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Abstract

Ultrafine particle behavior in electro-hydrodynamic (EHD) flow induced by corona discharge is
studied experimentally and numerically. The EHD flow serves as a primary particle aspiration/
sampling mechanism, the collector does not require any additional flow generation. Multiphysics
numerical model couples the ion transport equation and the Navier-Stokes equations (NSE) to
solve for the spatiotemporal distribution of electric field, charge density, and flow field, the results
are compared with experimental velocity profiles at the exit. The computed velocity and flow rate
data are in good agreement with the experimental data; the maximum velocity is located at the axis
and ranges from 1 m/s to 4 m/s as a function of corona voltage. Experimentally evaluated particle
transmission trends for ambient and NaCl nanoparticles particles in the 20 nm - 150 nm range are
in good agreement with the theoretical models. However, for particles in the 10 nm - 20 nm size
range, the transmission is lower due to the increased particle charging resulted from their exposure
to the high-intensity electric field and high charge density in the EHD driven flow. These
conditions yield a high probability of particles below 20 nm to acquire and hold a unit charge. The
transmission is lower for smaller particle (10 nm) due to their high charge to mass ratio, and it
increases as the single-charged particles grow in mass up to 20 nm, resulting in their lower
electrical mobility. For particles larger than 20 nm, the electrical mobility increases again as they
can acquire multiple charges. The results shed insight into interaction of nanoparticle and ions in
high electrical field environment, that occur in primary EHD driven flows and in the secondary
flows generated by corona discharge.
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INTRODUCTION

Gas-phase collisions between the particles and ion medium play an important role in
governing the behavior of aerosols (Fuchs 1963, Marlow and Brock 1975, Zhuang, Jin Kim
et al. 2000, Lee, Kim et al. 2016) and dusty plasmas (Pelletier 2000, Ravi and Girshick
2009). The presence of the electric field and the ion medium plays a major role in particle
trapping since particles acquire a charge from ion collisions (Huang and Chen 2002). The
electrostatic force on a charged particle in the electric field can be greater than gravitational,
inertial and thermal forces. Electrostatic precipitator (ESP) devices can collect fine and
ultrafine particles and are widely used in sampling and filtration applications. Conventional
ESPs employ a point-plate, point-cylinder, wire-plate, point-ring configuration. In a typical
electrostatic particle collector, the flow is induced by an external source the corona discharge
induced flow is typically not considered. However, the ionic interaction used to collect the
particles can be used to generate the flow and the enhance particle charging in corona
discharge driven flow. It is challenging to gain insight into the particle charging mechanism
in the high ion concentration and electric field environment due to the complexity of the
physical phenomena and a lack of experimental data.

Corona discharge is an electrical breakdown of air in which ions are generated in the high
electric field region near the high energy anode, these ions drift towards the grounded
cathode. The collisions of ions with the neutral air molecules result in a macroscopic wind,
which is also known as electro-hydrodynamic (EHD) flow or ionic wind. The EHD effect
has been used for plasma-assisted combustion (Starikovskii, Anikin et al. 2006, Ju and Sun
2015), convective cooling (Go, Garimella et al. 2006, Go, Garimella et al. 2007, Go,
Maturana et al. 2008, Jewell-Larsen, Hsu et al. 2008) and control of the aircraft (Touchard
2008, Moreau, Benard et al. 2013). The application of EHD technology has been limited due
to the modest pressure values achieved by the EHD blowers. However, in the applications
with the low-pressure drop, the EHD driven flow can provide novel solutions (Jewell-
Larsen, Parker et al. 2004, Drew, Contreras et al. 2017, Guan, Vaddi et al. 2018). Among the
benefits of the EHD approach are the ability to operate at a small scale without moving parts
and quiet operation (Moreau, Benard et al. 2013, Drew and Pister 2017, Dedic, Chukewad et
al. 2019). The current-voltage relationship describes the ion transport between the
electrodes. The classical voltage to the current relationship is derived by Townsend for a
coaxial corona configuration (Townsend 1914). This quadratic relationship has been
observed for other configurations, i.e., point to plate (Sigmond 1982) and point to ring
corona (Guan, Vaddi et al. 2018). A generalized analytical model for voltage to current and
voltage to velocity relationship for EHD driven flow has been recently developed (Guan,
Vaddi et al. 2018). The maximum velocity for point-to-ring electrode configuration was
recorded at ~9 m/s, the analytical model provides a good comparison with the experimental
data.

Particle charging mechanisms have been an active research area, field and diffusion charging
expressions (Rohmann 1923, Pauthenier and Moreau-Hanot 1932, White 1951, White 1963)
were developed for large particles (0.3 um - 10 um). Fuchs (Fuchs 1947) and Marlow and
Brock (Marlow and Brock 1975) developed diffusion charging expression for smaller
particles, a combined field and diffusion charging expression was proposed by Liu and

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaddi et al.

2.
2.1

Page 3

Kapadia (Liu and Kapadia 1978). Most particle charging expressions were developed for
spherical particles, however recent experimental results for square particles demonstrated
enhanced particle charging due to corners and edges (Unger, Boulaud et al. 2004).
Experimental and numerical studies have demonstrated a good agreement in the size range
of 0.3 um - 10 um (Goo and Lee 1997, Park and Kim 2000, Dau, Dinh et al. 2018). Multiple
experimental studies for the PM in size range of 30 nm - 400 nm (Yoo, Lee et al. 1997,
Miller, Frey et al. 2010, Dey and Venkataraman 2012, Roux, Sarda-Esteve et al. 2016) agree
with the theoretical models. Nanoparticle generation and behavior in low-temperature
plasma produced by DBD discharge was studied (Jidenko and Borra 2005) and particles
smaller than 20 nm are generated (Jidenko, Jimenez et al. 2007, Borra, Jidenko et al. 2015).
Several researchers have also shown that for particles smaller than 30 nm, a fraction of
particles was not charged and not collected (Pui, Fruin et al. 1988, Zhuang, Jin Kim et al.
2000, Li and Christofides 2006, Qi, Chen et al. 2008, Lin and Tsai 2010, Intra and
Tippayawong 2011, Flagan and Seinfeld 2012). This phenomenon is called partial charging.
Experimental and theoretical studies conducted by Dey et al. (Dey and Venkataraman 2012),
Pui et al. (Pui, Fruin et al. 1988), Li et al. (Li and Christofides 2006), Liu and Pui (Liu and
Pui 1977) showed that Fuchs theory successfully predicted the charging probability of
ultrafine particles. However, the scientific literature does not provide experimental data or
numerical modeling related to the collection of nanoparticles in EHD dominated flow which
is associated with high ion concentration and strong electric field.

