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Abstract 

Within this master thesis work, a novel application of a corona discharge is 
presented. The phenomenon of an electro-hydro-dynamic (EHD) flow is used for 
the precipitation of airborne particles onto a restricted surface of a non-coronizing 
electrode. The non-coronizing electrode surface can be replaced by a liquid interface, 
by which aerosol particles can be transferred from the airflow into a liquid solution, 
allowing for further analysis. Due to a small volume of the liquid container, the 
increased concentration of trapped particles will potentially enhance the resolution of 
the detection system. Aerosol droplets can originate from a human breath, which 
opens the possibility to utilize the system for narcotics or viruses detection. 

In this work, effort was laid on adapting a simulation model and an experimental 
set-up to the concept of the airborne particle trapping. Electrical measurements were 
conducted to characterize the set-up, through which the main limitations of the input 
parameters of the system could be extracted. Moreover, an approach for the 
determination of the upper limit of the applicable voltage was introduced. The data 
collected was used to build general conclusions and recommendations, relevant to 
the further research on this topic. 
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1 Theory 

1.1 Introduction 

Among various methods available today for detecting airborne particles in the air, 
some require them to be transferred first into a liquid buffer for downstream 
analysis. Until recently, this transfer mechanism was passive, which means that 
particles could only be trapped into the buffer by diffusion or impaction, when the 
liquid interface was exposed to the airflow. This approach is not efficient enough, as 
lots of aerosol particles were never trapped into the liquid. 

Corona discharge phenomenon has been exploited for many years in different 
applications but its specific usage for trapping airborne particles onto a restricted area 
is studied in this work for the first time. Unlike other corona applications, where the 
goal is either to generate ions or to precipitate particles on an unrestricted solid area, 
the problem here can be associated with achieving both goals.  

In this project, an initial study on the possibility of using a corona phenomenon 
for this particular purpose was conducted. A model of a corona discharge was 
adapted to the task of particle trapping. An experimental set-up was fabricated and 
conclusions, based on simulation results, were tested through electrical 
measurements. Input system parameters were discussed from a view point of 
developing a more advanced experimental setup. Revealed peculiarities of the system 
have been studied and reflected in recommendations for further research on this 
topic.  

 

1.2 Corona discharge phenomenon 

“If a potential is applied between the smooth conductors of a transmission line or 
between concentric cylinders and gradually increased, a voltage is finally reached at 
which a hissing noise is heard, and if it dark, a pale violet light can be seen to 
surround the conductors. This voltage is called the critical visual corona point. If a 
wattmeter is inserted in the line a loss is noticed. The loss increases very rapidly as 
the voltage is raised above this point. The glow or breakdown starts first near the 
conductor surface, as the dielectric flux density or gradient is greatest there. As the 
broken down air near the surface is conducting, the size of the conductor is, in 
effect, increased by conducting corona. This increases for the given voltage until the 
flux density or gradient is below the rupturing gradient when it cannot spread any 
more. If the conductors are very close together, a spark strikes between them 
immediately and corona cannot form. If the conductors are far apart corona forms 
first, and then, if the voltage is sufficiently increased, a spark strikes across.” – this is 
how F. W. Peek described his observations of corona discharge in his book 
“Dielectric Phenomena in High Voltage Engineering” for almost a century ago.  
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Corona phenomena had been under the scrutiny of many scientists for a long 
time. Nowadays, corona discharge is widely used in electric precipitation, electro 
photography, static control for semiconductor manufacturing, ionization 
instrumentation, control of acid gases from combustion sources, destruction of toxic 
compounds and generation of ozone [1]. In high-voltage transmission technology, 
corona is harmful, as it introduces power losses through the leakage current. 
Therefore, despite that the wire-in-cylinder configuration is easier to describe, most 
academic studies were focused on the wire-to-wire discharge. Apart from these two, 
wire-to-plane and point-to-plane configurations are also known. 

 

1.3 Negative and positive discharge 

Corona theory developed by Peek was formed many years ago and was based on 
assumptions that are considered to be false nowadays.  

It was observed that for a breakdown of a gas layer between two flat electrodes at 

normal atmospheric conditions a voltage drop of 63.2 10 V
m

⋅  is required. This was 

interpreted by researchers as that the corona starts when some onset field strength at 
the electrode surface is achieved and this threshold value depends on the properties 
of a gas. This is how the term “dielectric strength of the gas” was introduced. Then, 
experiments showed that “dielectric field strength of the gas” depends also on the 
electrode radius of curvature, compelling to accept that properties of the gas also 
depend on it. Nowadays, the entire concept of “dielectric strength of gas” is believed 
to be wrong and obsolete. 

The old theory does not explain the difference between the ionization and the 
breakdown. It only states that corona glow is a highly conductive air region and can 
be treated simply as an extension of the electrode. However, Peek, relying on visual 
observations, derived an empirical formula (1) for the onset field for a wire-to-plate 
system [2] [3], which is still used nowadays: 

(1) 
2

0
2.62 10(1 )wE E

r

−⋅
= + , where [ ]w

VE
m  is the onset field on the 

wire/needle tip surface, 0E is 63.23 10⋅ V
m

  at normal conditions, [ ]r m  is the needle tip 

radius of curvature. 

Formula (1) gives a value for the electric field which is needed for the corona to 
start. The following formula (2) can be used to calculate the corresponding onset 
voltage for a needle-to-plate configuration, when the onset field is known [4] 

(2) 
4ln

2

d
w

w

LE r
rV

⋅

=  [5], where [ ]dL m  is the distance between the electrodes. 
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Peek also gave an informative explanation to the corona onset condition: 

“When the field intensity wE  is reached at the wire surface any free ions are 
accelerated and produce other ions by collision with atoms or molecules, which are 
in turn accelerated. The ionic density is thus gradually increased by successive 
collisions until at 23.01 10 r−⋅  meters away from the wire surface, where 0E E=  and 

ionic saturation is reached, a corona starts. The distance of 23.01 10 r−⋅  meters is of 
course many times greater than the mean free path of the ion and many collisions 
must take place in this distance. Thus, for the wire, corona cannot form when a 
gradient of 0E  is reached at the surface, as at any distance from the surface the 

potential is less than 0E . The potential at the surface must therefore be increased to 

wE , so that the gradient at a finite distance away from the surface, 23.01 10 r−⋅

meters, is 0E . This is the same as saying that the energy, necessary to start corona, is 
2

2
mv

∑  , the sum of the kinetic energy of the moving ions necessary to produce ionic 

saturation.” (adapted from [3]).  

As seen from Peek’s formula (1), the onset field does not depend on the distance 
between the electrodes. This was empirically proven to be wrong especially for a 
wire-to-plate configuration, but not for coaxial cylinders [4]. Experiments showed 
that the onset field increases with the wire-to-plate distance. The reason for that has 
not been found in the literature, however, can be possibly explained by the effect of 
field redistribution, which is described in chapter “2.4.3 Simulations with varied 
distance between the electrodes”. 

And although from formula (1) it is obvious that the onset field increases for 
thinner wires, it does not mean that the onset voltage is higher for wires of smaller 
thickness. In fact it is actually opposite and thicker wires require higher onset 
voltages. An illustration of a field distribution around the wire is shown on Figure 1 
[3]. 

 

Figure 1. Onset field for small and large wires. Gv = Ew, G0 = E0 
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From modern studies [4] it is known that the corona discharge happens at a 
comparatively high gas pressure, in cases, when the electric field is non uniform in 
the gap due to high curvature of one or both of the electrodes. For example, for a 

wire-to-wire configuration, it is the ratio dL
r

 that must exceed some value for a 

corona to start.  

The discharge current depends on the applied voltage, electrode shape,  distance 
between them, gas compound, pressure, density and is limited by a conductivity of 
the media [6]. With the rising voltage, a corona glow expands and the discharge 
current increases. Outside the corona glow, ionization by scattering does not happen, 
there are no free electrons and the current is formed by the traffic of ions.  

Depending on the potential applied to the electrodes, the corona can be positive 
or negative. Although, these two processes are similar in general, in particular their 
mechanisms are different. Current voltage characteristics of negative and positive 
coronas are presented below in Figure 2, Figure 3 [7].  

Figure 2. Negative corona I-V Figure 3. Positive corona I-V 

Unlike positive corona, the negative discharge does not form bursts. At low 
voltages it has a pulse-type characteristic but becomes pulseless at higher voltages. 

The following Figure 4 shows the mechanism of a negative corona forming [8]. 
The boundary at which electron ionization is balanced by electron affinity is called an 

ionization region (the analytical expression for it is 21 2120 10E V m
N

−= ⋅ ⋅ , where N is 

the neutral particle density and E is the electric field intensity). In some space outside 
the ionization region free electrons have enough energy to drive electron-impact 

chemical reactions and this region is called a plasma region ( 21 280 10E V m
N

−= ⋅ ⋅ ). 
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According to J. Chen and H. Davidson [8], a positive plasma region coincides with 
an ionization region, while in case of negative corona, radiuses of ionization and 
plasma regions are 300% and 500% of the wire radius correspondingly.  

 

Figure 4. Negative corona forming mechanism 

A negative corona discharge was reported to have considerably higher breakdown 
voltage than the positive one, except for low pressures [4, 7, 9], while the onset 
voltage is about the same [10].  

A comparison summary upon both coronas is presented below. 

Positive corona Negative corona 

• Positive corona develops as burst 
pulses > streamer >  glow > a spark 

• Depends strongly on external 
ionization 

• Active volume is larger than the one 
of the negative 

• External ionization makes free space 
negative charges, which are swept 
by the anode electrode, and if the 
formed field is high enough, 
Townsend avalanche starts 

• The plasma region coincides with 
the ionization region 

• Negative corona develops as Trichel 
pulses > pulseless discharge > a 
spark 

• Propagates by impact ionization of 
the electronegative gas molecules 

• Sparking potential is higher 
compared to the positive corona 

• Most acidic species in the gas 
become dominant charge carriers 

• Material of the cathode plays a role 
in Townsend avalanche process 

• The plasma region extends further 
than the ionization region 
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1.4 Applications of the corona discharge 

As mentioned before, a corona discharge has been known for many years. Since 
its discovery, different properties of corona discharge were used for various 
purposes. Among other important properties, one can point out the ability of corona 
to create an electro hydrodynamic wind (EHD). EHD is induced by a directed 
motion of emitted ions in a fluidic media and can attain the velocity of several meters 
per second [11]. It was studied, in particular, for its importance in such engineering 
problems as electrostatic cooling or electrostatic precipitation. Due to EHD 
phenomenon, corona was also examined from the aerodynamic point of view [12] 
[13] and was even attempted to be miniaturized [14]. 

