
Science of the Total Environment 851 (2022) 158181

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Plasma-enhanced electrostatic precipitation of diesel exhaust particulates
using nanosecond high voltage pulse discharge for mobile source
emission control
Boxin Zhang b,1, Indu Aravind a,1, Sisi Yang a, Sizhe Weng c, Bofan Zhao c, Christi Schroeder a, William Schroeder a,
Mark Thomas d, Ryan Umstattd d, Dan Singleton d, Jason Sanders d, Heejung Jung e,f, Stephen B. Cronin a,b,c,⁎

a Department of Physics and Astronomy, University of Southern California, Los Angeles, CA 90089, USA
b Mork Family Department of Chemical Engineering and Materials Science, University of Southern California, Los Angeles, CA 90089, USA
c Ming Hsieh Department of Electrical Engineering, University of Southern California, Los Angeles, CA 90089, USA
d Transient Plasma Systems, Inc., Torrance, CA 90501, USA
e Department of Mechanical Engineering, University of California, Riverside, Riverside, CA 92507, USA
f College of Engineering-Center for Environmental Research and Technology (CE-CERT), University of California, Riverside, Riverside, CA 92507, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author at: Department of Electrical Engin

http://dx.doi.org/10.1016/j.scitotenv.2022.158181
Received 30 May 2022; Received in revised form 31
Available online 19 August 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.
• PE-ESP demonstrates 95% remediation of
PM and consumes less than 1% of the en-
gine power

• Plasma enhancement enables high reme-
diation at low DC voltages and smaller re-
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vided by the nanosecond high voltage
pulse plasma
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This study reports enhancement in the electrostatic precipitation (ESP) of diesel engine exhaust particulates using high
voltage nanosecond pulse discharge in conjunction with a negative direct current (DC) bias voltage. The high voltage
(20 kV) nanosecond pulses produce ion densities that are several orders of magnitude higher than those in the corona
produced by a standard DC-only ESP. This plasma-enhanced electrostatic precipitator (PE-ESP) demonstrated 95% re-
mediation of PM and consumes less than 1 % of the engine power (i.e., 37 kW diesel engine at 75 % load). While the
DC-only ESP remediation increases linearly with applied voltage, the plasma-enhanced ESP remains approximately
constant over the applied range of negative DC biases. Numerical simulations of the PE-ESP process agree with the
DC-only experimental results and enable us to verify the charge-based mechanism of enhancement provided by the
nanosecond high voltage pulse plasma. Two different reactor configurations with different flow rates yielded the
same remediation values despite one having half the flow rate of the other. This indicates that the reactor can be
made even smaller without sacrificing performance. Here, this study finds that the plasma enhancement enables
high remediation values at low DC voltages and smaller ESP reactors to be made with high remediation.
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1. Introduction

During the past decades, the adverse health effects of diesel particulate
emissions have been firmly established by many toxicological studies
(Lighty et al., 2000; Burtscher, 2005; Brown et al., 2001; Oberdörster
et al., 2004). In epidemiological studies, fine particulates (particles smaller
than 2.5 μm) have been linked to premature cardiovascular and respiratory
deaths in metropolitan areas, as well as lung cancer (Samet et al., 2000;
Pope et al., 2002; Chow et al., 2006; Oberdörster et al., 2005; Dockery
et al., 1993). In 2012, the International Agency for Research on Cancer
(IARC), which is part of the World Health Organization (WHO), declared
diesel exhaust as carcinogenic to humans (IARC, 2012; Panel, 2015;
Ristovski et al., 2012; Ris, 2007). Several technological approaches have
been developed to mitigate diesel particulates, including diesel particulate
filters (DPFs), and electrostatic precipitators (ESP) (Schauer et al., 1999;
Saiyasitpanich et al., 2007; Sudrajad and Yusof, 2015). Many of these
have been developed in response to increasingly stringent air quality regu-
lations. While engine-powered light duty vehicles are expected to be
replaced with battery-powered electric vehicles with the current popular
trend towards zero-emissions systems, for most practical applications
which demand high power such as ships, trucks, and backup generators,
diesel engines will remain a dominant source of power, requiring more ad-
vanced pollution control devices to be developed. Diesel particulate filters
are successful in mitigating emissions from light-duty and heavy-duty vehi-
cles, but they are not easily scalable to large engines such as ship engines.

