ISSN 0021-8944, Journal of Applied Mechanics and Technical Physics, 2022, Vol. 63, No. 5, pp. 746-756. (© Pleiades Publishing, Ltd., 2022.
Russian Text (© S.Yu. Petryakov, D.N. Mirkhanov, A.F. Gaisin, R.Sh. Basyrov, N.F. Kashapov.

DIRECT-CURRENT DISCHARGE BETWEEN A METAL ANODE
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Abstract: The characteristics and mathematical modeling of the behavior of a low-temperature
direct-current electric discharge plasma ignited between an aluminum anode and an electrolytic
cathode (3% NaCl solution in purified water) at atmospheric pressure are investigated. The dis-
charge is ignited by immersing the metal anode into the electrolytic cathode. The types and forms
of plasma structures generated in the interelectrode gap are considered. The results of high-speed
recording of the discharge breakdown and combustion are presented. The electrophysical parameters
of the discharge, including pulsations and current/voltage fluctuations are studied. The emission
spectroscopy method is used to determine the discharge emission spectrum, plasma composition,
electron concentration, and temperature of heavy plasma components. The heat patterns of the sur-
face of liquid nonmetallic and metallic electrodes in the discharge combustion zone are considered.
The results of numerical simulation of electric field strength and the initial stage of the discharge
are presented.

Keywords: low-temperature plasma, electric discharge, plasma-liquid systems, numerical meth-
ods.
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INTRODUCTION

The study of low-temperature discharge plasma with liquid nonmetallic electrodes is a rapidly developing
interdisciplinary field of research [1]. In plasma-liquid systems, discharges are generated by direct or alternating
current in the interelectrode space, while liquid is used as one of the electrodes. As a rule, salt solutions of various
concentrations in distilled, industrial, or purified water are used as a liquid electrode. A discharge is ignited in gas-
discharge chambers with electrodes of various configurations. The most common methods for igniting a discharge
are immersing a metal electrode into an electrolyte and placing the metal electrode at a certain distance from
the electrolyte surface [2, 3].

Interest in plasma-liquid systems is due to the fact that this field of research connects three systems describing
the physics of processes in plasma (gas discharge), liquid (nonflowing and flowing electrolytes), and gaseous (ambient
air) phase states. These systems comprise more than 50 charged or neutral atomic and molecular particles that
react with each other and affect the energy balance in the discharge [4]. The complexity of numerical calculations
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Fig. 1. Gas-discharge chamber: (1) aluminum anode; (2) copper plate for negative potential
in the electrolyte; (3) electrolyte (3% NaCl solution in purified water); (4) electrolytic cell.

is due to the fact that the mathematical model of plasma-liquid systems may include more than 30 equations,
depending on the number of particles taken into account. The results obtained in this case are in poor agreement
with the experimental data, which makes it difficult to create a unified classification of plasma—liquid systems,
similar to the well-known classification of discharges in the case of using solid electrodes (spark, continuous, glow,
corona, etc.) [5]. At the same time, one of the directions for systematizing discharges with liquid electrodes is their
classification according to elementary processes, so it becomes an urgent task to create mathematical models based
on them, whose computational results are qualitatively and quantitatively consistent with experimental data.

At the same time, plasma-liquid systems are used to solve various applied problems in mechanical engineer-
ing, metalworking, medicine, and the space industry. Researchers also work on the possibility of using discharges
with liquid electrodes in treatment of products which have complex geometry of external and internal surfaces and
which are manufactured using traditional production methods (stamping, casting, etc.) [6-8] and additive methods
of laser sintering of metal powders [9]. There are many works describing the studies performed using plasma-liquid
systems for producing fine metal powders [10], obtaining nanoparticles [11, 12], coating products [13, 14], analyzing
the particle concentration in a liquid [15, 16], creating plasma-chemical reactors [17, 18], and for sterilizing or puri-
fying solids, water, and air [19]. The use of these systems is due to a wide variety of configurations of gas-discharge
chambers, regimes and parameters of ignition and discharge combustion, and plasma-chemical processes associated
with matter and charge transfer at the interface [20, 21].

The purpose of this work is to study the properties of the resulting discharge when an aluminum anode
is immersed in an electrolytic cathode at atmospheric pressure. Its electrical, spectral, and thermal parameters are
of particular interest. In order to interpret the detected effects, numerical experiments are carried out in which
the electric field strength and the initial stage of the discharge are simulated.

1. EXPERIMENTAL DEVICE

Figure 1 shows the schematic of a gas-discharge chamber for ignition and preservation of a discharge between
an aluminum anode and an electrolytic cathode (3% NaCl solution in purified water) at atmospheric pressure.