In this manuscript, we analyze particle transmission in the primary needle-to-tube EHD
flow. The flow is studied experimentally and by the numerical simulations to obtain the
spatiotemporal characteristics of ion concentration, velocity, and electric field. Particles are
aspirated by the corona discharge driven flow, charged due to their collision with ions and
are collected on to the ground electrode. Nanoparticle transmission efficiency is determined
experimentally at various corona voltages for ambient and NaCl particles showing low
transmission (high collection) efficiency for particles below 20 nm. The experimental data
suggest that the particles smaller than 20 nm can attain and hold a unit charge in the vicinity
of the ionization region of the corona induced EHD flow, leading to their increased
collection.

EXPERIMENTAL METHOD
Design and Working Principle of EHD Particle Collector

The EHD particle collector aspirates the particle into the corona induced flow, rapidly
charges the particles in the charging region, and collects the charged particles on the ground
electrode; no moving parts are required for operation as the flow is aspirated by the EHD
phenomenon. The high ion concentration and the strong electric field between the corona
and ground electrodes result in efficient charging and high collection efficiencies of
particles. Fig. 1 shows the principle of operation of the EHD particle collector. The device
consists of a high-voltage needle electrode positioned on the axis of symmetry and a
grounded conductive tube serving as a collection electrode. When a high voltage is applied,
the neutral air molecules are ionized by the strong electric field at the tip of the corona
electrode (Townsend 1915, Sigmond 1982). In positive corona discharge, electrons are
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attracted to the high voltage corona electrode, positive ions such as O,* and O* drift towards
the cathode. As the high-velocity ions repelled from the corona electrode, they collide with
the neutral air molecules driving the EHD flow. Particles aspirated by the EHD flow travel
through the high electric field, high ion concentration (ion drift) region where high-velocity
ions bombard the particle imparting a charge via two mechanisms: (1) diffusion charging
which is due to random collisions and (2) field charging which is when the ions travel along
the electric field. It is typically assumed that diffusion charging is predominant for smaller
diameter particles, i.e., @, <200 nm (Pui, Fruin et al. 1988, Hinds 1999). However, in ion-
driven flow, the ion/molecule and ion/particle collisions are more frequent and more
energetic than in the diffusion charging scenario. The Coulomb force caused by the electric
field between the corona electrode and grounded collection substrate forces particles towards
the collection electrode.

The EHD device used in this study consists of a corona needle and a ground collection
electrode, as shown in Fig. 1. The high voltage needle is 0.5 mm thick tungsten wire with a
tip curvature of 1 um (measured using optical microscopy), the sharp tip yields high electric
field strength and results in consistent EHD flow velocity data. As shown in the previous
studies (Cheng, Yeh et al. 1981), needle sharpness affects the generation of the corona at
lower voltages. The corona needle is regularly inspected for pitting using optical microscopy
to ensure the consistent performance of the device. The ground electrode is an aluminum
tube ID 7 mm with a rounded edge, the radius of curvature is 3 mm and tube length is 25
mm. The ground electrode has a rounded edge (radius of curvature 3 mm) to reduce the local
E-field leading to spark-over, thus allowing the operation over wider voltage range. The
electrode holder is fabricated using 3D printing from Polylactic Acid material (PLA). The
needle is located on the axis of symmetry at 3 mm distance from the edge of the ground
electrode, see Fig. 3.

2.2. Flow Field Measurements

The flow velocity is important in particle transmission study as it affects the particle
residence time in the charging and the collection regions. Previous reports used an external
pump to aspirate the particles through the corona region, the flow rate can be controlled to
achieve maximum collection efficiency (Dixkens and Fissan 1999, Mahamuni, Ockerman et
al. 2019). In the current work, particles are aspirated without the aid of an external pump and
it is important to characterize the velocity generated by the corona discharge induced flow. A
hot-wire anemometer (AN-1005) is used to measure the velocity profile at the outlet of the
device. These velocity measurements are also used for calculations of the flow sampling
rate. TSI 1213-20 hot wire probe connected to anemometer is positioned at the outlet of the
device. The anemometer is calibrated for the range of 0.2 m/s - 5 m/s using the standard
calibration procedure. The data from the anemometer is collected at a frequency of 10 kHz
with a data acquisition module (National Instruments, myR10-1900) for a sampling time of
10 seconds. A variable high voltage positive power supply (Bertan 205B-20R) is used to
create the potential difference between the needle and the grounded tube. The corona current
is measured on the cathode using a voltage drop across a 1 MQ resistor as shown in Fig.
2(a). The onset of corona generation was observed at 2 kV; however, the current
measurements in the experiments below 3 kV were not consistent in the day-to-day
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operations. In this work, the voltage on the needle is varied from 3 kV to 5 kV. For corona
voltage above ~6 kV, spark over events occurred. All experiments were performed in
ambient air at temperatures of 22 C - 25 C, relative humidity range of 30% - 35%, and
pressure of 1 atm.

2.3. Test Particles and their Preparation

The transmission efficiency of the device is determined for two particle types (i) ambient
particles from a typical laboratory environment, the particle chemical composition or their
origin are not known and (ii) NaCl particles generated in the well-mixed aerosol chamber
(He and Novosselov 2017, He, Beck et al. 2018). Both particles types have been previously
used in electrostatic particle studies as test particles (Krichtafovitch 1. A. 2005, Miller, Frey
et al. 2010, Roux, Sarda-Estéve et al. 2016, Vaddi, Mahamuni et al. 2019). We estimated that
the particles exceed their saturation charge due to the high charge density environment as
they travel through charging region (as shown in Fig. 4) and a charge neutralizer is not used.
A particle sizer (TSI SMPS 3910) is used to monitor the particle concentration. For ambient
particles, their number concentration upstream was typically 3x103 count/cc with a median
diameter of 45 nm. Previous reports have indicated that nonequilibrium low-temperature
plasma generates small particles with diameter less than 20 nm(Jidenko, Jimenez et al. 2007,
Borra, Jidenko et al. 2015). . We have performed a series of experiments to determine the
particles that are generated from corona discharge. The particle concentration spikes 10 %
and 5 % for 10 nm and 20 nm particles respectively. The concentration has dropped to the
base line level after 10 seconds indicating that only a short burst of particles was produced in
the onset of corona discharge as shown in Sl Fig. 5. The background particles would not
change the transmission efficiency results as the particle concentration reaches saturation.