In 2004, a wire discharge electrode was reported to be used for aerosol charging 
[15]. The same year, charged viral particles were captured in X-ray enhanced wire-in-
cylinder discharge [16]. The report also mentioned that capturing efficiency was 
arising with applied voltage but was also in a high dependence with particle size and 
their charging capability. Later, researchers at Spokane research lab described their 
experience in precipitating airborne particles via a needle-to-plate discharge [17]. As 
for a non-coronizing electrode they used a TEM plate of Ø3 mm and according to 
them, the trapping efficiency increased with voltage but had a maximum value at 6.5 
kV. Minimum collecting efficiency was observed for particles of 200 nm size which 
proved the size dependence of charging [18]. Studies on exhaled particles size 
distribution [19] informed that the majority of breath born particles are of a size 
between Ø0.2-0.5 µm, which is in contradiction with other research results of 
Johnson and Morawska, as latter stated that the maxima is around Ø0.8-0.9 µm. 

In 2006, it was reported that airborne particles could be transferred into a liquid 
micro-scale interface [20]. In other words, airborne aerosol particles were collected in 
an exposed micro-sized liquid container by diffusion. That liquid solution, with 
trapped particles inside, could be further processed by relevant analysis tools. As the 
liquid sample was of a micro-liter volume, the concentration of airborne substance 
was high, allowing detecting several nanograms of the agent. In 2008 this air-liquid 
trapping interface was integrated with a QCM sensor for narcotic detection [21]. 
Designed system could successfully detect 200 ng of cocaine and 300 ng of ecstasy 
which corresponds to a sensitivity of 20 and 6 ng relatively. As an exhalation of a 
drug-addict usually contains some amount of narcotic [22], it was possible to use the 
developed system for a real time narcotic diagnosis. This concept might also be 
applicable for detection viruses and pathogens and promises a cheaper and faster 
diagnostic tool, compared to methods used nowadays (gas chromatography or PCR). 
However, a passive air-to-liquid transferring mechanism was a limiting part due to its 
low efficiency. 

 



15 
 

1.5 Airborne particles trapping 

Device for a fast and reliable monitoring of small concentrations of chemicals in a 
miniature form factor is a promising perspective. A portable device that detects 
drugs, pollutants, bacteria, viruses would be of a great interest among representatives 
of many professions. Moreover, depending on the purposes, a subject of detection 
may be organic or not, charged or uncharged, of a micro or a sub micro size, 
originate from a liquid or a solid phase.  

As a corona discharge was shown to be suitable for charging and precipitating of 
airborne particles, it can be suggested to combine these two applications for creating 
a new one. After charges are emitted from the discharge electrode and form the 
EHD flow, they mix with airborne particles and charge them. If a liquid solution is 
used instead of the non-coronizing electrode, charged airborne particles will be 
attracted to the air-liquid interface, travel toward it and get trapped under the 
influence of the electrostatic force. In this way, the liquid solution can work as a 
collector electrode and the trapping efficiency of the system can then be defined as a 
ratio of trapped particles to not-trapped.  

This idea can be used to enhance the passive transfer mechanism, in order to 
improve the trapping efficiency of the system. This would increase the concentration 
of the target substance and enhance the detection sensitivity of the system in general.  

 

1.6 Summary 

A corona discharge can be utilized for improving the trapping efficiency of the 
detection system. It is motivated to use a negative corona discharge, due to smoother 
I-V characteristics and a wider range of voltages before the breakdown, which will be 
further entitled as a range of applicable voltages. Also, it is principally important to 
collect particles only at one certain place. Therefore, the applicable configurations are 
the needle-to-plate and the wire-to-plate configuration, as they are known to provide 
a unipolar discharge. 

 

2 Simulation 

2.1 Intro 

 The phenomenon discussed above comprises electrodynamics, fluidic motion 
and electrochemical processes. It cannot be approximated to an electrostatic problem 
only and is, thus, too complicated to be solved analytically. Also, as such parameters 
as electric field distribution, electric potential, flow profile and particle trajectories are 
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not easy to measure directly, it is reasonable to create a simulation model of the 
process and retrieve all necessary data from it.  

To simulate a corona discharge, different numerical algorithms have been tried by 
researchers: such as boundary element method (BEM), method of characteristics 
(MOC), finite element method (FEM) or a combination of all three [23] [5] [8] [24]. 
While FEM proved to be time consuming when dealing with the space charge 
problem, it rather successfully solves Poison equation. This simulation approach was 
once developed for the FEMLAB software and, based on the published results [2], 
was adapted for COMSOL Multiphysics [25, 26].  

 

2.2 Model description 

The concept  for 2D simulations of a corona unipolar discharge was introduced in 
the articles by Karpov and Krichtafovitch [2] and served as a starting point for many 
scientific papers afterwards. Their work was based on Kaptzov hypothesis, which 
states that after the beginning of a corona discharge, the field intensity on the surface 
of the discharge electrode and the ionization region radius stay constant, even if the 
applied voltage is above the onset. This assumption allows to neglect the processes 
happening in the ionization region and to focus on the drift zone, which drastically 
simplifies the task. 

A corona discharge starts when the electric field intensity reaches 0E  at a distance 

0R  away from the corona electrode, which defines ionization region boundaries. As 

shown in Figure 1, 0R depends on the electrode curvature r . The onset field 

intensity wE  for a needle-to-plate configuration can be calculated by formula (1). 
Formula (2) gives a correlation between the onset voltage and the onset field but 
cannot be used to calculate the electric field at higher voltages. However, according 
to Kaptsov assumption, the electric field on the boundary of the ionization zone and 
its radius can be considered constant. 

The model, adapted for COMSOL Multiphysics, operates three modules: the 
electrostatic module solves the Poisson equation in the computational domain 

0( )r V qε ε∇ ⋅ ∇ = − ; E V= −∇  ; the Navier-Stokes module solves the equation for an 
incompressible flow of air in the drift region under the electrostatic force

2U U p U qEρ μ⋅∇ = −∇ + ∇ +
ur ur uruv

; PDE module connects the electrostatic and Navier-

Stokes modules through the equation ( ) 0e Eq D q U qμ∇ ⋅ − ∇ + ⋅∇ = . The latter one 

was deduced by combining equations eJ Eq Uq D qμ= + − ∇
ur ur ur

 (electric current as a 

sum of conduction, convection and diffusion), 0J∇⋅ =
ur

 (continuity equation for 

electrical current) and 0U∇⋅ =
ur

 (conservation of mass). Due to no reasonable 
compression of the flow, incompressible Navier-Stokes equation was used for time 
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saving and was not changing the results drastically. More detailed information about 
corona discharge modeling can be found in the works by Sergey Karpov, Igor 
Krichtafovitch [2] and P. Atten, K. Adamiak, V. Atrazhev [26] [27]. 

All variables and parameters used in the model are presented in the table below. 

Variable description Symbol/Value Variable description Symbol/Value 

electrical permittivity 
of free space 

12
0 8.854 10 [ ]F

m
ε −= ⋅  air density 31.23[ ]kg

m
ρ =  

electric field intensity E temperature T=298 [K] 

electrical current
 

J air flow U 

diffusivity coefficient 
of ions

 

2
55.3 10 [ ]mD

s
−= ⋅  electric potential V 

air ion mobility in 
electric field

 

2
42 10 [ ]E

m
V s

μ −= ⋅
⋅

 space charge q 

air dynamic viscosity 
5

21.8 10 [ ]N s
m

μ − ⋅
= ⋅  relative permittivity of 

air 1.00054rε =  

air pressure P onset field constant 6
0 3.23 10 VE

m
= ⋅  

distance between the 
electrodes dL  

onset field the surface 
of discharge electrode 

74.51 10w
VE
m

= ⋅  

radius of ionization 
zone 0,or R  

surface charge on the 
ionization boundary 

5
0 22.86 10 [ ]Cs

m
−= − ⋅  

radius curvature of 
the electrode wR  

electric potential on the 
discharge electrode wV  

inner radius of the 
tube 50innerR mm=  

electric potential on the 
ionization boundary 0

0

ln( )w w
w

w

E EV V
R E

= ⋅  

outer radius of the 
tube 55outerR mm=    

 

 

2.3 Boundary conditions 

A finite element method implies that for solving partial differential equations, 
boundary conditions are required. The boundary conditions have a great impact on 
simulation convergence and on solution precision. By selecting boundary conditions, 
the model could be adjusted to solve a pure electrostatic problem or a problem with 
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a non-zero space charge. It was defined through boundary conditions that the EHD 
flow is caused by negative ions emitted from the metal needle tip. The shape of the 
second electrode was chosen spherical to match later experiments. Furthermore, ions 
drift through the air media, which is enclosed in the plastic tube of outerR  radius. 
This area forms a drift domain, which is the only domain associated with the EHD 
flow. An overview of the drift domain is presented in Figure 5.  

 

Figure 5. Overview of the drift domain. Rotated view -90°. Rotated view -90° 

The corresponded experimental set-up is illustrated in the Picture 1. The length of 
the cylinder was dL  + 40 mm, the needle length 20 mm and the needle radius 
curvature 10 µm. As for the collector electrode a 4 mm radius ball was used.  

 

Picture 1. Overview of the simulated system 

The drift domain was enclosed in the computational domain, where only the 
electrostatic module was accounted. Due to axisymmetry of the system along the Z-
axis, only half of the computation domain was simulated.  

Boundary conditions for the Navier-Stokes module are illustrated in Figure 6. 
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Figure 6. Boundary conditions for the Navier Stokes module in the drift domain. Rotated view -90° 

The direction of the EHD flow is left to right, so hereby the left vertical boundary 
was set as an inlet and the right one as an outlet. Other walls were set to a “no slip” 
condition. 

Boundary conditions for the PDE module are shown in Figure 7. By setting a 
zero surface charge condition, the permeability of chosen boundaries for passing of 
charges was enabled. The ionization region was approximated by a solid disk of 0R  

with a surface charge 5
0 0 0 22.86 10 [ ]r

Cs E
m

ε ε −= − = ⋅ , while the surface charge on the 

collector electrode, inlet and outlet was set to 0 [2]. For simplicity, 0R  was calculated 
assuming spherical symmetry by the formula for a wire-in-cylinder configuration 

0
0

141.5w wE RR m
E

μ⋅
= = . 

 

Figure 7. Boundary conditions for the PDE module in the drift domain. Rotated view -90° 

Boundary conditions for the electrostatic module are presented in Figure 8. 
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Figure 8. Boundary conditions for the Electrostatic module in the drift domain. Rotated view -90° 

A negative electric potential wV  was applied to the needle electrode, which was 
called a negative coronizing electrode. Depending on the potential applied to the 
collector electrode, it was called either a ground collector electrode or a positive 
collector electrode. The electrical potential on the disk surface was set to 

0
0

ln( )w w
w

w

E EV V
R E

= ⋅  [25] and the origin of the disk was placed at the tip of the 

needle.  

