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Abstract

:

In this work, micro-arc discharge is investigated using a needle-to-plane electrode system placed with a micro-gap in highly conductive artificial seawater. A major problem with microarc discharge is the erosion of electrodes caused by the high current of the arc; however, it was found that erosion of the needle electrode did not have any effect on the discharge process in the case of precise control of the discharge gap. A simple mathematical model was developed for a more detailed study of the preheating phase of the discharge. The modeling showed good agreement with the experimental results and confirmed that the needle electrode could be reused to generate reproducible micro-arc discharges even after the erosion caused by the arc. Moreover, it was found that, in certain conditions, the preheating phase could be simulated using a simple inductor-capacitor-resistor (LCR) oscillator model with a resistor instead of electrodes immersed in the liquid. It was confirmed that the shape of the needle electrode’s tip did not affect the measurement of optical emission spectra in the case of precise focusing, which could be used in the development of compact analytical tools for on-site analysis of deep-sea water using atomic emission spectroscopy.
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1. Introduction


Recently, plasma processes in liquids have been gaining a lot of attention owing to their wide range of possible applications, such as nanoparticle and nanocarbon production, water cleaning, plasma medicine, and plant growth promotion [1,2,3,4,5,6,7,8,9]. One promising application is the use of optical emission spectroscopy (OES) of various plasmas generated in liquid or in contact with liquid for elemental composition analysis of the liquid [10,11,12,13,14]. There are many methods for the generation of plasmas directly in liquids with low conductivity; however, reproducible generation of plasma directly in highly-conductive liquids is still challenging [5,14,15,16,17,18,19,20,21,22]. Moreover, for elemental composition analysis using OES, a strong intensity of optical emission is required [4,11,12,23,24,25,26]. Considering the requirements of strong optical emission and the possibility of generation of the plasma in highly-conductive liquid at high pressure, arc discharge is looking promising owing to the increase in the intensity of optical emission with the increase in pressure [12,15,24,27]. It was reported that micro-arc discharges could be reproducibly generated directly in highly-conductive liquids even at high pressures (up to 20 MPa) using a compact setup, which is essential for the development of compact analytical tools for on-site measurements in deep sea [15]. The compact tool for elemental composition analysis of seawater will be applied to numerous studies on oceanography, the exploration of marine resources, and ecological monitoring [28,29,30,31]. In recent study, it has been shown that OES of micro-arc discharges is advantageous for the detection of metal contaminants in seawater and could be applied to elemental composition analysis [24]. However, micro-arc discharges generated directly in liquids, especially highly-conductive liquids (such as seawater), have not been well studied and reproducible operations and reliable measurement are still a challenge [12,32,33].



The key feature of seawater is its high electrical conductivity. Due to the high conductivity, it requires a large current (typically more than 5 A) to apply the voltage required for breakdown [12,19,32,33]. The high current density passing through the liquid prior to discharge causes intense Joule heating of a small volume of liquid, resulting in the formation of microbubbles of vapor. After the formation of the bubbles, micro-arc discharge is generated in a gaseous medium inside the bubble [15,19,22,32,34,35]. For the operation of plasma in such highly-conductive liquid, it is advantageous to focus the current in the small volume within the micro-sized electrode to reduce the energy required for formation of the bubbles and breakdown [12,19,32]. A high current density during the micro-arc discharge results in significant damage to the electrodes due to erosion [12,15,32,36]. For reproducible micro-arc discharge and reliable OES measurement, it is necessary to study the effect of the erosion of the electrode’s tip on the discharge process.



