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Abstract

CrossMark

The arc restrike process is a typical mode of operation within a direct current arc plasma torch.
By using a transfer arc device with a planar anode parallel to the gas flow direction, the effect
of argon addition on the disappearance of downstream old arc roots, the overall arc
downstream movement process and the generation of upstream new arc roots of the nitrogen
arc restrike process is experimentally investigated. The experimental results show that for pure
nitrogen arc, the restrike frequency is very high and the old arc root disappears very quickly.
The addition of argon will significantly decrease the temperature of the arc root and prolong
the coexistence time of the old and new arc roots. This phenomenon is caused by the rapid
decay of charged particle density in the nitrogen arc, because the recombination process of
charged particles in the nitrogen arc is faster than that in the argon arc. The breakdown field
strength at the upstream location where the new arc root occurs is calculated by combining the
measurements of arc voltage, arc grayscale image and temperature. The results show that as
the percentage of argon increases, the boundary layer thickness becomes thinner and the
critical electric field strength required for arc breakdown decreases, leading to the generation
of new arc roots more likely to occur toward the upstream location. This study improves the
understanding of the effect of argon on the nitrogen arc restrike process.

Keywords: restrike mode, nitrogen arc, argon, electric field

(Some figures may appear in colour only in the online journal)

1. Introduction

The restrike mode of anode arc root plays an important role
in determining the performance of direct current (DC) arc
plasma torch used for spraying applications by affecting the
anode erosion and plasma arc stability [1-6]. The dynamic
arc root movement may be helpful to suppress the electrode
ablation [7-9], since the attachment time is short enough to
heat the anode material to the melting point, but also cause the
instability of arc voltage and plasma jet, which in turn affects
the coating quality and torch efficiency [10—14]. Therefore, the
experimental study on the restrike mode of anode arc root has

* Authors to whom any correspondence should be addressed.

0963-0252/22/095008+14$33.00

received extensive and sustained attention from the arc plasma
researchers [15-21].

Previous experimental studies on the restrike mode mainly
focused on the evolution of arc voltage waveform and the time-
resolved dynamic characteristics of anode arc root obtained by
high-speed camera [22—26]. Hrabovsky recorded high-speed
photos of arc anode attachment and corresponding arc voltage
in a time synchronous manner to study the effect of arc anode
attachment on plasma jet stability [24]. By combining the
high speed arc image and voltage analysis, the quantitative
correlations between the thickness of cold gas boundary layer
and the arc instability mode are established [25, 26], in thus
way the fluctuation mode of anode arc root under different

© 2022 |OP Publishing Ltd  Printed in the UK
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Figure 1. Schematic diagram of transferred arc device and measurement system.

conditions can be inferred by observing the influence of dif-
ferent parameters on the cold boundary layer thickness. The
voltage waveforms could provide the information on restrike
process by coupling with high-speed photography, however,
the quantitative understanding of restrike process still requires
the measurements of plasma parameters.

The formation of arc root restrike mode is closely related
with the evolution of electric field, only when the electric
field at a certain position reaches the breakdown value, the
restrike mode occurs, thus the relevant parameters measure-
ments such as temperature and electron density are critical in
order to capture electric field characteristics. The measurement
methods of plasma parameters in the literature mainly include
Thomson scattering [27], Langmuir probe [28] and spectro-
scopic diagnostic technique [29-31]. The three-dimensional
electron density and temperature distributions are obtained
with a laser Thomson scattering system in a wall-stabilized
transferred arc device with lateral gas flow, indicating that the
electron overheating instabilities caused by flow instabilities
are considered to be the driving mechanism for the formation
of the arc restrike behavior [27]. Also the Langmuir probe
measurements are performed to obtain electron temperature
and electron density in the anode boundary layer of a high
intensity argon arc with argon or nitrogen lateral gas flows
[28]. The optical emission spectroscopy is also widely applied
to investigate the variation of electron density and gas temper-
ature [29-31]. In [31] the temperature distribution obtained
by spectroscopic diagnostic technique is used to analyze the
unsteadiness of DC plasma torch jets. Although the above
experimental studies could provide abundant information on
plasma parameters, the understanding of the restrike process
requires the dynamic evolution of plasma parameter distribu-
tions. Therefore, the dynamic temperature field measurement

of anode arc root restrike mode is performed in our paper to
better appreciate the restrike mode.

