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To obtain large-volume non-thermal arc plasma (NTAP), a multiple NTAP generator with three pairs of electrodes
has been developed. The arc plasma characteristics, including dynamic process, spatial distribution, and rotation velocity
in the discharge zone, were investigated by high speed photograph and image processing methods. The results showed
that the dynamic behaviors and spatial distribution of the arc plasma were strongly related to the electrode configuration.
A swirl flow of multi-arc plasma was formed by adjusting the electrode configuration, and a steady luminance area was
clearly observed in the center of the discharge zone. Moreover, the size of the luminance area increased by decreasing the
gas flow rate. The electrical connection in series could be formed between/among these arc columns with their respective
driving power supplies in the multi-arc dynamic evolution process. An approximately periodical process of acceleration
and deceleration of the arc rotation velocity was observed in the multi-arc generator with swirl flow configuration. In
general, the mean velocity of arc rotation was higher in the multi-arc generator with swirl flow configuration when a pair
of electrodes driven by a power supply were opposite to each other rather than adjacent.

Keywords: characteristics, multiple arc plasma, multi-arc generator, non-thermal arc
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1. Introduction
Due to having the advantages of both thermal and cold

plasmas, there has been an increasing interest in the warm
plasma in recent years. Compared with the thermal and cold
plasmas, it maintains moderate gas temperature (typically in
the range of 1500–4000 K) and relative high concentration
of radical species, which significantly improve the chemi-
cal reaction rate.[1,2] Therefore, the warm plasma has great
application potentials in various fields, such as CH4–CO2

reforming,[3–7] combustion enhancement,[8–11] degradation of
pollution,[12,13] material surface processing,[14–17] and mate-
rial preparation.[18,19] The non-thermal arc discharge that pro-
duces non-thermal arc plasma (NTAP) is one of the fundamen-
tal methods for warm plasma generation, whose non-thermal
characteristics are mainly realized by reducing the discharge
current and/or keeping it in an unsteady-state. However, it
has the disadvantages of arc plasma, such as small arc vol-
ume and arc instability.[1,19,20] Furthermore, the instability of
NTAP (e.g., gliding arc plasma) is more severe compared with
that of arc thermal plasma, since it periodically experiences
the instability process from ignition to extinction, and its arc
root has a wider range of motion.

Various types of NTAP generators have been developed
to solve the whole or partial mentioned problems in recent
years.[1,2,19–24] For enlarging the NTAP volume, one of the

solution was to increase the sweeping area of the arc column
in unit time. Many researchers, including Gangoli et al.,[1,2]

Wang et al.,[19] and Zhu et al.[20] have investigated the effect
of a magnetic field on arc, and a large time-average volume
of NTAP was produced in a gliding arc plasma generator by
applying an axial magnetic-field. Multi-arc plasma was an al-
ternative method to enlarge the arc size by increasing the num-
ber of arcs per unit volume.[21,22] Tetsuro et al.[21] developed
a multiple arc plasma generator with six knife-shaped elec-
trodes, which was driven by a power supply with a six-phase
transformer to form a six-phase 50 Hz alternating-current out-
put. However, due to a single power supply used in the de-
vice, the multiple arcs did not exist inside the arc chamber
at the same time. Another method that was used to enlarge
the arc volume was glow-type discharge in NTAP by adjusting
the experimental parameters, such as gas flow rate and dis-
charge power, to meet the energetic balance between the input
electrical energy and energy dissipation due to the convective
cooling of the plasma column.[22–24] However, this process is
difficult to control in practical industrial applications, because
this type of discharge plasma is prone to change into shrinking
arc under a minor disturbance.

In the present work, inspired by an invention patent of Xia
et al.,[25] we developed a novel non-thermal multi-arc plasma
generator with three pairs of electrodes to obtain large size
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NTAP, which was driven by three independent high-frequency
power supplies. The high-speed image technique was em-
ployed to diagnose the dynamics and spatial distribution of the
multi-arc plasma. The spatial distributions of arc plasma in the
multi-arc generator were investigated by means of discharge
image processing, which was combined with cross-correlation
analysis to calculate the arc rotation velocity.