The most significant changes in the discharge conditions induced by erosion are an increase in the gap length and variation in the electrode’s tip shape. The gap length can be easily adjusted using a micromanipulator before each discharge. However, the variation in the tip shape caused by erosion cannot be controlled reproducibly. For practical application and the development of an on-site measurement tool with a sufficient lifespan, it is necessary to understand the effect of the variation of the tip shape on the plasma generation and discharge parameters. From our previous experiments, it was found that a hemisphere-shaped needle tip was quickly deformed into a flat edge of cylinder after several shots of micro-arc discharges. In this study, the effect of the tip shape on the preheating phase of the discharge was investigated by experiments and numerical modeling. The ignition process of micro-arc discharge in seawater can be divided into two main steps: Preheating in liquid medium with formation of the bubbles and arc discharge in a gaseous medium. Considering that the arc discharges in a gaseous medium have been studied extensively, this study mostly focuses on the preheating of seawater within the electrode gap required for the formation of the bubbles.




2. Materials and Methods


Artificial seawater composed of 10 typical components (10ASW, electrical conductivity 45.1 mS/cm at 20.3 °C) was used for the experiments. Elemental composition of the 10ASW is shown in Table 1.



A schematic of the experimental setup is given in Figure 1. For generation of microplasma discharge, the needle-to-plane electrode system, consisting of a W needle electrode (W20-05-10 × 1½”, NPS Inc., Tokyo, Japan) and polished Pt plate were used. The plane electrode was placed on the bottom of a quartz cuvette of 18 mm x 18 mm inner size, in which 1 mL of 10ASW was introduced, resulting in 2 mm water depth at the center and about 4 mm in area of the wall inside the cuvette due to the surface tension effect. The discharge gap was precisely controlled using a micromanipulator.



An impulse generator, consisting of a capacitor C = 47–220 nF, an inductor L = 47–330 µH, and a MOSFET switch, was used to supply a current pulse. The capacitor was charged by a DC power supply, with the resulting voltage in the range of 580‒750 V. During the discharge, the MOSFET switch was closed to apply a current pulse to the discharge gap. The voltage and current waveforms were stored in a digital oscilloscope with a high-voltage probe and a current probe. The OES spectrum from the plasma was collected by a quartz lens and recorded by multi-channel spectrometer (USB4000, Ocean Optics, Largo, FL, USA) through a quartz optical fiber.




3. Results and Discussion


3.1. Current and Voltage Waveforms


High current during the discharge causes significant damage to the needle electrode. Observations during experiments confirmed that the migration of the micro-arc spot during the discharge caused relatively uniform erosion of the electrode material from the tip of the needle, resulting in a change of the tip shape from hemispherical (with the radius dependent on the parameters of the needle used) to relatively flat (with the area dependent on the needle angle and the length of needle remaining). Possible shapes for a needle with a 50 µm tip radius are presented in Figure 2a. Figure 2b shows the typical current and voltage waveforms for the micro-arc discharge in 10ASW operated using an original (not damaged by erosion) or damaged needle electrode, 47 nF capacitor charged to 650 V, 67 μH inductance and gap between the electrodes of 20 μm. In both cases, the discharge process can be separated into two phases: (1) A preheating phase and (2) micro-arc discharge. During the preheating phase, the voltage and current followed the same waveform of an impulse with a peak voltage of 190 V and a peak current of 8 A. During the micro-arc discharge, sustained for 5.2 µs, the voltage was almost constant at 20 V and the current further increased until the peak value of 12 A at 2.2 μs, where it turned towards decay until the termination of the micro-arc. After the termination of the positive current at 7.2 μs, the voltage and current turned to negative oscillation due to the inverse charge of the capacitor. A more detailed study of the micro-arc discharge current and voltage waveforms and ignition process can be found elsewhere [12,13,15,32].



In our previous work, it was confirmed that the bubble formation process played a key role in the generation of micro-arc discharge in seawater, therefore the variation in electrodes tip shape should have an effect on the discharge generation [32]. However, from the present experiments, as shown in Figure 2b, there was no significant difference in the current and voltage waveforms of micro-arc discharges generated using the original and the damaged needle electrode. To find out why the electrode shape did not affect the discharge, a more detailed study of the mechanism is required. Moreover, considering the possible applications of the OES spectrometry of micro-arc discharges in seawater for on-site elemental composition analysis, it is necessary to check the effect of the needle electrode’s tip shape on the measured optical emission spectra.




