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ABSTRACT 
 

A gliding arc discharge can be generated between two diverging electrodes and 

extended by a turbulent gas flow to form a plume of stable non-thermal plasmas sustained 

at atmospheric pressure. Gliding arc discharge is rather complicated since it involves 

plasma chemistry, flow dynamics and discharge-turbulence interaction. Optical 

techniques, especially laser-based methods, are able to perform in-situ and non-intrusive 

diagnostics with high temporal and spatial resolutions, as well as species-specific 

visualization, for gaining a deeper inside of discharge characteristics. Spatiotemporally 

resolved characteristics of the gliding arc discharge were investigated by recording the 

voltage and current waveforms simultaneously synchronized with instantaneous images 

of the plasma columns captured by high-speed photography. The true instantaneously 

optical and electrical parameters of the highly dynamic plasma columns can be revealed. 

Three-dimensional (3D) particle tracking velocimetry (PTV) has been used to determine 

the 3D flow velocity in the gliding arc discharge. Instantaneous 3D velocities of the 

tracer particles and the 3D structure of the plasma columns are reconstructed so as to 

determine the 3D plasma length and the 3D slip velocity. OH is an important radical that 

can be generated by gliding arc discharges in humid air. Planar laser-induced 

fluorescence measurements demonstrate that ground-state OH is distributed around the 

plasma column with a hollow structure and that the thickness of the OH is much greater 

than that of the plasma column. The gas temperature of the gliding arc discharge was 

obtained using planar laser-induced Rayleigh scattering. Turbulent effects were found to 
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play an important role in determining the OH distribution and the dynamics of the gliding 

arc discharge. 

 

Keywords: gliding arc discharge, non-thermal plasma, optical diagnostics, planar laser-

induced fluorescence  

 

 

INTRODUCTION 
 

Plasmas are regarded as the fourth fundamental state of matter after solids, liquids and 

gases. Plasmas that consist of a number of free electrons, negative and positive ions, and 

neutral particles, can be classified in terms of thermal and non-thermal plasmas. In thermal 

plasmas, atoms, molecules, electrons and ions are at the same temperature and local 

thermodynamic equilibrium is valid. In contrast, the thermodynamic equilibrium does not 

apply to non-thermal plasmas. The electron temperature in non-thermal plaslma is much 

higher than the gas temperature [1]. In this case, high-energetic electrons can be effectively 

produced in non-thermal plasmas without excessively heating the gas. The high-energetic 

electrons are able to generate reactive species, such as free radicals, excited species and 

charged particles, which are promising for modifying chemical kinetics and increasing the 

chemical reaction rates. Non-thermal plasmas are of particular interest due to the fact that it 

can create new chemical reaction pathways not available in thermal plasmas.  

Commonly used non-thermal plasma sources in laboratory are gas discharges, such as 

glow discharge [2], corona discharge [3], dielectric barrier discharge (DBD) [4], microwave 

discharge [5] and gliding arc discharge [6]. The main drawback of glow discharges is the 

requirement of complicated vacuum systems since most glow discahrges are generated under 

low-pressure conditions. Corona discharges and DBD can be operated at atmospheric 

pressure, but the discharge at a low power level is restricted to a small volume near the 

electrodes. Microwave discharges can be generated by a high-frequency electromagnetic 

field, which enables the electrodeless microwave discharge to get rid of the problems that 

needs to be considered in the other electrical discharges involving use of electrodes, such as 

electrode cooling, electrode erosion and contamination. However, generation of a microwave 

discharge still requires the use of other expensive and complicated components, such as a 

magnetron generator, a circulator, a directional coupler, a tuner and an applicator. Compared 

with above-mentioned electrical discharges, gliding arc discharge is advantagous for its 

simplicity, low-cost and the potential to provide a high-power non-thermal plasma volumn at 

atmospheric pressure [6]. It has been reported that gliding arc discharge can be widely used in 

combustion enhancement [7-9], surface treatment [10-12] and pollution control [13-18]. The 

need for the optimization of gliding arc discharge for different applications has attracted 

increasing interest in characterization of the discharge. As a result, fundamental studies of 

gliding arc discharge has attracted great attention in the past few decades [19-27], and most of 

the attention has been dedicated to optical diagnostics of gliding arc discharge.  

Optical techniques, especially laser-based methods, provide many advantages compared 

with employing probe-based diagnostics. Optical techniques can be used, for example, to 

perform remote and non-intrusive measurements with high temporal and spatial resolutions 

[28], as well as species-specific visualization, for gaining a deeper inside of discharge 

characteristics. More importantly, optical diagnostics can minimize interference from the 
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electric field of gliding arc discharge. Traditional physical probes may not be appropriate for 

plasma diagnostics. It is not possible, for example, to use a conductive thermocouple directly 

for measuring the temperature of a plasma column. In addition, for safety reason, a plasma 

system always needs to be placed in a well-shielded environment, this limiting the access of 

probe-based measurements and resulting in additional difficulties as well. Many optical 

diagnostic tools can be used to investigate gliding arc discharges, including Planar Laser-

Induced Fluorescence (PLIF) [29, 30], Optical Emission Spectroscopy (OES) [22, 25, 31], 

photography by digital cameras [20], CCD cameras [21, 32] and high-speed cameras [10, 19, 

33, 34]. 