Remediation of diesel exhaust via electrostatic precipitation (ESP) has
been studied bymany research groups over the past four decades. However,
this approach suffers from large reactor size requirements and, thus, is not
suitable for mobile sources for ground transportation (Kittelson et al.,
1986). The large footprint of ESPs is less of concern on large ships, however,
it is clear that downsizing can lower the cost for both installation and
operation. It is also worth noting that, using electrostatic precipitation,
carbon is captured not oxidized, thus, reducing CO2 emissions. For exam-
ple, commonly used diesel particulate filters (DPFs) are regenerated
through an oxidation procedure that ultimately converts the carbonaceous
PM to CO2, releasing global warming gases into the atmosphere. When
DPFs are applied without regeneration, the filter becomes clogged resulting
in severe backpressure on the engine, lower engine efficiencies, increased
GHG emissions, and eventually stalling of the engine.

There have been several studies using conventional (DC only) electro-
static precipitators (i.e., without pulsed plasma) to treat diesel PM (Kim
et al., 2015; Kim et al., 2013). In DC-only ESPs, the DC voltage is responsi-
ble for charging the nanoscale particulates (via corona discharge) and
sweeping them to the sidewalls of the reactor. Many of these studies
entailed small laboratory-scale reactors to treat a partial fraction of the
engine exhaust (Hayashi et al., 2009; Takasaki et al., 2015; Zukeran et al.,
2019). In studies using conventional ESPs to treat full engine exhaust, the
typical range of voltages were between 7 and 70 kV, resulting in remedia-
tion efficacies ranging from 70 to 80 % (Saiyasitpanich et al., 2007;
Silvestre de Ferron et al., 2008; Hayashi, 2011). Here, remediation effica-
cies are obtained by filter-based measurements and defined as (particle
mass with remediation – particle mass without remediation)/(particle
mass without remediation). In one study, a wet electrostatic precipitator
using a DC voltage was used to treat diesel PM with efficacies in this
range, however, only at 0 % engine load (i.e., idle) (Saiyasitpanich et al.,
2007). Zukeran et al. used a two-stage ESP to achieve 78 % remediation
of diesel PM after allowing the exhaust to cool down to room temperature
with a heat exchanger (Zukeran and Ninomiya, 2013). Crespo et al.
achieved remediation efficiencies above 85 % with a conventional DC-
only ESP using a similar approach of allowing the exhaust gas to cool to
room temperature. It is important to note that arcing threshold voltages
are significantly higher at room temperature, which is advantageous for
electrostatic precipitation. However, the general methodology of allowing
the exhaust gas to cool to room temperature does not represent a feasible
approach for practical applications. At high enough DC voltages, dielectric
breakdownoccurs resulting in the formation of a highly conducting arc (see
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Fig. S1), which collapses the electrostatic field between the two electrodes
terminating the electrostatic precipitation process. Nanosecond high
voltage pulses provide a way around this arcing threshold, enabling
substantially higher peak fields to be achieved without arcing.