Boundary conditions for the computational domain are shown in the Figure 9. 
Additional ground points were set at the distance of 0.6 m away from the symmetry 
axis, as marked on Figure 9 as Ground potential. This was done to imitate the 
influence of a floating potential of far-standing objects.  

 

Figure 9. All boundary conditions for the computational domain. Rotated view -90° 
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2.4 Simulation runs 

2.4.1 Particle tracing module 

The Particle Tracing Module expands the functionality of COMSOL Multiphysics 
through computing the trajectory of particles moving in a fluid or under 
electromagnetic forces and accounting particle-field interactions. In terms of the 
particle trapping efficiency, the module allows to study the endpoints of particles and 
investigate conditions under which more particles end up on the collector surface. 

Neutral airborne particles enter the drift region through the inlet with the air flow. 
Somewhere in proximity to the discharge electrode they start to charge. Two known 
mechanisms of aerosol particles charging are the diffusion charging and field 
charging.  

When an emitted ion scatters with a particle due to Brownian motion, it sticks to 
it and the particle acquires the charge. This is called a diffusion charging.  

In the presence of the electric field, ions trajectories tend to follow the field lines, 
which end up on aerosol particles as latter have a lower dielectric constant than the 
air. Ions bump into them and transfer to them their charge. Acquired charge change 
the electrical field distribution around the particles until ions stop bumping into 
them, i.e. a saturation limit is achieved. This is called field charging.  

Usually, with a corona discharge both mechanisms are present, which is called the 
combined charging. As the saturation limit in this case depends on concentration of 
ions, particle diameter, charging time and field intensity, it is rather complicated to 
estimate its exact value. However, it is known that when two mechanisms of 
charging are combined the maximum charge acquired per second of charging for 
particles of 1 µm size is 160 elementary charges [18], as shown in Figure 10.   
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Figure 10. Particle charging limits  

As the highest values of field strength and space charge are situated in front of the 
needle tip, it is expected that, at some distance between the tip and collector, particles 
achieve the maximum charge, which value can be used as an input parameter in the 
Particle tracing module.  

Other input parameters are mass, size, equation of motion and starting positions 
of the particles. According to [19] the majority of exhaled particles are not bigger 
than 1 µm in diameter and, thus, it is reasonable to focus on them as they can deliver 
more target substance to the collector. The mass was calculated assuming water-like 
density of exhaled particles 165.2 10m kg−= ⋅  and the charge was set to 

19160 (-1.602) 10q C−= ⋅ ⋅ . The release boundary was set 5 mm away from the needle 
tip, as shown on Figure 11. 

There are two built-in motion equations in the particle tracing module. One is for 
electrostatic interactions and another is for drag-driven particle movement. As 
particles move under the affection of both: electric fields and a fluid flow, both 
forces were applied. 

  

Figure 11. Particle release boundary. Rotated view -90° 
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Figure 12. Surface and streamlines of velocity, electric field streamlines (purple) and particle tracing 
(black) at  =50mm, 50 particles, V=-2.6kV 

A typical graph of particle tracing simulations is shown on Figure 12. As seen, 
particles are influenced by the velocity of the air flow but also tend to follow the field 
lines. The black lines, originating from the release boundary, are associated with the 
particle trajectories. The purple lines stand for the electric field lines in the magnitude 
controlled regime and black lines, extending from the inlet to the outlet, show the air 
flow stream lines. The colour surface describes the magnitude of the velocity of the 

flow in [ ]m
s

 units. 
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2.4.2 Onset voltage determination 

The onset voltage was defined for all values of dL from 100 to 1 mm using Peek’s 
condition for corona beginning. Peek stated that corona starts when the electric field 

at the distance 0R  from the electrode achieves the value of 6
0 3.23 10 VE

m
= ⋅ . The 

onset voltage then can be defined by monitoring the electric field at the tip of the 
needle at gradually increased voltage drop. 

0E  is shown in the Figure 13 as a level and the ionization region as a circle. The 
voltage at which the level coincides with the ionization region boundary is the onset 
voltage. Dimensional units in COMSOL plots are given in meters if not shown 
explicitly. 

Simulations were conducted with and without additional ground boundary. As 
seen on Figure 14, the onset voltage lowers and becomes less dependent on dL  
when additional ground potential is used, but still is higher than the theoretical value 
for an ideal hyperbolic point-to-plane configuration (formula 2 in the section 2.4.2 
Onset voltage determination). The onset voltage on the collector electrode was 
determined to be far above 20 kV for any dL . 

 

Figure 13. Onset voltage determination. Ionization region is shown by a circle. V=1.9kV dL =1mm 
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Figure 14. Onset voltages, with and without additional ground boundary and the theoretical value 

 

2.4.3 Simulations with varied distance between the electrodes 

Although it is more correct to run simulations without additional ground 
boundary, as then the interaction between the electrodes is better performed, 
simulations are more likely to converge when the additional ground boundary is 
enabled.  

Following simulations were conducted for distances 100, 70, 40, 10 and 5 mm, at -
2.6 kV with the additional ground boundary.  

  

Figure 15. Electric field lines and potential surface 

at dL =70mm 

Figure 16. Electric field lines and potential 

surface at dL =10mm 
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Figure 17. Electric field strength at the ground 

collector electrode surface at  various dL  and V=-

2.6kV 

Figure 18. Electric field strength at the ground 
collector electrode surface at various voltage and 

dL =5mm  

Figure 15 and Figure 16 show how the configuration of the electric field changes 
with the distance between the two electrodes. It can be seen that at distance 70 mm, 
field lines are mostly attracted by the additional ground potential boundary, while at 
10 mm more lines terminate on the collector surface. 

Figure 17 shows the electric field strength on the collector surface with respect to 
different distances, where x=0 corresponds to the backside of the ball. The field 
distributes almost evenly at dL  above 40 mm and very unevenly below 40 mm. It is 
possible to evaluate the degree of irregularity by plotting the relative drop of field 

(Figure 19), calculated by using the formula ( ) ( )% 100%
( )

Max E Min E
Max E

−
= ⋅ , where 

( )Max E , ( )Min E  are taken from Figure 17. 

 

Figure 19. Relative drop of electric field on collector surface for dL =10-100mm, V=8.7kV 
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Figure 20. Field lines and potential surface at 5 
mm; -2.6kV 

Figure 21. Field lines and potential surface at 40 
mm; -2.6kV 

Figure 20 and Figure 21 serve for better visualization of the reasons to this effect. 
This irregularity of electric field at short dL  is caused by a redistribution of the 
electric field from the backside of the collector surface to the front side. 
Consequently, local spot region with a much stronger field is formed on the front 
side of the ground electrode. Simulation showed that discussed irregularity varied 
from 60% to 70% with different voltage applied, which means it is mostly a 
geometry dependent phenomenon. 

As a result of the electric field redistribution, the flow of charged particles 
becomes more confined and more particles end up on the collector surface. It can be 
concluded, by comparing Figure 12 and Figure 20, that the decrease of dL  may result 
in a higher trapping efficiency of charged particles. However, the configuration 
attains signs of a point-to-point configuration, which is known to give a bipolar 
discharge. Therefore, this configuration degeneracy means that the onset voltage for 
the collector electrode can be lower than expected. 

 

2.4.4 Simulations with varied potential at the discharge electrode 

The number of emitted ions grows with the voltage and so do their average 
velocity and the velocity of the airflow. The increase of space charge density provides 
a higher charging limit, which is desired as discussed in the section “2.6 Charging 
mechanisms”. However, with increasing voltage the flow of particles is likely to 
diverge, as presented in Figure 22 and Figure 23. This leads to particle losses due to 
overshoot or sticking to the walls of the covering tube and thus to a lower trapping 
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efficiency. Figure 24 shows the trapping efficiency versus the voltage applied if the 
particles terminated on the ground electrode surface are considered as trapped.  

The maximum value of the flow velocity between two electrodes also grows with 

the voltage and, as simulated, was 0.1 
m
s

 for 2.6 kV and 0.3 
m
s

 for 18.6 kV. 

However these results are approximate, as the number of charges in the system was 
fixed. 

Figure 22. Electric field streamlines and particle 

tracing at dL =10mm, 50 particles, V=-2.6kV 

Figure 23. Electric field streamlines and particle 

tracing at dL =10mm, 50 particles, V=-16.6kV 

 

Figure 24. Trapping efficiency versus applied voltage 

 

2.4.5 Simulations with varied potential at the collector electrode 

Additional ground boundaries, imitating random surrounding objects, distract the 
electric fields and thus cause a divergence of the particles flow. It is practically 
impossible to avoid it completely but it is possible to apply a small positive potential 
to the collector electrode in order to shield off surrounding ground potential.  
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A positive potential up to +500 V was applied to the collector and resulted in a 
flow compaction, as seen on Figure 25. The trapping efficiency versus the applied 
voltage dependence is presented in Figure 26. 

 

Figure 25. Electric field streamlines and particle tracing at dL =10mm, 50 particles, V=-2.6kV, +500V 

on collector. 

 

Figure 26. Trapping efficiency versus positive voltage on collector electrode 

 

2.4.6 Study of electrostatic lenses 

The divergence of the EHD flow negatively influences on the trapping efficiency 
as seen in Figure 24, however a high voltage might be needed for high ionization and 
charging rates. One possible solution is to use additional electrodes with a negative 
potential, positioned on the sides of the covering tube. Once being correctly 
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Figure 27. Particle tracing with lenses +1.9kV; 

dL =50mm; V=-2.6kV 

 

Figure 28. Particle tracing without lenses; dL
=50mm; V=-2.6kV 

Results are presented in the Figure 27 and Figure 28 and, as can be seen, 
electrostatic lenses cause a reasonable compaction of the flow.  

The correlation between the trapping efficiency and the voltage applied to the 
electrostatic lenses is shown in Figure 29. The optimal voltage for the studied 
configuration is 30 % of potential applied to the needle. At voltage below this value, 
lenses electrodes, on contrary, cause distraction of the flow. 

 

Figure 29. Trapping efficiency versus voltage applied to the lenses electrodes 
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2.5 Limitations of the model 

The Kaptsov’s hypothesis, which is the basic assumption in the model, causes 
skeptic feelings. No quotation of this assumption could be found in the original book 
by Kaptsov [4], despite citations to it in research articles. Besides, the statement that 
the ionization region does not expand with rising voltage drop, itself contradicts the 
reported experimental observations, e.g. by Peek. Simulations on ionization and 
plasma region, based on this assumption, lead to controversial results, saying that the 
ionization zone actually shrinks with growing voltage [29]. Moreover, the model 
doesn’t take into consideration the dependence of the space charge concentration on 
applied voltage. Therefore, this model should not be used for voltages much higher 
than the onset. 