A cylindrical rod made of AMTs-40 aluminum alloy is used as a metal anode. The anode is immersed
in the electrolyte and, with the help of an automatic manipulator, is moved in a vertical plane over a distance
of 30 mm. A negative potential is supplied by immersing a copper metal plate in the electrolyte. A thermostat
is used to control the electrolyte solution temperature in a tray. The electrolyte temperature is controlled using
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a refrigeration circulation cooler. The electrolyte in the tray is renewed using the electrolyte supply and pumping
system. The solution is purified using a coarse filter in the system. Electrolyte vapors are removed from the discharge
study area using a stationary air extraction system and a fan.

The experimental device is equipped with a high-voltage generator with a power of 40 kW, a variable voltage
of up to 4 kV, and a nominal current of up to 10 A, which supplies current in the discharge. This device also consists
of diagnostic and auxiliary equipment. The power generator converts and controls the system voltage. The generator
consists of high- and low-voltage adjustable blocks, which ensure necessary voltage and current ranges. The device
is grounded. The resulting values of the current and voltage are transmitted from the source console to the control
computer and controlled by the operator.

The experimental studies of the discharge are carried out at the following parameter values: voltage
U = 100-500 V, anode current density j, = 0.2-0.6 A/cm?, pressure p = 10° Pa, electrolyte temperature
T = 10-25°C, anode diameter d, = 5 mm and electrolyte conductivity o = 0.10-0.12 Q~!.cm~!.

The problems presented in this paper are solved using modern diagnostic equipment and various methods.

The processes occurring in the discharge combustion zone and the plasma structures formed in this case
are recorded on video using a Casio EX-F1 high-speed video camera. Due to the high rate of the processes
occurring in the discharge combustion zone, the video recording speed is chosen to be 1200 and 600 fps. The video
camera mounted on a tripod at a distance of 300 mm from the discharge zone transmits the received information
to the computer. The received data are processed using the HX Link and Movavi Video Editor 14 Plus software.
At the same time, the anode and cathode spots on the surface of liquid and metal electrodes are investigated
in detail using an SP-52 microscope.

The discharge plasma emission was analyzed by emission spectroscopy using a PLASUS EC 150201 MC
fiber-optic spectrometer. The discharge emission was recorded using a collimator to fix light beams in a wavelength
range of 195-1105 nm. The collimator was connected to the discharge combustion zone at a distance of 100-200 mm.
The hardware function of the system was tested using light emission from a SIRSh 6-100 lamp. The hardware width
is assumed to be equal to the width of the minimum single and narrowest lines of the spectrum, A\g = 1 nm.
The studied emission was accumulated in the entire volume of the generated discharge, so the plasma composi-
tion and the plasma components were estimated with no reference to a specific point. The resulting data were
analyzed by comparing the studied spectrum with the database of the National Institute of Standards and Tech-
nology (USA). The vibrational and rotational temperatures of the heavy plasma component were determined by
comparing the experimentally recorded molecular spectrum with the spectrum obtained in the computational model
using the LIFBASE and SPECAIR 2.2.0.0 software.

The temperature distribution of the surface of the metallic and electrolytic electrodes during the discharge
combustion is analyzed using a FLIRA6500SC thermal imaging camera whose detector has a spatial resolution
of 640 x 512 pixels in an operating range of spectral lines of 3.6-4.9 ym. The thermal imager ensures that the tem-
perature on the electrode surface is fixed within a tested range of 4-2400°C. A multiwavelength pyrometer is used
to test the thermal imaging camera. The use of a pyrometer is due to the fact that an oxide film and a fire scale
can form during the discharge combustion, thereby causing errors in temperature measurements. The processing
of the obtained values is carried out using the ALTAIR v5.91.010 software.

Pulsations and fluctuations of the current and voltage of the discharge are studied using the GDS-806S and
GOS-6030 digital oscilloscopes. In order to ensure that the electrophysical parameters at the time of ignition are
controlled and that the discharge is preserved, a device is connected to the oscilloscopes for recording the optical
emission of the discharge on photodiodes with a microcircuit.

The discharge is modeled in ANSYS FLUENT 16.2. The flowing of the current in an electrolytic cell with
a grounded conductive bottom is considered. Geometric constructions are used to construct a 100 x 100 x 40-mm
computational domain. The problem is solved using the finite element method, and the computational domain
is divided into elements shaped as tetrahedra. The model is a liquid—air—vapor three-component system. The
presence of ions in the electrolyte is taken into account for the liquid phase, and the processes of evaporation,
condensation, and interfacial heat transfer are taken into account for the vapor—gas phase. The system describing
the dynamics of a vapor—gas medium and a liquid includes the equations of mixture continuity, of motion (momenta),
of energy, and of the electric field potential.