3.2. Optical Emission Spectrometry


Optical emission spectra for five consistent micro-arc discharges operated in 10ASW using W needle electrode are presented in Figure 3.



The first discharge was operated using a new needle electrode with the original hemispheric shape. After the second discharge, the tip shape had been changed due to erosion caused by the high current during the discharge. It was observed that intensity of measured optical emission for the 1st discharge was much stronger than those for the following discharges. Moreover, by repeating experiments, it was confirmed that the discharges operated using new needle electrodes always showed a strong intensity of optical emission, while the intensity varied widely after the second discharge generated using the same electrodes.



Taking into account the same experimental conditions (except for the shape of the needle electrode tip) and the same results of current and voltage waveforms, the observed instability of OES spectra intensity can be caused by damage of the needle electrode or inaccuracy in the focusing system. To confirm the effect of the focusing system on the measured spectra, OES measurements were performed with varying orientation of the lens axis. For adjusting the focusing position of the lens, a 3D micromanipulator was used. To focus the lens on the discharge gap, the spectrometer on the optical fiber was replaced with a light source. By using a micromanipulator, it was confirmed that the focusing point of the lens was completely adjusted at the center of the gap between the electrodes. The tilt angle of the optical axis varied from 10° to 0° to the plane electrode, as shown in Figure 4a,b.



Due to the variation of the observation angle, part of the gap was hidden by the needle electrode and emission from the hidden part was not collected by the lens. Moreover, due to the migration of the arc spot, optical emission collected by the lens depended on the position of the micro-arc spot for each discharge. In the case of the original needle shape, there was a smaller area hidden by the needle owing to the hemispherical shape of the needle tip, resulting in collection of emissions from a bigger area of the gap and stronger intensity of the recorded spectra. Using of a new needle electrode for each measurement can solve the problem of unstable intensity; however, it means OES measurements of micro-arc discharges are not applicable for on-site analysis, owing to the necessity of changing the needle electrode after every discharge.



The problem with the observation of the discharge gap can be partially solved by mounting the lens so as to make the lens axis parallel to the plate electrode, as presented in Figure 4b. In that case, it was possible to reduce the area hidden by the electrode and perform more reproducible OES measurements. Optical emission spectra measured using a lens mounted parallel to the plate electrode are presented in Figure 4c.



It can be noted that, in this case, the intensity of the measured optical emission and observed peaks were much more reproducible compared to the case with a tilted lens. Moreover, there was no significant difference between the measured spectrum for the first discharge generated using a new needle electrode and the spectrum for the following discharges using the damaged needle electrode. The reproducibility of OES measurements allows for a reduction in the noise level and improves the quality of the spectra by averaging the spectra of several discharges. An example of a spectrum obtained by averaging five discharges is presented in Figure 4c, as the plot of “5 discharges avg”. Averaging of spectra allows us to reduce the noise level and makes possible the accurate assignment of emission peaks for materials present in seawater and electrodes (e.g., H, O, Na, and W) in the same way as was reported elsewhere [13].



However, due to some instability in the arc discharge duration, there were still small variations in the measured spectra intensity; for example, the intensity of the fourth discharge is smaller compared to the spectra for other discharges presented in Figure 4c.




3.3. Mathematical Model


To analyze the effect of the shape of the needle electrode’s tip on the preheating phase and to confirm the results observed in the experiments, a simple mathematical model was developed using Matlab (Version 9.0; MathWorks, Natick, MA, USA), QuickField (Tera Analysis Ltd., Svendborg, Denmark), and COMSOL Multiphysics (Version 5.2a, complete set of Electromagnetics, Liquid Flow & Heat Transfer and Structural Mechanics and Acoustics modules, Material Library, and LiveLink™ for MATLAB®; COMSOL Inc., Burlington, MA, USA) software. For mathematical modeling of the preheating phase, two geometries of the needle electrode tip were used: The original hemispheric shape and a flat face of 100 µm in diameter after damage, as indicated in Figure 2a. Electrolysis was not considered in the model.