The spherical symmetry assumption used in calculations of the ionization region 
radius introduces inaccuracies in the value of the surface charge. Thereby, the onset 
voltage defined through simulations is imprecise. A better method to calculate the 
ionization region size is presented in [25].  

The solution of the Poison equation can be inaccurate due to the charge 
accumulation on the surfaces inside the system, which is not accounted in this model.  

And finally, the geometry of the collector electrode, which is a ball, doesn’t match 
to the flat surface of a liquid interface. 

 

2.6 Charging mechanisms 

It is known that not all of the aerosol particles that enter the system get partially 
or fully charged. Some of them will pass to the outlet through the region of low 
space charge density or low field and stay neutral. According to the particle tracing 
simulation, the trajectories of charged and uncharged particles are absolutely 
dissimilar and depend on different factors. However, despite the zero charge, neutral 
particles might bump into the liquid interface by inertia and also get trapped. It is, 
therefore, reasonable to split the problem of particle trapping into two: the charged 
and uncharged particle trapping. 

For charged particle trapping, besides technical aids like additional lenses, it is 
important to obtain the highest possible value of charge per particle. It is known that 
particles of a different size tend to charge differently. Figure 30 and Figure 31 [18] 
present the number of elementary charges acquired per second by a particle due to 
diffusion and field charging with respect to their size. 
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Figure 30. Number of charges acquired versus 
concentration of charges 

Figure 31. Number of charges acquired versus 
particle diameter for different field strength 

It can be concluded that charging of particles < 1 µm is not affected much by the 
electric field value, while for particles > 1 µm the difference in acquired charge might 
be of several magnitudes, Figure 30. At the same time, for particles < 1 µm charging 
depends strongly on the space charge concentration, as seen in Figure 31. These 
conditions give a tool for a selecting trapping based on the particles size. For large 
particles > 1 µm the ionization rate can be optimized by using electric fields of >100
kV
m

. This can be achieved by either increasing the applied voltage or by decreasing 

the distance between the electrodes.  

Figure 32 and Figure 33 present the simulated electric field intensity along the line 
connecting two electrodes with respect to various dL  and voltages. As seen on the 

figures, decreasing the dL  from 50 to 10 mm can give a bigger rise of the electric 
field than increasing the voltage from -2.6 to -5.6 kV. 

 

Figure 32. E along the arc between electrodes for 

dL =100, 50, 10mm; V=-2.6kV 

 

Figure 33. E along the arc between electrodes for 

V=-2.6 and -5.6kV; dL =50mm 
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Figure 34. Average Z-velocity of the air flow along the arc between electrodes for various dL and 

V=-2.6kV 

However, as the problem of using high voltages was discussed above in this 
chapter, there is also a problem for using small dL . At 100 mm and -2.6 kV, the 
velocity of a particle allows it to stay in the region between the needle and collector 
for approximately 2 seconds. Two seconds is then the exposition time that the 
particle has for acquiring a charge and being trapped. For distances 50 mm and 10 
mm this time shrinks to 0.625 and 0.11 seconds respectively, which corresponds to 
15 and 3 elementary charges approximately (Figure 30). Combined charging is 
proportional to the exposition time and, thus, to keep it large, the distance and the 
voltage should be adjusted carefully. Moreover, a good result would possibly give a 
control over velocity by physical restriction of the inflow at the inlet or outlet, but 
may as well induce vortices. 

Figure 35 shows space charge density along the arc between the electrodes for 
various dL , where x=0 corresponds to the collector front side. 

 

Figure 35. Space charge concentration along the arc between electrodes for dL =100, 50, 10mm; V=-

2.6kV 
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As can be seen, the space charge density is always the highest in proximity to the 

tip and is at average not lower than 13
310 ion

m
. That, according to Figure 30, already 

corresponds to the highest possible charging rate for submicron particles. However, 
simulations do not account for the charge losses and in the real system, the ion 
density can be increased by utilizing several discharge electrodes. This idea will be 
discussed in chapter “3.10.1 Current-distance characteristics”. 

As for the uncharged particles, the mechanism of trapping is based on their 
inertial properties as objects with a mass. This process had not been studied in this 
thesis, but is related to the mass spectrometry which is described in other articles.  

It is also important to point out in the discussion section, that if electric field 
between electrodes is not asymmetric enough, the ground collector electrode can also 
be a subject to a discharge of an opposite polarity. If the positive corona originates 
on metal wires, used to connect the collector, or the membrane covering the liquid 
interface, a bipolar discharge would automatically lead to two EHD counter flows. 
Counter flows may drastically decrease the trapping efficiency, which was probably 
the reason to low collecting yield at voltages above 6 kV, described in earlier studies 
[28]. Moreover, it was not investigated if liquid interfaces can coronize, but it is 
known that water surfaces can electro spray at a high-strength electric field. Thus, a 
corona, happening at the collector electrode, is an undesirable case. However, 
according to the simulation results, this configuration provides a unipolar negative 
discharge at all distances and voltages up to -21 kV. 

 

3 Electrical characterization 

3.1 Intro 

In this chapter electrical measurements are presented. These measurements were 
conducted to define the range of applicable voltages and distances, required for the 
device operation, or in other words the window of operation. From theory, it is 
known that the window is limited by the onset and the breakdown voltages and 
decreases with shrinking gap between the electrodes. The lower and the upper limits 
of the range were defined through monitoring the discharge current at different 
voltages and distances. 

The discharge current is formed by ions and charged particles that reach and 
impact the collector electrode and must be in correlation with the trapping efficiency. 
Discharge currents, however, cannot be used as a way to represent all collected 
particles, as uncharged particles do not contribute to the current, but is expected to 
be somewhat proportional to it. It was previously reported that the trapping 
efficiency for a needle-to-plate discharge precipitator is not simply proportional to 
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the applied voltage [28]. True reasons for this were not discussed in the original 
article but it implies that there must be a region of optimal voltage, at which particle 
trapping efficiency has its maximum.  

Besides, the corona discharge itself was reported to be very sensitive to external 
factors, such as gas properties, environment purity, conditions of the discharge 
electrode and its polarity [4]. Understanding the behavior and functional peculiarities 
of a built experimental configuration was desired to make the system perform in a 
repeatable and controllable way. Controllability and repeatability of the system are 
important in practice and for a success in further experiments.  

To summarize, the main goals of electrical measurements were to understand 
problems of the experimental set-up, to control the reproducibility of the corona 
discharge phenomena in a lab environment and to determine optimal input 
parameters in terms of trapping efficiency. 

 

3.2 Set-up description 

To perform electrical measurements, the experimental set-up was fabricated. The 
set-up included a plastic container box of 800x400x400 mm and a set-up stand, 
placed inside (Picture 2). To refresh the air inside the container a DC ventilator was 
used, while the outer hose was connected to the central ventilation system. During 
active sessions of experiments ventilator was usually off to avoid additional air flows. 

For a needle-to-plane configuration, the electro hydrodynamic flow becomes 
visually observable at voltages above 5 kV for dL =100 mm. To gain voltages of the 
order of kV’s an electrical amplifier was especially built for these purposes. The 
amplifier was powered by +15V DC and controlled by a 0-25V DC. 

 

Picture 2. Set-up appearance 
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To measure applied voltages of the order of kilovolts, a voltage divider was used. 
19 active resistors connected in series provided a lowering coefficient of 43.5. It was 
so possible to use a usual voltmeter Hewlett Packard 34401A, with an input limit of 
0-1000V DC, to measure voltages up to 25 kV. For measuring the current, passing 
through the ground electrode, an oscilloscope Philips PM3350A was used. It had the 
input impedance of 1 MOhm and the built-in capacitance of 20 pF. The voltage drop 
over 1 MOhm, measured by the oscilloscope, was converted into Amperes as 

610U −⋅ , so that every measured volt corresponded to 1 µA of electric current. 

To minimize electromagnetic noise induced by cables and other electrical 
equipment, screened wires were used. However, the noise signal did not disappear 
completely and a capacitance of 0.1 µF was installed parallel to the ground collector 
electrode cable as a low pass filter. The electrical scheme of the set-up is presented 
on Figure 36.  

As for the set-up stand material, plastic was used for its dielectric properties. The 
set-up stand allowed varying dL  from 5 to 160 mm, without unplugging cables from 
the electronics (Picture 3). Electrodes were installed in special holders that were 
inserted in the 45x20 mm slideway of the stand and, thus, additional electrodes could 
be placed in between. A draft layout of the stand is presented on Figure 37. 

Picture 3. Set-up stand a) top view b) bottom view 

Figure 36. Electrical schema of the set-up 
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Figure 37. Design sketch for the set-up stand 

Due to the integration concept, discussed in “1.5 Airborne particles trapping”, the 
collector electrode was designed to match to a QCM sensor design [21]. The shape 
and size of the collector influence the system performance as geometry issues are 
believed to have a great impact on aerodynamics of the EHD flow [30]. 
Aerodynamics of the EHD, in turn, affects the overall trapping efficiency, and 
probably the trapping efficiency of charged particles in particular. Therefore, it was 
important to fulfill the size related requirements for the collector. 

As shown on Figure 38, the trapping area of Ø5 mm, marked grey, resembles the 
air-liquid interface on the QCM sensor cartridge, while the Ø22 mm area resembles 
the complete sensor carrier. Only the area, relevant to the trapping zone, must be 
conductive and have an electrical potential. The choice of the collector thickness “X” 
is not important.  

 

Figure 38. Collector design sketch 
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Different types of discharge electrode were developed: a vertically standing needle 
with a tip curvature of radius 0.6-2 µm, horizontal needles with the same tip and 
golden wires of Ø50 µm diameter. This will be discussed in corresponding section 
further.  

As can be noticed, the described collector and corona electrodes do not form an 
ideal needle-to-plate configuration, although such approximation was made in the 
simulations. Also, the collector trapping area is formed by a metal part, not an air-
liquid interface [21]. This significant simplification can be justified at this initial stage 
of research.  

 

3.3 Calibration tests 

For the newly fabricated set-up, a series of experiments was conducted to identify 
its weak parts and malfunctions. A set of calibration tests was pursued to discover 
basic problems. Besides current measurements, other methods were developed to 
study the EHD flow.  

A flow sensor can be a precise method to measure the flow velocity profile. 
However, a sensor tip would interact with the flow and potentially disturb it. Besides, 
the conductive tip would distract the electrical field or even cause the malfunction of 
the measuring device.  

Particle Image Velocimetry (PIV) allows to build a mathematical model of a fluid 
flow [13] [31], however it requires special equipment and complicated preparations.  

Smoke is a good way to monitor a strong air flow (Picture 4) but smoke particles 
precipitate on electrode surfaces and can form extra corona sites (Picture 5). This 
generates fluctuations in the initial segment of I-V characteristics [4] and ruins the 
repeatability of the measurements. Besides, tests with a smoke are not sensitive and 
cannot be used to define e.g. the onset voltage. In following experiments, 
commercially available, organic based smoke, produced by BJÖRNAX, was used.  

