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Abstract

The restrike mode is an important arc anode attachment mode under the cross flow in DC
arc device, which often causes a large amplitude of arc voltage fluctuations and therefore
has an important impact on the performance of arc thermal plasma device. A transferred
arc device with planar anode parallel to gas flow direction is used to experimentally study
the restrike mode characteristics under different operating conditions. It is found that for
the case of a fixed gas flow, the arc restrike frequency increases while the amplitude of
arc voltage jump decreases with the increase of arc current. For the case of a fixed arc
current, both arc restrike frequency and amplitude of arc voltage jump increase with the
increase of gas flow rates. Further analysis shows that the restrike process in one period
can be divided into two phases. The first phase corresponds to the generation and develop-
ment of upstream new arc roots and the disappearance of downstream old root, and its time
scale is less than the order of 1 ms. The second phase corresponds to the newly formed,
single arc root moving downstream under the combined action of gasdynamic drag force
and Lorentz force until new arc root appears upstream. The time-resolved temperature field
measurement based on the relative intensity of emission spectrum method shows that the
temperature at the junction of the arc column and the anode arc root is relatively low, while
it still able to maintain the current conduction, which indicates the significant deviation
from thermodynamic equilibrium state.
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Introduction

As a high-temperature heat source, the DC arc plasma devices have extensive applications
in the fields of spraying, material synthesis and waste treatment. In the typical non-trans-
ferred arc plasma torch commonly used in industry, the rod-shaped cathode is arranged in
parallel with the anode channel, which causes the gas flow direction to be perpendicular to
the arc attached to the anode surface. The arc anode attachment is exposed to strong gasdy-
namic drag force exerted by the cold flow, thus presenting different arc attachment modes,
such as the steady, takeover, and restrike mode [1-6]. Different arc anode attachment
modes are closely related to the torch operating voltage, especially the restrike attachment
mode. The corresponding large magnitude of arc voltage fluctuation directly affects the
power output, arc and jet characteristics, which has a great influence on the performance
of the torch. Therefore, the study on the restrike mode of arc anode attachment has been
received extensive and continuous attention by the thermal plasma community [7-16].

The emergence of the restrike mode of arc in cross flow is mainly caused by the com-
petition between a pulling down drag force exerted by the cold flow in the boundary layer
and the Lorentz force due the self-magnetic field induced by the curvature of the current
flow [1, 17]. When the flow rate of cold gas is greater than a certain critical value, the
arc root is pushed downstream under the combined action of gasdynamic drag force and
Lorentz force, accompanying with the increase of arc length and the arc voltage. If the arc
voltage reaches a certain value, the breakdown phenomenon at a certain upstream position
occurs again, the arc is attached to the upstream again. And then the arc length is short-
ened, and the arc voltage drops. Arc anode attachment position, i.e., arc anode root, moves
back and forth along the anode surface leading to the familiar sawtooth-like waveform of
arc voltage. Duan et al. [18] developed a method of observing and estimating the thickness
of the cold boundary layer and the attachment position of the arc root at the end of the
non-transferred torch using a high-speed camera. They found that a thicker cold boundary
layer tends to cause arc restrike mode, while a thinner cold boundary layer tends to main-
tain a steady state arc attachment mode. However, in this kind of non-transferred plasma
torch, the movement and dynamic behavior of the arc anode attachment cannot be directly
observed. Yang and Heberlein [19, 20] developed a wall-stabilized transferred arc device,
so they can directly observe the arc anode attachment behavior under the action of lateral
gas flows. In their study, they focus on the transition from a steady mode to a takeover
mode and finally to a restrike mode. It was found that electron overheating instability plays
an important role during the transition, and it is driving mechanism for the transition of
anode attachment in arcs without cross flow [12, 21, 22]. It should be noted that in their
experimental device [19, 20], the direction of the anode plate is perpendicular to the cath-
ode, causing the direction of the cathode jet to be perpendicular to the anode. This elec-
trode arrangement is different from the commonly used non-transferred arc torch. The most
similar electrode arrangement to a non-transferred arc torch is that the anode is parallel to
the cathode axis and gas flow direction. Previous experiments in [1, 17] have adopted this
arrangement, but their researches focus on the influence of different attachment modes on
anode heat transfer.

