https://doi.org/10.46813/2025-158-087

ELECTRODYNAMIC AND ELECTROCHEMICAL CHARACTERISTICS
OF STREAMER CORONA DISCHARGE IN AN ELECTRODE SYSTEM
WITH WATER CATHODE

O.V. Bolotov, G.V. Taran, M.O. Yegorov
National Science Center “Kharkiv Institute of Physics and Technology”, Kharkiv, Ukraine
E-mail: bolotov@kipt.kharkov.ua

Experimental investigation of the electrodynamic and electrochemical characteristics of streamer discharge with
a water cathode in the non-stationary burning mode has been carried out. It was found that the discharge current is a
quasi-periodic sequence of pulses. It was obtained that with an increase in applied voltage the amplitude and fre-
quency of current pulses also increase. Discharge current pulses have a time duration of 200...300 ns, while the fre-
quency of current pulses is in the range of 9...25 kHz, and depends on the discharge gap distance. Investigation of
the electrochemical parameters of the water cathode showed a change in pH level and electrical conductivity (EC) of
water under discharge treatment. A decrease in pH level of water from 6.9 to 5 was fixed. At the same time an in-
crease in EC from 10 to 70 uS/cm was observed. Such changes are connected with the formation of new ions in wa-

ter under streamer discharge treatment.
PACS: 52.80.Hc

INTRODUCTION

At the present time, studies of discharge with a lig-
uid electrode are carried out in many laboratories
around the world, which is due to the widespread use of
this type of discharge in plasma-chemical technologies
for disinfection of water solutions [1] and other technol-
ogies for solving environmental problems. One of the
most important environmental problems which takes
place in many countries of the world is the pollution of
water supply sources, which leads to a progressive de-
crease in the efficiency of supplying people with drink-
ing water. The relevance of research on discharges with
a water electrode is due to the development and imple-
mentation of modern technologies for water purification
and disinfection that are alternative to chlorination pro-
cess [2, 3]. One of the perspective types of plasma-
chemical technologies for water treatment is a corona
discharge with a liquid electrode in a strongly inhomo-
geneous electric field [4]. Depending on the applied
voltage value, its polarity and time duration, as well as
the type of the gas, various modes of corona discharge
burning occurs. In particular, for short discharge gaps
(up to 10 cm) with a “needle-plane” type of electrode
system, when a DC high-voltage is applied to the elec-
trodes, a quasi-periodic mode of discharge current oc-
curs. In electronegative gas, when positive DC high
voltage applied to the needle electrode, the frequency of
current pulses equals v ~10* Hz, and such a discharge is
called streamer corona discharge [5]. In corona dis-
charges, conditions for the formation of a strongly non-
equilibrium gas state with a large difference between the
electron temperature T, and the gas temperature
Ty (T.>>T,) are easily realized [6], which is a neces-
sary condition for increasing the rate of plasma-
chemical reactions. In particular, this is necessary for
the generation of active species and free radicals in low
temperature plasma of gas discharge. The presence of
such species significantly increases the efficiency of
some plasma-chemical technologies. Thus, a streamer
corona discharge in an electrode system with a liquid
cathode is effectively used in technologies for disinfec-

tion and purification of aqueous solutions and in hybrid
“gas-liquid” plasma-chemical reactors for ozone synthe-
sis [7]. It also used in technologies for changing the
chemical composition of liquid solutions under dis-
charge treatment. It is worth noting the work [8]. In that
work the effectiveness of pulsed streamer discharge for
water purification systems from harmful impurities has
been investigated. Among the research results, the most
important result is the effective purification of
wastewater from phenol impurities.