This chapter focuses on the development and application of optical techniques for 

diagnosing gliding arc discharge at atmospheric pressure, emphasis being placed on gaining a 

better understanding of the spatial, temporal and spectral discharge characteristics. The 

following is a brief outline of this chapter:  

Section II provides an introduction to the experimental discharge system, including the 

eletrodes, the power supply and the feeding gas.  

Section III provides a review of the optical diagnostic methods empolyed to inverstigate 

gliding arc discharge, with a focus on high-speed photography, 3D particle tracking 

velocimetry, OES, laser-induced Rayleigh scattering and PLIF. 

Section IV presents the main results concerning the optical diagnostics of gliding arc 

discharges, including the dynamics, 3D slip velocity, excited-state and ground-state species 

distributions, temperature measurements and turbulent effects. 

Section V summarizes the work and suggests possibilities for future research.  

 

 

DISCHARGE SYSTEM 
 

Gliding arc discharge can be generated between two diverging electrodes and extended 

by a turbulent gas flow to form a stable plume of non-thermal plasmas sustained at 

atmospheric pressure. A gliding arc discharge established in air at atmospheric pressure was 

employed in the work presented. The gliding arc discharge system consists of three primary 

components: electrodes, an air flow and a power supply. Figure 1 shows a schematic of the 

gliding arc discharge system. The hollow tubular electrodes are made of stainless steel tubes 

with an outer diameter of 3 mm. The electrodes are fixed on a Teflon plate and are internally 

water-cooled. One of the electrodes is connected to the high voltage power supply and acts as 

a powered electrode, whereas the other serves as a ground electrode. 

The air flow was provided by a 3 mm diameter jet between the two electrodes which 

blows the plasma columns that is generated upwards. A typical image of a plasma column 

captured by a high-speed camera at an exposure time of 16.25 μs is shown as an insert in 

Figure 1(a). The flow rates were controlled by a mass flow controller. The air flow rate most 

frequently used for this configuration is 17.5 standard liters per minute (SLM), which 

corresponds to an air velocity of about 40 m/s at the nozzle exit. A typical photo of the 

gliding arc discharge at an air flow rate of 17.5 SLM is shown in Figure 1(b). The photo was 

recorded by a digital camera at an exposure time of 1/30 s. The gliding arc discharge is 

visualized in Figure 1(b) as a blurred glowing region, due to a large number of plasma 

columns being imaged during the 1/30 s exposure time. 
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Figure 1. (a) A schematic of the gliding arc discharge system. (b) A photo of a gliding arc discharge at 

an air flow rate of 17.5 SLM. The photo in (b) was recorded by a digital camera at an exposure time of 

1/30 s whereas the inserted photo in (a) was captured by a high-speed camera at an exposure time of 

16.25 μs [35]. 

The power of the discharge system was provided by a high voltage AC power supply 

(SOFTAL Electronic GmbH, Germany). The AC power supply was operated at a frequency 

of 35 kHz, corresponding to a full cycle period of 28 μs. The power supply can be operated in 

either a continuous or a burst mode by programming a signal generator. In the burst mode, the 

gliding arc runs at a 10 Hz repetition rate with burst duration of 20 ms. The reason for 

operating the gliding arc in the burst mode is to facilitate the synchronization of the AC 

voltage phase with the detection systems to achieve phase-selective detection. The continuous 

mode was employed for diagnosing the dynamics of the gliding arc and the spatial 

distribution of ground-state OH radicals. 

 

 

Figure 2. A typical example of current and voltage waveform of a gliding arc discharge at an air flow 

rate of 17.5 SLM [35]. 
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A current monitor (model 6585, Pearson Electronics) and a voltage probe (Tektronix 

P6015A) were used to measure the waveforms of the current and of the voltage. Figure 2 

shows a typical voltage and current waveforms of the gliding arc at an air flow rate of 17.5 

SLM. The voltage shows a sinusoidal waveform with a peak value of 8 kV and has the same 

frequency, that of 35 kHz, as the driving signal of the AC power supply, the current being 

slightly deformed but still close to sinusoidal waveform. Different current spikes can also be 

observed in the waveform of the gliding arc discharge when certain special discharge 

phenomena, including ignition, short-cutting events and spark-type discharge, occur.  

 

 

DIAGNOSTIC METHODS 
 

High-Speed Photography  
 

High-speed photography was used to record transient structures of a gliding arc discharge 

and the dynamics of the plasma column. Many important parameters of plasma columns, such 

as lengths, widths, and positions, can be properly determined in the images obtained at an 

exposure time of a few microseconds. High-speed photography is also employed to observe 

evolutions of the gliding arc discharge, such as ignition, propagation, short-cutting events, 

extinction and rapid transition of the discharges. In addition, high-speed photography can be 

performed in synchronization with electrical measurements. This enables direct visualization 

of both the dynamic plasma columns and their synchronized instantaneous electric field 

strength of the gliding arc discharge. 

Figure 3 shows a schematic of the experimental setup for high-speed photography of a 

gliding arc discharge. The instantaneous structure of the gliding arc discharge can be recorded 

by a high-speed camera (Fastcam SA-X2, Photron) at a frame rate of up to tens of kHz. In 

synchronization with the high-speed camera, a current monitor (model 6585, Pearson 

Electronics) and a voltage probe (Tektronix P6015A) were employed to measure the 

waveforms of the current and the voltage. The waveforms of the current and the voltage, the 

gated exposure times of the high-speed camera and the external trigger signal were recorded 

simultaneously using a four-channel oscilloscope (PicoScope 4424). The oscilloscope and the 

high-speed camera were triggered simultaneously by a pulse generator (BNC 575). 