2. Experimental setup

Figure 1 illustrates a schematic diagram of the experimen-
tal setup, which consists of a multi-arc generator, three power
supplies, a gas supply unit, an optical emission spectrome-
ter, and a high-speed CCD camera. The multi-arc generator
is mainly composed of six identical rod-type electrodes with
their respective concentric ceramic bushings with inner diam-
eter of 6 mm. These electrodes made of 1.50% lanthanated

tungsten with diameter of 3 mm are symmetrically fixed in the
same plane. The angle between any two adjacent electrodes is
60◦ and the distance between any two opposite electrode tips
is 20 mm. These six electrodes are classified into three pairs,
and each pair of electrodes is independently connected to the
high-voltage outputs of an alternating current (AC) power sup-
ply. Air as the plasma working gas was evenly divided into six
channels, and each channel was supplied to an electrode. The
gas was introduced into the discharge zone with straight flow
from each gap between the electrode and ceramic tube. The
total gas flow rate was adjusted by a mass flow meter. The evo-
lution of NTAP was captured by a high-speed camera (Photron
Company, FASTCAM SA5 1000 K-M3) with a frame rate of
50000 frames per second (fps) and the exposure time of 0.02
milliseconds (ms). Each captured discharge image has a reso-
lution of 512×368 pixels with a range of gray value from 0 to
65535.

CCD camera

mirror

AC power supply

computer
multi arc generator

spectrometer

fiber probe

mass flow meter 

gas: air

Fig. 1. Experimental setup for the multi-arc generator.

The main circuit schematic of the power supply used in
the multi-arc generator is shown in Fig. 2. The circuit mainly
consists of an electromagnetic interference (EMI) filter, a rec-
tifier, a power factor correction (PFC), a half-bridge inverter,
a resonant converter, a controller, and a high-frequency high-
voltage transformer. The output of the power supply has the
features of high voltage and low current with frequency of
about 50 kHz, which is based on the resonant converter tech-
nology. The output terminals of the transformer (labeled as
“A” and “A′”) were connected to a pair of electrodes. The
power supply has the maximum of no-load peak voltage of
15.0 kV with the power limitation of 1.0 kW. The discharge
power was adjusted by the input voltage of the power supply.
In the present work, the discharge voltage and current were
simultaneously measured in order to investigate the electrical
characteristic of the discharge plasma. It was found that there
is a negative slope of the voltage–current curve for the arc dis-

charge plasma. With an increase of the effective output current
from 26.7 mA to 363.1 mA, the effective voltage decreased
from 4.5 kV to 1.6 kV for each arc under the experimental
condition of gas flow rate of 60 slm.

The properties of the multi-arc discharge, such as dis-
charge area, fluctuation, and arc rotation velocity were inves-
tigated by data processing of the arc discharge image. The
digital image processing technique[26,27] was used to calculate
the discharge area. The image correlation analysis method was
employed to determine the arc rotation velocity.

The gas temperature of the arc plasma was determined by
using diatomic molecule OH (A2Σ→ X2Π, 0–0) spectral line
fitting method.[28,29] The emission spectrum of the multi-arc
discharge plasma was obtained in the center of the discharge
zone by an AvaSpec-2048 spectrometer with a resolution of
0.1 nm in the spectral range from 200 nm to 1100 nm.
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EMI rectify PFC reverse resonant converter
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Fig. 2. The main circuit schematic of power supply used in the multi-arc generator.

3. Results and discussion
3.1. Flow field distribution

The gas flow has a great influence on the dynamic charac-
teristics of the arc. In the experiment, due to the introduction
of multiple airflows into the discharge zone, the distribution
of the gas flow field was complicated. In order to evaluate
the effect of the electrode configuration on the distribution of
the flow field in the multi-arc generator, a series of numeri-
cal calculations using the software FLUENT were performed
to obtain the specific parameters of its structure including the
spacing and angle between the electrodes. Finally, two typical
electrode configurations of the multi-arc generator were deter-
mined, and their geometric model and finite element mesh are
shown in Fig. 3. The calculated region was evenly divided into
a tetrahedron mesh with the mesh number of 1118481. This
simplified model was mainly based on the following hypoth-
esis: (i) The k-epsilon model was proposed to calculate the
swirling flow. (ii) The gas flow in the multi-arc generator was

supposed to be an incompressible turbulent fluid. (iii) The ef-
fect of gravity and arc discharge on the gas flow was neglected
during the simulation.
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Fig. 3. Geometric model and finite element mesh of the multi-arc gen-
erator with (a) opposite-flow configuration and (b) swirl-flow configu-
ration.