The model was divided into two blocks:




	—

	
LCR oscillation model with defined steps in time, with variable resistor instead of electrodes immersed in the 10ASW;




	—

	
Local process in the discharge gap and surrounding seawater using parameters calculated in the first block and dimensions from the experimental setup.









In the first block, current and voltage waveforms were calculated using common equations for LCR oscillation in Matlab software (Version 9.0; MathWorks, Natick, MA, USA). To perform the calculation, electrodes introduced into the liquid were replaced with a resistor of a value equal to the resistance of water between the electrodes. The resistance between the electrodes could depend on the geometry of electrodes and the conductivity of liquid, and therefore should be estimated in the second block of the model or measured experimentally. A simple way to calculate the current and voltage waveforms is to use a system of equations (Equations (1)–(4)) and make a small increment of time starting from the initial conditions:


Ii+1=Ii+VLi×ΔtL,



(1)






VCi+1=VCi−Ii×ΔtC,



(2)






VRi+1=Ii+1×Ri,



(3)






VLi+1=VCi+1−VRi+1,



(4)




where i is the number of steps in time, Ii is the current through the circuit at step i, VLi is the voltage on the inductor at step i, VCi is the voltage on the capacitor at step i, VRi is the voltage applied to the electrodes at step i, Ri is the resistance of water between the electrodes for step i from the second block of the model, C is capacitance, L is inductance, and Δt is the increment in time. In the present work, the increment of time Δt was set to 50 ns. The value of Δt could be further decreased; however, it will increase the calculation time and will not result in a noticeable increase in the accuracy of the calculation. The initial conditions (step i = 0) are: I0=0, VL0=VC0; parameters R0, L and C are taken from the experimental conditions and VC0 is the voltage on the charged capacitor before the start of the discharge. In order to obtain a good correlation between the mathematical model and the experimental results, real values of L and C should be measured for the electronic components used in the circuit.



In the second block of the model, the electric field, current density, and temperature distribution in the discharge gap were calculated using COMSOL Multiphysics (version 5.2a; COMSOL Inc., Burlington, MA, USA) finite element modeling software, with the voltage applied to the electrodes as the dependent variable. In the geometry block of COMSOL Multiphysics, a 3D model was built that included the plate electrode, seawater, and needle electrode with various shapes of the tip. To reduce the number of elements in the mesh and the time required for the calculation, the volume of liquid in the model was reduced. The depth of the liquid was set to be the same as in the experimental setup (2 mm; concaving of the liquid surface was not considered in the model); however, the horizontal dimensions were reduced from 18 × 18 mm to 4 × 4 mm. It was confirmed that the reduction of volume of the liquid did not have a noticeable effect on the calculation. The 3D model was discretized using a free tetrahedral physics-controlled mesh with normal element size. The initial temperature of all components was 293.15 K and temperature of outer boundaries of water was fixed. Voltage was applied to the needle electrode when the plate electrode was grounded. Most of the material properties used in the finite element simulations are available in the materials library in COMSOL and the thermal and electrical properties of the materials used (specific heat, thermal conductivity, density, dielectric constant, etc.) are not temperature-dependent. On the other hand, one of the most important parameters of seawater for generation of the discharge is the electrical conductivity, which is temperature-dependent. For that reason, the conductivity of the liquid at each point of the mesh was adjusted according to the local temperature. There are many studies of the effect of temperature on the conductivity of natural seawater in the “Neptunian” range (temperatures of −2 to 35 °C and absolute salinities of 2 to 42 g/kg) commonly used in oceanography; however, information about the conductivity of seawater as a function of temperature for temperatures higher than 30 °C is limited [37,38,39,40]. The conductivity of 10ASW used in the present experiments was 45.1 mS/cm for a temperature of 20.5 °C; therefore, using linear interpolation of data tabulated elsewhere [37], it was found that the value of conductivity of 10ASW is equal to the value of conductivity of natural seawater with an absolute salinity of 32.35 g/kg. The values of conductivity of 10ASW for other temperatures in the “Neptunian” range were estimated using linear interpolation of tabulated data. The dependency of the conductivity of seawater on the temperature in the “Neptunian” range is reasonably well represented by a linear equation; moreover, it was confirmed elsewhere that the conductivity of seawater for higher temperatures could be estimated using a linear equation with an acceptable level of error (below 2%) [40]. Therefore, values of conductivity obtained from interpolation were fitted with a linear function, as shown in Figure 5, which allowed us to estimate the conductivity of 10ASW for temperatures above 30 °C.



