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Abstract
The corona discharges provide an efficient way to induce precipitation or eliminate fog by
increasing ion density in the open air. In this paper, one bipolar corona discharge array (positive
and negative high voltage coupled simultaneously) which can generate high densities of positive
and negative ions is developed. The comparison between bipolar corona discharge array and
unipolar corona discharge array (positive or negative coupled only) indicates that bipolar corona
discharge array can generate ∼3 times higher ion density than unipolar corona discharge array.
More charged aerosols are produced through collisions between ions and aerosols. The collision
rate between aerosols is increased substantially by the attractive forces between positively and
negatively charged aerosols. The deposition of aerosols induced by bipolar discharges is 25.7%
higher than that of unipolar discharges at the humidity super-saturation condition. Therefore, the
bipolar corona discharge system is a new option for the large scale ion sources used for artificial
weather modification.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, as the intensification of global warming,
extreme weather events such as droughts and floods have
become more frequent [1–4]. The lack of water in Africa and
Asia have affected local agriculture, industries and even
human health [4]. Forest fires happened more and more fre-
quently in China, Australia and America [5, 6]. Artificial
rainfall provides an effective way to alleviate the drought
problem, which is commonly realized by dispersing man-
made condensation nuclei (table salts, dry ice, silver iodide,
etc) to alter physical chemical processes within the cloud
[7–10].

Different from the above hygroscopic particles, the charged
aerosols produced through the collisions between ions and

aerosols can act as condensation nuclei under super-saturation
conditions. Changes in cloudiness of the Earth are directly
affected by ions generated by galactic cosmic rays in atmosphere
directly [11–14]. Recently, plasma or laser-based technologies
were used to generate charged condensation nuclei to try to
realize fog elimination or rain enhancement [15–17].

For example, a rainfall enhancement trial using a ground-
based ionization technology was conducted in the Hajar
Mountains in western Oman over a period of 170 d (May to
October) in 2013. A positive and significant rainfall
enhancement effect attributable to the operation of the emit-
ters was observed [18]. The large corona discharge system
with the 7.2 km long wire electrode and applied voltage of
−90 kV was installed. This system generated a large-scale
(30 m×23 m×90 m) high ion density coverage [19]. The
following cloud chamber experiments (with relative humidity
of (130±10)%) indicate that charged aerosols produced by
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ions of the corresponding density enhanced the deposition of
aerosol by 38% [19].

These corona discharge systems are usually driven by
negative high voltage DC power supply, because the negative
corona discharge systems have the advantage of lower corona
onset voltage and higher ion density generation [20]. How-
ever, the collision between the negative charged condensation
nuclei and neutral aerosols is still limited compared with the
collision between negative and positive charged aerosols
[21, 22]. Therefore, the combination of negative and positive
corona discharge systems (bipolar corona discharges) has the
potential to increase the deposition efficiency of aerosols.

In this paper, the discharge characteristics of bipolar
discharge array such as current and voltage characteristics, the
discharge structure and optical emission spectroscopy (OES)
are studied. The ion densities of bipolar discharges and uni-
polar discharges are measured to estimate the effect of charge
on the deposition of aerosols. The calculation on the collision
rate between aerosols suggests that the collision rate between
negative and positive charged aerosols is higher. The further
experiment study on the growth dynamics and deposition
efficiency of charged aerosols at humidity super-saturation
conditions confirms the advantages of bipolar discharges.

2. Experiment setup and numerical model

The experiment is conducted in the cloud chamber with the
size of 1.5 m×1.5 m×3 m (figure 1). The humidity is
controlled at (130±10)% by the ultrasonic humidifier

(Midea SC4E40) and the air drier (Gree DH40EF). The
deionized water and 3 layers of grounded mesh electrodes
connected to the output of the humidifier are used to neu-
tralize charged aerosols in the cloud chamber. The air temp-
erature inside the cloud chamber is (2±1) °C. The linear
laser source (Huisite303D) is used to light up the specific
position within the chamber. The line laser source includes
the 650 nm 200 mW red high power line laser module. The
line width of laser beam is about 0.5 mm. The digital camera
(Nikon D800) with a microscopic lens is used to take the
picture of the liquid aerosols. The microscope–camera set-up
enabled variable magnification between a 1.0 mm×1.5 mm
(for condensation of aerosols) and a 10.0 mm×15.0 mm (for
corona discharges) fields of view. The exposure time of
aerosols image and discharge image is 0.05 s and 1 s,
respectively. The aerosol spectrometer (GRIMM 1.109) is
used to measure the aerosol density (aerosol diameter in the
range of 0.25–32 μm) at the condition of humidity <95%.
The deposition of aerosol is measured by a collector (a plate
with diameter of 40 cm) placed at the bottom of the cloud
chamber.

