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Abstract:

In this work, the influence of positive and negative corona discharges on the
variation of air gap discharge characteristics with applied voltage under atmospheric
pressure in the tap water electrodes system has been investigated. The discharge
characteristics included emission spectra, electron temperature, electron number
density, Debye length and plasma frequency. The results show no effect of polarity
of space charge on the emission peaks. While the intensity of emission peaks
increases when the presence of the negative space charge forms the negative corona
discharge. Increasing the applied voltage increases the (T , ne , wp.) plasma
parameters while parameters (Ap , Np) decrease. The types of corona discharge do
not affect the behavior of plasma parameters with the increased applied voltage, but
it changes in value either rising or falling. The behavior of the discharge
characteristics at the applied voltage range 0-25 kV showed different behavior when
the applied voltage was greater than 25 kV in both types of corona discharge with a
greater rate when the positive corona discharge was established.

Keywords: Corona discharge, Liquid electrode, Electron temperature, electron
number density, spectroscopic emission, tap water.
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1. Introduction

A corona discharge is a glow discharge that originates in a small region of high electric
field intensity that encircles a sharply curved conductor at atmospheric pressure. This
discharge has been the subject of extensive research, both independently and as a means of
examining the mechanisms present in uniform field discharges. [1]. The corona discharge
differs from a uniform field discharge in that one (or both) electrodes have a large curvature
and breakdown first occurs in the high field strength region around this electrode. The electric
field in the remaining gap is significantly lower, preventing the spark from completely
breaking through.[1].
Corona discharge is classified into two types: positive and negative. The positive corona
occurs when the curved or sharp electrode is connected to the positive terminal of the power
source, and the negative corona occurs when the curved or sharp electrode is connected to the
negative terminal. [2,3].

The corona discharge has many scientific and technological applications, such as in
industry and medicine [4]. Ozone generation is an important application of corona discharge.
The oxidative properties of this gas have been used for water treatment and odor control [5,6].
Corona discharge technology has been explored for a wide range of applications, including
electro-spraying [7,8], semiconductor technology [9], airflow control [10], chemical
compound decolorating [11], and food and water decontamination [12-14]. In the medical
field, researchers have investigated its use in treating dental cavities through plasma generated
by corona discharge [15] and in removing biofilms from tooth surfaces by exposing them to
positive streamers or negative Trichel pulses [16].

This work presents the design and fabrication of a tap water treatment system, which
includes electrodes, a power supply, and a treatment chamber. The influence of corona
discharge polarity and high voltage between the liquid electrode and the water surface on
plasma parameters and water characteristics will be studied in more detail.

2. Theoretical Calculation of Plasma Characteristics

To characterize the effect of corona discharge types on the gas discharge parameters, an
optical emission spectroscope was used to determine the corona discharge parameters such as
electron temperature (T.), electron number density (ne), Debye length (Ap), and plasma
frequency (Wpe).

2.1 Electron Temperature

The electron temperature (Te¢) is an important parameter when describing the plasma state.
Many methods can be used to determine the electron temperature. The Boltzmann plot
method represents the most important method to estimate the electron temperature. To use the
Boltzmann plot method, the local thermodynamic equilibrium must be applied, which is
displayed as [17-18]:

In (Amnlmn/8mAmn) = —Em/KTe + In (N/U) (1)
where Imn, Amn, and Amn are the intensity, wavelength, and transition probability, respectively,
corresponding to transition from m to n, gm is a statistical weight, k is the Boltzmann constant,
N is the number density of emitting species, and U is a partition function.

The electron temperature was calculated from the slope of the graph of In (A lmn/8mAmn)
versus the energy Em (eV). The slope of the straight line is equal to (-1/kTe).
2.2 Electron Number Density

The electron number density (n.) was calculated using the Stark broadening impact, which
is expressed as [17-19]:
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ne(cm_3) = [A4/2ws]N; 2)
Here AL is the line's full width at half maximum (FWHM), and s is the theoretical line full-
width Stark broadening parameter equal to 10'® cm™ for neutral atoms and 10'7 cm™ for
single charged ions.

2.3 Debye Length
Debye length (Ap) is a measure of the shielding distance or thickness of the sheath; it can be
determined using the following formula [17-20]:

EokTe ~ Te(Ko) ~ Te(ev)
. 9 ) — 743 mrp—

Ap = 3)

here €9 is the permittivity of free space, k is the Boltzmann constant, and e is the electronic
charge.

2.4 Plasma Frequency

Plasma frequency is an important plasma characteristic that differentiates plasma
frequencies for electrons. This parameter represents the characteristic frequency of
electrostatic oscillation caused by the close proximity of charges for electrons (e) in the
plasma due to their small distance. The plasma frequency is determined by [17-20]:

Wpe = L (rad/sec) 4)

Meép

Where me is the electron mass.