For arcs in cross flow, the arc is actually composed of cathode jets and anode jets con-
nected to each other. Under the gasdynamic drag force of the cold air flow in the boundary
layer, the anode arc column bends and the arc root moves downstream. The mutual evolu-
tion of the cathode and anode arc columns determines the overall characteristics of the
arc. For the establishment of the arc root position prediction model and further analysis, it
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is important to obtain information about the upstream position of the arc restrike, the arc
root movement range and the relationship with the arc voltage [23]. Previous experiments
and theoretical analysis have demonstrated the close relationship between the thickness of
the boundary layer and the restrike process [24-27]. It is necessary to further investigate
the effects of arc current and gas flow on restrike characteristics such as arc root move-
ment range and frequency. Since the arc restrike process occurs in the order of several
milliseconds, it is also very important to further distinguish the generation, development of
new arc root and disappearance of old arc root in a shorter time scale for the development
of physical models that consider thermodynamic and chemical non-equilibrium processes.
Based on the above discussion, the main purpose of this study is to study the arc restrike
characteristics in the cross flow. The specific device with a rod-shaped cathode and an
anode flat plate parallel to the axis of cathode can be used to directly observe the dynamic
behavior of the arc under the action of cold flow, which is similar to the device used in
Refs. [1, 17]. This electrode arrangement can make the arc-gas-electrode interaction basi-
cally consistent with that inside the non-transferred plasma torch and it would help to
improve the understanding of the restrike process in the non-transferred plasma torch.

Experimental Setup

The general layout of the transferred arc device used in this study is shown schematically
in Fig. 1. The experimental chamber with a diameter of 600 mm and a height of 550 mm is
used to maintain one atmospheric pressure with argon atmosphere as the arc working gas.
The electrode arrangement of the transferred arc device is shown on the right side of Fig. 1.
This transferred arc device includes a thorium tungsten cathode with diameter of 5 mm,
and a 60-degree cone angle at the tip, a copper anode which is parallel to the cathode axis,
the distance of the anode and the cathode axis is 7 mm. The cathode and anode are sepa-
rately water-cooled by a water-cooling system. The working gas is supplied through the
channel between the cathode and the alumina ceramic cover, and the flow rate can be con-
trollably adjusted from 5 to 30 slm (standard liter per minute). The power supply adopts
an IGBT inverter DC constant current power supply, and the current adjustment range is
40-160 A.

High speed camera
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Power supply

Oscilloscope
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Fig.1 Schematic diagram of transferred arc device and electrode configuration
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In order to better observe the arc dynamic behavior under the action of the cold
argon flow, a monochromatic high-speed camera, an i-SPEED 513, with a frame rate of
50,000 fps, a pixel resolution of 504 %282, and an exposure time of 1 ps is used in this
study. This frame rate is high enough to observe the rapid movement of arc root around the
anode during the restrike process. A Nikon prime camera lens (adjustable aperture range is
f1.4~16) is used together with a 64 X center density filter. The focal length is 50 mm and
the distance between the lens and the anode plate is about 0.5 m.

The arc voltage for this device is obtained by measuring the voltages between the elec-
trodes, using a voltage probe (Textronix TPPO500B) and a digital oscilloscope (Textronix
MDQ3034). During the experiment, the shooting of arc dynamic behavior and the meas-
urement of arc voltage data were synchronized in order to analyze their relations.