In current work, the aim of the research is to identify
and investigate stable discharge burning modes in a
streamer discharge with water cathode. Only stable dis-
charge burning modes, without transition to the spark
breakdown, can be used for further implementation in
plasma-chemical technology for water purification.
Control, predictability and stability of discharge param-
eters in a plasma-chemical reactor are the main criteria
for maintaining high efficiency of reactor, which is nec-
essary for further implementation in a technological
device. For this purpose, it is necessary to carry out ex-
perimental studies of the electrodynamic and electro-
chemical characteristics of a streamer discharge. Inves-
tigation of electrodynamic characteristics will include
measurements of the current-voltage characteristics,
registration of waveforms and amplitude-frequency
characteristics of discharge current pulses. Investigation
of electrochemical parameters will include measure-
ments of the pH level and electrical conductivity (EC)
of the water cathode under the discharge treatment.

Investigation all of these characteristics is necessary
for more effective use of streamer discharge for disin-
fection of liquid solutions and their purification from
harmful impurities.

EXPERIMENTAL SETUP

Experimental study of streamer discharge with a lig-
uid cathode was carried out on the specialized research
stand.

The experimental setup schematically shown in
Fig. 1.
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Fig. 1. Experimental setup. Air Pump —membrane

compressor; C1 — capacitive voltage filter 1000 pF;

R —ballast resistor 1 MQ; M906 —microammeter,

oscilloscope — Tektronix TDS 2024, current probe
50 Q; C-196-HV voltmeter

To initiate discharge burning a stabilized high-
voltage DC power supply with a maximum output volt-
age of 30 kV was used. The applied voltage was meas-
ured with a C-196 HV voltmeter. The average discharge
current was measured using a M906 microammeter. To
prevent voltage pulsations a high-voltage capacitor C1
with a capacity of 1000 pF was connected to the electri-
cal circuit. An electrode system of the “needle-plane”
type with a needle metal anode and a water cathode was
used in the experiments. The anode was a thin tungsten
needle with a radius of curvature at the apex r ~ 30 pum.
The cathode was a metal disk with a diameter of
@30 mm, located at the bottom of a glass beaker, which
was filled with distilled water. The volume of water was
66 ml. The cathode (liquid electrode) was at ground
potential. The experiments were carried out at discharge
gaps 5, 7 and 10 mm. The laboratory air was injected
into the discharge chamber by using an AirPump mem-
brane compressor. The gas flow rate was measured by a
rotameter and was Q = 2 I/min. Measurements of elec-
trochemical characteristics (pH level, electrical conduc-
tivity) of the water electrode were carried out during the
experiment by using a pH meter PH-2603. Distilled
water with an initial EC =10 pS/cm was used in the
experiments.

To obtain waveforms and measure the temporal and
amplitude characteristics of the discharge current pulses,
current probe (shunt) 50 Q was used. The signal from the
shunt was analyzed with a digital oscilloscope Tektronix
TDS-2024. The bandwidth of the oscilloscope was
200 MHz, sampling frequency — 1 GHz.

EXPERIMENTAL RESULTS

It is known, that streamer corona discharge in air at
atmospheric pressure can burn in different modes [9]. It
primarily depends on the applied voltage value. At the
beginning the discharge burns in a stationary DC mode.
This is so-called positive DC corona discharge. Further,
with an increase of applied voltage, the discharge trans-
its into a non-stationary mode, in which the discharge is
characterized by the streamers that do not reach the
cathode and become destruction in the discharge gap.
The discharge current has a quasi-periodic type. With

further increase in the applied voltage, a non-stationary
mode is also realized and streamers begin to cross the
entire discharge gap. When streamers cross the entire
discharge gap, a secondary ionization wave begins to
propagate from the anode. Then with increase of applied
voltage, the discharge passes into a spark breakdown.
Thus, stable burning of the discharge in the streamer
mode is possible only in a fixed range of applied volt-
age, at which the discharge does not passes into a spark
breakdown.

When streamer discharge burns above the water
cathode, it is possible to observe the implementation
only non-stationary burning mode. In this mode, only
streamers closing the discharge gap were observed. Be-
low in Fig. 2, the current-voltage characteristics of a
streamer discharge for different interelectrode distances
are presented.
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Fig. 2. Current-voltage characteristics of a streamer
discharge with a water cathode. Discharge burns
in non-stationary streamer mode
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Fig. 2 shows that the streamer discharge with a wa-
ter cathode burns in a limited applied voltage range
(from the discharge ignition voltage to the spark break-
down voltage). That voltage range depends on the
interelectrode distance, and its width is equal 1.6...2.6
kV. At the same time the discharge occurs only in the
mode with streamers that closing the discharge gap.
After reaching the threshold voltage value, the discharge
passes to spark breakdown.