 

 

3D Particle Tracking Velocimetry 
 

Three-dimensional particle tracking velocimetry (3D PTV) is a useful tool for 

determining the 3D flow velocity with use of tracer particles that follow the motion of the gas 

flow. A 3D PTV system consists mainly of tracer particles, a light source, an imaging system 

and a data processing algorithm. Figure 4(a) shows a schematic of the experimental setup 

used for 3D PTV. Tiny TiO2 particles with a diameter of about 3 μm were used as tracer 

particles that were illuminated by the plasma emission. Two high-speed cameras (Fastcam 

SA-X2 and SA5, Photron) were synchronized in recording the motions of the tracer particles 

and the plasma columns in orthogonal imaging planes. Instantaneous 3D velocities of the 

tracer particles, illuminated by the plasma column, were reconstructed. In addition, the 3D 
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structure of the plasma columns is reconstructed so as to determine the length and the velocity 

in 3D. Figures 4(b) and 4(c) show a typical camera image pair of the gliding arc discharge. 

Since the tracer particles near the plasma column were illuminated by the plasma emission, 

they can be tracked simultaneously by use of the two high-speed cameras. The recently 

introduced dynamic discrete tomography paradigm [36] was employed for the 3D 

reconstruction of particle positions. An approach based on the deformation of the so-called 

snake model [37] was used for reconstruction of the plasma column.  

 

 

Figure 3. A schematic of the experimental setup for high-speed photography of a gliding arc discharge. 

The current and voltage measurements are recorded in synchronization with high-speed photography. 

 

Figure 4. (a) A schematic of the experimental setup used for three-dimensional particle tracking 

velocimetry. The arrangement of the two cameras and the orientation of the electrodes are shown. An 

image pair of the gliding arc discharge recorded simultaneously by use of the two high-speed cameras 

is shown in (b) and (c). In the image pair, two typical seeding particles illuminated by the bright plasma 

column are highlighted by squares and circles, respectively [33]. 
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Optical Emission Spectra 
 

Optical emission spectroscopy can be used to detect dominant excited species in gliding 

arc dishcharge. An imaging spectrometer with an adjustable exposure time and delay time is 

able to capture temporally resolved emission spectra of plasmas with certain spatial 

resolution. Figure 5 shows a schematic of the experimental setup for spectrometric 

mesurements. The emission from gliding arc discharge was collected and focused into the slit 

of a spectrometer (Shamrock 500i, Andor, 300 grooves/mm grating) mounted with an ICCD 

camera (iStar, Andor) by use of two spherical lenses (SL: f = 150 mm and f = 200 mm). The 

slit of the spectrometer was vertically oriented, allowing the ICCD camera to observe a 

spatially resolved height range of 4 cm. The spectral response of the spectrometer was 

calibrated using a mecury lamp. 

An important application of the emission spectra of the excited species is to evaluate the 

rotational and vibrational temperatures of the gliding arc discharge by comparing 

experimental and simulated emission spectra. SPECAIR [38] is a commercial program for 

modeling emission spectra of species generated in air plasmas, including species such as N2, 

O2, NO, N2
+, N, NH, O and OH. SPECAIR can be used to achieve species-specific 

identification of the experimental emission spectra of air plasmas and to determine the 

rotational and vibrational temperatures of non-equilibrium air plasmas by comparing the 

experimental and simulated emission spectra. 

 

 

Figure 5. A schematic of the experimental setup for spectrometric mesurements.  

 

Planar Laser-Induced Fluorescence 
 

Planar Laser-induced fluorescence (PLIF) techniques, in which a laser sheet is formed 

and two-dimensional results can be obtained, have been widely used in combustion 

diagnostics over the past few decades, providing the capability of detecting radicals and 

species in flames at the ppm or even the sub-ppm level [28]. Recently, PLIF has been 

employed in measuring the distrinbution of the ground-state OH generated by gliding arc 

discharge. 

A typical PLIF setup consists mainly of a laser system that excites the target species to a 

upper energy level, lenses that are aligned to generate a laser sheet, filters that are used to 

suppress stray light, and a detector that captures the induced fluorescence signal. Figure 6 
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shows a schematic of the experimental setup for OH-PLIF measurements. A frequency-

doubled Nd:YAG laser (Quantel, Brilliant B) emiting a 532 nm beam that was used to pump a 

dye laser (Continuum ND60). The dye laser (Rhodamine 590) was tuned to ~566 nm and was 

frequency-doubled using a second harmonic generation (SHG) crystal. The laser beam at 

~283 nm was separated from the fundamental wavelength in a Pellin-Broca (PB) prism. A 

laser sheet was formed with the use of a cylindrical lens (CL, f = -40 mm) and a spherical 

lens (SL, f = 500 mm). The laser sheet excited the OH transition and fluorescence at ~308 nm 

was detected by an ICCD camera (Princeton PI-MAX II). A filter (IF 310) was placed in front 

of the ICCD camera so as to suppress scattered laser light. The ICCD cameras can achieve the 

amplification of the incoming fluorescence signal and can also be operated at an extremely 

short exposure time (normally 30 ns) to capture pulsed signals exactly and to suppress a 

continuous background. 