(a) (b)

(c) (d)

Fig. 4. Distribution of gas velocity field in the multi-arc generator with (a) opposite-flow configuration and (b) swirl-flow configuration under
gas flow rate of 60 slm; (c) opposite-flow configuration and (d) swirl-flow configuration under gas flow rate of 120 slm.
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Figure 4 shows the effect of the electrode configuration
and gas flow rate on the distribution of the gas velocity field
on the plane of Z = 0 mm in the multi-arc generator. It can
be clearly seen that the opposite flow in the discharge zone
was formed in the multi-arc generator with configuration of
each pair of electrodes opposite to each other (it is termed
as opposite-flow configuration here), in which all axes of the
electrodes were intersected at the center of the discharge zone.
There was a hexagram shape with a low velocity (< 2 m/s) re-
gion formed in the center of the discharge zone, as shown in
Fig. 4(a), which was caused by the integrated offset of the gas
flow velocities coming from six directions of the gas sources.
The simulations also showed that the gas flow rate had a little
effect on the flow field in the discharge zone, when the gas flow
was increased from 60 slm to 120 slm, as shown in Figs. 4(a)
and 4(c). Compared with the opposite-flow configuration, the
swirl flow in the discharge zone was formed in the swirl-flow
configuration, in which the extended lines of six electrode axis
were tangent to a circle with diameter of 5 mm in the center of

the discharge zone, as shown in Figs. 4(b) and 4(d). A rounded
shape region with low gas flow rate (< 2 m/s) was formed in
the center of the discharge zone of the multi-arc generator with
the swirl-flow configuration. Furthermore, it can also be seen
in Fig. 4 that the area with high gas flow rate (> 10 m/s) in
the swirl-flow configuration was significantly larger than that
in the opposite-flow configuration.

3.2. Typical spatial evolution of multiple arcs

According to the gas flow field analysis mentioned above,
four typical electrode configurations for the multi-arc genera-
tor were determined by taking consideration of the connec-
tion order between the outputs of the power supply and the
electrodes, which were denoted as configuration 1 (C 1), con-
figuration 2 (C 2), configuration 3 (C 3), and configuration 4
(C 4), as shown in Fig. 5. In Fig. 5, the six electrodes were la-
beled with A, A′, B, B′, C, and C′, respectively, among which
the capital letters stood for the output terminals of the three
power supplies, respectively.

(a) (b) (c) (d)

A′

A
A A AB B B B

B′ A′
B′C′ A′ C' A′

C C C C

B′ B′C′ C′
discharge zone

C-1 C-2 C-3 C-4

Fig. 5. The schematic of four types of electrode configurations in multi-arc generator, (a) configuration 1 (C 1), adjacent-electrode opposite-
flow configuration, (b) configuration 2 (C 2), opposite-electrode opposite-flow configuration, (c) configuration 3 (C 3), adjacent-electrode
swirl-flow configuration, (d) configuration 4 (C 4), opposite-electrodes swirl-flow configuration.

Figure 6 presents the typical discharge evolution in the
multi-arc generator with C 1 under the experimental condition
of gas flow rate of 60 slm and discharge power of 1.35 kW.
The discharge states of multiple arcs exhibited marked peri-
odic variations. Three arc columns were initially elongated
towards the center of the discharge zone, which lasted about
1.2 ms. After 1.3 ms, two of them were close to each other in
the center of the discharge zone, and finally connected together
at 1.5 ms. At the moment of 1.6 ms, the three arc columns were
all connected, as shown in Fig. 6, and this state lasted about
0.1 ms until one of the three arc columns became an indepen-
dent one again. It took about 2.4 ms for multiple arcs from
the connection establishment among the three arc columns to
their complete disconnection. This duration may be mainly
associated with the effect of gas drag force on arc column.
The connection between/among different arc columns maybe
result from their respective driving power supplies in series.
Figure 7 indicates the schematic of series circuit of connec-
tion between/among different arcs with their respective driv-

ing power supplies. In the multi-arc generator with C 1, three
pairs of adjacent-electrodes, such as A–A′, B–B′, and C–C′,
were powered by three power supplies, respectively. The wide
output range of the power supply allowed for driving compli-
cated load, such as the series–parallel connection among mul-
tiple arcs. For instance, as shown in Fig. 7(a), besides forming
a series loop between two arcs and two power supplies, part
segment of arc column labeled as ‘a’ and ‘b’ acts as the by-
pass circuit, which means that a power supply maybe drive the
load more than one arc. The magnitude of the no-load volt-
age of the power supply was about 15 kV, which was much
higher than any arc voltage with the peak value lower than
5 kV. Therefore, the total output capacity of the three power
supplies can easily satisfy the required voltage for the three
arcs in series or more complicated series–parallel as shown in
Fig. 7(b).