In addition to the ambient particle experiments where the morphology and electrical
properties of the particle may vary, the performance of the device is characterized using lab
generated NaCl particles. The particles were generated with Up-Mist Medication nebulizer
(MADA Products, Carlstadt, NJ, USA), using dilute solutions of NaCl in distilled water. The
nebulizer is connected to HEPA-filtered air to provide the flow required for the generation of
NaCl particles. The NaCl particles are generated in a custom 0.3 m3 stainless steel, well-
mixed aerosol chamber. The large volume of the chamber and the mixing fans provide well-
mixed conditions, the aerosol concentration in the chamber was found to be spatially
uniformed (He and Novosselov 2017). The particle size distribution depends on the solution
concentration which was prepared to provide particles in size range of 10 nm-150 nm range.
The sodium chloride particle concentration (~ 10° #/cc) is two orders of magnitude higher
than the background concentration observed in the distilled water nebulization experiment
(~1500 #/cc). During NaCl solution nebulization, the particle distribution is dominated by
the NaCl particles, the size distributions for NaCl and distilled water are given in
supplemental information, see Sl Fig. 1 and Fig. 2

2.4. Experimental Setup for Transmission Efficiency

The experimental study characterizing the performance of the device consists of two parts:
(i) determining the transmission efficiency for EHD flow as a function of corona voltage (ii)
examining the effect of particle residence on the transmission efficiency where the flow rate
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was adjusted keeping the corona voltage constant. The measurements are carried out with
the experimental setup as shown in Fig. 2(b) and (c). In the EHD flow scenario, see Fig.
2(b), two identical EHD devices are connected to the particle sizer in parallel. A selection
valve allows for sampling from the EHD collector isokinetically or to switch to the parallel
device and sample at the flowrates of the EHD collector. The flowrate on the EHD collector
is determined from the velocity measurements. The reference particle concentration C
(no_Voltage, a,) was determined at the flowrate for each of the experimental conditions
which were set by the sampling flow rate of particle sizer (0.8slpm) and an external pump
connected in parallel and controlled by a needle valve. The flow rate of the reference flow is
measured using a flowmeter (4140 D, TSI, Shoreview, MN). The flowmeter is calibrated
aginst Gilibrator.

To investigate the effect of particle residence on the transmission efficiency, additional flow
control was added to increase or reduce the particle residence time in the ionization and the
collection regions while maintaining an active corona discharge. The device was connected
by a T connector to the ultrafine particle sizer (TSI SMPS 3910) and an external pump with
adjustable flow rate, see Fig. 2(c). Electrostatic dissipative tubing is used for fluidic
connections to minimize particle losses. Both reference (no electric field) and EHD collector
devices have identical geometries and fluidic connections, see Fig. 2(b). A particle sizer
(TSI SMPS 3910) in the single size bin mode is used to measure the particle concentrations.
The comparison of particle number concentration from the experiments with and without
corona provides the transmission efficiency of the device. Similar methodology has been
used in previous studies, e.g., (Huang and Chen 2002, Yao and Mainelis 2006) and it can be
desscribed by the expression.:

C(Voltage, dp)
C(no_Voltage, dp) ’

n= (@)
where 7 is the transmission efficiency, dj is the particle diameter indicating a specific
particle size range, and C s the particle concentration in the prescribed size bin. The
transmission efficiency expression is similar to uncharged ratio as described in previous
literature (Adachi, Kousaka et al. 1985, Romay and Pui 1992). In the current study, the data
is recorded based on the measurement for individual size bin, rather the entire size spectrum
scan to address temporal fluctuation in the particle concentration and size distribution in the
environment. The sampling time was 60 seconds, and each experiment was repeated at least
three times to obtain statistically relevant particle size data. The ozone concentration was
measured using an ozone analyzer (Model 450, Teledyne Instruments) downstream (25 mm)
of the tube over the range of corona voltages. Ozone concentration varies from 14 ppb — 24
ppb at the exit of the devise for an applied voltage 3 kV — 5 kV

3. MODELING

Computational fluid dynamics (CFD) modeling is performed to gain insight into the flow
properties in the EHD device as the velocity, ion concentration, and electric field are
essential for studying the condition affect the particle behavior. Note that particle trajectories
are not modeled in this work due to ambiguity in the particle charging model. Additional
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work is required to validate the particle charging and transport models. ANSYS Fluent
software was used with custom subroutines for two-way coupling of ion motion and fluid
flow. Fig. 3 shows the schematic of the modeled geometry. The model is taking advantage of
axial symmetry and 2D axisymmetric model is used. The 3D simulation requires high
computational cost considering high-resolution mesh requirements for the volumetric flux
ionization model. The 2D assumption for modeling the corona region showed sufficient
accuracy in previous work (Adamiak 2013, Guan, Vaddi et al. 2018) and the EHD flow
general (Druzgalski, Andersen et al. 2013, Guan and Novosselov 2018, Guan and
Novosselov 2019).

The flow field is solved using a finite volume laminar solver.The ion motion effects are
incorporated by adding user-defined scalars to represent the electric potential ¢ and charge
density p,. The electric force’s effect on the flow is solved by introducing a body force £, =
—peV ¢ into the momentum equations, thus the governing equations for the flow are:

V.u=0 )

pﬁ= ~ VP+uViu—-p, Vo ®3)
Dt

4 is the dynamic viscosity of the air, p is the density of the air, u is the velocity vector and P

is the static pressure. The equations for charge transport are:

0p, -
W+V.[(u+/4bE)pe—DeVpe]=Se @

2p= _Pe
Vip = P ®)
where pj,is the ion mobility, which is approximated as a constant [2.0E-4 m?/(Vs)] and e, is
the electric permittivity of free space. D, is the ion diffusivity described by the electrical
mobility equation (Einstein’s relation):

D,= #bk_BT (6)
q
where kg is Boltzmann’s constant (~1.381x10723 J/K), T'is the absolute temperature, and ¢
is the electrical charge of an ion, which is equal to the elementary charge (1.602x10719 C).
S, is the source term of charge density which has a unit of C/7R.s, it is calculated from the
corona current measured at the anode. In the simulation, the charges are introduced into the
computational domain within the ionization zone boundary region at the rate calculated from
the anode current. Instead of defining a thin surface within the computational domain to
mark as the ionization zone boundary, a region with finite volume is determined by the
electric field strength magnitude and constrained within 1mm of the needle tip.
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Iy, for |E| € [Eo, E1]&x;ip— x < lmm
S, = . ()]
0, otherwise

where y is the volume of the region satisfying |E€[£o, £1]&Xyjp — <x1 mmand /is the
corona current. The Xz, —xterm limits the ion production along the needle; note that in the
experiments, the needle tip extends only 1 mm from the needle holder. Additionally, the
experimental observation shows that ionization zone is localized at the tip of the needle. The
value of £y (2.8 MV/m). is the critical field below which the number of ions recombination
is larger than production per drift length. The threshold £ is the breakdown electric field
strength for air (3.23 MV/m). These ionization thresholds are used to mark the numerical
“ionization region” where the charges (ions) are generated. More details on the method can
be found in (Guan, Vaddi et al. 2018). Numerical schemes and boundary conditions are
given in the supplemental information

4. RESULTS AND DISCUSSION

4.1. Voltage-Current Characteristics

The corona current and ion concentration at the exit are measured to determine the ion
production and ion transport. Table | shows the corona current (anode current) vs. anode
voltage. The current increases with the applied voltage quadratically, which agrees with
other results in the literature for different corona configurations (Townsend 1914, Townsend
1915, Sigmond 1982, Giubbilini 1988, Kimio 2004). The current values from the
experiments were used in the numerical model as the ionization zone boundary condition. In
the CFD, the cathode (grounded electrode) current is determined by integrating the charge
flux on the cathode surface.