Nonthermal plasmas (e.g., pulsed voltage dielectric barrier discharge)
have been used to treat diesel emissions reporting reductions in both NOx
and diesel particulate matter (DPM) by several research groups (Vinh
et al., 2012; Fushimi et al., 2008; Kuwahara et al., 2020; Okubo et al.,
2017; Song et al., 2009; Okubo et al., 2010). Non-thermal plasmas created
using high voltage nanosecond pulses consume far less energy in the
creation of the plasma than conventional radio frequency (RF) sources.
The transient nature of the plasma necessitates that very little current is
drawn in creating the plasma. That is, once the streamer is created, the
applied field collapses before a substantial amount of current (and hence
electric power) can flow. Because of its transient nature, this is a cold
plasma, in which the electron energies are around 30 eV, while the vibra-
tionalmodes of themolecules remain at room temperature (i.e., out of ther-
mal equilibrium). These “hot” electrons enable higher ion densities to be
achieved in the plasma through the formation of energetic intermediate
species that are otherwise not possible via corona discharge. Previous stud-
ies using nonthermal plasma were typically carried out on small lab-scale
reactors that treat only a fraction of the engine exhaust (i.e., slipstream
configuration) rather than the full engine exhaust flow. Remediation
efficiencies on the order of 1 g/kWh are typically reported (Fushimi et al.,
2008; Okubo et al., 2010). If we consider the 37 kW diesel engine in our
present study, an electrical power of 3.2 kW would be needed in order to
remediate 95 % of the DPM. This corresponds to 9 % of the engine power
and, thus, does not represent a feasible approach for practical applications.

While microsecond high voltage pulses have been utilized to enhance
electrostatic precipitators (Silvestre de Ferron et al., 2008; Won-Ho et al.,
1999; Grass et al., 2001; Hall, 1990), the use of nanosecond high voltage
pulses (i.e., peak voltages above 10 kV and pulse durations less than 50
ns, see Fig. 1d) has not been reported to enhance the treatment of diesel
exhaust via ESP. (Bidoggia et al., 2020; Grass et al., 2004) There are several
important differences between μsec and nsec high voltage pulses in regards
to ESP functionality, the first of which is power efficiency. Since the energy
per pulse increases with pulse duration, nanosecond pulses are approxi-
mately 1000× more efficient than μsec pulses at the same peak voltage
(see Fig. S1). For a nsec pulse, once the streamer is formed, the electric
field drops to zero before a substantial amount of current can flow and
power can be dissipated. More importantly, the fast rise times of these
nsec pulses (that is, dV/dt ~ 1012 V/s) produce a streamer discharge, as
depicted in Fig. 1e. This streamer discharge has a significantly higher
(~106×) ion concentration than those in the corona discharge generated
by constant DC bias voltages in conventional ESPs. Here, it is important
to note that it is actually the pulse rise time (i.e., dV/dt), rather than pulse
duration, that determines the streamer density, which includes both the
ion concentration within each streamer and the number of streamers per
length of electrode wire (Winands et al., 2008; Teunissen et al., 2014;
Babaeva and Naidis, 2016; Huiskamp et al., 2017). A corona discharge,
which is localized to the electrode surface, is fundamentally different
from streamer discharge, which extends further away from the electrode
surface, as illustrated in Fig. S1 of the Supplemental Document. The in-
creased charge densities associated with streamer discharge, especially
away from the electrode surfaces, are particularly advantageous for ESP
remediation and ultimately enable more compact ESPs to be designed. As
compared to corona discharge, this streamer discharge produces extremely
high peak ion densities that can ultimately enable more compact ESPs to be
designed. In the high temperature diesel exhaust environment, arcing
threshold voltages are considerably lower, and the charged radical species
in the plasma have shorter lifetimes. The nsec high voltage pulses provide a
way around this limitation enabling both higher peak fields and higher ion
densities to be achieved.

This study investigates the effect of transient plasma on the electro-
static precipitation of diesel particulates under engine-relevant condi-
tions. The DC voltage is swept over a wide range while particle
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emissions are measured with and without the plasma. Three techniques
were used to measure these particle emissions (filter-based measure-
ment, optical detection, and mobility particle sizer measurements), to
provide additional perspective on the remediation mechanism. Differ-
ent reactor geometries were compared in order to evaluate how the
remediation efficiency depends on residence time, i.e., how long each
volumetric element spends in the reactor (t= reactor volume/volumet-
ric flow rate). Numerical simulations of the electrostatic precipitation
were performed to provide a microscopic understanding of the complex
remediation process and identify the key limiting factors, sources of loss
and inefficiencies.