The temperature evolution of the arc during restrike can provide more useful informa-
tion and help us deepen our understanding of the physical processes involved in the arc
root movement. In this study, an in situ measurement of the two-dimensional temperature
field of arc plasma reported in [28-31] is adopted. This temperature field time-resolved
measurement system consists of a special optical assembly, a high-speed camera and asso-
ciated software. The main principle of this measurement method is based on the arc image
processing technology and the relative intensity ratio of two specific spectral lines. By cali-
brating with the emission intensity measured by the spectrometer, we can convert the gray
value recorded by the high-speed camera with different narrow band filters into the tem-
perature distribution of the arc plasma.

Calibration is the basis for obtaining accurate and reasonable temperature measurement.
In order to ensure the consistency of the measured and calibrated temperature fields, the
measured intensity distribution of the arc emission during the restrike process should be
used as the calibration object itself. However, since the restrike process evolves with time
very quickly, it is very difficult to directly measure the distribution of the emission intensity
of arc in the high-speed motion. Therefore, in this study, we use a stable free burning arc
system as the emission spectrum temperature measurement calibration setup, as shown in
Fig. 2. In order to ensure as much as possible the consistency of the emission intensity and
distribution of a free burning plasma arc with those of the arc in restrike process in this
study, we adopt the electrode structure, plasma forming gas and operating parameters such
as the arc current and gas flow rate, are the same with those in measured restrike process.

Narrowband Convex Diaphragm Optical Fiber
High speed camera Fil}ter L | |
= -
| =T
| s 2F=500 mm i F=500mm |

Computer Spectrometer

Fig.2 Schematic of arc plasma optical emission spectrum diagnostics calibration setup
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Fig.3 a Two images of the free-burning argon arc recorded by high-speed camera with two narrow band
filters at the wavelengths of 675.28 nm and 696.54 nm, b Emission intensity distribution of the free-burning
argon arc synchronously recorded by spectrometer (arc current 100 A, electrode gap 10 mm, argon flow rate
10 slm)
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Fig.4 Relationship between the spectral emission intensity and gray scale value at wavelengths of a
675.28 nm, b 696.54 nm (arc current 100 A, electrode gap 10 mm, argon flow rate 10 slm)

Figure 3a presents the images of the free-burning argon arc recorded by high-speed
camera with two narrow band filters at the wavelengths of 675.28 nm and 696.54 nm
with band width of 10 nm. At the same time, the emission intensity distributions at
these two wavelengths of this free-burning argon arc are synchronously recorded by a
four-channel spectrometer (AvaSpec-ULS4096CL) as shown in Fig. 3b. It is worth not-
ing that in the Ref. [29], the two grayscale images corresponding to the two spectral
lines were taken simultaneously by two CCD cameras through two narrowband filters.
However, in our experiments, we found that the state of the free burning arc is very sta-
ble, that is, the temperature field does not change during the time we measured. So here,
Fig. 3a is taken by using a fixed-position monochrome high-speed camera and changing
two-wavelength narrow-band filters twice. The radial intensity distributions of the two
specific emission spectrum lines are recorded at the axis 0.5 mm below the cathode.
Find the gray value at the corresponding position of the gray image taken by a mono-
chrome high-speed camera in the Fig. 3a, we can establish the corresponding relation-
ship between emission intensity and gray value, as shown in Fig. 4.

The variations of emission intensity and the corresponding gray scale at the two
wavelengths of a free-burning arc are shown in Fig. 4. With a further linear fitting,
the following relation between the emission intensity and value of gray scale can be
obtained
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I, = 14.22G, - 4.78 )

1, =49.61G, +453.71 @)

Here, the I is emission intensity, and G represents the value of gray scale. Based on the
assumption of thermodynamic equilibrium, using the relative intensity method, the tem-
perature of the arc plasma can be determined according to the following formula