The cathode current in the simulation agrees within 5% with the experimental
measurements. Based on the simulations, the cathode recovers 85-90% of the ion current
generated by corona, the other 10-15% are associated with ions exiting the geometry (See SI
Fig. 3). These computed values of cathode current are in good agreement with the
experimental data providing confidence in the numerical approach with respect to ion
concentration field in the ionization and collection regions of the EHD collector.

Teatnode = / — tppe V PdA cathode
cathode

®

area

where /amo0e 1S the cathode current and Acathode 1S the area vector of the cathode.

4.2. Flow Field Numerical Results

The numerical approach models the process by which the ion-molecule collisions accelerate
the bulk flow. Fig. 4(a) shows the computed electric field lines. The maximum electric field
strength is near the tip of the corona needle where a small radius of curvature concentrates
the electric field lines and the field intensity reaches the threshold for ion generation. The
effect of the space charge on the electric field is apparent by field line distortions in the
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region of high ion concentration. These distortions are significantly smaller away from the
electrode tip where the charge density is reduced.

Fig. 4(b) shows the ion density contours. The ions are generated at the needle tip as shown in
Sl Fig. 3, and their motion is dominated by the electric field due to their high electrical
mobility, as the ion drift velocity is two orders of magnitude greater than the bulk flow
(Sigmond 1982, Yu Zhang 2015, Guan, Vaddi et al. 2018). Downstream of the charging
region, the electric field is weak, especially near the centerline, the ions exit the domain due
to high flow velocities (see Sl Fig. 3). A recirculation zone is formed upstream of the
cathode tube near the rounded edge as shown in Fig. 4(c). This is due to the flow expansion
which creates an adverse pressure gradient in the near-wall region.

4.3. Velocity Voltage Characteristics

To validate the EHD modeling approach, the numerical results for corona voltages of ¢ = 3
kV -5 kV are compared with the experimental exit velocities. Fig. 5 shows the velocity
profiles plotted for three voltage values. The experiments and numerical results show the
maximum velocity is located at the centerline; the profile decays with radial distance. The
maximum velocity of the point-to-cylinder corona discharge device is ~4 m/s for both
experiments and simulations at 5 kV corona voltage. At higher voltages arc discharge
occurs, the flow velocity drops to zero. The maximum velocities in the numerical simulation
are within 10% of the experimental data; the predictions are less accurate at the edges of the
domain. The maximum outlet velocity increases linearly with corona voltage. The linear
trend of centerline velocity is observed previously in experiments (Yu Zhang 2015, Guan,
Vaddi et al. 2018). As the corona voltage increases, the discrepancy between the experiments
and CFD increases and this may be due to averaging of velocity measurements across the
hotwire element.

The velocity profile shows that EHD induced flow in a point-to-tube corona discharge
resemble Poiseuille flow near the axis and is significantly different from the pressure-driven
flow profile near the walls. The point EHD source generates the flow similar to the
submerged laminar jet flow (Landau 1959). Laminar flow characteristics are apparent from
the experimental data. The Reynolds number (Re) is determined based on the tube diameter
and the mean velocity at the exit; Re~160 for corona voltage of 3 kV and Re~400 for corona
voltage of 5 kV. Since the 6 kV cases result in the arc, it appears that the corona induced
flow without additional contribution from pressure term remains laminar for the considered
internal flow geometry. If flow instabilities are present in the jet at its source, these temporal
fluctuations decay by the time the flow reaches the outlet.

4.4. Particle Transmission

Particle behavior in the EHD flow was studied experimentally. Fig. 6 shows the particle
transmission efficiency of sodium chloride and ambient particles at different corona
voltages. The lab generated NaCl particles have higher particle concentration compared to
ambient particles. The transmission efficiency data is similar for both particle types. The
transmission efficiency plot can be divided into three distinct regions (i) 10 nm — 20 nm, (i)
20 nm — 85 nm, and (1) 85 nm — 150 nm.
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For all corona voltages, the transmission efficiency of particles smaller than 20 nm increases
with the increase of particle size, i.e., the lowest transmission efficiency for the 10 nm - 20
nm range is observed for 10 nm particles. This behavior has not been previously investigated
in the literature. The transmission efficiency of 10 nm particles decreases from 55% at 3 kV
corona voltage to 30% for 5 kV corona voltage. These low transmission efficiencies indicate
that in EHD flow 10 nm particle acquire charge with a higher probability that has been
reported. Previous research (Fuchs 1947, Fuchs 1963, Zhuang, Jin Kim et al. 2000, Alonso,
Hernandez-Sierra et al. 2003, Li and Christofides 2006, Lin and Tsai 2010) suggests that
only a small fraction of particles is charged when the particle diameter is less than 30 nm.
For example, according to classical diffusion charging models (Fuchs 1947, Pui, Fruin et al.
1988, Li and Christofides 2006), 12% - 37% of 10 nm particle would acquire charges by the
thermal ions, and the contribution of the field charging is negligible for this particle size. In
our experiments 45% - 70% of 10 nm particles were collected thus acquired at least one
charge when passed through the charging region of the EHD driven flow. As the corona
voltage increases, the ion concentration and the ion mobility (ion velocity) increases leading
to more frequent and more energetic collisions with the particles. With respect to the
increasing transmission efficiency in the 10 nm — 20 nm size range, the previous studies
show that it is unlikely for these smaller particles to receive and hold multiple charges
(Marlow and Brock 1975, Pui, Fruin et al. 1988, Lin and Tsai 2010) independent of particle
type. As the particle size increases from 10 nm — 20 nm, their electrical mobility decreases
resulting in the higher transmission efficiency. Similar trends have been observed in our
experiments from 10 nm — 20 nm between NaCl and ambient particles for the range of
applied voltages.