 

 

Figure 6. A schematic of the experimental setup for OH-PLIF measurements: SHG, second harmonic 

generator; PB, Pellin-Broca prism; HR, high reflection mirror; CL, cylindrical lens; SL, spherical lens; 

GA, gliding arc [35]. 

 

Laser-Induced Rayleigh Scattering  
 

Laser-induced Rayleigh scattering was used to measure gas temperatures of gliding arc 

discharge. The Rayleigh scattering measurements are generally conducted in a clean 

environment free of soot and dust particles so as to suppress potential interference from Mie 

scattering. The intensity of the Rayleigh scattering signal IR can be expressed as  

 

   (1) 

 

where C is a constant determined by the collection efficiency and the probe volume of the 

experimental setup, I0 is the incident laser intensity, N is the number density and σ is the 

Rayleigh cross section of the gas mixture. The number density N is substituted into Eq. (1) 

using the ideal gas law N = P/kT, yielding  
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where P is the pressure and k is the Boltzmann constant. The constant C and the incident laser 

intensity I0 can be normalized using the Rayleigh signal scattered from the reference condition 

Iref, such as pure nitrogen at room temperature (298 K), which can be written as  

 

   (3) 

 

From Eqs. (2) and (3), it can be shown that 

 

   (4) 

 

The Rayleigh cross section of the gas mixture σ becomes the main concern for 

determining the temperature, which can be given by 

 

   (5) 

 

where σk and Xk are the Rayleigh cross section and the mole fraction of the molecular 

constitute k, respectively. Gliding arc discharge is a type of weakly ionized plasma, since the 

estimated electron density of the gliding arc discharge is around 1012 ~ 1014 cm-3[24, 39]. 

Since minor species generated by gliding arc discharge have negligible effects on Rayleigh 

cross section, only the major species, such as molecules of nitrogen and oxygen in the weakly 

ionized air gliding arc discharge, are taken into consideration in calculating the Rayleigh 

cross section.  

 

 

RESULTS 
 

The optical diagnostic methods described above were used to investigate the spatial, 

temporal and spectral features of the gliding arc discharge so as to provide a better 

understanding of the discharge characteristics and the underlying governing mechanisms. 

This section presents experimental results obtained by optical diagnostics of gliding arc 

discharges in air at atmospheric pressure.  

 

 

Discharge Dynamics  
 

A gliding arc discharge was visualized as a blurred glowing region in human eyes, as 

shown in Figure 1(b). However, when observing the motion of the gliding arc with a high-

speed camera at a short exposure time, the gliding arc reveals its true structure, as shown in 

Figure 7. The gliding arc is shown as a thin and string-like plasma column that is ignited in 

the narrowest gap between two diverging electrodes. The plasma column is extended by the 

external air flow and its length increases until its extinction. Figure 7 shows an ignition of a 
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new plasma column between the electrodes in the third frame after which the previous plasma 

column still exists but its emissions decays.  

Figure 8 shows a typical short-cutting event recorded by a high-speed camera at a 20 kHz 

frame rate. The short-cutting event is indicated by an arrow in the frame for t = 50 μs. A new 

current path is formed between the two legs of the plamsa column and the upper part of the 

plasma column (in the dashed box) is decaying after the short-cutting event, as shown by the 

curve in Figure 8. The scale of the decaying time is on the order of 500 μs.  

 

 

Figure 7. Photographs of a gliding arc discharge showing thin, string-like plasma columns and an 

ignition in the narrowest gap between the two electrodes. The frame rate of the high-speed camera is 20 

kHz and its exposure time is 16.3 μs [30]. 

 

Figure 8. A typical short-cutting event recorded by a high-speed camera at a 20 kHz frame rate. The 

short-cutting path is indicated by an arrow in the frame for t = 50 μs. Shown in the right box is the 

integrated emission intensity of the decaying plasma column (marked in the dashed box) [30]. 

The instantaneous structure of the plasma column was also recorded using a framing rate 

of 420 kHz and an exposure time of 2.1 μs. The field of view for the high-speed camera is 

limited to 64×128 pixels due to the chosen fast frame rate. The use of 420 kHz frame rate can 

resolve the emission intensity in a half cycle of the supplied AC voltage. Figure 9(a) shows 

sequential images of the top part of the plasma column recorded at the framing rate of 420 

kHz. Only a small part of the plasma column can be observed due to the limited field of view. 

The shapes of the plasma columns were almost kept the same, but their emission intensities 
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significantly varied with time. Dependance of the emission intensity on the time is shown in 

Figure 9(b). It can be seen that the emission intensity periodically changed. Figure 9(c) shows 

a fast Fourier transform of the emission intensities for 17,000 frames. It shows that the 

dominant frequency of the emission intensities was 62.5 kHz which is twice as large as the 

voltage driving frequency (31.25 kHz).  