T = El _EZ

8~ < &AL A I ) 3)
kolln 22122 —In 2L
B 82424 I

As mentioned above, the two selected wavelengths are respectively 4, = 675.28 nm and
Ay, = 696.54 nm. In Eq. (3), the E, and E, respectively represent the upper energy level,
which are taken as 14.74 eV and 13.33 eV. g; and A; are statistical weight and Einstein tran-
sition probability for the transition wavelength. The g,A; and g,A, are respectively taken
as 9.65 x10° and 1.92 x107 s~! [32]. Since we have established the relationship between
gray value and light intensity as in formulas (1) and (2), we can take the gray value of each
pixel of two wavelength in the arc restrike process taken by a monochrome high-speed
camera and respectively match them to the intensity values of two spectral lines. And then,
substituting the emission intensity value into Eq. (3), we can get the temperature value of
each point in the two-dimensional temperature field. More detailed information about the
matching methods between the grayscale and emission intensity can be found in the Ref.
[29].

Experimental Results and Discussion
Effects of Arc Current on the Restrike Process

Figure 5 shows the movement of the arc root along the anode when the argon flow rate
keeps to be 10 sIm while the arc currents are set to be 50, 100, and 150 A respectively. In
order to facilitate analysis and comparison, the arc images in Fig. 5 are collected using the
same shooting conditions. From the high-speed photographs taken in the experiment, it is
found that under such electrode arrangement and operating conditions, the arc moves peri-
odically along the anode surface. As shown in the Fig. 5, when the original arc root, with
the label of R1, moves downstream, the arc voltage increases as the arc length increases.
When the R1 moves to a certain position downstream, at a certain upstream position, the
electric field strength also increases to a critical value, causing the arc to break-down again,
thereby forming a new arc root, with the label of R2. The whole process is repeated con-
tinuously to form a restrike mode of the arc anode attachment.

It is also seen from Fig. 5 that when the arc current is 50 A, the gasdynamic drag
force of the cold flow has a greater impact on the attachment position of the arc anode
and the range of motion of the arc root. Because the current is relatively small, both the
arc columns of cathode and anode are very thin, and the connection between the cathode
arc column and the anode arc column is obviously bent downstream under the combined
action of gasdynamic drag and Lorentz force. When the arc current increases to 100 A
and 150 A, the diameters of the anode and cathode arc columns also increase and the
arc root movement range between upstream and downstream decreases during periodic
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Fig.5 Frames from high-speed movie of argon in restrike mode within one period, arc currents of 50, 100,
and 150 A, argon flow rate of 10 slm

restrike processes. It should be also noted that as the current increases, the arc restrike
position, where the new arc root appears, also moves upstream. Changes in upstream
arc restrike position can be correlated with changes in thickness of cold boundary layer.

The evolution of the cold boundary layer thickness with current can also be seen in
the first column of the Fig. 5. Taking the position of the upstream arc attachment point
during the restrike process as an example, the edge cold boundary layer is defined as the
location with 65% of the maximum emission intensity (65% of the maximum gray value
255 i.e. 166 for all the cases with different operating conditions) on the local section.
The similar method is also used to estimate the thickness of cold boundary layer of the
arc inside the nozzle for non-transferred plasma torch [18]. It can be seen from Fig. 5
that as the arc current increases from 50 to 150 A, the thickness of the cold boundary
layer decreases from 10.5 to 5.5 mm. The change in thickness of the cold boundary
layer mainly is connected with the degree of thermodynamic non-equilibrium inside it,
the electron number density, and electron energy. For a thicker cold boundary layer, a
higher electric potential drop i.e. longer distance between cathode and anode attach-
ment position is required to reach the critical electric field strength and induce the gas
breakdown. For a thinner boundary layer, the same potential difference between arc and
anode position would cause a higher field making a breakdown more probable, the arc
restrike position moves upward.