The particle size range of 20 nm — 85 nm exhibits a more traditional behavior; as the particle
size increases the transmission efficiency decreases, due to the ability of the particles to
carry multiple charges (Adachi, Kousaka et al. 1985, Pui, Fruin et al. 1988, Romay and Pui
1992, Zhuang, Jin Kim et al. 2000, Li and Christofides 2006) resulting in the higher
electrical mobility thus, the lower transmission efficiency. Here the electrical mobility
increases faster than the inertial and the drag forces governing the particle motion. For
particle greater than 85 nm, the transmission efficiency increases with the increase of their
diameter. The drag and inertial forces on the particle increase resulting in the decrease in the
migration velocity even though particles attain multiple charges. This trend is consistent
with the previous research showing that for polydisperse particles the transmission efficiency
reaches a minimum and then increases for larger particles (Zhuang, Jin Kim et al. 2000, Li
and Christofides 2006, Lin and Tsai 2010, Dey and Venkataraman 2012). However, one of
the key findings presented in the current work is different the ratio of charged to uncharged
particle in 10-20 nm region. We demonstrate that for 10-20 nm particle the ratio is
approaching unity, as all particles are collected in the presence on repelling electrode, thus
all particles must possess one or more charges. At this time, we do not have a way to
quantify the number of charges as a function of particle size, particle morphology or its
chemical composition.

The particle-laden flow passes through the charging region where both ion concentration and
electrical field are high resulting in the high collision frequency between the ions and the
particle in the flow. The collisions with high energy ions result in high particles charging
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efficiency and lower particle transmission. The highest charging rate is at the tip of the
electrode as the ion concentration (2.44E+11 #/cc), and electric field strength (7.49E+07
V/m) are the highest. The maximum ion concentration and electric field strength for
different corona voltages are given in Table Il. The ion concentration reduces away from the
tip due to radial ion motion caused by the ion drift towards the ground electrode and the
space charge effect.

To summarize, the trends of particle transmission in EHD driven flow is similar to the
previously reported results for particle greater than 20 nm. However, the significantly lower
transmission of 10 nm particles is observed likely due to the efficient charging in the region
of high ion concentration / high electrical field within the corona discharge. Here, we also do
not to quantify the exact number of charges on the particle as a function of ion concentration
or electrical field strength; the detailed analytical or empirical model for the dynamic
particle charging process in the corona region is not available. The charges acquired on the
particle surface may be stripped from the particle by collision with neutral molecules as the
particle travels through the domain into the region with less intense E-field with lower
charge density.

To gain insight into the particle charging and capture dynamics, a series of experiments and
numerical simulations were performed (i) by varying the particle residence time in the
charging zone and (ii) by varying the particle mobility in the collection zone. The flow rates
(thus the residence times) are controlled by the external pump as shown in Fig. 2(a). Though
the flow in these experiments is not driven by EHD, all particles travel through the ion drift
region. The residence time is a function of the bulk flow rate as well as the local flow field
effect that is affected by the addition to the body force generated by the corona discharge.
Fig. 7 shows the results of the numerical simulations. The baseline case is the EHD driven
flow at 5 kV and flow rate of ~2 slpm (U = 0.9 m/s, Re~400) as determined by both CFD
and by integrating the experimental velocity profile. Two additional cases are examined
where the flow rates were set to 1 slpm (U=0.45 m/s, Re~200) and 5 slpm (U=2.25 m/s, Re~
1000) to investigate the effect of the residence time. The corona induced flow has a
significant effect on the velocity profile. Fig. 7 (right) shows flow streamlines colored by the
non-dimensional parameter X defined as the ratio of electrostatic force to the inertial force X
= peglpu? (Guan, Vaddi et al. 2018). As the flow rate increases, the inertial term contribution
acting on the flow and the particles increases as shown by the smaller region of X>1. For
the 5 slpm case, this EHD dominated region exists only near the needle tip while for the
lower flowrates all streamlines (thus the particle entering the device) experience X>1
condition.

Fig. 8 shows the transmission efficiency of ambient particles for 1 slpm (U = 0.45 m/s),
EHD (U =0.9 m/s), and 5 slpm (2.25 m/s) cases, the corona voltage for all cases is 5 kV.
The transmission efficiency trend for particle greater than 20 nm is similar to the data as
shown for EHD cases (see Fig. 6). For the 10 nm - 20 nm size range, the trends change as a
function of the flow rate. As expected, the low flow rate (high residence time) results in
lower transmission for all particles. The trends similar to EHD flow is observed for particles
in 10 nm - 20 nm range suggesting the high fraction of the particles are charged, and these
particles have sufficient time in the electric field to be collected onto the ground electrode.
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The transmission efficiency for 10 nm decreased from 29% to 15%. Another important data
trend is the decrease in transmission of 20 nm particle from ~60% in the EHD case to ~20%
in the 1 slpm case. If it is assumed that 20 nm particle can carry only a single charge, the
most likely explanation for this drop the transmission efficiency is the increase of particle
residence time in the high E-field region. The estimation of the particle residence time
distribution is challenging as the flow profile is non-uniform, strong recirculation patterns
exist in the particle charging region due to the local momentum source. The higher flow rate
case is dominated by the pressure-driven flow as indicated by the parameter X. As the
residence time decreases, the transmission efficiency of 10 nm particle increases from 29%
to 75% and decreases for the sizes up to 85 nm and then increases, which similar to
previously reported results (Zhuang, Jin Kim et al. 2000, Alonso, Hernandez-Sierra et al.
2003, Li and Christofides 2006, Lin and Tsai 2010, Dey and Venkataraman 2012).

In the EHD driven case, the flow residence time in the region dominated by EHD (X>1) is
~8 ms —10 ms. As the flow rate increases to 5 slpm, the residence time drops to ~ 2 ms -3
ms, and it increases to ~ 17 ms — 20 ms for 1 slpm. The residence time of particle aspirated
by the flow is not calculated due to challenges related to the particle charging models in the
EHD driven flow. However, based on the experimental results, the fraction of 10 nm - 20 nm
particles acquiring charge is as high as 80% for the case with the largest EHD dominated
region. The EHD dominated region is also varying in size, thus, a greater portion of the flow
(and the particles) passes through it at the lower velocity cases.