Parameters of 10ASW missing from COMSOL material libraries were estimated from tabulated data as for natural seawater with absolute salinity of 32.35 g/kg [37]. The actual salinity of 10ASW as the mass fraction of inorganic solute was 33.3 g/kg from Table 1, when the salinity of natural seawater with equal conductivity was 32.35 g/kg, which was caused by some differences in composition of 10ASW and natural seawater.



The electric field distribution for step i was calculated using the voltage applied to the electrodes, which was calculated in the previous step, i − 1 (VRi), in the first block of the model. Examples of the calculated electric field distributions for original and damaged needle electrodes are presented in Figure 6a,b, respectively.



It can be noted that the change of shape of the needle electrode tip causes a significant difference in the electric field distribution in the discharge gap; however, electric field distribution in the surrounding liquid can be considered the same for both shapes. Furthermore, the current density and temperature profile were calculated using electric field distribution and the conductivity value of the liquid was calculated at each point of the mesh as a function of temperature, considering heat transfer. Examples of temperature profiles calculated for original and damaged needle electrodes are presented in Figure 6c,d, respectively. The effect of the shape of the needle electrode tip on the temperature profile is similar to the effect on the electric field distribution. The difference between a hemispheric shaped and a flat needle electrode tip can be observed only in the discharge gap. An insignificant difference between the electric field and temperature profiles can be noted owing to the thermal transfer in the seawater and the electrodes.



Finally, the resistivity of the water between the electrodes was calculated using the obtained values for conductivity and used in the next step of the LCR oscillation calculation.




3.4. Results of Mathematical Modeling


The current and voltage waveforms during the preheating phase using original hemispheric and flat needle electrodes, calculated by a mathematical model and measured experimentally, are presented in Figure 7.



A very good agreement between the current and voltage waveforms for the preheating phase was obtained from mathematical modeling and experimental which can be observed in both cases with use of the original hemispheric needle (Figure 7a,b) and of a damaged flat needle (Figure 7c,d) electrodes. Moreover, it can be observed that there was no significant difference in the current and voltage waveforms during the preheating phase for original and damaged needle electrodes. The observed effect was caused by the high conductivity of seawater. Due to the high conductivity of seawater, significant current passed through the surrounding water, which did not participate in the plasma generation process. The influence of the needle electrode’s tip shape on the local processes in the discharge gap, which was observed in the modeling results, did not have any notable effect on the current and voltage waveforms because most of the current was passing through the surrounding liquid. Similar results were observed in the experiments as shown in Figure 2b, where no significant effect of the tip shape on current and voltage waveforms appeared during the preheating phase. Moreover, it was found by a manual change of value of the thermal conductivity of the liquid that the heat transfer did not have any noticeable effect on the total value of resistivity of liquid between the electrodes, resulting only in insignificant changes in the temperature of the liquid in the discharge gap, which could be explained by a large value of specific heat of water and the short duration of the preheating phase.



In the present experiments and the modeling results described above, the length of the part of the needle electrode immersed in liquid was about 2 mm, resulting in a large value of current passing through the bulk liquid. However, as was reported elsewhere, some changes in the resistivity of water between the electrodes were observed during the preheating phase after the insulation of the side walls of the electrodes (resulting in the length of the open part of the needle electrode being less than 1 mm), owing to a reduction in the current passing through the bulk liquid, when in the case of a 2 mm long needle the electrode resistivity was constant [32]. Taking into account the constant value of resistivity observed in the model, the preheating phase of microarc discharge in seawater could be calculated with reasonably good accuracy using only a simple LCR oscillation model with a resistor instead of electrodes immersed in liquid for a length of the needle electrode’s part immersed in liquid of 2 mm or longer.