Two corona discharge arrays with the distance of 0.5 m are
used to increase the ion density inside the cloud chamber. Each
corona discharge array consists of 6 stainless steel needle elec-
trodes with the diameter of 0.25mm. These needles are placed
with 60° intervals. The tip of needles (30 μm in diameter) points
to the center of the circle (figure 1). The applied voltages on two
discharge arrays are +20 kV (positive corona discharges),
−20 kV (negative corona discharges), and +/−20 kV simulta-
neously (bipolar discharges) (High voltage DC power supply:

Figure 1. The cloud chamber (6.75 m3) used to study the ion distribution (side view) and enhanced condensation by corona discharge array.
The distance between two needles array electrodes is 0.5 m.
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Technix 44-2015). An optical spectrometer (Ocean optics
USB4000+) is used to measure the OES of the corona dis-
charge. The ion density inside the chamber is measured by the
ion counter (Air Ion Counter), whose measurement range is
10 ions cm−3

–2×108 ions cm−3. It can work properly in the
temperature range of −10 °C to 50 °C, and wind speeds
<15 km h−1. The OES and ion density measurements are car-
ried out at the ordinary humidity (75% RH or less), because
these devices cannot work at the high humidity conditions.

The collision rate between the neutral and charged
aerosols is calculated to study the effect of charges on the
aerosols. The collision rate RT considers effects of the elec-
trical, phoretic and diffusive forces, which include a solution
to the diffusion-convection equation, provided the electrical
force, as for thermophoretic and diffusophoretic forces, varies
inversely with the square of the distance from the center of
aerosols [10]. The collision rate is calculated by
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where Dp is diffusion coefficient of particles, Bp is their
mobility, fp is a ventilation coefficient to account for the
increase in diffusive flux due to the liquid aerosol moving
through the air, and C is the sum of constants for the non-
diffusive forces, for example, C=Ce+CTh+CDf, where
the constants on the right hand side are proportional to the
inverse square electrical, thermophoretic and diffusophoretic
forces respectively [22, 23].
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where ka is the thermal conductivities of air, and kP is the
thermal conductivities of aerosol particle material, ηa is air’s
dynamic viscosity, Dv is the diffusivity of water vapor in air,
T is air temperature, r is the diameter of aerosol, the Knudson
number NKn=λa/r, with λa the mean free path length of air
molecules, p is the air pressure, ρv is the density of water
vapor in air, Ma is the molecular weight of air, Mω is the
molecular weights of water, ρα is the density of air and
α=1.26+0.40exp(−1.1 NKn

−1).
The electric force between one charged and the other

uncharged aerosols, Ce, considers the image charge [24]
induced on the object by charges on the charged aerosol, there
is a short range attractive force proportional to q2, in addition
to the long-range force. This is the IC expression
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where, Q is the charges of larger spherical objects, A is the
diameter of larger spherical objects, q is the charge of smaller
object, a is the diameter of smaller objects, b is the gap
between the center of liquid aerosols, ε0 is the vacuum
permittivity.

The electric force between two charged aerosol with
charges of opposite polarity is
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where Q1 and Q2 are charges of two spherical objects, and b is
the gap between the centers of them.