The particle forcing in the collection region is varied by introducing a repelling electrode
along the axis of symmetry, the operation principle and design details are shown in Sl Fig. 6.
A voltage of 100 V is applied to the repelling electrode, to increase the Coulombic force
acting on the particle in the region between the repelling electrode and the collection tube.
The applied voltage on the repelling voltage have no effect on the ionization current (i.e., ion
concentration in the charging did not change). Fig. 9 shows the penetration efficiency of
particles with and without repelling voltage. For all the particles, the penetration efficiency
decreases with the addition of repelling voltage. The transmission efficiency of 10 nm
particles decreases from 28 % to 3 % and for 20 nm particles decreases from 58 % to 3.5 %.
Similar results have been observed in previous reports (Huang and Chen 2002, Mahamuni,
Ockerman et al. 2019, Vaddi, Mahamuni et al. 2019). These low transmission efficiencies
indicate that all the particles receive and retained positive charge(s) in the high ion
concentration region. As shown in Fig. 7, due to mass conservation in the flow acceleration
zone, the majority of stream lines are forces to pass through the high ion concentration
region. The ion concentration in the ionization region exceed values of 10E+9 #/cc, which
are higher than reported in literature (SI Fig. 3 and Table I1). Though additional studies to
separate the effects charging and residence time in the high-intensity E-field are needed, one
can conclude that the charging and collection of the ultrafine particles can be enhanced by
their exposure to high charge density — high electric field region. The detailed charging
mechanism is not considered in this work, however, the information presented here can aid
the development of modified particle charging and transport models that can account for the
effect of high ion concentration and strong E-field on particle transport.
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5. CONCLUSION AND DISCUSSIONS

This paper provides an experimental and numerical investigation of particle behavior in the
EHD flow. An EHD needle-to-tube device aspirates the flow and collects the particle sample
onto the collection electrode without the use of external pumps or any moving parts. The
experimental data includes voltage, current, exit velocity profile measurements.
Multiphysics numerical simulations show the interaction of the Coulombic force exerted by
the ions on the airflow. The addition of charge flux as a model for the gas ionization zone
allows for the direct computation of EHD flow adding the body force to the modified NSE.
The numerical simulations agree with experimental data within 10%. The corona induced
flow for the investigated internal flow scenarios remains laminar, the Re = 100-400 for the
range of operating corona voltages.

Ambient PM and NaCl nanoparticles were used to study the particle behavior in EHD-driven
flow, the transmission efficiency is independent of particle type. Measured transmission
efficiencies in EHD device are in good agreement with the traditional theories except for the
particles in 10 nm - 20 nm range, the particle transmission for flow for EHD driven flow is
significantly lower. The transmission efficiency for smaller particles is lower than reported
by previous research likely due to the high fraction of 10 nm - 20 nm particles acquiring a
unit charge in the EHD dominated region (X>1). As the particle size increases from 10 nm
to 20 nm, their electrical mobility reduces due to the increase in particle mass while still
possessing only a single charge. This hypothesis is further tested by varying the particle
residence time and particle mobility in the EHD dominated region.. The transmission
efficiency drops to 15% - 20% indicating that the fraction of 10 nm - 20 nm particles with at
least one charge is greater than 80% - 85% when the particle residence time increases. The
charging to uncharged particle ratio is approaching unity in the particle mobility
experiments, as all the particles are collected in the presence of repelling electrode, thus all
particles must possess one or more charges. These results suggest the charging of
nanoparticles can be enhanced by their prolonged exposure to ion bombardment in the high
charge density, high electric field region.
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NOMENCLATURE
n Collection efficiency of the particle collector
dp Particle diameter (nm)
C Particle concentration (#/cc)
" Electrical potential (V)
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Pe Charge density (C/m?3)
Fe Electrostatic body force (Pa)
u Velocity vector (m/s)
vl Dynamic viscosity of air (kg/m-s)
p Density of air (kg/m?3)

Static pressure (Pa)
Hp lon mobility (m2/V-s)
E Electric field (V/m)
& Electric permittivity of free space (F/m)
De lon diffusivity (m2/s)
Se Source term for charge density (C/m?3-s)
' lonization volume (m3)
| Anode current (LA)
[Eo.E1] Electric field criteria limits for ionization boundary (V/m)
lcathode Cathode current (LA)
Acathode Area vector of the cathode
X Non-dimensional parameter for the ratio of electrostatic force to

inertial force

Re Reynold number

R Radial dimension (mm)

U Average velocity (m/s)
REFERENCES

Adachi M, Kousaka Y and Okuyama K (1985). “Unipolar and bipolar diffusion charging of ultrafine
aerosol particles.” Journal of Aerosol Science 16(2): 109-123.

Adamiak K (2013). “Numerical models in simulating wire-plate electrostatic precipitators: a review.”
Journal of Electrostatics 71(4): 673-680.

Alonso GM, Hernandez-Sierra A and Alguacil E (2003). “Electrical charging of aerosol nanoparticles
and sonne practical applications.” Rev. Metal 39: 41-57.

Borra JP, Jidenko N, Hou J and Weber A (2015). “Vaporization of bulk metals into single-digit
nanoparticles by non-thermal plasma filaments in atmospheric pressure dielectric barrier
discharges.” Journal of Aerosol Science 79: 109-125.

Cheng Y-S, Yeh H-C and Kanapilly GM (1981). “Collection efficiencies of a point-to-plane
electrostatic precipitator.” American Industrial Hygiene Association Journal 42(8): 605-610.

Dau VT, Dinh TX, Tran C-D, Terebessy T, Duc TC and Bui TT (2018). “Particle precipitation by
bipolar corona discharge ion winds.” Journal of Aerosol Science 124: 83-94.

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaddi et al.

Page 15

Dedic E, Chukewad YM, Vaddi RS, Novosselov | and Fuller SB (2019). “A laser-microfabricated

electrohydrodynamic thruster for centimeter-scale aerial robots.” arXiv preprint arXiv:1906.10210.

Dey L and Venkataraman C (2012). “A Wet Electrostatic Precipitator (WESP) for Soft Nanoparticle

Collection.” Aerosol Science and Technology 46(7): 750-759.
Dixkens J and Fissan H (1999). “Development of an electrostatic precipitator for off- line particle
analysis.” Aerosol Science and Technology 30(5): 438-453.

Drew D, Contreras DS and Pister KSJ (2017). First thrust from a microfabricated atmospheric ion
engine: 346-349.

Drew DS and Pister KSJ (2017). First takeoff of a flying microrobot with no moving parts: 1-5.

Druzgalski C, Andersen M and Mani A (2013). “Direct numerical simulation of electroconvective
instability and hydrodynamic chaos near an ion-selective surface.” Physics of Fluids 25(11):
110804.

Flagan RC and Seinfeld JH (2012). Fundamentals of air pollution engineering, Courier Corporation.

Fuchs N (1947). “The charges on the particles of aerocolloids.” 1zv. Akad. Nauk. SSSR, Ser. Geogr.
Geofiz 11: 341-348.

