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Analysis of Chemical By-products from Partial Discharges in Air

Partial discharges (PDs) are believed to be one of the key factors accelerating high voltage (HV) equipment ageing. The chemical by-products of PDs actively contribute to the modification of insulations surface quality, especially in air medium due to the diversity of its constituents. Although nonthermal plasmas in air have been widely studied, their adaptation to HV systems is still highly complex and prone to controversies. In this work, a typical simulation of a fault leading to PD in air, through a Dielectric Barrier Discharge (DBD) pointto-plane configuration, is performed in order to measure ozone (O3), nitrogen oxide (NO) and dioxide (NO2) by-products gases. The evolution of these species regarding PD duration, PD power and humidity is analyzed. Ozone production rate and dynamics are found to predominate over NO2 and NO ones. The effect of humidity on gases evolution is found to be indirect, as it mainly affects PD power.

I. INTRODUCTION

The life span of air insulated HV systems is highly dependent on their insulation quality. The combination of local high electric fields with numerous factors such as the presence of condensation and pollution is likely to produce partial discharges (PDs) [START_REF] Tits | Evaluation of lifetime of air-insulated switchgear versus service conditions in MV substations[END_REF]. The latter contribute to accelerate equipment ageing. This is due to a large extent to the gaseous species produced during PD activity, which erode the insulation surface, and accordingly increase the occurrence of PDs [START_REF] Danikas | The notion of the 'early stage of ageing' indoor and outdoor insulation regarding surface discharges: a short review[END_REF]. The analysis of the nature and evolution of these byproducts is hence essential, especially in air at atmospheric pressure.

PDs can be presented through many forms such as corona, DBDs, surface and disruptive discharges and become more significant in air insulated high voltage equipment compared to other gaseous and solid insulations. Progress in the understanding of low temperature plasma chemistry has been highly achieved with corona and DBD discharges [START_REF] Kogelschatz | Dielectric-Barrier Discharges: Their History, Discharge Physics, and Industrial Applications[END_REF], [START_REF] Sakiyama | Plasma chemistry model of surface microdischarge in humid air and dynamics of reactive neutral species[END_REF]. In these studies, plasma is designed for multiple applications such as ozone generators for air and flue gases depollution [START_REF] Meziane | Electro-hydrodynamics and kinetic modelling of polluted air flow activated by multi-tip-to-plane corona discharge[END_REF], and biological surface decontamination [START_REF] Sakiyama | Plasma chemistry model of surface microdischarge in humid air and dynamics of reactive neutral species[END_REF].

However, in such applications high frequency (kHz) and pulsed voltages are used. Such frequencies modify the applied power and consequently the corresponding plasma chemistry compared to power line frequencies of 50 or 60 Hz [START_REF] Uchida | Effects of driving voltage frequency on the discharge characteristics of atmospheric dielectric-barrier-discharge plasma jet[END_REF]. Other few researches have been done on the interpretation of particular by-products of partial discharges in real electrical systems, such as ozone inside stator core of an air-cooled hydrogenator [START_REF] Lépine | Using Ozone Measurements to Diagnose Partial Discharge in Generators[END_REF] and at stator windings [START_REF] Kong | nalysis of Correlation Among Partial Discharges, Ozone Emission, and Ultraviolet Radiation in High Voltage Motor Stator Windings[END_REF]. The authors show a correlation between ozone level and highly corroded regions, yet in a qualitative way only. In laboratories, some experiments can also be found. O3, NOx and carbon monoxide (CO) production in air PDs is studied at 50 Hz voltage. Authors simulated in laboratory experiments various types of typical faults encountered in HV systems such as protrusion, air gap, creeping discharge, floating potential etc. [START_REF] Li | Calculation of Ozone and NOx Production under AC Corona Discharge in Dry Air Used for Faults Diagnostic BT[END_REF]- [START_REF] Javed | Experimental Study on Air Decomposition By-Product Under Creepage Discharge Fault and Their Impact on Insulating Materials[END_REF]. The effect of applied voltage, humidity [START_REF] Zhang | Influence of humidity and voltage on characteristic decomposition components under needle-plate discharge model[END_REF], [START_REF] Javed | Experimental Study on Air Decomposition By-Product Under Creepage Discharge Fault and Their Impact on Insulating Materials[END_REF], electrode metal nature [START_REF] Javed | The Study of Different Metals Effect on Ozone Generation Under Corona Discharge in MV Switchgear Used for Fault Diagnostic[END_REF] on O3, NOx and CO was studied, altogether or independently. Although authors agree on the predominant production of O3 and NO2 for low energy discharges, deeper insight is still missing on different influencing parameters. The impact of the actual power dissipated by PD should be examined rather than the applied voltage amplitude usually considered. The interaction of by-products with the environment (materials, air humidity) constitutes another important issue.

In this work, we present experimental measurements obtained with a point-to-plane DBD discharge in air, under controlled temperature (T) and relative humidity (RH). Such discharge impinging a new dielectric material is considered relevant for the early steps of ageing in HV systems. O3, NO and NO2 are detected in parallel with the impulse PD current. Their behavior is analyzed versus time, applied voltage, PD power, and relative humidity.