 

Picture 4. Adsorbed smoke particles on the collector electrode surface 
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Taking pictures is another method that was used to study a corona visually. It was 
used by Peek in his research for determining the onset voltage. He was taking 
pictures in a special chamber with an inert gas atmosphere, while enlightening it with 
a stroboscope. In current studies, visual measurements were not suitable for finding 
the onset voltage, as due to resolution of the camera they could only be conducted at 
large voltages and small dL . However, they provide information about corona 
localization and its relative intensity. More than 3700 pictures were taken for this 
thesis.  

Picture 5. Dust or smoke particles, forming extra corona sites 

 

3.3.1 Correlation between the measured current and the applied voltage 

Before making I-V measurements, the link between the electrical current and the 
applied voltage was to be tested. Potential geometry-dependent side effects were 
minimized by using metal wires as the electrodes. Tips of the wires were formed by 
rough cutting and appeared to be sharp enough to coronize (Picture 12). Two metal 
wires of 0.5 mm width and of equal length were placed in their corresponding 
electrode slots. One wire was connected to a negative potential and the other one 
was grounded. The wires were bended to reorient the tips, while the EHD flow was 
monitored through smoke and electrical measurements. 

At equal voltage but with a different orientation of the wire tips as on Picture 6 
and Picture 7, the current keep almost the same value but the airflow changes its 
direction. If the wire tips are directed to each other, the current increases up to 4 
times and no directed flow is observed. Instead, smoke is all twisted into turbulence 
(Picture 8). When the voltage is turned off, the current instantaneously drops to zero 
and after a couple of seconds the airflow disappears (Picture 10). Then, if the voltage 
is suddenly turned on again to 10 kV, the current jumps up to 0.5 µA and a directed 
laminar flow occurs again. At 21 kV the airflow loses its directivity and became 
chaotic. The measured current becomes 30 times higher (Picture 11). Insulating 
rubber pieces placed on the tips of each wire blocks the discharge and lead to no 
airflow and no current even at voltage 21 kV (Picture 9). 



40 
 

Picture 6. A directed flow, 10.5 kV, 500 nA Picture 7. A directed flow, 10.5 kV, 750 nA 

 

 Picture 8. Chaotic air flow, 10.2 kV, 3.5 µA  Picture 9. No air flow, 21.1 kV, 0 A 

 

Picture 10. No air flow, 0 kV, 0 A Picture 11. Chaotic air flow, 21 kV, 15 μA 

 

 

Picture 12. The tip of the wire end is sharp enough to coronize 
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3.3.1.1 Observations 

• A directed air flow occurs because of the corona discharge on the free end of the 
wire. 

• The measured current is correlated to the air flow and increases with the voltage 
applied.  

• The corona starts at the electrode elements with the lowest curvature radius, for 
instance on the wire tips. 

• The corona can be blocked and stopped by placing a layer of dielectric on top of 
the discharge site. 

• Both electrodes can coronize. If an electrode with a more positive potential 
coronizes, the discharge has a positive polarity. 

• Both electrodes start coronizing at a certain onset voltage. The onset voltage 
depends on the distance between the potential corona site and the collector 
electrode. 

• If both electrodes coronize, several airflows occur and cause a chaotic flow 
profile. 

• The current, measured when both coronas take place, is not a simple sum of the 
currents of each corona individually, but is much higher. It means that positive 
and negative coronas occurring in the system at the same time are somehow 
interrelated. 

• Although the collector area is limited by the surface of the collector electrode, the 
connecting ground cable also attracts electric field lines. This results in distracted 
trajectories of charged particles and could be observed by a pattern on the ground 
cable, formed by smoke particles. 

 

3.3.2 Study of the leakage current 

In theory, the EHD airflow is strictly linked to the discharge current, but in 
practice, the measured current could be affected by leakage. To prevent leakage 
between the discharge electrodes and the contact cables through the slit in the stand, 
the slit was carefully covered with a scotch tape, without touching the electrodes. 
With the same electrodes as in the previous test, discharge current was monitored 
while electrodes were physically encapsulated by glass cups. In the ideal case, when 
EHD flow is physically disabled between encapsulated electrodes by a barrier, the 
measured current must drop to zero. 

At first, at 11.2 kV and 8 µA, negative and positive coronas are occurring at the 
same time. Then, when the positive discharge is blocked by an insulator (Picture 13), 
the measured current is 3.2 µA. When a glass cup is put on the negative coronizing 
electrode, the current falls down to 25 nA but not to zero (Picture 14). When the 
voltage is manually increased to 17.4 kV, the current becomes 70 nA. 
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Picture 13. 12 kV, 3.2 µA Picture 14. 17.4 kV, 70 nA 

Picture 15. 17.4 kV, 720 nA Picture 16. 17.4 kV, 70 nA 

When, at 17.4 kV, a glass cup is now placed over the ground electrode (Picture 
15), the measured current is 720 nA. This is 10 times higher compared to when the 
cup is covering only the negative electrode. When the second identical glass cup is 
placed on top of the negative coronizing electrode (Picture 16), the current becomes 
again 70 nA. 

It is important to point out, that the thin glass cup was a dielectric and could only 
increase the field between the electrodes but not quench it. That is why under a glass 
cup, negative corona was also present but negative charges could not reach the 
ground electrode by air. This indicates that the 70 nA measured current was not a 
discharge current or at least not a discharge happening in the drift region. It also was 
not induced, as the open loop current was zero. 

 

3.3.2.1 Observations 

• The cup physically stops the EHD flow between the electrodes, blocks the flow 
of charged particles and thus the measured current must drop to zero. However, 
this did not happen and a leakage current of 70 nA was observed. 

• This current is not induced and is only read in the presence of a discharge. It is 
thus logical to assume that it could be rather a result of parasitic coronas outside 
the drift zone or a result of a leakage through the tape, covering the slit. Another 
possible explanation is that the leakage current is a consequence of a slow 
charging of the glass walls. 
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3.3.3 Parasitic corona discharges 

As was assumed in the previous section, the experimental set-up can be a subject 
to parasitic coronas. Any parasitic discharge brings a non-linear error into the current 
measurements, lowers the intensity of the desired corona and is, therefore, unwanted. 
The only place where unwanted discharges can take place is located at the contact 
slots.  

After holders were taken out from the stand and fixed in the air with plastic 
tweezers to exclude any leakage between them, 10 kV was applied to the closest 
holders (35 mm). As seen on  Picture 17 and Picture 18, metal holders can 
additionally generate extra corona sites. The bluish glow on Picture 19 is a corona 
streamer, which forms at voltages much higher than the onset.  

In order to prevent holders from coronizing, they were isolated by rubber glue 
(Picture 20 a, b). In addition, connecting cables were covered with plastic (Picture 20 
c). This partly blocked unwanted coronas but a proper isolation of connector wires is 
something important for a new design. 

 
Picture 17. 0kV 

 
Picture 18. 10kV 

 
Picture 19. Corona streamers formed on holders 

    

Picture 20 a, b, c. Processed connectors
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3.4 Design of the collector electrode 

The collector electrode was fabricated according to requirements stated earlier 
(Figure 38). The core was made of steel as it was technically complicated to use a 
liquid sample instead. The housing of the electrode was made of plastic.  

As it is known that a positive corona can theoretically start on smooth flat 
surfaces at micro defects [4], a special care was taken to surface treatment of the 
collector electrode. Although, it was manually smoothened and polished, a positive 
discharge was observed by a smoke test (Picture 21 and Picture 22). As brass is softer 
than steel, the steel core was replace by the brass one, but, as seen on Picture 23, 
coronized as well. It was then decided to substitute manually processed cores by a 
commercially available 8 mm chrome bearing ball. The result was similar (as on 
Picture 24), but it is believed that the positive discharge was minimized. Thus and so, 
a ball bearing was considered as the best suitable choice for the core. 

Also, as seen on Picture 24, the glow is bigger and brighter if the collector is 
surrounded by 3, rather than by 2 plastic rings forming the housing. Streamers, 
formed on the collector electrode with plastic housing, had also a bigger size than 
without plastic (Picture 25). It can be that due to charging, plastic increases the field 
strength at the surface of the core which leads to a more intensive positive discharge. 

 
Picture 21. A directed flow at moderate voltage 

 
Picture 22. A chaotic flow profile at a high voltage 

 

Picture 23 a, b. Brass collector core. Corona localization is dependent on the needle position 
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Picture 24 a, b. Collector with chrome ball with 2 disks of plastic housing (a) and with 3 (b) 

Picture 25. Streamers formed on collector electrode with plastic housing 

The streamers, due to their bursting nature, are bringing fluctuations to the 
measured current. To sustain the repeatability of current measurements, the plastic 
housing was removed altogether.  

The final collector design was a ball bearing planted on a connecting wire and is 
shown on Picture 26. The connecting wire was covered with insulating glue for 
isolation purposes.  

 

Picture 26. Chrome ball without plastic housing 
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Summary and disadvantages of using a ball bearing as a collector electrode are 
mentioned bellow:  

• Although the surface of the collector electrode was absolutely geometrically 
smooth and factory treated, a positive corona was present. This could be due to 
insufficient asymmetry of the electric fields, caused by the small dimensions of 
the collector electrode.  

• It can be concluded that the best way to avoid a bipolar discharge is to stay 
below the onset voltage of the positive corona by controlling the applied 
potential. 

• By choosing a spherical shape of the electrode and taking off the housing rings, 
the idea of imitating a QCM design was completely abandoned. However, this 
theoretically increased the positive onset. 

• The spherical form (R4) has a 4 times larger surface area, compared to the flat 
liquid interface (R5). This might have caused changes in the configuration of the 
electric fields, which impacted on the particles trajectories. Besides, a collector 
electrode with a bigger surface area can trap more charged particles.  

• Larger surface area of used collector can also be discussed from another point of 
view: two electrodes, before the unipolar corona starts, form a capacitor of a 
certain capacitance, which depends on the dL , the applied voltage and the 
surface area of the electrodes. Therefore it is logical to say that with the 
increasing surface area of one of the electrodes, the capacitance of the system 
increases and so does the surface charge Q and the surface field. If so, then as 
the surface area of the non-coronizing electrode becomes larger, the onset field 
can be achieved at lower voltages. 

• The contact wire, situated on the backside of the ground electrode, was at the 
ground potential and could disturb the motion of charged particles by attracting 
them. Such particles ended up somewhere on the insulated part of the wire but 
not on the collector electrode. 
 