The typical sawtooth voltage fluctuation corresponding to the restrike mode of arc
anode attachment for different arc currents can be seen in Fig. 6. The peak value of
the voltage corresponds to the situation that the arc root moves to the critical position
downstream of the anode, before the moment that arc root restrikes at the upstream
position. The lowest value of voltage corresponds to the situation that the old arc root
disappears, and the new arc root becomes the main body of the current channel. It can
be clearly seen from the Fig. 6 that as the current increases, the frequency of arc restrike
process increases, while the amplitude of voltage fluctuations decreases. The decrease
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Fig. 6 Arc voltage waveforms of restrike processes corresponding to arc currents of 50, 100, and 150 A, gas
flow rate of 10 slm

of the arc voltage fluctuations amplitude in the large current situation can be related to
the decrease of the arc root’s movement range between upstream and downstream, as
shown in Fig. 5.

Variations of restrike frequency and amplitude of arc voltage jump with arc cur-
rent are presented in Fig. 7. As mentioned above, with the increase of arc current, the
restrike frequency increases while the amplitude of arc voltage jump during the restrike
process decreases. This phenomenon has also been observed experimentally in the pre-
vious study [18, 23, 33-35]. Combined with Fig. 6 and Fig. 7, it can be estimated that
the amplitude of the arc voltage jump is almost 20 ~40% of the total voltage.

Fig.7 Variations of restrike - e Resrike frecuency 22
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Effects of Gas Flow Rate on the Arc Restrike Process

Figure 8 presents the dynamic behavior of the arc during restrike process for the cases
with the fixed arc current of 100 A while different gas flow conditions. It can be seen
from the Fig. 8 that the gas flow has three effects on the dynamic behavior of the arc.
Firstly, as the gas flow rate increases, the gasdynamic drag force increases, which leads
to an increase of the distance from the upstream arc restrike position to the farthest arc
root position downstream. Secondly, the arc restrike period decreases with the increase
of gas flow rates. As the gas flow rate increases from 5 to 15 slm, the restrike period is
shortened from 15.6 to 7.02 ms. Thirdly, the restrike position upstream of the arc moves
downward as the gas flow increases. At the same time, as shown in the left column of
Fig. 8, it is noted that under the condition with the fixed arc current, the radial size of
the cathode arc column is basically unchanged, so the thickness of the cold boundary
layer changes little.

The voltage fluctuation of arc anode attachment for restrike processes corresponding
to different gas flow rates can be seen in Fig. 9. It can be seen from the Fig. 9 that in the
case of small gas flow rate, the gasdynamic drag force in the cold boundary layer is rela-
tively weak, and it takes a long time to push the arc root downstream, so it takes a long
time to complete a restrike process. In the case of high gas flow, the gasdynamic force
in the cold boundary layer is stronger, and a restrike process can be completed in a short
time, so the restrike frequency increases.

Figure 10 presents the variations of restrike frequency and amplitude of arc voltage
jump with the gas flow rates. Combined with the previous analysis, under the same arc
current situation, the thickness of the cold boundary layer changes little with the gas
flow rates as shown in Fig. 8. At this situation, the restrike frequency and the arc volt-
age jump amplitude are mainly affected by the changes in the gasdynamic drag force.
Both restrike frequency and arc voltage jump amplitude increase with the increase of

R1 appeared R1 move down R2 appeared

100A

5slm 11.0 mm
17.5 mm 11.0 mm
26.5 mm
0 ms 8.62 ms 15.60 ms
100A
10slm
25
34.5 mnt 25.0 mm 25 muy
5.22 ms 7.84 ms
100A
15slm 15.0 mm

= 15.0 mm
31.5mm

38.5 mm
0 ms L 7.02 ms

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 (mm)

Fig.8 Frames from high-speed movie of argon in restrike mode of operation within one period, arc current
of 100 A, gas flow rates of 5, 10, 15 slm
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Fig.9 Arc voltage waveforms of restrike processes under different gas flow rate (5 slm/10 slm/15 slm of
argon) while the arc current fixed to be 100 A
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Fig. 10 Variations of restrike frequency and amplitude of arc voltage jump with gas flow rate, the arc cur-
rent fixed to be 100 A

gas flow. Combined with Figs. 9, 10, it can be estimated that the amplitude of the arc
voltage jump is almost 25 ~45% of the total voltage for different gas flow rates.