Fuchs NA (1963). “On the stationary charge distribution on aerosol particles in a bipolar ionic
atmosphere.” Geofisica pura e applicata 56(1): 185-193.

Giubbilini P (1988). “The current-voltage characteristics of point-to-ring corona.” Journal of Applied
Physics 64.

Go DB, Garimella SV and Fisher TS (2006). Numerical Simulation of Microscale lonic Wind for
Local Cooling Enhancement. USA: 45-53.

Go DB, Garimella SV, Fisher TS and Mongia RK (2007). “lonic winds for locally enhanced cooling.”
Journal of Applied Physics 102(5).

Go DB, Maturana RA, Fisher TS and Garimella SV (2008). “Enhancement of external forced
convection by ionic wind.” International Journal of Heat and Mass Transfer 51(25): 6047-6053.

Goo JH and Lee JW (1997). “Stochastic simulation of particle charging and collection characteristics
for a wire-plate electrostatic precipitator of short length.” Journal of Aerosol Science 28(5): 875~
893.

Guan Y and Novosselov | (2018). “Numerical Analysis of Electroconvection Phenomena in Cross-
flow.” arXiv preprint arXiv:1812.10899.

Guan Y and Novosselov | (2019). “Two Relaxation Time Lattice Boltzmann Method Coupled to Fast
Fourier Transform Poisson Solver: Application to Electroconvective Flow.” Journal of
Computational Physics (accepted for publication).

Guan Y, Vaddi RS, Aliseda A and Novosselov | (2018). “Analytical model of electrohydrodynamic
flow in corona discharge.” Physics of Plasmas 25(8).

Guan Y, Vaddi RS, Aliseda A and Novosselov | (2018). “Experimental and numerical investigation of
electrohydrodynamic flow in a point-to-ring corona discharge.” Physical Review Fluids 3(4):
043701.

He J, Beck NK, Kossik AL, Zhang J, Seto E, Meschke JS and Novosselov | (2018). “Evaluation of
micro-well collector for capture and analysis of aerosolized Bacillus subtilis spores.” PloS one
13(5): e0197783. [PubMed: 29847559]

He J and Novosselov 1V (2017). “Design and evaluation of an aerodynamic focusing micro-well
aerosol collector.” Aerosol Science and Technology 51(9): 1016-1026. [PubMed: 30739977]
Hinds WC (1999). Aerosol technology : properties, behavior, and measurement of airborne particles.

New York, Wiley.

Huang S-H and Chen C-C (2002). “Ultrafine aerosol penetration through electrostatic precipitators.”
Environmental Science & Technology 36(21): 4625-4632. [PubMed: 12433174]

Intra P and Tippayawong N (2011). “An Overview of Unipolar Charger Developments for
Nanoparticle Charging.” Aerosol Air Qual. Res. 11(2): 187-209.

Jewell-Larsen NE, Hsu CP, Krichtafovitch I, Montgomery S, Dibene J and Mamishev A (2008). “CFD
analysis of electrostatic fluid accelerators for forced convection cooling.” Dielectrics and Electrical
Insulation, IEEE Transactions on 15(6).

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaddi et al.

Page 16

Jewell-Larsen NE, Parker DA, Krichtafovitch 1A and Mamishev AV (2004). Numerical simulation and
optimization of electrostatic air pumps: 106-109.

Jidenko N and Borra JP (2005). “Kinematics of charged nanometric particles in silent discharges.”
Journal of Physics D: Applied Physics 38(4): 617-620.

Jidenko N, Jimenez C, Massines F and Borra JP (2007). “Nano-particle size-dependent charging and
electro-deposition in dielectric barrier discharges at atmospheric pressure for thin sio x film
deposition.” Journal of Physics D: Applied Physics 40(14): 4155-4163.

Ju'Y and Sun W (2015). “Plasma assisted combustion: Progress, challenges, and opportunities.”
Combustion and Flame 162(3): 529-532.

Kimio Y (2004). “An empirical formula for negative corona discharge current in point-grid electrode
geometry.” Journal of Applied Physics 96(5): 2472-2475.

Krichtafovitch IA, G. V. L., Karpov SV, Mamishev AV (2005). Electrostatic Fluid Accelerator and Air
Purifier - the Second Wind. Annual Meeting of the Electrostatics Society of America. Edmonton,
Canada.

Landau LD (1959). Fluid mechanics. London : Reading, Mass., London : Pergamon Press; Reading,
Mass. : Addison-Wesley Pub. Co.

Lee MH, Kim JH, Biswas P, Kim SS, Suh YJ, Jang HD, Bhang SH, Yu T and Cho K (2016).
“Enhanced collection efficiency of nanoparticles by electrostatic precipitator with needle-cylinder
configuration.” Journal of Nanoscience and Nanotechnology 16(7): 6884-6888.

Li M and Christofides PD (2006). “Collection efficiency of nanosize particles in a two-stage
electrostatic precipitator.” Industrial & engineering chemistry research 45(25): 8484-8491.

Lin G-Y and Tsai C-J (2010). “Numerical Modeling of Nanoparticle Collection Efficiency of Single-
Stage Wire-in-Plate Electrostatic Precipitators.” Aerosol Science and Technology 44(12): 1122—
1130.

Liu BYH and Kapadia A (1978). “Combined field and diffusion charging of aerosol particles in the
continuum regime.” Journal of Aerosol Science 9(3): 227-242.

Liu BYH and Pui DYH (1977). “On unipolar diffusion charging of aerosols in the continuum regime.”
Journal of Colloid And Interface Science 58(1): 142-149.

Mahamuni G, Ockerman B and Novosselov | (2019). “Electrostatic Capillary Collector for In-Situ
Spectroscopic Analysis of Aerosols.” Aerosol Science and Technology: 1-40.

Marlow WH and Brock JR (1975). “Unipolar charging of small aerosol particles.” Journal of Colloid
And Interface Science 50(1): 32-38.

Miller A, Frey G, King G and Sunderman C (2010). “A handheld electrostatic precipitator for
sampling airborne particles and nanoparticles.” Aerosol Science and Technology 44(6): 417-427.

Moreau E, Benard N, Lan-Sun-Luk J-D and Chabriat J-P (2013). “Electrohydrodynamic force
produced by a wire-to-cylinder dc corona discharge in air at atmospheric pressure.” Journal of
Physics D: Applied Physics 46(47): 475204.

Park SJ and Kim SS (2000). “Electrohydrodynamic flow and particle transport mechanism in
electrostatic precipitators with cavity walls.” Aerosol Sci. Technol. 33(3): 205-221.

Pauthenier M and Moreau-Hanot M (1932). “La charge des particules sphériques dans un champ
ionisé.” Journal de Physique et le Radium 3(12): 590-613.