II. EXPERIMENTAL METHODS

A point-plane electrode system with a dielectric material lying on the plane is placed in a 240 l climatic chamber (Fig. 1). The dielectric material of 3 mm thickness is Phenylpropanolamine (C9H13NO), the point electrode radius is around 30 µm, and its distance to the dielectric surface is 2 mm.

A Power Diagnostics® Phase Resolved Partial Discharge Analyzer is used to record PDs under AC-60 Hz voltage. The measured PD inception voltage in our studied configuration is around 2.3 kV. The investigated voltage range is from 3.5 to 6 kV, and the corresponding PD charge amplitudes Q are from 0.6 to 1.5 nC. By summing all recorded PD charges during a period of time Δt, an average equivalent "PD current" I can be calculated, typically from 0.5 to 5 µA:

I = ∑ Q / Δt (1)
From I, the average power dissipated by PDs is calculated as:

PD power= V × I (2) where V is the applied voltage.

The chemical species O3, NO2 and NO are monitored simultaneously with PDs. O3 is measured via a 2B Technology® M106L UV-absorption detector, and nitrogen oxides with an AC32M® chemiluminescence based analyzer. Teflon tubes for air sampling are placed approximately at 20 cm from the point electrode. Air is pumped by each detector at a total 1.5 l/min approximate flow rate. Within the climatic chamber, a fan running continuously homogenizes the by-products concentration. The relative humidity percentage (RH%) was regulated in the climatic chamber to 30, 55 and 95 %, at a fixed temperature of 25 ˚C for all experiments.

III. RESULTS AND ANALYSIS

A. Gases temporal evolution in the closed chamber before PD ignition A preliminary measurement of O3 and NOx has been performed without PDs. Outside the climatic chamber, in the laboratory ambient atmosphere, NOx and O3 levels appear to change every day and during the same day. A reference measurement of these gases is then supposedly needed to be extracted from the coming values obtained with PD.

However, it was found that after chamber closing, O3, NO2 and NO level first showed some transitory variation, and then became stable after about 2 hours (less than 4 ppb), whatever the variations occurring outside the chamber (Fig. 2). Due to permanent air pumping by the gas detectors, some outside air entered the chamber. The chamber atmosphere was totally renewed by outside air after 2.5 hrs. The resulting stable level of gases within the chamber results from some equilibrium between air entering the chamber, and gases intrinsic transformation occurring within the chamber, either in volume and/or on surfaces [START_REF] Dahlgren | Decomposition of NO2 to NO and O on Pt(111)[END_REF], [START_REF] Rodriguez | Decomposition of NO2 on metal surfaces: Oxidation of Ag, Zn, and Cu films[END_REF]. Whatever these mechanisms, not yet well identified, the final stable level of gases obtained simplifies our measurements, by disregarding the need for taking into account the outside ambient reference values [START_REF] Javed | Experimental Study on Air Decomposition By-Product Under Creepage Discharge Fault and Their Impact on Insulating Materials[END_REF].

B. Gases temporal evolution in closed chamber with PD Comparison of gases temporal evolution versus applied voltage at constant relative humidity

In the following measurements, the climatic chamber was closed for about 1 hr before each new voltage change, in order to allow gases reaching approximately the same initial equilibrium density.

In These results clearly evidence the creation of O3 and NO2 due to PDs, while a rather negligible variation of NO density occurred (not shown here). However, the rate and dynamics of production of O3 and NO2 are not the same. The values obtained after half an hour at fixed voltage (e.g: 21 ppb of NO2 vs. 93 ppb of O3 at 6 kV), show that PDs produce O3 at the highest rate compared to NO2. This result is typical for DBD's in air, where O3 production is favored over its destruction [START_REF] Kogelschatz | Dielectric-Barrier Discharges: Their History, Discharge Physics, and Industrial Applications[END_REF], [START_REF] Kogelschatz | Ozone Generation from Oxygen and Air: Discharge Physics and Reaction Mechanisms[END_REF]. A time lag between O3 and NO2 production can also be noted.

