at the outlet is ~4.2 m/s.

We next performed a parametric study to help inves-
tigate the effects of the bead density and water flow rate 
on the collection efficiency. We varied the water flow 
rate from 0.01 to 0.135 g/s per string, which translates 
to bead spacing, Sb, in the range of 20 to 360 mm. 
Figure 10(a) shows the numerical simulation domain 

Figure 9. (a) Number of charges on particles obtained using our numerical simulation and using Cochet’s model as a function of the 
particle size. The numerical simulation and the Cochet’s model results are presented as the symbols and the dashed line, respectively, 
and (b) Numerically simulated particle trajectories in the cylindrical collector (domain size = 12.5 mm × 600 mm, inlet airflow velocity = 
3 m/s, number of particles at inlet = 100, particle diameter, dp = .1 μm, average number of charges on the particle, Qp = 11.5, applied 
voltage = 10 kV).

Figure 10. (a) Schematics of the numerical simulation domain for the cylindrical WESP with bead profiles along the string. (b) Effect of 
the water flow rate per string on the bead spacing (obtained from experiments) and the collection efficiency (obtained from 
experiments and numerical simulation for particles with 0.1 μm diameter). The experimental and numerical simulation results are 
presented as the solid and hollow symbols, respectively.
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for the cylindrical collector with bead profiles along the 
string. The bead length, Lb, and the bead thickness, tb, 
are set to 4 and 1.5 mm, respectively, based on the 
experimental observations.

Figure 10(b) shows the effect of the water flow rate 
per string on the experimentally obtained bead spa-
cing, Sb, and the particle collection efficiency 
obtained from numerical simulation. In the numer-
ical simulation, the particle diameter, dp was 0.1 μm 
and the inlet airflow velocity was 3 m/s. The average 
number of charges on the particle, Qp, was set to 
11.5, as in Figure 9(a). Figure 10(b) indicates that 
increasing the water flow rate per string significantly 
decreases the bead spacing, while the fractional col-
lection efficiency remains approximately the same. 
This suggests that the deformation of electric field 
lines around the liquid beads has a small effect on 
particle collection. The experimental and numerical 
simulation results indicate that using our string- 
based counterflow collector, high particle collection 
efficiencies can be obtained with liquid-to-gas ratios 
as low as approximately 0.0066 kg/kg.

Conclusion

We experimentally and numerically studied 
a counter-flow WESP design that utilizes water 
films flowing down vertical strings. The strings are 
continuously supplied with water and act as collec-
tion plates for particles in the diameter range of 
10 nm to 2.5 μm. To quantify the performance of 
our string-based WESPs, the fractional collection effi-
ciency was experimentally determined. We show that 
for water flow rates per string, _mLps, larger than 
0.01 g/s, which corresponds to a water-to-air flow 
rate ratio of ~0.007 kg/kg, _mLps has negligible effects 
on the collection efficiency of our particle collector. 
Consistent with other works on WESP, our experi-
mental results also showed that increases in the col-
lector bias voltage as well as the air residence time in 
the collector result in increased collection efficiencies. 
Furthermore, increase in collection efficiency due to 
increase in air residence time was more pronounced. 
The collection efficiency for particle sizes between 0.1 
and 1 um increased by approximately 40% when air 
velocity is decreased by a factor of 2. In contrast, the 
same collection efficiency increased approximately 
20% when string collector bias voltage is increased 
by a factor of 2.

We also show that, compared with previously 
reported WESP devices, our string-based design can 
achieve higher collection efficiencies with significantly 
lower water-to-air flow rate ratios. In addition, we 

also demonstrate that the present string-based coun-
terflow WESP has competitive performance in cap-
turing fine and ultrafine particles when compared 
with previous devices in terms of the particle collec-
tion efficiency and the air flow rate that can be 
handled per WESP volume. Our string-based WESP 
offers a potential collection efficiency of up to 99% 
and has improved capability to treat larger volumes 
of air streams for a given device volume. Further 
research is necessary to scale up and optimize the 
device designs for a wide variety of potential applica-
tions. In this connection, additional research efforts 
are also necessary to systematically investigate the 
effects of practical parameters, such as the air stream 
temperature and operation time, which were not 
examined in the present study.
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