The current-voltage characteristic is an average
characteristic of the discharge burning process. There-
fore, to study the physical processes responsible for
different modes of discharge burning, it is necessary to
analyze the waveforms of current pulses for each point
of the current-voltage characteristic.

To study the physical processes responsible for dif-
ferent modes of discharge burning, the waveforms of
current pulses and the dynamics of streamers in the dis-
charge gap were analyzed. At the same time, the applied
voltage U and the average discharge current I, were
measured. Waveforms of streamer discharge current
pulses in laboratory air are presented in Fig. 3. The nee-
dle anode has a special mechanical treatment, which
provides a stable discharge burning above the water
cathode. The discharge gap d = 10 mm.

Waveforms (1) and (2) in Fig. 3 correspond to the
non-stationary mode of discharge burning with stream-
ers that closing the discharge gap. The discharge current
in the non-stationary mode of burning has a quasi-
periodic type.
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Fig. 3. Waveforms of current pulses and sequences
of current pulses of the streamer corona discharge
with water cathode. Discharge gap d=10 mm.

(1) Applied voltage U=7.2 kV, average discharge
current 1,,=10 uA, current pulses frequency v ~ 9 kHz;
(2) U=8.4 KV, 1,,=25 ud, v ~ 11 kHz

The appearance of current pulses against the back-
ground of the DC current component and the establish-
ment of a quasi-periodic pulse mode corresponds to tran-
sition to the streamer mode of discharge burning. At the
same time, with an increase in the applied voltage, both
the frequency of current pulses and their amplitude in-
crease. It was also found that with a decrease in the inte-

relectrode distance, the characteristic frequency of dis-
charge current pulses increases. The characteristic range
of frequencies of discharge current pulses that observed
in the experiments is; 1) for discharge gap d = 10 mm, the
frequency range v~ (9...13)kHz; 2)d=7mm,
v ~(12...15) kHz; 3) d = 5 mm, v ~ (20...25) kHz.

It should be noted that observed increasing of the
frequency of current pulses with decreasing of discharge
gap was also found in work [9]. In that work the non-
stationary mode of positive corona discharge in the
“needle-plane” electrode system with a metal cathode
has been investigated.

Further, Fig. 4 shows the waveforms of streamer dis-
charge current pulses for the discharge gap d = 10 mm at
different applied voltages.
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Fig. 4. Waveforms of streamer discharge current pulses.
Discharge gap d=10 mm. Non-stationary discharge
burning mode

From the waveforms of current pulses shown in
Fig. 4, it is clear that the discharge is realized only in the
burning mode with streamers that closing the discharge
gap. The amplitude of the current pulses increases with
increasing applied voltage. The waveforms also show
that the characteristic time duration of the discharge
current pulse is T ~ (200...300) ns. The duration of a
single current pulse is much shorter than the period of
the current pulses T ~ (50...100) ps. This is due to the
differences in the physical processes that occur during
the pulse and in the time interval between the discharge
current pulses. The current pulse is caused primarily by
electron avalanche processes and the processes of for-
mation and further development of the streamer. These
processes occur in a time from 10 ns to several hundred
nanoseconds. While the pulse period (~100 ps) is de-
termined by the time during which charged particles
(mainly negative and positive ions that accumulated
during the streamer development), are removed from the
discharge gap. It is worth noting the identity of the dis-
charge burning modes in both the electrode system with
a metal cathode and the system with a liquid cathode.

In this work also investigated the influence of dis-
charge on the electrochemical characteristics of the
aqueous cathode. To do this, during the experiment, the
electrical conductivity and pH level of the water cathode
were periodically measured with a pH meter.