2.5 The Plasma Parameter (Nbp)
The plasma parameter (Np) describes the number of charged particles in the Debye sphere
and can be calculated using the formula [21]:

Np = nmA} = 1.38 X 10°T3/2/n1/? (T in °K) (5)
where Te is the electron temperature (in K), and n is the plasma number density (in cm™).

According to the above equation, Np must be much greater than unity to achieve the
collective characteristic of plasma: Np >> 1 [17].

3. Experimental part

Figure (1) shows the schematic diagram of the system used in this work. The setup included
a high-voltage DC power source with a maximum high voltage of 45 kV and a cylindrical
glass vessel with a volume of 500 cm?, filled with 100 cm?® tap water, which is used as the
liquid electrode (representing the active electrode). A 0.07 mm diameter capillary tube was
used to seal the end of the glass vessel close to the water's surface where the water drop was
formed at the capillary tube's end. The other electrode was a circular disc with a diameter of 4
cm immersed inside the liquid tap water. The air gap between the liquid electrode and water
surface was 1 cm, where the corona discharge was produced by applying a high voltage
between the water's surface and the liquid electrode. The corona discharge image was
captured by an iPhone 15 pro max camera with a resolution of 48 MP. Both types of corona
discharge characteristics were detected by an optical emission spectrometer (model Thorlabs,
made in Germany) by diagnosing the discharge emission light at a wavelength range of 320-
740nm.
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Figure 1: Schematic diagram of the liquid electrodes system.
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4. Results and Discussion
4.1 Influence of Potential Difference on the Corona Discharge in Air Gap

The negative corona discharge formed at the tip of the capillary tube in the air gap above
the water surface at atmospheric pressure is shown in the photograph in Figure (2). It can be
observed that the water drop formed at the end of the capillary tube expands into a cone
shape. The intensity of the negative corona discharge increased, and the cone size decreased
with the increase in the applied voltage. As the applied voltage increased, the ionization
region appeared very close to the active electrode and extended to the water surface. The
increase in the applied voltage led to an increase in the number of corona branches near the
active liquid electrode.

In addition, the effect of applying high voltage on the positive corona discharge at
atmospheric pressure is also observed in Figure (3). This image also examines the increase in
the intensity of the positive corona discharge near the active water electrode at the end of the
capillary. In addition, as the applied voltage increased, the corona discharge was divided into
many branches.

In summary, comparing Figures (2) and (3), it can be seen that the intensity of the negative
corona discharge was higher than that of the positive corona discharge. This behavior can be
due to the increase of the high negative applied voltage causing a sharp increase of the electric
field of the drift region of the negative corona discharge (i.e. increasing the electron/negative
ion ratio) comparable with positive corona discharge. This result agrees with that of Goldman
et al. [3], and Abbas [13].
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Figure 2: Influence of applied voltage on the negative corona discharge in the liquid
electrodes system.

35kV 30 kV 25 kV

Figure 3: Influence of the applied voltage on the positive corona discharge in the liquid
electrodes system.

4.2 Emission Spectra of Corona Discharge Plasma

Figures (4) detected the influence of positive applied voltage on the emission spectra of
positive corona discharges in the wavelength range 320-740 nm under atmospheric air
pressure in the tap water electrode system. The spectra illustrated one atomic emission peak of
oxygen (O I), which appears at a wavelength of 405.48 nm, and seven ionic emission peaks of
oxygen (O II) at wavelengths 353.65, 357.38, 374.95, 380.30, 399.28, 708.40, and 715.61nm.
In addition, one neutral molecular emission peak of O2 (O I) also appeared at the wavelength
of 373.01nm. As well as two emission peaks were also displayed in these spectra of the
nitrogen element, one of them of atomic emission spectra (N I) that was located at wavelength
631.88 nm, and the other appeared to ionic emission spectra (N II) that was detected at a
wavelength of 674.17 nm. It is clear from the spectra of this figure the fact that the increase of
the positive applied voltage increased the ionization region from the active positive electrode
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toward the water surface, which is due to the increase of the inelastic collisions between the
positive space charge in the ionization region (positive space charge channels) with air species
[22].
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Figure 4: Optical emission spectra of the positive corona discharge as a function of the
applied voltages under atmospheric air pressure.