Figure 10(a) shows the probability of spatial distribution of the plasma columns at an air 

flow rate of 17.5 SLM by averaging 17,000 frames recorded by the high-speed camera. It 

reveals that the plasma columns are much more likely to stay at the top of the electrodes. The 

foot points of the plasma columns move upwards to the upper anchor points on the electrodes 

and then almost stay there until the plasma extinguishes. Figure 10(b) shows an image 

containing six frames of plasma columns, in which the foot points of the six plasma columns 

stay at almost the same location whereas the top part moves with the flow. The arc moving 

voleciy in the two-dimensional imaging plane can be calculated using the time interval and 

the moving distance between two sequential images. As shown in Figure 10(b), the 

magnitude and the direction of the arc moving velocity are labeled. The moving velocity of 

the plasma column is about 8 m/s, which is consistent with the nozzle exit velocity(about 40 

m/s). 

 

 

Figure 9. (a) Sequential images of the top part of the plasma column recorded using a framing rate of 

420 kHz and an exposure time of 2.1 μs. (b) Dependance of the integrated emission intensity of plasma 

columns on time. (c) Fast Fourier transform of emission intensities for 17,000 frames, showing a 

dominant frequency of 62.5 kHz [30]. 
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Figure 10. (a) Probability of spatial distribution of plasma columns by averaging 17,000 frames 

recorded by the high-speed camera. (b) Moving velocity of plasma columns, showing the arc moving 

voleciy of about 8 m/s in the two-dimensional imaging plane. The air flow rate is 17.5 SLM [30]. 

 

Slip Velocity 
 

The slip velocity is the relative velocity between the plasma column and the gas flow, 

which is an important parameter determining discharge features of a gliding arc discharge. 

Accurate measurements of the slip velocity are essential for a better understanding of the 

gliding arc discharge [26]. In previous studies, measurements of the slip velocity were 

performed in 2D [26, 40], which is unable to show the 3D nature of the gliding arc discharge 

and the turbulent flow. In the present work, 3D measurements of the slip velocity were 

conducted using 3D PTV. Two high-speed cameras were synchronized to record images of 

the gliding arc and the seeding particles in orthogonal imaging planes, and a dynamic discrete 

tomography approach was employed to reconstruct the instantaneous 3D velocities of the 

tracer particles illuminated by the plasma column. The tracers can follow the motion of the 

gas flow and indicate the flow velocity. In addition, the 3D velocity of the plasma column can 

be obtained by reconstructing its sequential 3D images.  

Figure 11 shows reconstructed plasma columns and tracer particles in a 3D coordinate. 

Trajectories of seven tracer particles and instantaneous structures of twenty-seven frames of 

plasma columns were reconstructed during a 4 ms time interval. The color bar indicates the 

time evolution from 0 to 4 ms. The local 3D gas flow velocities can be shown by the 3D 

velocities of the tracer particles, and the 3D plasma column velocity can be calculated using 

the reconstructed 3D plasma columns.  
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Figure 11. 3D reconstruction of plasma columns and seeding particles. Trajectories of seven seeding 

particles are marked (P1 to P7). The colorbar indicates the time evolution from 0 to 4 ms [33]. 

Figure 12(a) and 12(b) show XZ and YZ components of the 3D velocities of the seeding 

particles and plasma columns. Both the color bar and the arrow length indicate the magnitude 

of the velocity. It can be found that the plasma column and the gas flow move along the same 

vertical direction (Z axis) with slight differences in horizontal (X axis) and lateral directions 

(Y axis). Figure 12(c) shows that the magnitude of slip velocity was 2–8 m/s with an average 

of 4.5 m/s. The largest values were observed for Particles P6 and P7, whereas the smallest 

value was observed for P5. It is generally believed that a larger magnitude of the slip velocity 

corresponds to a more efficient convection cooling [26]. It means that the convection cooling 

near P6 and P7 was more efficient than that near P5. This is reasonable since P6 and P7 were 

closer to the jet axis while P5 was located near the anchor point of the gliding arc. Figure 

12(d) and 12(e) show the absolute difference between the slip speeds obtained by 3D and 2D 

methods. For the 3D method, all the motions in X, Y, Z directions are taken into 

consideration whereas the 2D method just analyzes the motions in X, Z directions or Y, Z 

directions. The figures indicate that the 2D results can underestimate the slip velocity by 

about 80% in some worse cases. This suggests that 3D visualization of the plasma column 

and the gas flow is essential to accurately determine the magnitude of the slip velocity. 
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Figure 12. (a,b) XZ and YZ components of the 3D velocities of the seeding particles and plasma 

columns; (c) Magnitude of slip velocities between the plasma column and the gas flow; (d,e) Absolute 

difference between the magnitude of slip velocities obtained by the 3D and the 2D methods (2D method 

is performed for the (d) XZ and (e) YZ components). Relative differences (given in %) are inserted as 

subfigures. Particles P1-P7 are labeled in (a), (b), and (c) [33]. 

 

Figure 13. Length of the plasma column obtained from the 3D reconstruction and from the 2D 

projections, respectively [33]. 

The 3D length of the plasma column is quite interesting to measure since it can determine 

the strength of the reduced electric field. Figure 13 shows the length of the plasma column 

obtained from the 3D reconstruction and from the 2D projections, respectively. The plasma 

column estimated from the 3D reconstruction can be up to 25% longer than the corresponding 

2D counterpart. This indicates that the traditional methods based on the 2D projections may 

overestimate the electrical field strength by about 25%.  
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Figure 14. Emission spectrum of a gliding arc discharge in atmospheric air at a wavelength range of 

200 – 800 nm [35]. 