748



5 mm
(L — |

Fig. 2. Electric discharge combustion process in the region between the aluminum anode and the
electrolytic cathode at p = 10° Pa and d, = 5 mm: (a) U = 400 V and I = 0.55 A; (b) U =800 V
and [ =8 A.

2. DISCUSSION OF THE RESULTS

The study of discharge initiation as a result of contact between an aluminum anode with a diameter
d, =5 mm and the surface of an electrolytic cathode shows that applying voltage in a range of 100-170 V re-
sults in the electrolyte evaporation process at the electrode contact boundary with the formation of vapor—air
bubbles of various diameters. The current flowing in the circuit triggers the Joule heat release from the metal anode
surface and the release of dissolved substances from the electrolyte, which is typical for electrolysis. The electrolysis
process is determined by the transfer of electric current in the liquid and the type of discharge of the electrolyte ions
contained in the solution. It is possible to change the nature of the electrode processes by changing the composition,
concentration, and temperature of the electrolyte. At the same time, there is no breakdown because the power
deposited in the discharge remains insufficient to ionize the vapor—air medium and initiate an electron avalanche.

As the voltage rises from 200 to 400 V, the intensity of the processes occurring in the interelectrode gap
increases and the solution around the aluminum anode begins to boil (Fig. 2). Inside the electrolyte, a phase
separation boundary appears, and a vapor—air shell is formed around the anode. At some time point, the electric
field strength reaches values sufficient to trigger the processes that initiate the breakdown of the gas gap between
the electrodes. The breakdown results in microdischarges shaped as a truncated cone and located at the interface
between the media. The top of this cone rests on the surface of the aluminum anode, and its base rests on the surface
of the electrolytic cathode (Fig. 2a). Electric discharges are formed as current pulses in a range I = 0.2-1.8 A.
At the same time, the formation and preservation of the discharge are accompanied by the formation of anode and
cathode spots on the electrode surface. The plasma structures and spots periodically appear and randomly move at
the interface between the media in the space between the electrodes. In this case, the temperature increases along
the surface of the aluminum anode in a range of 100-180°C (Fig. 3). The random nature of the motion of the studied
objects over the electrode surface can be explained by a local change in the electric field due to melting and a change
in the topography of the aluminum anode surface.

With an increase in voltage from 600 to 800 V, the rate and nature of the processes occurring at the
interface between the media become different. The cone-shaped plasma structures and local spots on the electrode
surface merge and transform into a volumetric (diffuse) discharge (Fig. 2b). It is suggested by the analysis of
fluctuations in the current strength and discharge voltage that the values of the current strength increase from 0.5
to 11.0 A and the current pulse formation frequency decreases (Fig. 4). The combustion of a volumetric (diffuse)
discharge is accompanied by an intense release of convective vapor—air flows, the formation of droplets of various
diameters and acoustic pops, the turbulent mixing of the electrolyte, and the perturbation of the solution surface.
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Fig. 3. Heat flux distribution along the aluminum anode during the electric discharge combustion
(z denotes the length of the investigated region on the surface of the aluminum anode).
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Fig. 4. Oscillograms of fluctuations of the discharge current (1) and voltage (2).

The change in the dynamics of the processes occurring in the system can be explained by an increase in the power
comprised in the discharge. The formation of a high-power discharge results in the processes that are characteristic
of an electro-hydraulic explosion with the formation of shock waves, which propagates in the near-electrode space,
thereby perturbing and displacing the electrolyte solution from the surface of the aluminum anode. These processes
can lead to an increase in the interelectrode distance, discharge damping, and circuit opening. Next, the vapor—air
shell collapses and the electrolyte solution interacts with the surface of a highly heated anode, which leads to another
breakdown and ignition of the discharge.

It is shown by analyzing the emission spectrum shows that various molecules, ions, and atoms of hydrogen,
aluminum, and sodium are present in the plasma section under study. The instrumental broadening in the spectrum
under study (the minimum width of the spectral line that the spectrometer can detect) is checked using the Al I
atomic line (669.7 nm). The minimum width of optically thin and narrowest lines is AAg ~ 1 nm. This width
is taken as the hardware width (A is the half-width of the Gaussian contour). The electron concentration in the
plasma is estimated using the half-width of several hydrogen lines in the Balmer series. The measured half-width
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Voigt and Lorentz profile half-widths and the corresponding values
of the electron density on the hydrogen lines

Hydrogen lines Aly, nm (ne)v, cm™3 A)r,, nm (ne)r, cm™3
Ho 1.36 3.1016 0.60 5.8-1016
Hpg 1.59 21016 0.93 9.4-101°
1
20000
10000

N :
2
0 275 285 295 305 315 325 335 A, nm

Fig. 5. Experimental (1) and model (2) spectra for the OH molecular band (¢ is the radiation intensity).