It is known that the acidity of aqueous solutions is
measures by the pH indicator. The pH value shows the
concentration of hydrogen ions [H+] in aqueous solu-
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tion, which is expressed on a logarithmic scale. The pH
value shows the degree of acidity of an aqueous solu-
tion. For convenience, a logarithmic scale is used to
determine the concentration. For this purpose, the pH
function was used, which has the expression:
pH = - log [H+],

where [H+] is the concentration of hydrogen ions, de-
fined in mol/l. Since the pH scale is logarithmic, a
change in the pH value by one unit corresponds to
10 times change in the concentration of hydrogen ions
[H+]. It is generally accepted that at pH ~ 7 the water
solution corresponds to a neutral solution, at pH > 7 the
solution is alkaline, and at pH < 7 the solution corre-
sponds to an acidic solution. In the experiments, the pH
level of the aqueous cathode was measured under the
treatment by streamer corona discharge in the non-
stationary burning mode. The time interval between
measurements At = 5 min. The duration of the experi-
ment is 25 min. Below in Fig. 5 the dependence of the
pH level of water on the time of the discharge treatment
is shown.

10
H Streamer discharge.Water cathode.
p 9 U=10kV, 1=40 pA, d=10 mm.

N
5 \’\——“‘i—o\_._(a

0 5 10 15 20 25 .30
t, min

Fig. 5. pH level of the aqueous cathode under the
streamer corona discharge treatment. Non-stationary
burning mode. Discharge gap d=10 mm. Applied volt-

age U=10 kV, average discharge current l,,=40 uA.
Initial pH level of water cathode pH =6.9

From Fig. 5, it is clear that in the first 5 minutes of
the discharge treatment, the pH level decreases from 6.9
to 5.3. After that, the pH level remained unchanged
throughout the experiment, and equals pH ~ 5. Thus, a
decrease in the initial pH level of water is observed, and
the solution tends to become acidic. It can be assumed
the formation of various nitrogenous species NOy in the
streamer discharge in air. That species are well soluble
in water and causes formation of nitric acids solution.
Observed decreasing in pH level during the discharge
treatment of water solution is confirmed in other studies
of the low-temperature plasma discharges with liquid
electrodes. In work [10], a study of the low-temperature
arc discharge (Non-Thermal Gliding Arc Discharge)
with liquid electrode has been made. It was found that
the decrease in the pH level of the solution is directly
related to the increase in the concentration of nitric ox-
ide NO and the formation of a solution of nitrous
(HNOy) and nitric (HNO3) acids. This process also im-
plements with observed increase in the electrical con-
ductivity of the solution.

The electrical conductivity of an aqueous solution is
the ability of a liquid to conduct an electric current,
measured in puS /cm. This characteristic is an indicator

of the presence of ions in the water that can transfer an
electric charge. Such conductivity is different from elec-
tronic conductivity because it occurs both with chemical
transformations.

In the experiments, the EC of the water cathode was
measured under streamer discharge treatment in the non-
stationary burning mode. Below, Fig. 6 shows the EC
value of water depending on the time of the streamer dis-
charge treatment. The initial EC of water is 10 pS/cm.
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Fig. 6. Electrical conductivity of the water cathode
under streamer discharge treatment. Discharge gap
d=10 mm. Applied voltage U=10 kV, average discharge
current l,, =40 uA

From Fig. 6, it is seen that the EC of the water cath-
ode increases with time, and after 25 min of discharge
treatment it reaches the value 70 pS/cm. That corre-
sponds to an increase from the initial value by 7 times.
Such an increase in electrical conductivity indicates that
new ions are produced in water solution, and that the
concentration of hydrogen ions [H+] becomes signifi-
cant. The increase in EC can also be associated with the
development of chemical reactions that produces nitrog-
enous species NO, in the discharge and with the further
formation of nitric acids solution.