 

Figure 15. Emission spectra of a gliding arc discharge at different heights. The spectra at heights (H1) 

and (H2) are shown in (a) and (b), respectively. Spatial dependent emission spectra are shown in (c) 

[30]. 
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Excited-State Species Distribution 
 

For chemical application, the reactive species, in particular OH and NO, play key roles in 

chemical reactions [15, 31]. These reactive species can be generated by the gliding arc 

discharge in atmospheric air, and identification of the species can be achieved using their 

spectral features. The typical emission spectrum of a gliding arc discharge in air is shown in 

Figure 14, where the spectral features of excited-state NO, OH, NH, N2, N2
+ and O can be 

identified. Spatially resolved emission spectra of the gliding arc discharge are shown in 

Figure 15. The spectra were recorded using an integration time of 50 ms. It can be seen that 

N2* lines dominate the spectra below a height of 4.5 cm, whereas OH* lines dominate above 

the height of 4.5 cm. NO* can be always observed at all heighs, and the maximum intensity 

appears at a height of 5 cm. 

The emission spectra can be determined by the operating condition of the gliding arc 

discharge, such as the flow rate and the input power. Figure 16 shows the average optical 

emission spectra at different flow rates. Although spectral features of NO γ(A-X), OH (A-X) 

and N2 (C-B) are presented at all air flow rates, the intensities of NO γ(A-X), OH (A-X) and 

N2 (C-B) are found to increase with the rising flow rates.  

 

 

Figure 16. Average emission spectra of the gliding arc for different flow rates. The corresponding NO*, 

OH* and N2
* lines are labeled [29]. 

 

Ground-State OH Distribution 
 

The ground-state OH radicals that are unable to be detected using optical emission 

spectra can be measured using PLIF. Figure 17 shows two OH-PLIF images recorded using 

two different ICCD gate times (30 ns and 2 μs). The gate time of 30 ns was used to suppress 
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the spontaneous emission of the gliding arc and to capture the relatively pure ground-state 

OH-PLIF signal, whereas the gate time of 2 μs was employed to record the spatial 

distributions of both the ground-state OH and the plasma column emission simultaneously. 

Figure 17(a) shows that the OH-PLIF image has a hollow structure. Figure 17(b) indicates 

that the plasma column (marked by a red arrow) composed of excited OH and N2 passes 

through the hollow ground-state OH, indicating that the ground-state OH is distributed around 

the plasma column with a hollow structure. It is also found that ground-state OH radicals 

(marked by a white arrow) still survive even after local extinction of the plasma column by a 

short-cutting event. A zoom-in image of the OH hollow structure is shown in Figure 18. It 

can be seen that the thickness of ground-state OH layer was about 3 mm, and that the hollow 

structure is clearly shown. At the center of the hollow structure, the PLIF signal intensity is 

almost at a background level.  

 

 

Figure 17. Single-shot OH-PLIF images captured using the ICCD with two different gate times: (a) 30 

ns for only capturing PLIF signal of ground-state OH, (b) 2 μs for capturing both the OH-PLIF signal 

and the plasma column emission. Ground-state OH is located around the plasma column (the red 

arrow), and a hollow structure of is the OH-PLIF image observed [30]. 

 

Figure 18. A zoom-in OH-PLIF image of the hollow structure. Vertical and horizontal cross sections of 

OH-PLIF distribution show the thickness of OH radical [30]. 
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Figure 19. Evolution of the ground-state OH distribution by accumulating 120 shots of OH-PLIF [30]. 

The time-resolved distribution of the ground-state OH was also measured by PLIF at 

different operating time points of the gliding arc discharge. Figure 19 shows the evolution of 

the OH-PLIF distribution. It can be seen that the OH-PLIF signal intensity and the height of 

PLIF distribution increase with the delay time. Figure 20 indicate integrated signal intensity 

of OH PLIF and the height of the plasma column as a function of the delay time. In addition, 

the velocity of the OH-PLIF evolution is estimated by differentiating the polynomial fit of 

plasma height. It is shown that OH distribution becomes higher and wider with the increasing 

delay time and that the integrated signal intensity increases significantly. The velocity of the 

plasma column is estimated to be 10 m/s above the electrodes where the delay time is about 

2.5 – 5 ms. The velocity of the OH-PLIF evolution is consistent with the results calculated 

using the high-speed image, as shown in Figure 10(b).  

 

 

Figure 20. Integrated signal intensity of OH-PLIF, the height of the plasma column and the velocity of 

the OH-PLIF evolution as a function of the delay time. The integrated signal intensity and the height 

are represented by filled circles and squares, respectively, and the solid lines are the polynomial fits. 

The velocity of the the OH-PLIF evolution was obtained by differentiating the polynomial fit of plasma 

height [30]. 
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Gas Temperature 
 

The planar laser-induced Rayleigh scattering can be used to obtain the two-dimensional 

distribution of the gas temperature of a gliding arc discharge in atmospheric air. Figure 21(a) 

and 21(b) show Rayleigh scattering images and two-dimensional temperature images, 

respectively, of the gliding arc in a vertical direction. The acquisition time of the ICCD 

camera was 1 μs, and thus the plasma emission can be captured by the ICCD camera. One can 

see the volumn of the hot region heated by the plasma, especially in this case where the laser 

sheet crosses the hot line of the discharge volumn. A plasma column is identified from both 

the Rayleigh image and the temperature image. It is noted that the temperature in the plasma 

column is under-predicted due to the interference of the plasma emission.  