2. Materials and methods

Fig. 1 shows a schematic diagram of the experimental approach. A
37 kW (49 HP) diesel generator is attached to an electric generator
(Generac Model SD030, emission level: Tier 4, rated RPM: 1800) and resis-
tive load bank (Avtron Model LPH75 Liberty D42034) run at 75 % engine
3

load in steady state. The full exhaust from the engine is thenflowed through
a 3″-diameter, 4.5′-long coaxial stainless-steel reactor with a 0.025″-diame-
ter center wire, as illustrated in Fig. 1b. Fig. 1c shows an alternate reactor
geometry in which two coaxial reactors are configured in parallel, thus,
doubling the reactor volume and residence time (from 0.54 s to 0.96 s) at
a given exhaust flow rate. The transient pulsed plasma is produced with a
high voltage nanosecond pulse generator (Model SSPG-20X, Transient
Pulsed System, Inc.), which produces pulses with peak voltages up to
20 kV, pulse rise times of 5–10 ns, and repetition rates of 1 kHz. A typical
waveform is shown in Fig. 1d. Fig. 1a shows a circuit diagram illustrating
how the nanosecond pulse generator is configured together with the high
voltage DC power supply (VDC = −10 to −17 kV). Here, a capacitor
(high pass filter) protects the nanosecond pulse generator from the applied
DC high voltages (VDC), and the inductor (low pass filter) protects the DC
high voltage power supply from the high voltage nanosecond pulses
(Vnsec = +20 kV) (Yang et al., 2021a; Yang et al., 2021b). These voltages
(Vnsec and VDC) are added together on the center wire of the reactor,
while the outer cylinder is kept at electrical ground.
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Diesel particle concentrations were measured using three separate
methods: filter-based gravimetric measurements, online measurement
with scanning mobility particle sizer (SMPS Model 308,200, TSI Inc.) and
DustTrak (Model 8530, TSI Inc.) with and without the nanosecond pulsed
plasma. The filter-based gravimetric measurements were carried out by a
third-party testing facility Olson-Ecologic Engine Testing Laboratory
(Fullerton, CA), which is an EPA and CARB-recognized engine testing facil-
ity. These tests follow the protocol from a Code of Federal Regulation (CFR)
1065, as defined by the U.S. EPA to measure PM2.5 mass of the exhaust
particles collected on a filter medium (Code of Federal Regulations (CFR)
Title 40 - Protection of Environment, 2022). In these measurements, the
filters are weighed before and after flowing a controlled amount of engine
exhaust through the filters using an AVL advanced dilution system (AVL
SPC 472). For the latter two methods, a dilution tunnel was used to dilute
the diesel exhaust with a dilution ratio of 7.9 with room-temperature com-
pressed dry air (Grade 0) before feeding them to the SMPS and DustTrak, as
illustrated in Fig. 1a. This dilution ratio was determined by measuring the
CO2 concentrations before and after dilution using a Horiba portable gas
analyzer. The primary goal of dilution is to quench further changes in the
physical and chemical properties of the particles and exhaust gas. As such
it has a cooling effect and a dilution effect. The cooling effect increases
the supersaturation ratio, while the dilution effect lowers the supersatura-
tion ratio for nucleationmode generation.We have not observed any nucle-
ation mode in our study, and the dilution ratio used here is typical for these
applications. Using this configuration, the exhaust gas temperature was
184 °C (double reactor) and 225 °C (single reactor), the volumetric flow
rate was 773 lpm (double reactor) and 697 lpm (single reactor), linear
flow rates determined based on the volumetric flow rates and the cross
sectional areas of the reactors were 1.42 m/s (double reactor) and
2.56 m/s (single reactor), residence times were 0.96 s (double reactor)
and 0.54 s (single reactor), and the humidity was 16.2 %. The reason that
the double reactor has slightly higher volume flow rate is likely due to
lower exhaust temperature at the double reactor. Note mass exhaust flow
rate needs to be conserved i.e., volumetricflow times density of the exhaust
flow should be constant.