A)y is 1.36 nm for line H, and Aly = 1.59 nm for line Hg. With account for the instrumental component, the
broadening of the line due to the influence of pressure (the Lorentz half-width) is determined by the equation

Ay & 0.5346 AAr, +1/0.2166 AXZ + AN

where A)y is the Voigt profile half-width and A)y, is the Lorentz profile half-width.
The electron concentration is determined from the equation given in [22]:

— 10" (AN) 3/2(00 +Zc )(In AX)™ )

The Lorentz profile half-width is AA;, = 0.601 nm for line H, and AA;, = 0.93 nm for line Hg line (see the ta-
ble). According to [22], AAL = 1.36 nm for line H, corresponds to an electron density n. = 5.8 - 1016 cm™3, and
A)p, = 0.93 nm for line Hg corresponds to an electron density n. = 9.4-10'% cm™3. According to [23], the half-width
of line H,, corresponds to a concentration n, = 1.9-10'6 cm~3, the half-width of line Hg corresponds to a concentra-
tion . = 2-10'% cm™3. As the half-width Aly = 1.59 nm of line Hpg is larger than the half-width AAy = 1.36 nm
of line H,, the electron concentration should be determined from line Hg because the contribution of the instrumen-
tal function to the half-width of the physical (measured) contour is less significant. Then the electron concentration
is ne =9.4-10% cm—3.

Molecular bands are studied to estimate the vibrational temperature 7T, and rotational temperature 7T;. of
the heavy component. The most clearly defined in the spectrum is the presence of the OH(A-X) molecule (A-X is
an allowed electric dipole transition). The temperature analysis is carried out by comparing the experimentally
obtained spectrum with the calculated one (Fig. 5). The rotational and vibrational temperatures turn out to be
equal to T;- = 3550 K and 7, = 4900 K. The atomic or ionic lines of the spectrum are needed to determine the
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electron temperature. In the initial state, the electrolytic cell is filled with electrolyte to a level of 20 mm. The
multiphase medium model is applied. Three phases are considered: air, liquid electrolyte, and water vapor. Joule
heat release, thermal conductivity, thermal convection, water vaporization, water condensation, surface tension, and
processes of hydrogas dynamics are taken into account. When the multiphase medium model is used, the following
equations are solved.

—Mixture continuity equation

0

where v,,, denotes the mass average velocity of the mixture:

3
1
U = E QL Pk Uk,
Pm

pm 18 the average density:

3
Pm =Y kP,
k=1

ay and py denote the volume fraction and density of component k:

3
k=1

— Motion equation (momentum equation)

0
ot (PmOm) + V- (pmVm - vm) = =V + [l (Vo + ern)]

3

+pmg+F+ V- (Z O PrRVdr k- vdr,k)a
=1

where p,, is the average viscosity of the mixture:

3
fim = Y Ok fik
k=1

Vg1 is the drift velocity of component k:
Vdr,k = Uk — Um,

p is the pressure, g is the acceleration of gravity, and F' is the bulk force vector (for example, surface tension);
—Energy equation

3 3
gt (ZakpkEk) + V- (Zakvk(pkEk —I—p)) =V (kCHVT) + Sg, (1)
k=1 k=1

where kog is the effective thermal conductivity of component k:
3

keg = Z ag(kr + k),
k=1
k¢ is the thermal conductivity due to the presence of turbulence and Sg is the bulk density of heat source power.
In Eq. (1), for the specific energy of the gas phase, the following expression is accepted:
2

v
Ep = hy — Py Yk
P 2
(hi is the specific enthalpy); for the specific energy of the liquid phase, the following expression is accepted:
Ey = hyg.
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This model takes into account the Joule heat release:
Sp=j-E=cE> (2)

Here j is the current density, FE is the electric field strength, and o is the electrical conductivity of the electrolyte.
The equation of continuity of the electric current is written as

divj =0,

where 3 = o E.
For an electrostatic field, E = —grad ¢, so the equation for the electric field potential takes the form

div (o grad p) = 0.

The following boundary conditions are accepted for Eq. (2): ¢ = 0 on the lower conductive plate and
© = U on the metal electrode (U is the applied voltage). The Neumann condition dp/dn = 0, which corresponds
to the condition of no current flow, is accepted on the side dielectric walls.