Figure (5) investigated the influence of the negative applied voltage on the emission spectra
of the negative corona discharge formed in the air gap at wavelength range 320-740 nm in a
liquid electrode system. It is noticed from this figure that all emission peaks that appear in
Figure (4) were also detected when the high negative voltages were applied to the active
liquid electrode.
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Figure 5: Optical emission spectra of the negative corona discharge as a function of the
applied voltage under atmospheric air pressure.
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The comparison of Figures (4) and (5) shows that the intensity of all emission peaks
increased at an increased rate when the high negative voltage was applied to the active liquid
electrode. This behavior makes sense because positive ions predominate in the positive
corona, while negative ions are more prevalent in the negative corona due to differences in
ionization mechanisms. The increase of the high negative applied voltage causes sharp
increase of the electric field of the drift region of the negative corona discharge (i.e.
increasing the electron/negative ion ratio) comparable with positive corona discharge [3].

4.3 Effect of the high applied voltage on the characteristics of both types of corona
discharges

In this section, the influence of the high voltage applied to the active liquid electrode on
the positive and negative corona discharges characteristics was investigated in more detail.
The variation of electron temperature as a function of the high applied voltage of positive and
negative corona discharges is displayed in Figure (6). It is clear that the electron temperature
(Te) of both corona discharges under study slightly increased with the increase of the active
electrode voltage. This increase of Te was due to the increase of the gain energy of the
electrons from the high applied voltage on the active electrode. On the other hand, the data
also detected higher rate of T. value in the positive corona discharge comparable to the
negative corona discharge. This behavior makes sense because positive ions predominate in
the positive corona, while negative ions are more prevalent in the negative corona due to
differences in ionization mechanisms. The increase of the high negative applied voltage
causes a sharp increase of the electric field of the drift region of the negative corona discharge
(i.e. increasing the electron/negative ion ratio) comparable with positive corona discharge [3].
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Figure 6: Electron temperature as a function of the applied voltage of the positive and the
negative corona discharges.

Figure (7) shows the variation of the electron number density (n.) with the applied voltages of
positive and negative Corona discharges in the liquid electrode system. The data detected a
non-linear increase of the electron number density with the applied voltage of both types of
corona discharges. As the applied voltage increased from 0 kV to 25 kV, n. increased slightly,
and then it increased rapidly as the high applied voltage increased from 25 kV to 35 kV. The
slight increase of ne when the applied voltage is smaller than 25 kV may be caused by the
small energy gain of the electrons, which causes an increase of the electron attachment by the
air species in both corona discharges. The applied voltage above 25 kV causes a further
increase of the energy gained by the electron, reducing the electron attachment by the air
species.
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Figure 7: Electron number density as a function of the applied voltage of the positive and the
negative corona discharges under atmospheric pressure.

Furthermore, Figure (8) depicts the variation of Debye length with the applied voltage of the
two types of corona discharges under atmospheric pressure. In the 10-25 kV voltage range,
the Debye length reduced slowly, and then it reduced sharply when the applied voltage
increased from 25 kV to 35 kV. This behavior means that the effect of the space charge in
both polarities became apparent in the applied voltage range of 25-35 kV.
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Figure 8: Debye length as a function of the applied voltage of positive and negative corona
discharges at under atmospheric pressure.

Figure (9) shows the effect of the applied voltage on the plasma frequency of both corona
discharges under study. The high plasma oscillation in the applied voltage range of 25 -35 kV
is due to the huge impact of space charge in this voltage range in both types of corona
discharges.
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Figure 9: Plasma frequency versus applied voltage of positive and negative corona discharges
under atmospheric pressure.

Finally, the variation of the plasma parameter (Np) with the applied voltage of both kinds of
corona discharges is illustrated in Figure (10). In the voltage range smaller than 25 kV, a slight
variation of Np was noticed with different behavior of space charge polarity, which depends
on the corona discharge polarity. While at the voltage range of 25-35 kV, the space charge was
suddenly reduced in both kinds of corona discharges.
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Figure 10: The variation of plasma parameter as a function of applied voltage of the positive
and the negative Corona discharges at atmospheric pressure.

5. Conclusions

This work investigates the effects of positive and negative corona discharges on the
characteristics of plasmas formed in an air gap between an active liquid electrode and a tap
water surface under atmospheric pressure. The data showed that the corona discharge type at
different voltages slightly affects the emission spectra of the corona discharge. However, the
emission intensity of all emission peaks of the negative corona discharge is higher than that of
the positive corona discharge. The effect of the applied voltage on plasma parameters (Te , ne ,
Ap, wpe ,ND) was studied. The parameters (Te , ne , Wy, ) increased, while parameters (Ap , Np)
decreased with the increase of the applied voltage . However, it was observed that the type of
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corona discharge did not affect the behavior of the plasma parameters with the applied
voltage; it only changed their values, either rising or falling. The behavior of both corona
discharges depends on the value of the applied voltage, leading to different behaviors when
the applied voltage is higher than 25 kV.
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