TheDustTrak responds to a photometric signal from aerosol streams at a
90-degree scattering angle from the incident laser illumination. Its USER
manual specifies that the instrument responds from approximately 0.1 to
10 μm particle size range. However, it is known that detection of diesel
particles scattering below 0.3 μm is extremely challenging and often
negligible. The DustTrak reports aerosol mass concentration in mg/m3,
and the light scattering signal is calibrated against filter measured mass
concentrations of the test aerosol for this conversion. The default is based
on the calibration using Arizona test dust (ISO 12103-1, A1) (Khan et al.,
2012). As different calibration aerosols determine different calibration
factors, which are one-point calibrations, they only change the calibration
slope (Khan et al., 2012; Moosmüller et al., 2001; Jamriska et al., 2004).
Despite the DustTrak's limitations in ultra-fine particle detection, when
taken together in conjunction with the SMPS and filter-based measure-
ments, they provide additional insight into the PM remediation process.

The SMPS measures particle size distributions based on their electrical
mobility diameters. Total particle numbers are obtained by integrating
particle number for each size distribution, and this was used to determine
remediation based on SMPS measurements. It should be noted that while
the gravimetric filter method and DustTrak determined remediation
based on particlemass, the SMPS determined remediation based on particle
number. Since themean ormedian diameters of diesel exhaust particles are
different for mass and number metrics, it is expected that the remediation
value may be dependent on particle metric and size range the instrument
has measured. In the Results and discussion section, number mean and
mass mean diameter of the diesel particles will be discussed along with
the remediation percentage.

Regulations of diesel particles are based on gravimetrically measured
particle mass. While these are regulatorily relevant, they do not provide
any insight into the mechanism of remediation, such as size dependence.
The SMPS measurements, on the other hand, determine the particle size
4

distribution, which provides insight on remediation based on the particle
number concentrations. The DustTrak is a convenient screening device
widely used among researchers and, as such, we have provided the data
along with remediation by particle mass and number. While the SMPS is
limited to sub-micron size particles, the DustTrak can detect particles up
to 10 μm in size.

3. Results and discussion

The application of both positive and negative DC bias voltages is possi-
ble using this PE-ESP setup. However, we have found that higher DC bias
voltages can be achieved with negative bias than with positive bias. As
such negative DC bias voltages were found to produce higher remediation
of DPM than positive DC voltages. For example, the highest positive voltage
we could achievewas+10 kV. This resulted in half the remediation thatwe
achieved with −14.5 kV. This is somewhat surprising since positive DC
voltages and positive nsec pulse voltages sum additively, while negative
DC voltages and positive pulses sum destructively. The benefit of negative
DC biases over positive DC biases arises mainly because the arcing thresh-
old is lower for positive DC voltages than for negative DC voltages. The
sharp curvature around the center wire electrode (i.e., 0.025″) produces a
significant amount of electric field enhancement, while the outer cylindri-
cal electrode has no field enhancement. Arcing is usually initiated by the
field emission of electrons from the metal surface at high electric fields.
When the center wire electrode is configured as the cathode (i.e., electron
emitter) under positive bias, this field enhancement leads to lower arcing
thresholds, which is disadvantageous for ESP. However, when the center
wire electrode is configured as the anode (i.e., negative bias), the field
enhancement does not lead to significant reduction in arcing thresholds.
This work focuses on the result using negative DC bias voltage, and the re-
sult using positive DC bias voltage will be investigated in a following study.