Considering the good correlation of the experimental data and the modeling results, it can be concluded that the shape of the tip of the needle electrode only affects local processes in the discharge gap and has no significant influence on the current and voltage waveforms during the preheating phase in the case of a long needle electrode. That effect allows us to reuse needle electrodes damaged by erosion for generation of micro-arc discharges, which can be essential for conducting on-site diagnostics in deep sea owing to the possibility of carrying out measurements without replacement of the electrodes. However, the usage of damaged needle electrodes introduces strict requirements on the focusing system, requiring the adjustment of the length of the discharge gap before each discharge and electrodes long enough to compensate for local processes in the discharge gap.





4. Conclusions


Micro-arc discharges were reproducibly operated in the 10ASW using a needle-to-plane electrode system using needle electrodes with various tip shapes. A mathematical model of the preheating phase was developed for the investigation of the effect of the shape of the needle electrode’s tip on the preheating phase. From the results of the simulation, it has been confirmed that the shape of the tip only affected local processes in the discharge gap and had no effect on the current and voltage waveforms during the preheating phase for a needle electrode of 2 mm in length. Moreover, it was found that the preheating phase of the discharge could be simulated using simple LCR oscillation with a resistor instead of electrodes immersed in the liquid in the case of a needle electrode long enough to compensate for local processes in the discharge gap. It was also confirmed that there was no effect of the needle electrode’s tip shape on optical emission and that electrodes could be reused for the OES measurements even after damage caused by erosion. For the usage of damaged needle electrodes in spectroscopic measurements, strict adjustment of the optical axis in the focusing system and precise micro-manipulation for the adjustment of the discharge gap will be required before each discharge.
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Figure 1. Experimental setup. 






Figure 1. Experimental setup.
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Figure 2. Original needle electrode geometry and damaged needle electrodes geometries with 70 µm, 100 µm and 110 µm in diameter flat surface of the tip (a) and typical current and voltage waveforms for micro-arc discharge in seawater (b). 
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Figure 3. Instability of the measured optical emission spectra. 
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Figure 4. Mounting of lens during measurements (a) with an angle and (b) parallel to the plate electrode; and (c) optical emission spectra measured using a lens mounted parallel to the plate electrode. 
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Figure 5. Tabulated data of conductivity values of seawater with various salinity, interpolation, and linear fit of conductivity of seawater with salinity similar to 10ASW as a function of temperature. 
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Figure 6. Electric field distribution for the (a) original and (b) damaged needle electrode cases; and temperature profile of seawater for the (c) original and (d) damaged needle electrode cases 1 µs after the start of the discharge. 
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Figure 7. Experimental data and results of mathematical modeling of the preheating phase for (a) voltage applied to the electrodes and (b) current using the original needle electrode; (c) voltage applied to the electrodes; and (d) current using a damaged needle electrode. 
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Table 1. Composition of 10ASW in grams for 1 kg of water and elemental concentration.
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Composition of 10ASW

	
Elemental Concentration




	
Ingredient

	
Mass (g)

	
Element

	
Concentration (mol/kg)






	
NaCl

	
23.939

	
Cl

	
0.549




	
MgCl2 + 6H2O

	
10.849

	
Na

	
0.468




	
Na2SO4

	
3.994

	
Mg

	
0.055




	
CaCl2

	
1.123

	
S

	
0.028




	
KCl

	
0.667

	
Ca

	
0.01




	
NaHCO3

	
0.196

	
K

	
0.009




	
KBr

	
0.098

	
C

	
0.0023




	
H3BO3

	
0.027

	
Br

	
0.0008




	
SrCl2 + H2O

	
0.004

	
B

	
0.00046




	
NaF

	
0.003

	
F

	
0.000053
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