3.5 Multi wire discharge electrode 

As discussed earlier, a wire-to-plate configuration can provide a unipolar discharge 
and, compared to a needle-to-plate configuration, offers several advantages. For 
example, as the highest field strength and diffusion are situated in proximity to the 
plasma region, in order to charge the aerosol particles, they need to pass as close to 
the discharge electrode as possible. The plasma region around the needle tip occupies 
a smaller volume, compared to the plasma region situated along the wire. In this way, 
it already can be concluded that the probability of charging airborne particles should 
be higher when a wire is used. Several wires can be arranged in rows, which might 
increase the charging rate even more. 

However, a bigger surface area of a multi wire discharge electrode is also a 
disadvantage, as it leads to a higher capacitance of the system, and, thus, to a lower 
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onset voltage for the positive discharge. Besides, under the negative potential, corona 
forms as reddish glowing spots distributed along the wire, and only under the 
positive potential is seen as a uniform bluish-white sheath over the entire surface of 
the wire [9]. This compels to use the positive discharge and cancels all the benefits of 
using the negative one. 

Nevertheless, to test this type of electrode, a gold wire of a 50 µm diameter was 
wounded on a plastic holder (Picture 27a). A special care was taken to leave only 
straight portions of the gold wire in order to avoid any parasitic coronas from sharp 
ends. Smoke tests proved the presence of an EHD flow and also of the positive 
corona (Picture 28). Optical observations revealed no continuous glow but, instead, a 
few discrete and unstable blinking points for both, positive and negative potentials 
(Picture 27b). Further increase of voltage led to a breakdown (Picture 29). 

  

Picture 27 a, b. Side view of the multi wire electrode (a), corona glow points on the wires (b) 

 

Picture 28 a, b. Moderate voltage (a), voltage closer to V=25kV (b) 

 

Picture 29. Breakdown. dL =20 mm, V=17 kV 
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3.5.1.1 Summary           

Corona glow is seen as singular points at the positive potential, possibly because 
corona forms on micro defects or dust particles settled on the wires. It makes this 
configuration very contamination sensitive. Besides, as the onset voltage is a function 
of dL , the parts of the wire, which were positioned closer to the collector than the 
other, tend to coronize first. As the wires were wounded manually, they were not 
perfectly strained, as on Picture 27b. Such curves, when coronizing, would give only 
one spot of glow per wire. The curvature radius of the wire was 25 µm, which is 25 
times bigger than of the needle tip, and which gives a higher onset voltage. 
Moreover, closely-placed wires interfere with each other and mutually suppress the 
discharge, which makes the negative onset higher for an array of wires, compared to 
a single one [32]. 

 

3.6 Multi needle discharge electrode 

In this section, a multi needle electrode design is presented. This design combines 
the advantages of a single needle and a multi wire electrodes and seems not to have 
their disadvantages. 

It was fabricated of two Ø22 mm PCB rings, with eight small orifices for needles, 
as seen on the Picture 30. Electrical contact inside the ring was provided by 
conductive epoxy, and, as seen on Picture 31, all three needles coronized without a 
problem. In total, 8 horizontal needles could be installed at a time. Smoke test 
showed a stable directed flow (Picture 32, Picture 33) even at the voltage up to 20 kV 
at 40 mm distance.  

Picture 30. Needle holder with 3 needles Picture 31. Corona glow around all three tips  
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Picture 32. 9 kV, 40 mm. Inflow is very weak Picture 33. 20 kV, 40 mm. Directed strong inflow 

 

3.6.1.1 Summary 

• Compared to a multi-wire system, horizontally placed needles provide a lower 
capacitance for the system and thus postpone the positive corona 

• Several needles, discharging at once, ionize more of incoming air than a single 
needle 

• A needle tip has a curvature 25 times sharper than a thin golden wire, which 
decreases the lower limit of applicable voltages  

• Several needles, placed close to each other, interfere and the onset voltage 
increases [3] 

 

3.7 Additional observations 

Some additional effects were observed but were considered to be of a secondary 
importance. For example, it was seen that when a piece of insulator was placed on a 
coronizing needle tip, another corona started at a different place. When the insulator 
was taken off, the second corona stopped and the tip started to coronize again 
(Picture 34). This effect can help explaining the mechanism of interference between 
several discharge electrodes. 

  

Picture 34 a, b. Effect of a secondary corona site 
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Picture 35 a, b, c. Effect of a secondary corona site 

The induced electric field on the needle tip reached the onset and corona began 
(Picture 35a). When a rubber piece was placed on the needle tip, the electric field on 
the tip weakened drastically and surface charges on the ground electrode 
redistributed toward another sharp element on the needle. The field around that 
element became strong enough and the second discharge started there (Picture 35b). 
This new corona site could be a surface micro defect, some dust particles or a 
bending edge. The glow on the collector surface was positioned in the upper part of 
the ball, exactly where field lines are expected to concentrate. When the insulator was 
removed and the tip was exposed again, corona on the bending stopped, the tip 
started to coronize and the glow on the collector surface moved to the lower part 
(Picture 35a). Besides, positive corona glow became much more visible. At higher 
voltages, two coronas could exist at the same time, before a breakdown, as seen on 
the Picture 35c.  

It is noteworthy that at big dL , the glow on the collector was uniformly 

distributed all over its surface (Picture 36). For smaller dL , the glow was more 
focused and even elongated (Picture 35a). This corresponds to conclusions made in 
section “2.4.3 Simulations with varied distance between the electrodes” 

 

Picture 36. Positive corona glow at distance of dL =50 mm 

Taking into consideration experimental and simulation results, it can be concluded 
that the positive discharge can start below the onset, defined in the section 2.4.2 
Onset voltage determination. This happens due to residual negative space charge, 
produced by the negative corona. Moreover, the field configuration becomes more 
symmetric at distances below 40 mm, which creates areas on the collector surface 
with an extra high electric field. 
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It can be easily shown that the ground electrode cannot coronize in a system 
without residual space charge, as seen on the Picture 37. Thus, the negative onset is a 
constant for a particular system, as the tip of the needle is the sharpest element, 
having the lowest onset. Yet, when the tip starts to coronize all other onsets 
decrease, which makes it impossible to define them analytically. However, without 
knowing when positive corona starts it is not possible to avoid it. 

  

Picture 37. Ball to ball leads to breakdown without forming a corona 

 

3.8 Electrical measurements of electrical current losses 

It is expected that cables connecting the ground electrode, may disturb the motion 
of charged particles and reduce the trapping efficiency. Besides, at large dL  or high 
voltages, when the flow of charged particles is rather divergent (Figure 24), some of 
them may hit the wall of the tube and stick to it. This assumption was tested via 
electrical measurements with a vertical standing needle. 

At constant voltage of 13.1 kV and with varying dL  from 70 to 12.5 mm, two 
currents were monitored simultaneously: the collector electrode current and the 
discharge electrode current, “ ” and “ ”respectively. The collector current was 
formed by negative ions flowing from the negative coronizing electrode and positive 
charges emitted at the positive corona. The negative electrode current was formed by 
negative charges emitted at the negative coronizing electrode and positive ions 
drifting from the ground electrode, due to the positive discharge. Thus 

 and .  

In the ideal and desired case,   should be negligibly small and = . 
However, as the positive corona is inevitable at some point, but has a higher onset 
voltage than the negative one, it should not be dominant in the system and 

. Besides, as some ions will either escape from the system or end up on 

the tube wall, it is expected that . 

posI negI

pos pos posI I I+ −= + neg neg negI I I+ −= +

posI +
negI −

posI −

pos negI I+ −<

0neg posI I− >
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Figure 39. Electric schema for measurements with two ampermeters 

 

3.8.1 Additional insulator 

As the negative electrode works also as a collector for positive ions emitted from 
the ground electrode, it implies that once some surface area of the needle is covered 
with an insulator material, some positive ions, which are attracted to the needle, will 
end up on the insulator and not contribute to the current ( ). Thus,  is 
expected to decrease. On the other hand, with an additional layer of insulator, the 
capacitance of the system increases, providing a stronger discharge. This should 
probably increase both  and . So when an insulator is on, the trend of negI  

is unknown,  . 

Figure 40. Schematic interpretation of set-up variations. Dashed line marks the tube and the pyramid 
marks the additional insulator 

 

negI + ↓ negI

posI +
negI −

?neg neg negI I I+ −= ↓ + ↑
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Picture 38. Additional insulator on the 
needle discharge electrode 

Picture 39. Plastic tube covering the drift region 

 

 

Experiments showed that once the needle surface was covered by a piece of 
rubber (Figure 41), negI  measured at 13.1 kV was lower than when without the 
insulator, on the interval 15-70 mm (Figure 41, Figure 42). This experiment was 
repeated at the same conditions without the plastic tube and results were similar. 

At distances 15-70 mm, a meaningful number of positive charges were lost by 
charging the rubber insulator. This loss was decreasing from 15 mm to 70 mm, as the 
positive corona decays with distance. At dL  smaller than 15 mm the needle tip was 

so close to the ground electrode that losses became minimal, as negI + ↑ . The 
insulator was not charging any longer, as the charges travelled directly from/to the 
tip. A higher capacitance of the system is a possible explanation to why the red curve 
crosses the blue one at 15 mm at Figure 41, Figure 42. 

At 16 kV, the glow was broader when an insulator layer was on (Picture 40). This 
supports the argument that the capacitance of the system was higher. 

 

 

Figure 41. Negative electrode current, inside the plastic tube, with/without additional insulator. Voltage 
13.1 kV 
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Figure 42. Negative electrode current, outside the plastic tube, with/without additional insulator. 
Voltage 13.1 kV 

At 10.5 kV and with a needle of a smaller curvature, similar characteristics were 
observed (Figure 43). The difference was that two lines did not cross at 15 mm but at 

15dL < mm. Besides, from 50 to 70 mm, the curves coincide, which was not the case 
at 13.1 kV (Figure 41, Figure 42). That is possible if no positive discharge happened 
at 50-70 mm and . This indirectly indicates that positive corona onset 
voltage at 50 mm is 10.5 kV. 

 

Picture 40 a, b. Corona glow at collector electrode without (left)/with insulator (right). 

dL =20mm V=16kV 

 

Figure 43. Negative electrode current, outside the plastic tube, with/without additional insulator. 
Voltage 10.5kV 
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Negative ions, when travelling from the negative to the ground electrode, might 
leave the system completely, for example through the inlet or by sticking to the wall 
of the tube. If that is the case, and assuming that the negative corona is the dominant 
source of charged particles in the system ( > ), then losses of negative 
charges can be calculated as 

 

Using this formula does not give a reliable absolute value of losses due to stated 

assumptions, but it can be used to compare configurations. 

Figure 44 shows losses with respect to the distance, when the rubber insulator was 
on the needle and not. Same measurements were repeated without the plastic tube 
(Figure 45). Both results correspond with each other and point out that losses 
decreased with shorter dL .