3. Results and discussion

3.1. The discharge characteristics of bipolar corona discharges
array

The photos of bipolar corona discharges (+/−20 kV) arrays
are shown in figure 2. Because of the low brightness of
corona discharges, the exposure time of all photo is set at 1 s.
The zoomed in sub-figure (top right corner) of figure 2(a)
shows that the positive corona discharge on a single pin
electrode has a homogenous glow and no filamentary dis-
charge structure. The similar structure is also observed for the
positive corona discharge at medium pressure (1–100 Torr)
[25, 26]. The current of positive corona discharge array is
(540±15) μA. The negative corona discharges shown in the
zoomed picture (top left corner) of figure 2(b) consist of
bright spot near the pin electrode and the outer filaments
discharges [25, 26]. The current of negative corona discharge
array is (624±45) μA. Although the discharges photos of
two discharge arrays positive or negative coupled only are not
shown, the discharge currents of positive and negative corona
discharges are (750±55) μA and (920±50) μA, respec-
tively. They are less than the sum of positive and negative
discharge current of bipolar discharges.

Figures 2(b) and (c) indicate that excited N2 or
+N2 species

dominated OES of positive and negative corona discharges.
The peaks in figures 2(b) and (c) correspond to the OES of
nitrogen 2nd positive electronic transition n¢ = N 12(( )
n = 4( )) at 399.7 nm, n n¢ =   =N 0 22(( ) ( )) at 380.4 nm,

n n¢ =   =N 0 12(( ) ( )) at 357.6 nm, n¢ = N 02(( )
n = 0( )) at 337 nm, n n¢ =   =N 1 02(( ) ( )) at 315.8 nm.
The comparison of OES between positive and negative
corona discharges suggests that the ratio of 391.4 nm

å - å -+ + +B XN 0 0u g2
2 2( ( ( ))) intensity over peak at 337 nm

of positive discharges is smaller than that of negative dis-
charges. Energetic electrons are needed to generate å+ +BN u2

2( )
in excited state of 391.4 nm optical emission [20]. More
energetic electrons produced by the strong electric field in the
sheath near the negative coupled needle electrode are the key
reason for the generation of å+ +BN u2

2( ) in the excited states and
the corresponding higher ratio of 391 nm/337 nm of negative
corona discharge [27, 28]. The mass spectrometry measure-
ment of air corona discharges indicates that most of positive
ions generated by discharges eventually transform into the ion
clusters of +H O H O n3 2( ) [29] and most of negative ions even-
tually transform into the ion clusters of -NO H O n3 2( ) [30].
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3.2. Ions generated by corona discharges array

Figure 2 shows that the corona discharges only occupy a
small volume near the tip of needle electrodes. The boundary
of discharge region is usually thought as the position where
the electric field is 80 Td (reduced electric field 1 mm
range from the electrode) [31]. The ion density inside the
discharge region is 1011–1013 cm−3. Because of the migration
along the electric field and diffusion, the ion density decreases
as the distance from the pin electrode increases. The ion
density decreases to 108 cm−3 with the reduced electric field
∼20 Td at the boundary of the discharge region, usually
0.5 cm from the electrode [31–34].

Figure 3 shows that the negative ion density of
negative corona discharge decreases from 13.1×106 cm−3

to 2.5×106 cm−3 as the distance from the pin electrode
increases from 25 to 70 cm. The negative ion density gener-
ated by negative corona discharges is about 21% higher than
positive ion density generated by positive corona discharges
within the range of 40 cm from electrode, afterwards, their
densities are roughly same. The sum of ion densities of
bipolar discharges is higher than the negative ion density of
negative corona discharges within 40 cm from the electrode.
The sum of negative ion density and positive ion density of
bipolar discharges is about 3 and 2.5 times as high as positive
ions of positive corona discharge, and negative ion density of
negative corona discharge, respectively. The mutually-rein-
forcing electric field of bipolar corona discharge results in the
higher ion density [35].

3.3. The enhanced precipitation by charged nucleus

The total density of aerosol with the diameter of 0.25–10 μm is
1.8×109m−3 at the humidity of 70%, and it increases to
2.9×1010 m−3 at the humidity of 95%. Although the aerosol
particle size spectrometer can not work properly at the condition
of humidity supersaturation (relative humidity (130±10)%),
the increase of total density of aerosol is expected to be not more

Figure 2. Images and OES of +/−20 kV corona discharge array. (a) Image and (c) OES of positive corona discharge arrays. (b) Image and
(d) OES of negative corona discharge. The inserted pictures of (a) and (b) are zoomed in picture of discharges on the needle electrode.