Pelletier J (2000). “Dusty plasmas: physics, chemistry and technological impacts in plasma
processing.” Plasma Physics and Controlled Fusion 42(2): 227-227.

Pui DYH, Fruin S and McMurry PH (1988). “Unipolar Diffusion Charging of Ultrafine Aerosols.”
Aerosol Science and Technology 8(2): 173-187.

Qi C, Chen D-R and Greenberg P (2008). “Performance study of a unipolar aerosol mini-charger for a
personal nanoparticle sizer.” Journal of Aerosol Science 39(5): 450-459.

Ravi L and Girshick SL (2009). “Coagulation of nanoparticles in a plasma.” Physical review. E,
Statistical, nonlinear, and soft matter physics 79(2 Pt 2): 026408.

Rohmann H (1923). “Methode zur Messung der GrélRe von Schwebeteilchen.” Zeitschrift fiir Physik
17(1): 13.

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaddi et al.

Page 17

Romay FJ and Pui DYH (1992). “On the Combination Coefficient of Positive lons with Ultrafine
Neutral Particles in the Transition and Free-Molecule Regimes.” Aerosol Science and Technology
17(2): 134-147.

Roux J, Sarda-Estéve R, Delapierre G, Nadal M, Bossuet C and Olmedo L (2016). “Development of a
new portable air sampler based on electrostatic precipitation.” Environmental Science and
Pollution Research 23(9): 8175-8183. [PubMed: 26452658]

Sigmond RS (1982). “Simple approximate treatment of unipolar space - charge - dominated coronas:
The Warburg law and the saturation current.” Journal of Applied Physics 53(2): 891-898.

Starikovskii AY, Anikin NB, Kosarev IN, Mintoussov El, Starikovskaia SM and Zhukov VP (2006).
Plasma-assisted combustion. 78: 1265-1298.

Touchard G (2008). “Plasma actuators for aeronautics applications-State of art review.” IJ PEST 2(1):
1-25.

Townsend JS (1914). “The potentials requires to maintain currents between coaxial cylinders.” The
London, Edinburgh and Dublin philosophical magazine and journal of science 28(163): 8.

Townsend JS (1915). Electricity in gases. Oxford, Clarendon Press.

Unger L, Boulaud D and Borra JP (2004). “Unipolar field charging of particles by electrical discharge:
effect of particle shape.” Journal of Aerosol Science 35(8): 965-979.

Vaddi RS, Mahamuni G and Novosselov | (2019). Development of an EHD induced wind driven
personal exposure monitor and in-situ analysis of characterization of exposure. International
Symposium on Electrohydrodynamics, ISEHD’19. St. Petersburg, Russia.

White HJ (1951). “Particle Charging in Electrostatic Precipitation.” American Institute of Electrical
Engineers, Transactions of the 70(2): 1186-1191.

White HJ (1963). Industrial electrostatic precipitation. Reading, Mass., Reading, Mass., Addison-
Wesley Pub. Co.

Yao M and Mainelis G (2006). “Investigation of Cut-Off Sizes and Collection Efficiencies of Portable
Microbial Samplers.” Aerosol Science and Technology 40(8): 595-606.

Yoo KH, Lee JS and Oh MD (1997). “Charging and Collection of Submicron Particles in Two-Stage
Parallel-Plate Electrostatic Precipitators.” Aerosol Science and Technology 27(3): 308-323.

Yu Zhang LL, Yang Chen, Jiting Ouyang (2015). “Characteristics of ionic wind in needle-to-ring
corona discharge.” Journal of Electrostatics 74: 6.

Zhuang Y, Jin Kim Y, Gyu Lee T and Biswas P (2000). “Experimental and theoretical studies of ultra-
fine particle behavior in electrostatic precipitators.” Journal of Electrostatics 48(3): 245-260.

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vaddi et al.

Page 18

HIGHLIGHTS

. The needle to tube EHD device aspirates the flow without moving parts
achieving average velocities up to 1 m/s while charging and collecting the
particles on the ground electrode.

. Exposure to high ion concentration and high electric field in EHD driven flow
allows to effectively charge and collect particles smaller than 20 nm

. Ratio of charged to uncharged particles approaches unity for the entire
particle size range, including particles smaller than 20 nm
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Fig. 1.
Schematic of EHD particle collector in point to tube configuration.
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Experimental setup for (2) corona current measurement and particle transmission study (b)

EHD driven flow; the flow rate through the particle collector can be controlled with an

external pump and (c) non-EHD experiment with active corona discharge
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Schematic of the computational domain; the model includes the ion generation region

defined by the thresholds of the electric field

J Aerosol Sci. Author manuscript; available in PMC 2021 October 01.

Page 21



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vaddi et al.

1.00e+0 8.65e+1 7.48e+3 6.47e+5  5.6e+7

1.00e+7 2.58e+8 5.05e+8 7.52e+8  1.00e+9

E T .

0.00 0.34 0.69 1.03 1.37

Fig. 4.

Page 22

Contour plots of the (a) electric field (V/m), (b) ion concentration (#/cc), the contours are
clipped to 1e+9#/cc, maximum value is 5.93+9 #/cc (c) velocity (m/s) and for 3 kV corona

voltage between the needle and the ground tube.
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Comparison of velocity profile between the experimental results and simulations at the
outlet of the EHD induced flow device, as shown in Fig. 4(c).
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Fig. 6.
Particle collection efficiency as a function of their size; results for NaCl (unfilled symbols)
and ambient particles (filled symbols) at different corona voltages.
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Fig. 7.
Left: Velocity streamlines colored by velocity magnitude. Right: non-dimensional parameter

X (right) plotted on path lines for 1 slpm, EHD (~2 slpm), and 5 slpm flowrates. The dash
lines indicate the location at which velocity profiles are compared (See Sl Fig. 4).
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Fig. 8.

Particle transmission efficiency as a function of particle size and flow rate for corona voltage
of 5 kV
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Fig. 9.

Particle transmission efficiency as a function of particle size and repelling voltage for corona
voltage of 5 kV
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Table I.

Comparison of cathode current between the experiments and CFD

Voltage (kV)  Anode current (WA)  The experimental cathode current (WA)  CFD cathode current (LA)

3 0.7 0.62 0.59
4 3.8 3.34 3.23
5 7.5 6.68 6.64
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Table Il.

Maximum computed ion concentration and electric field strength in the ionization zone a function of corona
voltages.

Voltage (kV) lon concentration (#/cc)  Electric field strength (V/m)

3 5.93 E+09 5.6E+07
4 8.62E+10 6.78E+07
5 2.44E+11 7.49E+07
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