Fig. 2 shows a comparison of the remediation values (in percent) of the
diesel particulate matter (DPM) measured with and without high voltage
nanosecond pulses (+20 kV peak voltage, at a repetition rate of 1 kHz)
plotted as a function of DC bias voltage from −10 kV to −17 kV.
Fig. 2a–c show remediation values takenwith the three different character-
ization methods described above. Here, the dashed lines represent data
taken with a single reactor (drawn in Fig. 1b), and the solid lines represent
data taken with two reactors in parallel (i.e., “double reactor”), as
illustrated in Fig. 1c. In these plots, the open symbols correspond to data
taken with DC voltage only, and the filled symbols correspond to DC
voltage plus nsec pulses. Based on these three datasets, wemake the follow-
ing observations.

The single reactor performs just as well as the double reactor, despite
the fact that it has twice the linear flow velocity (and half the reactor
volume) as that of the double reactor. This means that this single reactor
can likely treat even higher flow rates with the same performance, and/or
this reactor can be made even shorter (smaller) without sacrificing perfor-
mance. This also means the remediation in the single reactor is not limited
by charging or migration time of the particle suggesting the single reactor
can be further reduced in length. In addition, the remediation values mea-
sured with the filter-based method are approximately 10 % lower than
those of the SMPS and DustTrak. Since the response of the DustTrak is
calibrated against gravimetrically measured particle mass concentrations,
one would expect the remediation values determined by filter-based mea-
surements to agree with that of the DustTrak. We speculate that the higher
remediation values obtained by the DustTrak (compared to SMPS) to arise
from the uncertainties between gravimetric and photometric methods. In
these datasets, the highest remediation value was 95 %, as measured by
the SMPS (or by total number) and is higher than previous reports.

The enhancement produced by the high voltage nanosecond pulses
is more pronounced at smaller (absolute value) DC bias voltages
(i.e., −10 kV) than at larger DC biases (i.e., −17 kV). The use of lower
DC voltages is advantageous for avoiding arcing and providing more stable
operation particularly under the rapidly changing exhaust conditions
(e.g., temperature, humidity, etc.) of mobile sources. More specifically,
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we observe a 12× enhancement in the remediation % at VDC = −10 kV
and just 1.05× at VDC = −17 kV, as measured by SMPS. The data at
VDC = −17 kV produces nearly the same remediation with and without
the high voltage nanosecond pulses. However, it should be noted that this
voltage is unstable with many arcing events occurring over the duration
of the measurement, and we cannot apply DC voltages below VDC =
−17 kV because of arcing. At VDC = −17 kV, the ion density produced
by the corona is relatively high (~109 cm−3). As such, the additional
benefit of introducing the transient plasma is negligible. This means that,
5

at VDC = −17 kV, the charging of nanoparticles is not a limiting step in
the ESP process. However, above VDC <−17 kV, the charging of nanopar-
ticles is a limiting factor in the overall efficacy of the ESP process. A quali-
tative comparison of the SMPS data taken under various pulser and DC bias
conditions is plotted in Fig. S2 of the SI document, and no significant shift in
the particle size distribution is observed.

Data taken with the pulser only (i.e., no DC bias) produces only
12–16 % remediation. 14.5 % remediation, as measured by filter-based
measurements, 12 %, as measured by SMPS, and 16.4 % as measured by
DustTrak. The double reactor enabled higher DC voltages to be applied
without arcing, since the double reactor has a cooler exhaust temperature
due to the larger reactor surface area for heat transfer. It is possible that
the plasma could generate nanoparticles by sputtering/ablating material
off the center electrode, as reported by Mun et al. (i.e., plasma jet process)
(Turan et al., 2021; Kim and Kim, 2019; Mun et al., 2020). However, we
believe that this effect is negligible compared to the electrostatic precipita-
tion process. We have performed pulser-only measurements without a DC
bias (horizontal green lines in Fig. 2). This data exhibits a remediation of
12–16%. If there was significant nanoparticle generation, then the remedi-
ation would be negative (i.e., no remediation).