CONCLUSIONS

The study of the current-voltage characteristics of a
streamer corona discharge with a water cathode showed
that the discharge burns in a limited applied voltage
range. Obtained voltage range width is equal 1.6...2.6 kV
and it depends on the discharge gap value. In this case,
in the experiments it was observed only the non-
stationary discharge burning mode. In this mode,
streamers were close the discharge gap. This trend is
established for all of discharge gaps that were investi-
gated.

Analysis of the waveforms of the discharge current
pulses showed that the discharge current in the non-
stationary burning mode has a quasi-periodic type. Current
pulses have a characteristic time duration 200...300 ns,
and their formation is connected with the propagation of
a positive streamer in the discharge gap. At the same
time, with an increase in the applied voltage, both the
frequency of the current pulses and their amplitude in-
crease. The characteristic frequency range of the dis-
charge current pulses is 9...25 kHz. It was found that
with a decrease of discharge gap, the characteristic fre-
quency of the current pulses increases.

Measurement the pH of water cathode showed a de-
crease in pH from 6.9 to 5 in the first 10 min of the dis-
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charge treatment. After that, the pH value remains con-
stant. Such a decrease in the pH value indicates that the
solution under treatment tends to become acidic due to
increase of hydrogen [H+] ions concentration.

Measurement of the EC of water cathode showed an
increase from 10 to 70 uS/cm within 25 min of dis-
charge treatment. The increase in electrical conductivity
indicates that new ions are produced in water solution.

The pH and EC measurements demonstrated that
various nitrogen species NO, are produced in the
streamer discharge. This species are well soluble in wa-
ter with the further formation of nitric acids solution.
This leads to a decrease in pH to the acidic range and an
increase in the EC value of the solution under discharge
treatment.

The results of the research can be useful to optimize
technological systems for plasma-chemical water treat-
ment in a streamer discharge. Such systems can be used
for disinfection and water purification from harmful
impurities such as phenols, bacteria, spores and biogen-
ic organics.
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EJIEKTPOIUHAMIYHI TA EJIEKTPOXIMIYHI
XAPAKTEPUCTHUKHU CTPUMEPHOI'O KOPOHHOI'O PO3PANY
B EJIEKTPO/IHIA CUCTEMI 3 BOJTHUM KATOJIOM

O.B. bonomos, I'.B. Tapan, M.O. €zopos

JlociipKkeHo eNeKTPOANHAMIYHI Ta eNEeKTPOXIMIYHI XapaKTePUCTHKH CTPUMEPHOTO PO3PSIAY 3 BOJHUM KaTOIOM
y HecTanioHapHiil cTazii ropiHHs. BecTaHOBIEGHO, IO CTPYM po3psiy € KBa3ilnepioAnYHOO MOCIIIOBHICTIO IMITyJb-
ciB. BinzHaueHo, 1110 31 301JIbIIEHHSAM HANPYTH HA PO3PSAHOMY IMPOMDKKY aMIUIITY/Ia Ta 4acTOTa IMITYJIbCIB CTPyMY
30UIbIIYIOTECS. IMITyJIbcH cTpyMy MatoTh XapaktepHy tpuBaiicts 200...300 HC, mMpH IIbOMY YacToTa IMIYJBCIB
CTPpyMY JIGKUTH y Aiana3oni 9...25 k['I1 1 3aJIe)KUTh BiJl BEIUUNHH MIKEICKTPOIHOI BiacTaHi. JJOCIIKESHHS JIeKT-
POXIMIYHUX XapaKTePUCTHUK BOAHOTO KaToMAa IMOKa3ayio 3MiHy BenmunHA piBHS pH i enexrponposigrocti Bogu (EC)
IpH J1ii cTpUMEpHOTO po3psiay. BigsHadeHo 3HWkeHHS piBHA BennmuuHU pH Boau Bix 6,9 1o 5, npu npoMy oxHOdYac-
HO criocTepiranocs 30ibIIeHHs enekrpornpoBigaocTi Big 10 1o 70 MmxCwm/cM. Taki 3MiHM MOXYTh OyTH ITOB'sI3aHi 3

YTBOPEHHSIM Y BOJli HOBHX 10HIB IiJI II€F0 PO3PSIY.
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