 

 

Figure 44. Losses in the covered system, with/without the insulator. 13.1kV 

 

Figure 45. Losses in uncovered system, with/without the insulator. 13.1kV 
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The losses were calculated to be, on average, 10% lower when the insulator was 
on the needle at distances larger than 20 mm, and thus either  or 

. It is not likely that negative charges could more effectively reach the 

collector (⇒ ), neither that the positive corona was enhanced without the 

same happening to the negative one ( posI + ↑ ), nor that negative discharges decayed (

). This leads us to conclude that  due to rubber insulation. 

In case when the insulator was on  

At distance shorter than 20 mm, no positive charges were being lost on the 
insulator ( ), as well as negative charges ( ), and the losses 
were almost zero. This corresponds well with conclusions made for Figure 41, Figure 
42, that the traffic of charges was running straight from the needle tip toward the 
collector electrode without dispersion.  

 

3.8.2 Losses due to plastic tube covering 

A plastic tube has been used in the electrical measurements and simulations, as 
the collector and the QCM sensor must be safely protected from the outer 
contamination by a cover. Moreover, the inlet and outlet are formed by restriction of 
the drift zone, allowing only breath borne sample enter the system and get ionized. 
Besides, users must be protected from a high voltage used in the device. The 
influence of the cylindrical cover tube on the traffic of charges is discussed in this 
section. 

First of all, the plastic tube caused a slight drop in current (Figure 46, Figure 47). 
A possible reason for this is that a tube reduces the cross-section of the conductive 
media and, following the Ohm's law, when the resistance rises up the current goes 
down. That is why one could expect that using a smaller diameter tube would lower 
the current even more. Another reason for that can be related to fluidic properties of 
the air. 

As also seen in the figures, the losses in current were 10% bigger when the system 
was placed inside the tube at distances larger 40 mm (Figure 46, Figure 47). At 
smaller distances, the correlation seemed to vanish 

( )neg negI I− ++ ↓

( )pos posI I− ++ ↑

posI − ↑
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neg neg
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+ ↓
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Figure 46. Losses in the system with/without a cover; 13.1 kV 

 

The equation for current losses, describing the influence of the covering tube, can 

be written like that  

 

Figure 47. Losses in the system with/without a cover. 13.1kV 

 

3.8.3 Voltage influence 

Experiments on the additional insulator and the plastic tube influence were 
conducted at a lower voltage 10.5 kV. The data obtained is not very reliable due to 
the limited resolution of the measurement tool, and is presented in tables instead of 
being plotted. However, from Table 1 and 2 it can be concluded that losses (20% 
without and 40% with cover) took place only at distances 60 - 70 mm. At smaller 
distances, losses were negligible. This proves the statement that the divergence of the 
flow grows with voltage. 
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If positive corona starts at 10.5 kV and 50 mm (section “3.8.1 Additional 
insulator”), then for 50 - 70 mm the qualitative equation for losses is: 

. This corresponds to the data in Table 2, in the case 

with a plastic cover, when losses happened due to sticking to the tube. At distances 
below 50 mm, losses on the plastic were negligible  (Figure 46, 

Figure 47), thus  

For uncovered system, both electrode currents were equal (Table 1). 

Distance, mm 70 60 50 40 30 20 15 12.5 10

Loss, % 23.33 5 7.5 14.17 7.22 0 -0.93 1.22 -1.54

Table 1. Negative current losses at 10.5kV, no tube 

 

Distance, mm 70 60 50 40 30 20 15 12.5 10 7.5

Loss, % 40 33.33 17.5 10 0 0 0 2.44 -3.23 -1.85

Table 2. Negative current losses at 10.5kV inside the tube 

 

3.8.4 Summary 

• The losses of the negative current decreases with decreasing distance between 
the electrodes, as then the traffic of charges is formed directly between the 
needle tip and collector electrode. 

• With increasing voltage, the losses are higher for longer distances due to the 
divergence of the flow. 

• A plastic tube lowers the measured current and also introduces additional losses. 
• It might be so that connection wires, even when being insulated, significantly 

distract the flow and deflect the trajectories of charged particles away from the 
collector electrode 

 
 

3.9 Repeatability 

As mentioned above, the discharge current was seen to fluctuate with time. This 
was due to different reasons: contamination, burst nature of a positive discharge, side 
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effects of the set-up design. The applied voltage was also observed to be drifting with 
time. Under these conditions, taking I-V measurements without concern of these 
factors, leads to unrepeatable results. It was difficult to find out the real reasons for 
the voltage and current drift (Figure 48, Figure 49) so it was assumed that the drift 
happens in the range of some transient process. Then, corresponding measurements 
were conducted to define the transient period. 

A series of experiments was conducted at 9 kV and at 9, 7, 4, 3, 2 and 1.5 cm. 
Each experiment lasted up to 10 minutes and was reiterated minimum two times. At 
every experiment, voltage and current measurements were documented every 15 
seconds. A typical data plot and analysis table (at distance 20 mm) is presented below 
(Figure 48, Figure 49, Table 3). For the transient period duration, only current drift 
was considered.  

 

Figure 48. Current variations with time at constant voltage 

 

Figure 49. Internal voltage variations with time 

Average current, nA: 592,5 

Max I, nA: 620 

Min I, nA: 540 

Spread of I: 80 

Distance between electrodes, mm: 20 

Average Voltage, V: 7411,617 

Overall time, sec: 585 sec 

Transient period defined, sec: 210 

Table 3. Pivot table corresponding to figures 48 and 49 
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It was presumed that experiments lasted long enough to reach the steady state, so 
that the current was at the equilibrium after 10 minutes. The mean value of the 

current was calculated at every time step as , where i  is the step number, 

I  is the value of current and N is the overall number of steps. The actual current 
value at every time step was then subtracted by the corresponding mean value ∆ =

. The value of ∆ is plotted on Figure 50. 

From the Figure 50, it can be concluded that the time constant for reaching 
equilibrium was ~210 seconds. In principle, 75 seconds can also be considered as a 
time constant, as after this time, changes in current were smaller than the 
measurement error, which corresponded to 20 nA (red line on the figure). 

 

Figure 50. Visual interpretation of current transient period 

A series of similar experiments at voltages higher than 9 kV did not reveal any 
different results. It was also detected that fluctuations, and thus repeatability, strongly 
depend on the cleanliness of the set-up, on the needle sharpness and on the distances 
between the electrodes. This corresponds well with Loeb’s observations [18]. Loeb 
noticed that the needle sharpness has a strong impact on the current. With a negative 
discharge in a needle-to-plate configuration and at voltages below the onset, Loeb 
could observe discrete impulses of current, which represents separate avalanches 
(Figure 51). For the positive discharge, they happened at a higher voltage, were more 
pronounced and were called “bursts”. Those impulses were becoming smoother with 
increased voltage. 

 

Figure 51. (a) Pulses of current with 0.02 mm tip curvature, (b) 0.004 mm [18] 
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3.9.1.1 Conclusions 

The drift of the measured electrical current was observed and considered to be a 
result of a transient process. The duration of the transient process was estimated by 
monitoring the current within a 10 minutes discharge, at different distances between 
the electrodes. At average it was defined to be around 300 seconds. Under equal 
power supply conditions and in subsequent experiments, the equilibrium value, 
achieved after exploiting the set-up for 300 seconds, was always the same. This 
exposition time was used to collect further I-V characteristics. 

Voltage and current drift might have several causes. A reason for that could be 
that the resistors in the voltage divider or the transformer in the power source drifted 
due to heating. This theory did not find firm evidence through calculations, though. 
The other explanation is that the conductivity of the media changes due to a growth 
of number of charges in the air, or that the field configuration is changing due to 
charging of the plastic parts. 

 

3.10 I-V measurements 

Figure 52 describes the theoretical point-to-plate unipolar current-distance 
dependence 24 ( )

( )d

U kVI
L mm

=  [33] and the experimental current-distance curve of a 

vertically standing needle configuration, at voltage 8.7 kV and exposition time 5 min. 
With an increased voltage, the curve shifts to the right (Figure 53). 

Figure 52. I-d curves, theoretical and 
experimental, at 8.7 kV 

Figure 53. I-d curves at varying voltage 

Current-voltage characteristics were measured with the vertically standing needle 
configuration. Measurement data was collected after 5 minutes of exposure time at 
every voltage level and for distances 11, 10, 8, 7, 6, 5, 4, 3, and 2 cm. The voltage was 
changed with the positive increments. For the corona discharge onset a threshold of 
10 nA was considered. For all experiments the set-up active region was covered with 
a plastic tube. Figure 54 shows data obtained for distances: 11, 10, 6, 5, 4, 3 and 2 
cm. 
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As was shown before, the positive corona on the collector electrode starts at a 
higher voltage than the negative one. If a purely negative corona follows a close-to-
parabolic I-V (current-voltage) dependence [33], a combination of negative and 
positive discharges cannot be described simply by summation of two parabolas and 
thus must be described by a function of a higher order. This statement will be further 
used to determine the positive corona onset, by an approximate graph-analytical 
approach. 

 

Figure 54. Current-voltage characteristics for Ld 11, 10, 6, 5, 4, 3 and 2 cm 

 

3.10.1 Current-distance characteristics with the multi needle electrode 

A several horizontal needles electrode can provide a number of advantages, 
compared to other electrode designs. This electrode was fabricated and studied 
through current-distance measurements for 1, 2, 3 and 4 needles quantity (Picture 
41). The measurements were conducted at the constant voltage of 13 kV, the starting 
distance was 50 mm and the exposure time 5 min.  

Picture 41 a, b, c. Two (a), three (b) and four needles set-up(c) 
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From Figure 55, it is seen that the operable voltage range before breakdown 
broadens with a rising number of needles. Breakdown with one needle happened at 
13 mm; with two and three needles at 10.5 mm and with four needles at 8 mm. Also, 
the current does not seem to depend on the number of needles. 

 

Figure 55. I-d curve for the multi needle discharge electrode, V=13 kV 

 

3.10.1.1 Conclusions 

It was expected that several corona electrodes give several times higher current 
and more charges. However, it didn’t happen to be so, as the current value did not 
depend on the quantity of needles. This is similar to the phenomenon described in 
the chapter “3.7 Additional ”, where in a system with several corona sites, a 
discharges were mutually quenching each other. Those corona sites were situated 
very close to each other and were competing for electric field lines from the collector 
electrode. It is reasonable to assume, that if the needles are placed further apart, this 
interference will vanish and a rise in current will be observed. 

 

3.10.2 Approximate approach for positive onset determination 

As mentioned before, the best way not to have a positive discharge is to keep the 
voltage below its onset. However, as the positive and negative discharges are linked, 
it makes it impossible to define the positive onset analytically through the 
electrostatic problem. It was also not possible to detect it with available instruments 
through experiments. Despite this, we introduce an approximate method for 
determination of the positive onset value. 