In order to obtain a better understanding of the PE-ESP process, we have
performed numerical simulations using the multi-physics COMSOL pack-
age (Lawless and Sparks, 1988; The Plasma Module User's Guide, n.d.;
Particle Tracing Module User's Guide, n.d.; Lawless and Altman, 1994;
Wang et al., 2019; Rubinetti et al., 2015). This model is based on a five
step multi-physics calculation, which includes the following: 1. Plasma
Chemistry (Ionization) Model, 2. Electrostatic Poison's Equation,
3. Navier-Stokes Equation, 4. Particle Charging Model, 5. Remediation %
vs. Particle Diameter. In these simulations, the connection between fluid
dynamics and electrostatics is established through the forces exerted on
the charged particles, namely drag forces and Coulomb forces. The physical
model for the fluid dynamics part is based on incompressible Navier-Stokes
equations. The resulting velocity field is used in the drag model for particle
motion. For sub-micron diameter particles, the drag forces are corrected by
the Cunningham slip correction factor, which bridges the gap between the
molecular and continuum regimes. The second major force acting on parti-
cles is the Coulomb force, which is the product of particle charge and the
surrounding electric field. The ionization by plasma discharge is currently
described by coupling Poisson's equation with the continuity equation for
space charge density. The corresponding boundary condition for the emit-
ting electrode relates the electric field to the space charge density. A time
domain simulation is carried out to determine the instantaneous charge
and trajectory of particles. In the beginning, electrically neutral particles
of varying diameters are uniformly distributed along the radial direction
at the bottom of the reaction chamber. This treatment assumes that over-
whelmingly higher ion concentrationswill wipe out any pre-existing charge
effects on the soot. The charge accumulated on particles as they flow
through a region of high electric field and space charge density is modelled
using the Lawless model. The trajectories of particles are calculated by con-
sidering the net force acting on the particles at each instant. The net charge
on each particle becomes stabilized over time. The average charge on
particles is calculated considering the net charge on particles at the end of
the simulation.

Fig. 3a shows a schematic diagram of the electrostatic precipitation
process for a coaxial cylindrical reactor geometry. As part of Steps 1 and
2 in this simulation, we calculate the radial ion distributions within the
electrostatic precipitator reactor. Fig. 3b shows the calculated remediation
percentage plotted as a function of the applied (negative) DC voltage for
100 nm diameter nanoparticles. Note, this calculation is for DC only mean-
ing unipolar charging condition with no nanosecond high voltage pulses.
The DC voltage range − 17 kV < VDC < −11 kV, represents the voltage
range over which physically meaningful calculations can be made. Over
this voltage range (−11 kV to −17 kV), the calculated remediation
increases from 10 % to 90 % and agrees qualitatively with the DC only
experimental data plotted in Fig. 2. For voltages above VDC = −11 kV,
these calculations could not converge because the ion density of the corona
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discharge was too low (i.e., theoretical upper limit). For voltages below VDC

= −17 kV, no experimental data could be taken because arcing occurred
(i.e., experimental lower limit).

Whether or not particles are remediated depends strongly on their
initial radial position, i.e., their distance from the center electrode at the
entrance of the reactor, as plotted in Fig. 3c. We have plotted the residence
time of a 100 nm diameter nanoparticle as a function of the initial radial
position within the reactor in Fig. 3d and e. Here, we see that the nanopar-
ticles with an initial radial position that is close to the outer cylindrical
6