Figure 3. The distributions of ions generated by bipolar corona
discharges and single corona discharge.
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than an order of magnitude [36]. The ion density (1.5×
107–1.1×106 cm−3) at 25 –70 cm from the electrode is much
higher than the aerosol density, which means the aerosols have
ample opportunities to be charged [15, 19, 37].

The aerosols with diameter >0.7 μm are mainly charged
through the drift of ions on the field lines intersecting aero-
sols’ surfaces (field charging), as they move across the corona
discharges volume or the region close to the electrode. As
aerosols move to the region a bit far from the corona dis-
charges, the diffusion of ions to aerosols’ surfaces facilitates
charging of aerosols (diffusion charging) [38].

Lots of aerosols are charged by the field charging and
diffusion charging mechanism. Different from the neutral aero-
sols which only can collide with each other through thermo-
phoretic and diffusophoretic forces, the electric force of charged
aerosol facilitates the collision between aerosols [39–41]. The
unipolar charged aerosols (positive or negative charges only) can
induce the image charges in adjacent aerosols, and the con-
sequent electric forces are the short range attractive forces and
long range repulsive forces. Figure 4 shows the collision rate
between charged aerosol (5μm (in diameter) and 10e (charge
number)) and neutral aerosols (1–10 μm) is about 1.5–10 times
as high as the collision rate between 5 μm uncharged aerosols
and neutral aerosols (1–10 μm).

The bipolar corona discharges generate high density of
positive and negative ions (figure 3), simultaneously, the collision
between these ions and aerosols generates lots of positively and
negatively charged aerosols. The electric force between positively
and negatively charged aerosols is attractive force only [21].
Therefore, the collision rate between positively charged aerosol
(5 μm and 10e (charge number)) and negatively charged aerosols
(1–10 μm, −10e (charge number)) is about 10 times as high as
the collision rate between unipolar charged aerosols and neutral
aerosols (figure 4) [22].

The size distributions of liquid aerosols generated by natural
deposition case (control group) and discharges group (positive,

negative and bipolar discharges) inside the chamber are com-
pared in figure 5. The liquid aerosols mainly distributed in
10–30 μm range for the natural deposition. Larger liquid aero-
sols are generated through the increased collisions between
charged aerosols and uncharged aerosols, therefore, the liquid
aerosols diameter distributed mainly in 20–60 μm range for
positive and negative discharges, and the liquid aerosols of
negative discharges are bigger because of higher ion density than
positive corona discharges. Because of the even higher ion
densities of bipolar discharges and higher collision rate between
bipolar charged aerosols, the liquid aerosols distributed mainly
in 40–70 μm for bipolar discharges.

The deposition amounts of aerosols are compared in
figure 6. The deposition amounts of control group, positive
corona discharge, negative corona discharge, and bipolar
discharges are 69.9 mg, 88.6 mg, 106.2 mg, and 133.5 mg,
respectively. The deposition amount of charged aerosols
generated by bipolar discharges is 25.7% more than that of
negative discharges, which is consistent with larger aerosol
particle generation of bipolar discharges shown in figure 5.
The comparison of deposition efficiency of charged aerosols
proves greater application potential of bipolar discharges.

Figure 4. The collision efficiency between a charged 5 μm diameter
aerosol and aerosols with diameter of 1 to 10 μm. Q1 is the charge of
5 μm diameter aerosol. Q2 is the charge of aerosols with diameter of
1 to 10 μm.

Figure 5. Photos of aerosols in the laser path for (a) control group,
(b) positive corona discharge, (c) negative corona discharges, (d)
bipolar discharges. Photos are taken at 5 min after the experiment
start. (e) The distribution of aerosols size for the control group,
positive corona discharge, negative corona discharges, and bipolar
discharges (calculated according to (a), (b), (c) and (d)).
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4. Conclusion

The bipolar corona discharge array is used to generate the
charged aerosols in the cloud chamber. Compared with uni-
polar corona discharge array, the bipolar corona discharges
array can produce ∼3 times higher ion density, and the
consequent higher collision efficiency between positive and
negative charged aerosols, eventually enhance precipitation
by 25.7% under humidity super-saturation conditions. The
bipolar corona discharges provide a new technical option for
the implementation of artificial rainfall.
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