Figure 8 presents the typical successive discharge images
in the multi-arc generator with C 2 under the experimental
condition of gas flow rate of 60 slm and discharge power of
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1.35 kW. Since the arc channels all passed through the center
of the discharge zone, the three arc columns all connected and

a luminance area was formed in the center of the discharge
zone.

arc connection 

Fig. 6. Typical successive discharge images in multi-arc generator with C 1. The numbers give the time in millisecond.

(a)

(b)

arc one

arc two

arc one

arc twoarc three

transformer

power supply one power supply two 

power supply one power supply two 

power supply three 

A

A′

B′

A

A'

B'

B

A

A'

B'

B

C'

C

B

B′

B

A

A′

C C′

a

b

Fig. 7. The schematic for the connection order between power supplies and arc plasma in multi-arc generator, and the corresponding discharge
image in Fig. 7; (a) two power supplies and two arcs, (b) three power supplies and three arcs.
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Fig. 8. Typical successive discharge images in multi-arc generator with C 2.

swirl direction old arc
new arc

luminance area

Fig. 9. Typical successive discharge images in multi-arc generator with C 3.
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Fig. 10. Typical successive discharge images in multi-arc generator with C 4.

The typical discharge images in the multi-arc generator
with C 3 and C 4 are shown in Figs. 9 and 10, respectively,
under the same experimental condition. Due to the formation
of swirling flow in the multi-arc generator with both C 3 and
C 4, a relatively stable luminance area was formed in the cen-
ter of the discharge zone. The multi-arc plasma appeared a
regular rotation as a whole in the discharge zone. Each arc was
periodically stretched along the direction of the swirl flow, and
then replaced by a new arc, which was elongated again. More-
over, it was found that the frequency of new arc formation in
C 3 was higher than that in C 4 by statistics analysis. The
main reason of this phenomenon is due to the configuration of
arc column in the discharge zone. The arc column was formed
between two adjacent electrodes in C 3, while it was formed
between two opposite electrodes in C 4. This means shorter
distance and stronger electric field between two segments of
an arc in C 3 than those in C 4. Therefore, the possibility of
forming new arc channel between two segments of an arc col-
umn increased in C 3.

3.3. Arc spatial distribution and fluctuation

The spatial distribution of the arc is an important char-
acter for the multi-arc generator. Here, the parameter of the
luminance ratio with different observing zone chosen was in-

troduced to investigate the arc spatial distribution in the dis-
charge zone, which is based on an assumption that the high-
brightness region can be regard as arc covered or high temper-
ature zone.[26,27] By analyzing and processing the discharge
image, the parameters were obtained and the detail procedures
are listed as follows:

(i) The origin discharge image (shown in Fig. 11(a)) was
processed to delimit the discharge zone shown in Fig. 11(b).

(ii) Circular observing zones with diameters of 4 mm,
10 mm, 16 mm, and 20 mm were introduced, as shown in
Fig. 11(c).

(iii) Converting the grayscale image into a binary image
in black and white by setting a luminance threshold value of
7000, as shown Fig. 11(d).

(iv) Calculating the luminance area according to the
grayscale value of each pixel in the observing zone.

(v) The luminance area ratio was obtained by a calcula-
tion of the luminance area divided by the area of the observing
zone.