 

 

Figure 21. Results measured by Rayleigh scattering of a gliding arc in a vertical direction: (a) Rayleigh 

scattering signal; (b) Temperature image. The acquisition time of the ICCD camera is 1 μs [41]. 

 

Figure 22. Results measured by Rayleigh scattering of a gliding arc in a horizontal direction: (a) A 

schematic of relative position between the gliding arc and the laser sheet (b) Rayleigh scattering signal; 

(c) Temperature image. The acquisition time of the ICCD camera is 30 ns. The average temperature in 

the labeled circle is about 1100 K [41]. 
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In order to suppress plasma emissions and obtain the gas temperature around the plasma 

column more accurately, the acquisition time of the ICCD camera was set to 30 ns. Moreover, 

the laser sheet was oriented horizontally to make sure that the gliding arc discharge volumn 

could be crossed by the laser sheet. Figure 22(a) shows a schematic of the relative position 

between the gliding arc and the laser sheet. The Rayleigh scattering signal was collected by 

the camera placed at the top of the gliding arc system, and the view field of the camera is 

marked in the rectangle in Figure 22(a). Figure 22(b) and 22(c) show Rayleigh scattering 

images and two-dimensional temperature images in a horizontal direction at a height of 78 

mm, respectively. In Figure 22(c), two high-temperature areas can be seen, which 

corresonpond to the two parts of the plasma column shown in the view field marked in Figure 

22(a). The average temperature in the labeled circle is about 1100 K. Note that the 

temperature uncertainty is about 200 K. This is due to the fluctuation of laser energy, 

instability of gliding arc, Mie scattering interference and background subtraction.  

 

 

Turbulent Effects 
 

Turbulent effects on the gliding arc discharge were investigated by changing the air flow 

rates used in the experiment. A change in the air flow rate results in different exit flow 

velocities and thus Reynolds numbers. A flow rate of 17.5 SLM corresponds to a Reynolds 

number of 8000, whereas the Reynolds number is 19200 at 42 SLM. An estimate of the 

Kolmogorov length that is regarded as the smallest size of the turbulence eddies, is 850 and 

60 μm, respectively, at the flow rates of 17.5 and 42 SLM.  
 

 

Figure 23. Single-shot OH-PLIF images obtained using an exposure time of 2 μs, showing both the OH 

distributions and the arc emission at two different air flow rates (a) 17.5 SLM, (b) 42 SLM. The typical 

thickness of the OH distribution is labeled in the images with unit of centimeters [29]. 
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One of the main turbulent effects on the gliding arc discharge is to change the ground-

state OH distributions. Figure 23 shows single-shot OH-PLIF distributions and plasma 

column emission at 17.5 SLM and 42 SLM, respectively. It can be seen that the OH signals 

are distributed around the plasma columns in shape of a hollow tube. The typical thickness of 

the OH distribution is labelled in the images. At 17.5 SLM, the ground-state OH is up to 0.9 

cm thick, whereas it is around 0.3 cm thick at 42 SLM. It is expected that turbulence eddies 

are more likely to penetrate into the plasma column at a higher flow rate and thus effectively 

transfer the heat and mass between the high temperature region and the cold ambient air. This 

contributes to the rapid quenching of OH at a higher flow rate that can be seen in Figure 23. 

 

 

Figure 24. Extinction processes of a fully developed arc at different air flow rates (a) 14 SLM; (b) 21 

SLM and (c) 42 SLM. The extinction process is shown in the dashed rectangles. At t=0 ms, the gliding 

arc is fully developed, and then it gradually extinguishes in the following frames when a new arc ignites 

at the bottom. Emission recorded by the high-speed camera is at the wavelength range of 380 – 980 nm 

[29]. 

The extinction process in the plasma column is also affected by the turbulence. Figure 24 

shows the extinction processes of the fully developed gliding arc within 0.2 ms after the 

ignition of a new gliding arc. At t=0 ms, the gliding arc is fully developed and then a new 

ignition occurs in the next frame. After that, the emission of the fully developed gliding arc 

starts to gradually diminish. The diminishing gliding arc tends to fade more quickly with 

increased air flow rates, as illustrated in Figure 24. The intensity of the fading emission, as 

displayed in the dashed rectangle in Figure 24, is integrated in each frame to provide a 
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quantitative decay rate of the photoemission. These decay curves are normalized and 

displayed in Figure 25. An exponential function I = I0e-t/τ is used to fit the intensity-time 

dependence, and the extinction time is defined as the time when the ratio of the intensity is 

reduced to e-1. It can be seen that the gliding arc at 14 SLM has the longest extinction time of 

0.9 ms whereas it falls to 0.5 ms at 21 SLM and further decreases to 0.15 ms at 42 SLM. The 

emission from the fading gliding arc can be attributed to the presence of residual excited 

species. Faster extinction time at higher flow rates is expected due to larger convective 

transport rates and subsequent dissipation of the excited species. 