The condition of convective heat exchange with the surrounding atmospheric air is set on the vertical side
walls for the energy equation, the air pressure is equal to pg = 105 Pa, and the temperature is T, = 300 K.

Convective heat transfer is described by the Newton—Richmann equation

q= Q(Ta - Tw)a

where ¢ is the heat flux density, « is the heat transfer coefficient, and T, is the wall temperature.
The following criteria are used to determine «:
—Prandtl number
v

Pr= " (3)

(v is the kinematic viscosity of air, a = k/(cpp) is the thermal diffusivity, ¢, is the heat capacity of air at a constant
pressure, p is the air density, and k is the thermal conductivity);
—Grashof number

gl38 AT
Gr = 2 (4)
(I is the height of the vertical wall, § is the air volume expansion coefficient, and AT =T, — T,,);
—Nusselt number determining the convection near a vertical wall:

Nu = 0.75(Gr Pr)"-%. (5)
The heat transfer coefficient
Nuk
a=" (6)

for this model is equal to 14 W/(m? - K).

At the upper boundary of the computational domain, the constant pressure condition p = pg is accepted,
and the particles of the medium can freely cross this surface due to convection.

In calculating the electrical parameters, the value of the specific electrical conductivity of the 3% NaCl
solution is taken as equal to ¢ = 0.54 S/m. Figure 6 shows the calculated equipotential electric field lines at an elec-
trode voltage U = 600 V, and Fig. 7 shows the dependence of the electric field intensity modulus on the vertical
coordinate y along the axis of symmetry of the discharge. Near the electrode, the electric field strength reaches
E ~ 150 kV/m. As the current flows, there is local heating of the electrolyte near the electrode, which leads
to the formation of vapor bubbles.

The characteristic vaporization time 7 caused by the Joule heat release (2) is estimated as follows. With
the heat capacity and thermal conductivity neglected, all the released power is spent on vaporization:

Sg AV T =rpAV.

Here r is the specific heat of vaporization, p is the water density, and AV is the small volume of the electrolyte.
Thus, 7 = rp/(cE?) ~ 0.2 s.
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Fig. 6. Equipotential electric field lines in a vertical section passing through the axis of symmetry.
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Fig. 7. Electric field strength modulus versus the y coordinate along the axis of symmetry of the
discharge.

Figure 8 shows the electrolyte and vapor regions at different times. First, bubbles form near the lower edge
of the electrode, where the field strength and, consequently, the bulk density of the released power reach their
maximum values (Fig. 8a). Subsequently, the vapor covers the submerged part of the electrode, which reduces the
area of the contact region with the electrolyte (Figs. 8b and 8c). Then, due to convection, a vertically directed flow
of vapor and liquid appears near the electrode, which leads to an increase in the area of the contact region with
the electrolyte (Fig. 8d).

The change in the area of the electrolyte contact region with the immersed electrode causes current pulsations
(Fig. 9). In a range t = 1.5-2.0 s, the area of the contact region of the metal electrode with the electrolyte
is maximum, which corresponds to the maximum values of the current strength. Next, the dynamic processes
occurring at the boundary of the electrode interaction region (Fig. 8) cause periodic changes in the area of this region,
thereby causing a decrease and increase in the current strength in a time interval ¢ = 2.40-3.75 s. The characteristic
time of current pulsations approximately coincides with the calculated value 7 ~ 0.2 s.
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Fig. 8. Electrolyte region (1) and vapor region (2) at ¢t = 1.6 (a), 2.0 (b), 2.4 (c), and 2.6 s (d).
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Fig. 9. Estimated dependence of the current strength between the anode and the copper plate (see Fig. 1) on time.

CONCLUSIONS

The following results are obtained in the study performed.

The formation of cone-shaped plasma microchannels and the formation of anode and cathode spots
on the electrode surface in a voltage range of 200-500 V are revealed. As the voltage increases from 600 to
800 V, a discharge is formed in the form of current pulses in a range of 0.2-11.0 A.

It is established that various atoms and molecules are present in the discharge spectrum. The electron
density obtained from the broadening of line Hg is n. = (9.4 £ 0.4) - 106 em~3. The rotational and vibrational
temperatures of the hydroxyl OH molecule are T, = 3550 K and T, = 4900 K, respectively.

The results of numerical simulation of the current flow in the electrolytic cell and the initial stage of the dis-
charge are presented.

The obtained results can be used to develop mathematical models of plasma—liquid systems with the consid-
ered electrode configuration, as well as to create plasma devices for treating the surfaces of aluminum metal products.

This work was financially supported by the Russian Science Foundation (Grant No. 21-79-30062).
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