electrode are remediated (blue data points), and the nanoparticles with
initial radial positions close to the inner wire electrode are not remediated
(orange data points). For relatively small DC voltages (e.g., −12 kV), the
cross-sectional area that is not remediated represents a substantial fraction
of the total cross-section of the reactor. Whereas, at relatively large DC
voltages (e.g., −16 kV), the region that is not remediated represents a
relatively small fraction of the total cross-section of the reactor. These
remediated and non-remediated cross-sections are illustrated in Fig. 3h
and i for the VDC = −12 kV and VDC = −16 kV data, respectively. Next,
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we turn our attention to the mechanism of enhancement produced by the
high voltage nanosecond pulses (i.e., transient plasma). As mentioned
above, the plasma-based enhancement is more pronounced at smaller DC
voltages (i.e., −10 kV DC) because of the increased ion density provided
by the nanosecond pulsed plasma, which is highly effective in charging
the nanoparticles (i.e., Step 4 in the simulation). With the additional
charge, these nanoparticles are swept out more efficiently than those that
were charged by the DC corona alone (i.e., charge-limited remediation).
The open symbols in Fig. 3b show the calculated remediation obtained by
increasing the charge per particle by 2× in our simulation. It should be
noted that the current simulation did not incorporate bipolar charging.
This results in an increase in the remediation percentage similar to that ob-
tained experimentally by adding the high voltage nanosecond pulses in
conjunction with the negative DC bias voltage. In particular, we observed
a large increase in remediation at small DC bias voltages (i.e., −10 kV)
and relatively small increase at large voltages (i.e. −17 kV DC). Again, at
VDC = −17 kV, the ion density produced by the DC corona is already
very high and, therefore, notmuch gain can be added by the transient nano-
second plasma. However, the remediation time is greatly reduced and
ultimately, this will enable shorter (i.e., more compact) ESPs to be made
with high remediation efficiency.

It is worth pointing out that, in these steady-state COMSOL simulations,
there is no rigorous way to treat the transient ion densities produced by the
nanosecond high voltage pulses. In this steady-state approach, the electro-
static Poison's equation is solved iteratively in a self-consistent fashion
(Step 2), based on the steady-state ion concentrations calculated in Step
1, which includes positive ions, negative ions, and free electrons. While
these steady-state ion concentrations can be calculated relatively easily
for the case of a corona discharge, it is not possible to do this with streamer
discharge, which is inherently stochastic and highly non-uniform. As such,
there is no way of adding these time-dependent ion densities within the
steady-state approach. Nevertheless, these calculations provide insight
into the basic mechanism of enhancement provided by the PE-ESP
approach.

The work presented here represents a proof-of-principle study of what
can be achieved using the PE-ESP approach, reducing the size of the device
substantially with higher efficiency compared to that of conventional ESPs.
However, further development will be needed in order to solve technical
issues associated with reactor cleanout and maintenance in order to be
implemented in mobile source emission control systems. Though demon-
strated on a relatively small system, this PE-ESP approach is scalable,
unlike DPFs. One strategy for scaling up is to increase the electrostatics to
a 6″-diameter reactor and then create an array of parallel reactors up to
225 (i.e., 15 × 15) reactors. This would correspond to a cross-sectional
area of 56 ft2, which is typical of the stack in an ocean-going vessel.

4. Conclusion

In conclusion, we have observed plasma-enhanced electrostatic precip-
itation (PE-ESP) of diesel engine exhaust using filter-based measurements,
scanning mobility particle sizer (SMPS) measurements, and optical detec-
tion (Brewster's angle detection sensor). Here, plasma enhancement is
achieved using positive high voltage nanosecond pulse discharges in
conjunction with negative DC voltages. Remediation values up to 95 %
are observed. With plasma enhancement, high remediation values are
observed over a wide range of DC applied voltages, making this approach
more robust, thus, mitigating problems associated with arcing. As such,
this nanosecond transient pulsed plasma approach provides a method for
eliminating instabilities in the electrostatic precipitation process. A compu-
tational model of the electrostatic precipitation process is presented, which
agrees qualitatively with the DC-only experimental electrostatic precipita-
tion data. By introducing an enhanced charge per particle, this model pre-
dicts substantial increases in the remediation efficiency similar to those
observed experimentally with the application of the nanosecond high volt-
age pulsed plasma, thus, providing a theoretical basis for the charge-based
mechanism of enhancement provided by the transient pulsed plasma. In
7

addition, these simulations provide physical insights into the particle trajec-
tories and remediation times, which are greatly reduced with the plasma/
charge enhancement. These reduced remediation times can ultimately
enable shorter (i.e., more compact) electrostatic precipitators to be made
with high remediation efficiency.
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