Figure 12 shows the effect of electrode configurations on
the time-resolved luminance area ratio (TR-LAR) for different
observing zones. It can be clearly seen that there were evident
fluctuations of TR-LAR for all four electrode configurations,
and the amplitudes of these fluctuations all decreased with the
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increase of diameter of the observing zones. Since the high-
brightness region can be assumed as arc covered or high tem-
perature zone,[26,27] the fluctuation of TR-LAR indicated the
fluctuation of average temperature in the observing zone or
instability of arc sweeping through the observing zone. More-
over, the smaller the observing zone diameter was, the greater
the differences among the TR-LAR of the four electrode con-
figurations were, which implied that the arc plasma exhibited
obviously different dynamic behaviors in the central area of
the discharge zone. In Fig. 12(a), the TR-LAR of C 1 was rel-
atively small compared with that of C 2, C 3, and C 4, which
suggests that the gas temperature for C 1 may be relatively
lower in the observing zone with diameter of 4 mm. This con-
clusion can be verified by comparing the time-averaged gas
temperature in the center point of the discharge zone for the
four electrode configurations. The gas temperatures in the cen-
ter point of the discharge zone for C 1, C 2, C 3, and C 4 were
2600 K, 3000 K, 2800 K, and 4000 K, respectively, under the

condition of discharge power of 1.35 kW and gas flow rate of
60 slm.

The effect of gas flow on the time-resolved luminance-
area ratio in the multi-arc generator with C 4 in different ob-
serving zones is presented in Fig. 13 under the experimental
condition of discharge power of 1.35 kW. It can be seen that
the luminance area ratio at the gas flow rate of 60 slm had a
high value (> 0.6) for most of the time when the diameter of
the observing zone was 4 mm. In addition, it was observed
that the luminance area ratio decreased with the gas flow rate
increase for a fixed diameter of the observing zone. This phe-
nomenon is mainly associated with the gas flow distribution
surrounding the arc column. In the multi-arc generator, the
gas flow velocity around the arc column, coming from six di-
rections of gas sources, was enhanced with an increase of the
gas flow rate, which results in a better cooling effect on the arc
plasma and thus the reduced luminance area.

D=18 mm
D=20 mm

(a) (b) (c) (d) 

observed zone discharge zone 

Fig. 11. Procedure for image analysis of luminance area generated by multiple arcs in C 2. (a) Origin discharge image, (b) delimit the discharge
zone, (c) circular observing zones were introduced, (d) converting the grayscale image into binary image.
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Fig. 12. The TR-LAR of four electrode configurations in different observing zones in the multi-arc generator. (a) D = 4 mm, (b) D = 10 mm,
(c) D = 16 mm, and (d) D = 20 mm under C 1, C 2, C 3, C 4.
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Fig. 14. The SD-LAR as a function of the diameter of the observing
zone under (a) four electrode configurations, (b) different gas flow rates
in the multi-arc generator with C 4.

As an effective tool to reflect the dispersion degree of sig-
nal, standard deviation was utilized to evaluate the stability of
arc spatial distribution in the multi-arc generator. The standard
deviation of luminance area ratio (SD-LAR) can be obtained
according to the following equation:[30,31]

Ĩ =
1
N

f=N

∑
f=1

√
(I f − Ī)2, (1)

where Ĩ, N, f , I f , and Ī represent the standard deviation, the
total number of frames (500 frames selected in the present
work), the frame number, the time-resolved luminance area ra-
tio, and the time-averaged luminance area ratio, respectively.

The effect of electrode configurations and gas flow rate
on the standard deviation of luminance area ratio is presented
in Fig. 14. Among the four electrode configurations, the SD-
LAR in C 3 is the smallest, which suggests that the stability
of multi-arc plasma in C 3 was the best of all. Furthermore,
the fluctuation in both C 3 and C 4 having a swirl flow in the
discharge zone was lower than that in C 1 and C 2. The effect
of gas flow rate on the SD-LAR in different observing zones
for C 4 is shown Fig. 14(b). It can be concluded from the
graph in Fig. 14(b) that the stability of arc luminance area in
the observing zone was not sensitive to the gas flow rate.

3.4. Arc rotation velocity statistics

In the multi-arc generator with C 3 and C 4, the arc
plasma rotated in the discharge zone due to the swirling field
produced, which was caused by the electrode configuration.
The arc movement is an important process that affects the heat
and momentum transfer between the arc column and its sur-
rounding media in its industrial application, and therefore the
arc movement velocity is one of the key parameters for bet-
ter understanding of this process. The high-speed photogra-
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phy is an effective technical mean to determine this parame-
ter, and the image processing method is one of the key links
to obtain it. Zhu et al.[32] calculated the arc plasma velocity
based on the nearest method to match a certain point of the arc
column between two consecutive frames of images. By com-
paring and looking for the same position of arc column from
two consecutive frames of images, the displacement of the arc
motion is determined, and the arc column velocity can be ob-
tained. However, this method cannot be used in our multi-arc
system, because the boundary of each arc column was hard to
be identified in the circumstance of multiple arcs confluence.
Here, cross-correlation analysis based on probability statistics
was introduced to calculate the arc rotation velocity (varc) in
the multi-arc generator with C 3 and C 4, since the multiple
arcs can be treated as a whole in this method. In the exper-
iment, the multiple arcs as a whole rotated in the discharge
zone, as a result, the spatial position of the arcs in the frame
can be regarded as the corresponding position after the arcs
in the previous frame rotates by an angle. This is the basis
of using correlation analysis theory to obtain varc. Before the
calculation of varc, several assumptions are listed as follows:

(i) Owing to the symmetry of the multi-arc generator, the
differences among the rotation velocity magnitudes of multi-
ple arcs were ignorable.

(ii) The varc was only calculated in the Z = 0 plane.

(iii) Compared with varc, the radial velocity was ignor-
able.

(iv) The fluctuation effect of gray-value distribution of
discharge image on the cross-correlation coefficient was ig-
norable within the time step between two successive frame
images.

In detail, the discharge images were processed as follows:
(i) Extract the discharge zone shown in Figs. 15(a) and

15(b) from the original discharge image.
(ii) Enlarge the image size by five times without distortion

in order to improve the spatial resolution.
(iii) Extract the grayscale value of pixels along the cir-

cumference of the observing zone with diameters of 2 mm,
6 mm, 10 mm, and 14 mm from two successive frame images
n and n+1.

(iv) Spread the gray value distribution along the circum-
ference of the observing zone as shown in Figs. 15(c) and
15(d).

(v) The cross-correlation coefficient between two gray
value distributions as a function of the arc displacement (∆X)
is shown in Figs. 15(e) and 15(f).

(vi) The varc was calculated by varc = ∆X/∆t, where ∆t
is the time step, whose value was 0.02 ms, the time interval
between two successive images.
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Figure 16 shows the time-resolved varc for C 3 at different

diameters in the discharge zone under the experimental condi-

tion of gas flow rate of 60 slm and discharge power of 1.35 kW.

It can be clearly seen that varc was almost zero at the diameter

of 2 mm, where it is difficult to obtain the arc column displace-

ment along the circumference of this circular. The possible

reason is that the gray value distribution of arc plasma was rel-

atively homogeneous, which maybe originates from relatively
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uniform and diffuse arc plasma formed in this region. Besides,
owing to the limited resolution of the CCD camera, the reso-
lution of rotation rate calculated was 0.24 m/s. With the diam-
eter increase, the value of varc firstly increased, and then de-
creased, as shown in Figs. 16(b)–16(d). It was noted that these
varc changed with time over a wide range at a certain diameter,
and the value of varc seems a random caused mainly by the tur-
bulence effect of the interaction of multiple flows. In addition,
it can be found that there was an implication of a process of

acceleration and deceleration of varc in Figs. 16(b)–16(d). It

should be noted that the varc calculated in above method is the

magnitude of the average velocity of multiple arcs along the

specified circumference in the present work, which is mainly

from the elongation process of arc column. Therefore, this

phenomenon can be interpreted that the differences exist be-

tween the gas flow rate vgas and varc, and each arc had periodic

motion that it was elongated and replaced by a new arc.
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The wave crest in the gray value distribution shown in
Figs. 15(c) and 15(d) can be regarded as the zone covered by
arc column. The arc motion in the multi-arc generator was
mainly governed by the gas drag force, and the electromag-
netic force on the arc column was ignored due to the low arc
current operation. The gas drag force for arc rotation is given
by the following equation:[1,2,33]

Fd =
1
2

Cdρ(vgas− varc)
2d, (2)

where Cd , ρ , vgas, and d correspond to the Reynolds num-
ber, density of plasma working gas, and equivalent diameter
of arc column, respectively. Therefore, when multiple arcs
had all just formed (varc is close to zero at the moment), it
was dragged and its rotation motion was accelerated until it
reached its maximum velocity. With a new arc generation and
old one extinction due to arc distributaries, the weight of the
new arc rotation velocity contribution to the magnitude of varc

increases, which results in the varc decrease. A similar phe-
nomenon occurred in C 4, as shown in Fig. 17.