The beginning of each I-V characteristic is related to a pure negative discharge. At 
some voltage, the positive corona starts and the tail of the curve corresponds to both 
coronas acting at the same time. While a uniform discharge has a weak parabolic 
dependence, the combination of two coronas should be described by a power 
function. If the beginning and the tail of the curve are extrapolated as shown on 
Figure 56, the crossing point gives an approximate value of voltage when the positive 
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corona starts. From current example the result for the positive onset at dL =30 mm 

is 15.7 kV and at dL =50 mm is 15.25 kV. 

Figure 56. I-V curve extrapolation. Ld 30 mm. 
Crossing is at V=15.7kV 

Figure 57. I-V curve extrapolation. Ld 50 mm. 
Crossing is at V=15.25kV 

This approach was tested experimentally by monitoring the flow through a smoke 
test, as shown on the Picture 42-45. A stable inflow was proving the presence of one 
strong EHD flow, while a chaotic behavior of smoke, indicated the presence of two 
EHD flows.  

Picture 42. Directed flow. Ld 30 mm. V=15.2kV Picture 43. No directed flow. Ld 30 mm. 
V=16.7kV 

Picture 44. Directed flow. Ld 50 mm. V=14.9kV Picture 45. No directed flow. Ld 50 mm. 
V=16.4kV 
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It was not possible to receive similar proof for other distances, as at distances <30 
mm or >50 mm smoke was always repelled from the inlet or the suction force was 
too weak. 

 

3.10.3 Optimal regimes 

The method for the positive corona onset determination, described in the 
previous chapter, was used for distances 20, 30, 40, 50, 60, 100 and 110 mm. As this 
method is based on a very approximate approach, a lowering coefficient of 30% was 
applied afterwards. 

The negative and the positive onsets form the lower and the upper limits for the 
range of applicable voltages. The complete window of operation for input 
distance/voltage parameters are presented on the Figure 58. As seen from the figure, 
the onset at 50 mm, after applying the lowering coefficient, is close to 10.5 kV, which 
corresponds to the conclusions made in the section “3.8.3 Voltage influence”. Main 
conclusions are also marked, forming a picture of main trade-offs of the system.  

Figure 58. Onset voltages for positive and negative corona in a vertical needle-to-plate system 

 

3.11 Summary 

As the data in Figure 58 was obtained under for a metal collector and under a 
number of assumptions, it cannot give a precise quantitative remark. However, 
qualitatively it shows that the optimal voltage regime lies between the negative and 
the positive onset. The range of applicable voltages shortens with decreasing distance 
(6.5 kV at 120 mm versus 5.2 kV at 20 mm).  
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In terms of the particle trapping efficiency, the voltage should be high enough to 
cause a unipolar discharge and high ionization but not too high to disperse the flow 
profile or to cause a counter discharge. The counter discharge would accelerate 
charged particles in the opposite direction and decrease the number of trapped 
particles. The dispersed flow profile would also decrease the trapping efficiency and 
introduces losses due to particle sticking to the internal walls of the cover. 

 As normally, a patient can exhale 8 liters of air in about 5 seconds, this limits the 
exposure time during which enough particles should be trapped. At too low 
ionization rates this time might not be enough to get a necessary charge 
concentration and a charging rate. Usage of a higher distance increases the travel 
path and extends the charging region, allowing particles to keep charging for a longer 
time. However, at distances close to 12 cm the onset voltage is above 7 kV, which is 
too much for a mobile device. Moreover, the system becomes easily distracted by 
surrounding objects. 

On the other hand, at shorter distances up to 2 cm the range of applicable 
voltages closes up due to the electric field redistribution. Besides, the flow velocity 
increases and airborne particles leave the charging region too fast, without attaining a 
charge. 

As particles have the tendency to get charged differently according to their size 
[18], by adjusting the voltage, dL and the ion density, the system can be tuned to 
selectively trap particles of a specific size.  

The shape and dimension of the tube, probably have a strong impact on the 
system performance [17]. A low negative voltage applied to a conductive cover, is a 
subject for further studies, as might decrease divergence of the flow. Instead of 
ground potential for the collector, it is reasonable to use a low positive potential to 
shield the system off from nearby objects with a floating potential. Connection wires 
might be a factor of flow distraction and should be designed in a smart way. 
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4 Conclusion 

4.1 Suggestions for novel device designs 

Before, the processes of ionization, charging and trapping were combined 
together by utilizing only two electrodes. This configuration achieves some goals but, 
in principle, introduces a hard ultimatum. For a charging and trapping process, it is 
desired to operate at moderate voltages, and have dL  long. For a discharge process, 

the dL  needs to be small to keep the applied voltage low. A possible solution is to 
split these processes.  

This was once done and reported by Dorian F. Colas and his team [34]. They 
successfully optimized a wire-to-plate configuration by adding extra accelerating 
electrodes. A recently created corona based mini pump [35], where several discharge 
wires were placed in proximity to thicker wires, provided a strong EHD allowed to 
operate the system at comparatively low voltages. These ideas were combined to 
generate a prospective design, as presented in Figure 59. 

 

Figure 59. Perspective design #1 

The design #1 is based on the concept of a multi needle electrode. Several needles 
provide a more uniform distribution of space charge and field in the drift zone. It is 
believed that if the distance between the needles is reasonably large, the ionization 
rate increases proportionally to their quantity. The ground mesh electrode must have 
a big surface area to establish an asymmetric field configuration, and be as 
transparent to the airflow as possible. A possible geometry for such electrode is a 
spiral with large gaps, made of a bended wire, which is thick enough not to form a 
discharge itself. By choosing 1L , the onset voltage can be kept in the region of 2-3 
kV. However, at a too small distance, due to highly compact field lines, a great 
portion of charged particles will be lost on the ground electrode. Some charged 
particles will pass through it and continue moving to the collector electrode. The 
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latter is connected a small positive potential to shield off surrounding objects. While 
particles propagate to the collector electrode they keep on charging by combined 
charging. The collector electrode can be positioned perpendicularly to the flow or 
parallel and its connecting wires can be placed downstream. The distance 2L V t= ⋅  
should be carefully chosen to prevent a positive corona and to provide enough 
exposition time for particles to attain a maximum charge. This, in fact, also depends 
on the velocity of the flow, which can be regulated by the size of the inlet or outlet.  

An obvious weakness of such design is that it is not known exactly how many 
charged particles can propagate through the mesh electrode. Moreover, as the 
discharge electrode is placed within the air flow, the system becomes contamination 
sensitive and, thus, will not be capable for a rapid reuse.  

To overcome this problem, the discharge electrode was positioned outside the 
flow stream, as was accounted in the second design shown in the Figure 60. 

 

Figure 60. Perspective design #2 

The second design is based on the wire electrode configuration. Discharge wires 
are placed outside the stream at a distance where they don’t interfere. A positive 
discharge is used to provide a uniform plasma region. Positive ions after emission 
propagate through the ground potential mesh (in orange), and stay in the zero field 
region. Together with the inflow of airborne particles they enter the charging region, 
where charging is dominated by diffusion. After acquiring a charge, airborne particles 
are swept by the collector. The choice of distances 1L  and 2L  can be governed by 
the same logic as for design #1. 

I can be advantageous that charging occurs only when the inflow is present. 
Therefore, before a patient breathes into the inlet, the system does not work in the 
collecting regime, as charges do not enter the 2L  zone.  
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A problem associated with charges not passing through the mesh is as well 
probable here. However, in design #2 it is ions that get lost on the mesh, not 
charged particles as in design #1. 

 

4.2 Suggestions for further research 

The electrical measurements and simulations, combined with the theory, give a 
good overview of a corona discharge phenomena and its potential use for particle 
trapping application. However, they do not provide information about the charging 
rate and the trapping of uncharged aerosol droplets. The best way to verify the 
results and conclusions is to set up a quantitative test that accounts overall trapping 
efficiency.  

Schematically talking, a liquid sample, including a marker substance, should be 
dispensed by an aerosol dispenser and introduced to the experimental set-up, 
containing a discharge setup and a liquid interface collector electrode. After some 
exposition time, a quantitative analysis of the collector liquid can provide information 
about the amount of marker substance that was collected. Assuming, the 
concentration of the marker and the volume of the dispensed and collected solutions 
are known, the trapping efficiency can be calculated as 

. . 100%
.

Amount dispensed Amount collected
Amount collected

−
= ⋅ .  

As for the quantitative analysis, optical spectroscopy can be used. It allows 
measuring the light absorption spectrum and, based on it, to define the concentration 
of marking substance in the liquid sample. For marking substance, a colouring dye 
can be used. It provides a high colouring capacity and, thus, tiny shifts of 
concentration can be detected. Blue dye solution can be dispensed in an collision-
type nebulizer. Preliminary calculation showed that the resolution of the 
spectroscopy tool allows detecting milligrams/litre of the blue dye in a water 
solution. 

 

4.3 Project summary 

In this project, the goal was to consider the use of a corona discharge 
phenomenon for collecting airborne particles from an air flow into a small container 
with a liquid solution. For these purposes, a negative needle-to-plate discharge 
configuration was chosen for its optimal electrical characteristics and its ability to 
create a unipolar discharge. The latter was especially important as the non coronizing 
electrode served as a collector. 

Furthermore, a simulation model has been developed. Despite a number of 
limitations, it provided reliable information about the electric field configuration and 
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the velocity profile of the flow stream. This was used to determine the theoretical 
onset voltage, to review the disturbing influence of far standing electric grounds and 
to study the system behaviour at different voltages and distances between the 
electrodes. A special particle-tracing module has been utilized to observe the 
trajectory of particles and to evaluate the advantages of using additional negative 
electrodes to focus the aerosol flow and of applying a positive potential to the 
collector electrode.  

Electrical measurements were conducted to obtain the information on the range 
of applicable voltage limitations. An experimental set-up was built to study the 
corona discharge in the lab environment. After some adjustments of the set-up, 
current-voltage characteristics were collected and different discharge electrodes were 
tested, such as multi wire and multi needle configurations. 

The electrical measurements revealed the presence of a positive discharge at the 
collector. It was attempted to avoid this detrimental phenomena by adapting the 
ground electrode design and by defining the positive onset. The positive onset 
voltage was determined by analyzing the current voltage characteristics and the 
window of operation for voltage and distance parameters was determined. 

 Based on the results and conclusions, novel and promising designs were 
proposed for future studies. Also, a concept of a quantitative experiment for the 
characterization of the trapping efficiency was suggested. 

The main theoretical aspects of a unipolar corona discharge were studied and 
implemented experimentally. Conclusions were used to formulate a more advanced 
concept for a device design and an approach for a quantitative analysis. Further 
research can be focused on determining and optimizing the set-up in terms of the 
total trapping efficiency, studying of the charging rate, developing the design of the 
collector electrode and electro spraying appearance. Additional attention should be 
paid to a construction of accelerating and collector electrodes.  
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