Analysis on the Dynamic Behavior of Anode Arc Root During Restrike Process

As mentioned above, the arc restrike process cycle is on the order of milliseconds, and a
frame rate of 50,000 fps of high-speed camera is used in this experiment, indicating that
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we can further observe the dynamic evolution of the arc on the time scale of 20 microsec-
ond. Figure 11 shows the time evolution of arc restrike process in one period with the cur-
rent of 100 A and the gas flow rate of 10 slm.

It can be seen from the Fig. 11 that after the upstream arc root appears, it takes 0.4 ms
for the new arc root growing up. In the next 0.6 ms, the old arc root downstream gradu-
ally disappears, which means that the time scale of the current commutation between the
new and old arc roots is smaller than 1 ms. In the following 6 ms of this period, the newly
formed, single arc root gradually moves downstream under the combined action of gas-
dynamic drag and Lorentz force. From the time evolution of the arc voltage in one period
given in Fig. 12, the initial moment corresponds to the arc root movement to the down-
stream critical position, that is, the peak value of the arc voltage. By about 1.0 ms, the arc
voltage has dropped to the lowest value. As can be seen from the corresponding Fig. 11,

Time

|-
»

R2 % Ri

o ¥

0.02ms

Time

0.50ms

0.60ms 6.40ms \

R T T T 1717 T T T T "T°
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 (mm)

Fig. 11 Successive CCD images of arc movement for the case with arc current of 100 A, gas flow rate of
10 slm. R1, R2 denote anode attachment position
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Fig. 12 Time evolution of the arc voltage during one period of restrike process, for the case with arc current
of 50, 100, 150 A, argon flow rate of 10 slm

this corresponds to the moment when the old arc root disappears and formation of a new
single arc root. This process can be named as the formation of new root, Phase 1 with
time scale of 1 ms. In the following time of this period, the newly formed, single arc root
moves downstream under the combined action of gasdynamic drag and Lorentz force, and
arc voltage increase linearly with the increase of arc length. Therefore, this process can be
named as the gas-dynamic drag force action Phase 2.

Note that in the Phase 1, in the process of the generation and development of the new
upstream arc root, the gasdynamic drag force is not enough to push the arc root movement,
so the position of the new arc root remains basically unchanged during this phase. The
main physical process that occurs in Phase 1 is that the current is redistributed between the
two arc roots under the driving of an electric field. In the Phase 2, the dominated process
is that the newly formed arc root moves downstream under the combined action of gasdy-
namic drag and Lorentz force. According to the range and time of the arc root motion, it
can be inferred that the arc root motion speed is around 1~4 m/s.

Figure 13 shows the evolution of arc roots during restrike processes within 1 ms under
different operating currents. It can be seen from the Fig. 13 that although the formation
time of new arc roots is slightly different, all of them can be finished within 1 ms. We have
also checked the time required for the formation of new arc roots under different gas flow
rates, and a similar time scale is found. It infers that the time required for Phase 1 is basi-
cally within 1 ms.

Preliminary Results of Time-resolved Measurement of Temperature Field During
Restrike Processes

Due to the short time scale of the arc restrike process, time-resolved temperature meas-
urement is quite difficult. Therefore, most of the experimental observations of the arc
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Fig. 13 Successive CCD images of arc movement within 1 ms, for the case with arc current of 50, 100,
150 A, gas flow rate of 10 slm

dynamic behavior reported in the literatures [2, 18] are based on grayscale pictures taken
by a monochrome high-speed camera, and cannot provide information about the tempera-
ture distribution during the arc dynamic evolution. The temperature distribution during the
dynamic evolution of the arc during the restrike process is helpful to understand the physi-
cal processes involved, and it also provides reference and verification for the corresponding
theoretical analysis and numerical simulation. In this study, the temperature distribution of
arc during the restrike processes is measured by the emission spectrum relative intensity
measurement system described above. A typical temperature distribution at each moment
with one period of the restrike process is shown in Fig. 14.