In order to clearly distinguish the difference between the
varc of C 3 and that of C 4, the mean varc was introduced to de-

scribe the arc time-average rotation rate, which was obtained
by taking average of varc in 10 ms. The mean varc as a func-
tion of the diameter under different electrode configurations
together with the simulation results is shown in Fig. 18(a) un-
der the experimental condition of gas flow rate of 60 slm and
discharge power of 1.35 kW. The variation trends for the mean
varc as a function of the diameter between the experiment re-
sults and simulation results were similar, and both of the mean
varc initially increased and then decreased with the diameter
increase, and their maxima were at the diameter of around 8–
10 mm. However, the mean varc of the experiment results was
slightly higher than that of simulation at the diameter larger
than 8 mm, which may be caused by the absence of the heat-
ing effect of plasma on enhancing the gas flow velocity during
the simulation of the gas flow field distribution. Moreover,
the mean varc of C 4 was higher than that of C 3, as shown
in Fig. 18(a), which may be related to two factors, namely,
the acceleration and accelerated time of arc motion. Firstly,
it was found that the average acceleration of arc in C 4 was
larger than that in C 3 when the derivative of varc (shown in
Figs. 17 and 18) with respect to time was calculated. Sec-
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ondly, the new arc column in C 3 was more easily formed in
the discharge zone compared with that in C 4 as mentioned in

Subsection 3.2, which resulted in the accelerated time of arc
motion decrease.
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The effect of the gas flow rate on the mean varc together
with the simulation results is shown in Fig. 18(b) under the

experimental condition of discharge power of 1.35 kW. The
variation trends for the varc were also similar between the ex-
periment and simulation results. An increase of gas flow rate
led to a larger mean varc due to the larger gas drag force ap-
plied on the arc column. Therefore, higher varc can be achieved
by adjusting electrode configuration and gas flow rate. Under
the experimental condition of 120 slm gas flow rate and elec-
trode configuration of C 4, the maximum of mean varc reached
about 13.4 m/s at the circle with 8 mm in diameter, as shown
in Fig. 18(b).

The errors brought by the experiment and this method
are discussed as follows. First, the varc among multiple arcs
may have small differences, which are mainly caused by the
slight asymmetry of the multi-arc plasma generator. In our
plasma generator, there are 1% differences among the six gas
sources in our device and slight geometry flaws of electrodes
themselves together with electrode configuration. Second, the
maximum of cross-correlation coefficient ranges from 98% to
100%, which is mainly due to the fluctuation of arc plasma in
the discharge zone. Third, it is difficult to obtain the accurate
arc displacement utilizing cross correlation analysis method
when the distribution of gray value of arc plasma is relatively
homogeneous, e.g., at the diameter of 2 mm. Finally, the res-
olution of the CCD camera is another factor influencing the
measurement accuracy. The area of each pixel in this study
denotes the actual spatial resolution of 0.0576 mm2, which
means that the resolution of varc is 0.24 m/s.
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4. Conclusion
In summary, the characteristics of AC arcs in the multi-

arc generator with four electrode configurations have been in-
vestigated using high-speed photography, and an attempt has
been made to measure the discharge area, the stability of dis-
charge area, and the rotation velocity of multiple arcs. Several
conclusions drawn from this paper are listed as follows.

(I) The spatial distribution of arc plasma, the arc plasma
size, and its stability were strongly related to the electrode con-
figuration. The opposite and swirl gas flows in the discharge
zone could be obtained by adjusting the electrode position ar-
rangement. In the electrode configuration with swirl flow, a lu-
minance region in the center of the discharge zone was formed
in C 3 and C 4. Moreover, the luminance region of arc plasma
was more stable in C 3 and C 4 compared with that in C 1
and C 2. Besides, by adjusting the electrical connection order
between electrodes and power supplies in the electrode config-
uration with swirl flow, the arc spatial distribution in C 3 was
more stable than that in C 4.

(II) During the motion of multiple arcs, two or three arc
columns maybe connect together in the discharge zone, and
thus two or three arc columns together with their respective
driving power supplies may be electrically in series operation.

(III) The varc approximately periodically changes in the
multi-arc generator with swirl flow configuration. In general,
the magnitude of varc can be enhanced by increasing the gas
flow rate and using the electrode configuration with C 4. Un-
der the experimental parameters of 120 slm gas flow rate and
electrode configuration with C 4, the maximum mean of varc

reached about 13.4 m/s.
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