Another effect of turbulence on the gliding arc discharge lies in the transition between 

glow-type and spark-type discharges. More frequent transitions between the glow-type and 

spark-type discharges can be observed with increasing flow rates. Since the spark-type 

discharge commonly has a brighter plasma column than the glow-type discharge, the 

brightness of the plasma column, defined as the integrated emission intensity per unit length, 

is used to distinguish glow-type discharges from spark-type discharges. 

 

 

Figure 25. Extinction time of the fading gliding arcs at three different air flow rates. The solid lines 

indicate the corresponding fittings. The normalized average intensity is obtained by integrating the 

emission intensity of the fading gliding arc shown in each rectangle of figure 24 [29]. 

Figure 26 shows statistics regarding the projected length of the plasma column and the 

integrated emission intensity. The slopes in the figure indicate the brightness of the plasma 

columns at different flow rates. In Figure 26(a) and 26(b), most of the points follow the lines 

with a relatively small slope, indicating the glow-type discharges of a constant brightness to 

dominate at lower flow rates. Some points showing a steeper slope can be found in Figure 

26(c), however, suggesting that a spark-type discharge involving brighter plasma columns is 

occasionally generated at a flow rate of 21 SLM. As the flow rate increases further to 31.5 

and 42 SLM, the points showing a steeper slope become more frequent and begin to 

dominate, as shown in Figure 26(d) and 26(e), which implies that a larger number of spark-

type discharges are formed at a higher brightness level. This observation indicates that it is 

possible to manipulate the transition of the gliding arc discharge from a glow-type to a spark-

type one with use of the power generator employed through controlling the local turbulence. 

The rapid transition from a glow-type to a spark-type discharge is a common problem in 
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generating stable high-power non-thermal plasmas, especially under ambient conditions. A 

sustained glow-type discharge can be generated in a large volume in air at atmospheric 

pressure through matching the flow speed of the turbulent air jet with the rated output power, 

as shown in Figure 27.  

The aforementioned experimental results can be explained by the interaction of the 

gliding arc and turbulence. The turbulent flow tends to exhibit irregular and non-uniform flow 

motion, leading to the plasma column being rather twisted and wrinkled. As the Re number 

increases, the Kolmogorov length decreases and the wrinkling scales in the plasma column 

become smaller. Turbulent eddies can enhance the transfer of heat and mass from the thin 

plasma column of high temperature to the cold air surrounding it. At higher Re numbers, the 

heat and mass transfer becomes stronger, the cooling of the gliding arc discharge thus 

increasing. Once a new gliding arc is formed, the radicals and the excited species produced in 

the vicinity of the new extinguishing plasma channel are cooled and quenched more rapidly 

with the high Re numbers. At the higher flow rate (42 SLM), the Kolmogorov eddy (~ 60 μm) 

is much shorter in length scale than the diameter of the plasma column (~ 1000 μm). The 

turbulence eddies can be expected to enter into the high temperature arc and effectively 

transfer heat and mass between the high temperature region and the cold ambient air. This 

explains the more frequent conversion between the glow-type and the spark-type discharge at 

a higher flow rate. 

 

 

Figure 26. Statistics of the projected arc length and the integrated emission intensity for different flow 

rates: (a) 14 SLM; (b) 17.5 SLM; (c) 21 SLM; (d) 31.5 SLM and (e) 42 SLM. The slope represents the 

brightness of the plasma column [29]. 
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Figure 27. Instantaneous images of the plasma columns recorded by a high-speed camera at a framing 

speed of 20 kHz and at an exposure time of 16.25 μs [39]. 

 

CONCLUSION 
 

In conclusion, optical diagnostics of a gliding arc discharge in atmospheric air can be 

used to gain a better understanding of the spatial, temporal and spectral discharge 

characteristics involved, together with a species-specific visualization of different species 

generated by the gliding arc discharges. The main results can be summarized as follows: 

The dynamic processes, such as ignition, short-cutting events and extinction, present 

during the evolution of the gliding arc discharge can be revealed using high-speed 

photography. The dominant frequency of the emission intensities of the AC gliding arc 

discharge was twice as large as the voltage driving frequency. 

3D PTV and 3D reconstructions of the plasma column of a gliding arc discharge can 

provide 3D visualization of the gas flow motion and the column movement. This 3D 

technique, in comparison to 2D methods, allowed a more accurate 3D determination of the 

slip velocity and the length of the plasma column.  

Optical emission spectra from the excited species can show the distributions of the 

excited species (NO*, OH* and N2
*) at different positions. The OH-PLIF measurements were 

employed to detect the ground-state OH that is distributed around the plasma column with a 

hollow structure, the thickness of the OH layer being influenced by the gas flow rate. Planar 

laser-induced Rayleigh scattering can be used to measure the 2D distribution of the gas 
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temperature (~ 1100 K) around the plasma column, which suggests that the gliding arc 

discharge can be operated at a highly non-equilibrium state. The turbulence can affect the 

extinction process and the transition between glow-type and spark-type discharges, and also 

affect the OH distribution around the plasma column.  

Gliding arc discharge is rather complicated since it involves plasma chemistry, flow 

dynamics and discharge-turbulence interaction. Although substantial progress in gliding arc 

discharge has been achieved, many questions, are still unclear, such as how the hollow OH 

structure is formed, or in which way the gliding arc discharge can generate NO*, N2
* and 

OH*. Further efforts are still needed to answer these questions, and especially a proper model 

is required.  
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