As mentioned above, using relative intensity method to measure temperature requires
synchronously acquisition distribution information of two spectral lines, namely 675.28 nm
and 696.54 nm. In order to ensure synchronization in the shooting process, it is reasonable
to have two high-speed cameras with narrow band filters of 675.28 nm and 696.54 nm,
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Fig. 14 The temperature distribution of the arc during a restrike period, for the case with arc current of
100 A, gas flow rate of 10 slm

respectively, to take photos at the same moment. However, in this experiment, by compar-
ing the time—space distribution of arc and voltage waveform at the corresponding time in
different periods taken by the high-speed camera, it was found that within the range of the
operating parameters we measured, the space—time evolution distribution of the arc restrike
process repeats very well in multiple periods. Therefore, in our experiment, a fixed-posi-
tion monochrome high-speed camera is used. First, a 675.28 nm narrow-band filter is
used to take photos of multiple cycles of arc restrike processes, and then replace it with a
696.54 nm narrow-band filter to take photos. After the photos are taken, we compare and
select the best repeatability result of arc spatiotemporal evolution in one period from the
pictures taken with two narrow band filters. Then on this basis, based on formulas (1)—(3),
the temperature distribution of arc during restrike process can be calculated.

Comparing the gray-scale image information presented above and the temperature dis-
tribution of the arc dynamic evolution, it can be found that the connecting part of the cath-
ode and downstream anode arc roots can be clearly observed in gray-scale photos in Figs. 5
and 8, while the cathode arc column and the downstream anode arc root seem to be sepa-
rated in Fig. 14. The main reason is that the temperature distribution presented in Fig. 14 is
obtained based on the thermodynamic equilibrium assumption. The emission intensity of
the 675.28 nm and 696.54 nm lines at the junction of the cathode and anode arc columns
is very weak. Although the temperature at the junction between the cathode and anode arc
column is lower, the current can still be conducted, indicating that the downstream region
of the arc is in a state that deviates significantly from the thermodynamic equilibrium.

@ Springer



Plasma Chemistry and Plasma Processing (2021) 41:1517-1534 1531

It can also be observed from the Fig. 14 that when the arc restrikes upstream of the
anode, although the size of the arc root is small, its temperature is very high and even
equivalent to the temperature of the cathode arc column area, indicating that even at the
initial moment of restrike, the current density of anode arc root is also very high. As the
diameter of the anode arc column increases, the temperature of the anode arc column grad-
ually decreases and keeps on the order of 8000~ 10000 K.

Figure 15 presents a comparison of the arc temperature distribution during the restrike
process for different arc currents. In order to facilitate the comparison, the arc tempera-
ture color scale is uniformly set to 4000-18000 K for the three arc current conditions. It
can be seen from the figure that the maximum temperature of the arc increases with the
increase of the arc current, while the range of the high temperature region of the cathode
jet becomes wider. It can also be seen from the figure that as the arc current increases,
both the upstream restrike arc root position and the downstream arc root position gradually
move upstream. It is also noted that for the cases of arc currents of 50 A and 100 A, the
temperature and brightness at the connection of the cathode jet and the anode jet are very
low, and it is difficult to obtain a reasonable temperature distribution in this region using
this temperature measurement method.

It is worth noting that in the grayscale images given in Figs. 5, 8, and 11, based on
the shooting conditions we used, the images in the high temperature area have been
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Fig. 15 The temperature distribution at the beginning of current commutation, for the case with arc current
of 50 A, 100 A, 150 A, gas flow rate of 10 slm
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overexposed. The result of the high temperature region (T > 15000 K) is actually obtained
by linear extrapolation, which is one of the limitations of this method used in this study.
Moreover, the temperature measurement is based on the relative intensity method and the
image processing. The experimental errors could come from the calibration process and
image matching process. In the calibration process, the emission superimposed along the
line of sight is used to calculate the temperature rather than the real local emission after
the spatial reconstruction by Abel-inversion since a large part of the arc region cannot be
expected as rotaional symmetric in this experiment. The obtained temperature along the
line of sight is between the maximum and the average temperature, which limits the accu-
racy of the measured arc temperature.