In order to understand these results, we focus on the following three chemical reactions: O + O2 + M  O3 + M with M: {any third molecule} [START_REF] Sakiyama | Plasma chemistry model of surface microdischarge in humid air and dynamics of reactive neutral species[END_REF] N + O2  NO + O [START_REF] Meziane | Electro-hydrodynamics and kinetic modelling of polluted air flow activated by multi-tip-to-plane corona discharge[END_REF] NO + O3  NO2 + N2 (6) During the first nanoseconds, inside PD filaments (presumably streamers) electron bombardments start dissociating O2 and N2 into atomic oxygen and nitrogen. These produced active radicals will associate with other molecules to create either charged or neutral molecules, such as O3, NO and much more. O3 is mainly produced by the three-body reaction (4), and NO through reaction [START_REF] Meziane | Electro-hydrodynamics and kinetic modelling of polluted air flow activated by multi-tip-to-plane corona discharge[END_REF]. While both are rapidly created after PD ignition, NO is however an unstable molecule which will tend to transform quite quickly into a more stable one in less than 100 s [START_REF] Sakiyama | Plasma chemistry model of surface microdischarge in humid air and dynamics of reactive neutral species[END_REF]. This explains the very low variations of NO concentration measured. Among all possible transformations, NO will associate with O3 to create NO2 (6), which can explain the time lag between O3 and NO2. The latter molecule is produced during a second phase, after PD ignition. This analysis allows interpreting results qualitatively, but it remains a highly simplistic approach. A deeper understanding would be gained with a complete chemical kinetics modeling of plasma, also considering diffusion, which is however, to date, extremely complicated to perform [START_REF] Sakiyama | Plasma chemistry model of surface microdischarge in humid air and dynamics of reactive neutral species[END_REF].

Variable relative humidity percentage: effect on PD power and ozone evolution rate

According to our previous results, NO evolution is negligible, and NO2 follows a similar trend as O3 (i.e. increased production rate at higher voltage). In the following, the effect of RH% was hence only studied on O3. Before investigating the effect of humid environments on the creation of O3, we start by checking first its effect on the PD itself. As it is shown in Fig. 4.b, at constant applied voltage, PD power increases at higher RH%, as well as O3 production rate (Fig. 5). Since PD power increases with applied voltage, this explains logically the growth of O3 in our measurements. Nevertheless, this result contradicts with most of literature, where authors observed a clear decrease of O3 with increasing RH% [START_REF] Zhang | Influence of humidity and voltage on characteristic decomposition components under needle-plate discharge model[END_REF], [START_REF] Javed | Experimental Study on Air Decomposition By-Product Under Creepage Discharge Fault and Their Impact on Insulating Materials[END_REF], [START_REF] Javed | Online monitoring of partial discharge initiated under metallic protrusion defect in high humidity by measuring air decomposition by-products[END_REF]. O3 production is commonly reported to decrease at high RH%, due to the enhanced intervention of (HO*, HO2*) radicals in the decomposition of O3. In fact, partial discharges in air behave in a different way with or without a dielectric surface. In air, water molecules reduce the number of free electrons due to their electronegativity, and hence reduce charge mobility due to cluster formation [START_REF] Wang | Effect of humidity on partial discharge in a metal-dielectric air gap on machine insulation at trapezoidal testing voltages[END_REF], [START_REF] Schmid | Influence of absolute humidity on the electrical breakdown in air[END_REF]. This would in return reduce PD power of corona discharges, and consequently partly explain the commonly observed decrease in ozone production. On the other hand, when discharges impinge a solid surface, the increase of both the dielectric surface degradation and conductivity due to humidity influences the spreading of charges, creating lots of small amplitude discharge pulses. In turn, this increases PD power and hence by-products production. The above interpretation is further supported by the plot of O3 rate production versus PD power in Fig. 5.a. This figure shows that the O3 production yield (expressed in terms of O3 produced by mW), decreases when RH% is increased. The increase in O3 yield at low RH% can be understood by the reduction of H2O derived radicals leading to O3 destruction. 

IV. CONCLUSIONS

In this paper, an experimental set-up simulating a typical defect in a HV system, inducing partial discharges in air and impinging a dielectric surface, was established. The concentration of O3, NO2 and NO gaseous by-products was analyzed. In a closed metallic enclosure before PD activity, it was observed that the residual concentration of such gases stabilizes spontaneously at a low level. With PD, the production of O3 and NO2 appear to dominate over NO and increases with PD power. A high air humidity enhances the PD power, and consequently ozone production. However, the ozone production yield dissipated per mW decreases. This work helps better understanding the chemistry induced by partial discharges in air, with amplitudes in the nC range, and impinging a solid dielectric surface. Future work will be focused on exploring the life-cycle of more gaseous byproducts in various PD configurations, and the effect of other environmental parameters relevant of practical operation.
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 1 Fig. 1. Schematic representation of our DBD point-plane set-up with PD peak current and gases detection.
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 2 Fig. 2. Plots of the typical time evolution of O3, NO2 and NO densities in a closed metallic chamber before PD ignition.

  Fig 3.a, b we show a typical example at 55 RH% for O3 and NO2 evolution during half an hour, for voltages varying from 3.5 kV to 6 kV with 0.5 kV step. The climatic chamber has been left closed during all measurements performed at constant RH%, keeping the dielectric plate at the same position under the point electrode.
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 3 Plots of time evolution versus applied voltage at 55 RH% and 25 ˚C, for: a) O3 and b) NO2.
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 4 Fig. 4. Plots of relative humidity effect, at 30, 55 and 95 RH%, on: a) PD power vs. applied voltage, b) O3 rate vs. applied voltage.
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 5 Fig.5. Plots of relative humidity effect, at 30, 55 and 95 RH%, on: O3 rate vs. PD power.
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