Although the accuracy of this time-resolved temperature measurement still has some
extent of uncertainty, it still provides a reference for further theoretical analysis and numer-
ical simulation. In the next step, the experimental measurement method can be improved
by the beam splitting method, and it can be used to obtain the arc images under two dif-
ferent wavelength filters at the same time which is helpful to increase the accuracy of the
experimental results. In this study, we use a transferred arc device to simulate the electrode
configuration of a non-transferred arc, and the current parameters used are somewhat dif-
ferent from those of the actual non-transfer plasma torch, so the parameters such as the arc
restrike frequency are also different. In this experiment, for arc currents of 50,100, 150 A,
argon used as working gas, the measured arc restrike frequencies are 67, 127, and 212 Hz,
respectively. It is noted that the experimental results for argon-helium non-transferred
plasma torch [18], the measured restrike frequency is about 5 kHz for a current of 200 A,
and the thickness of the boundary layer is about 1.2 mm. For argon-hydrogen non-trans-
ferred plasma torch [36], the measured restrike frequency is about 3.8 kHz for a current of
300 A. For the case with current of 500 A, the arc restrike frequency varies between 5 and
12 kHz as the gas flow rate increases [37]. Although these values of the restrike frequency
and cold boundary layer thickness obtained from our experiments differ from the experi-
mental measurements reported in the literature for non-transferred arc plasma torches,
there is a great similarity in the physical process of arc restrike in both, which contributes
to a better understanding of the restrike process of the arc anode attachment.

Conclusion

In this study, a transferred arc device with a plane anode parallel to the gas flow direction
is used to study the restrike process and characteristics of DC arc anode attachment. High-
speed photography is used to systematically observe the effects of gas flow and arc cur-
rent on the characteristics of arc anode restrike. The relative intensity method of emission
spectra is used to obtain the temperature distribution during the arc dynamic evolution in a
period.

The experimental results show that when the current is small, the gasdynamic drag force
has a greater influence on the arc shape, and the junction of the cathode and anode arc
columns is obviously bent downstream. With the increase of arc current, the thickness of
the anode cold boundary layer decreases, the position of arc restrike moves upstream, the
frequency of arc restrike increases, and the amplitude of arc voltage jump decreases. Both
restrike frequency and arc voltage jump amplitude increase with the increase of gas flow. It
is found that the amplitude of the arc voltage jump is almost 25~45% of the total voltage
for different gas flow rates.
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Further analysis of the arc dynamic behavior in one restrike period shows that the
dynamic evolution of the arc can be divided into two phases. The Phase 1 corresponds the
generation and development of a new upstream arc root and disappearance of the old arc
roots. In this phase, the size of new arc root upstream is small and the gas-dynamic drag
force is not enough to push the arc root downstream, so the position of the upstream arc
root remains basically unchanged. In the Phase 2, the newly formed single arc root gradu-
ally moves downstream under the combined action of gasdynamic drag force and Lorentz
force. The time scale required in this Phase is on the order of several milliseconds.

Based on the relative intensity method of emission spectroscopy, a high-speed camera
is used to obtain the temperature distribution during the dynamic evolution of the arc. The
results show that the plasma significantly deviated from the thermodynamic equilibrium
state at the junction between the cathode arc column and the downstream anode arc col-
umn. At the initial moment of the restrike process, the temperature of upstream arc root
is as high as the temperature of cathode arc column region. With the development of the
upstream anode arc root and the increase in size, the temperature of the arc anode attach-
ment region gradually decreases to the order of 8000—10000 K.
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