Most of the present experimental researches on arc restrike
mode used argon gas as plasma working gas [25, 32] or the
main gas of argon and the cross flow gas of nitrogen [33].
As we know, different working gas has a significant influence
on the arc restrike mode, especially the difference of physical
properties between atomic gas and molecular gas, leading to
distinct arc overall dynamic behaviors. Nitrogen gas is often
used as the working gas in practical applications due to the
high enthalpy property of arc plasma. Mavier et al investigated
the restrike mode of nitrogen plasma torch, focusing on the
influence of the amplitude modulation of the DC on arc motion
[34]. However, the atomic gas such as argon is often added to
nitrogen arc due to the instability and the nature of nitrogen
arc tending to ablate electrodes. There exist some experimental
and numerical literature studying Ar—N, arc properties in the
arc plasma torch [35-38]. It is found that the addition of
atomic Ar gas can significantly increase the attachment range
of molecular gas N, arc root in plasma torch, change the arc
restrike mode and improve the stability of the plasma torch jet.
Therefore, the effect of argon on the complete restrike process
including the generation, movement and extinction of anode
arc root of nitrogen arc needs further research, which has been
performed in our study.

In this paper, the experimental device with a rod-shaped
cathode and a flat plate anode parallel to the axis of cathode
is used to reproduce the cross gas flow in DC arc plasma
torch, and the advantage of this setup is directly to observe
the dynamic behavior of anode arc root. The emission spec-
troscopy method is used to realize the dynamic temperature
field measurement. The details about the experimental setup
are given in section 2. In section 3, the influence of argon
gas ratio on the disappearance of downstream old arc roots,
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Figure 2. (a) Emission intensity at the wavelengths of 648.27 nm and 742.37 nm with or without filter, (b) ratio of emission intensity at the

wavelengths of 742.37 nm, 744.17 nm and 746.83 nm.

the arc root downstream movement process and the genera-
tion of upstream new arc roots of the nitrogen arc restrike
process is experimentally investigated in detail, which has
never been done before. The differences between the restrike
characteristics under different Ar—N, gas ratios are presented
and explained in terms of electrical signals, high-speed images
and dynamic temperature distributions, providing a basis for
regulating the arc root dynamic behavior of argon—nitrogen
plasma arc. Moreover, the breakdown electric field under

different Ar—N, ratios is calculated to better understand the
generation of new arc root. Finally, the conclusion is given.

2. Experimental setup

The transferred arc device and measurement system used in
this study is shown in figure 1 and similar to that described in
our previous paper [32]. An atmospheric pressure DC trans-
ferred arc is generated between a tungsten cathode with a
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Figure 3. Temperature distribution at the axis of 0.5 mm below the
cathode of the free-burning nitrogen arc (electrode gap 5 mm, flow
rate 10 slm).

diameter of 5 mm and a copper anode which is parallel to the
cathode axis, the distance of the anode and the cathode axis is
set to 3 mm. The working gas is nitrogen and argon—nitrogen
mixture, and the gas flow rate is adjusted from 5 slm to 30 slm.
The arc current adjustment range is 40—160 A.

A monochromatic high-speed camera (i-SPEED 513) with
a frame rate of 50000 fps and an exposure time of 1 us is
used to observe the arc dynamic behavior. The arc voltage
is obtained by measuring the voltages between the electrodes
with a voltage probe (Textronix TPP0O500B) and a digital
oscilloscope (Textronix MDO3034). The voltage probe is con-
nected to the power supply output, as shown in figure 1.
The temperature field measurement system consists of a high-
speed camera, two narrow band filters at the wavelengths of
650 nm and 745 nm with band width of 10 nm, a four-channel
spectrometer (AvaSpec-ULS4096CL) that is used to record the
emission intensity distributions at these two wavelengths of the
arc. Since the band width of the narrow band filters used in
the study is 10 nm, there are three very close nitrogen atomic
spectral lines near 745 nm as shown in figure 2(a), thus we
need to verify the correlation between the emission intensity
variations of these three spectral lines. The ratio results of
the emission intensity of 742.37 nm to 746.83 nm and 744.17
nm to 746.83 nm are shown in figure 2(b). Since the spectral
intensity at different radius positions is different, the variations
of the three spectral lines ratios with emission intensities are
consistent. Considering the transmittance of these three spec-
tral lines emission intensities in the 745 nm narrow band filter,
we can separate the grayscale values of spectral line 742.37 nm
from the grayscale image.

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. Thus, two spectral lines
of nitrogen atom at the wavelengths A\; = 648.27 nm and
Ay = 742.37 nm respectively are selected to calculate a rea-
sonable temperature for nitrogen and argon—nitrogen arc. The
upper energy level E; and E; are respectively taken as 13.67 eV

and 11.99 eV. The measured temperatures using relative inten-
sity method with these two spectrum lines and Boltzmann
plot method are very close in the range of 10000-15 000 K.
Moreover, the measured temperature distributions based on N
I'and Ar I lines are also very close along the cathode axis, and
the maximum difference is less than 10%, so these two selected
lines are reasonable for the temperature measurement. First,
the calibration process is performed by using the free-burning
nitrogen arc. The radial distributions of emission intensity of
N I648.27 nm and N I 742.37 nm are obtained by scanning
the spectrum along the radial direction of the free-burning arc.
Figure 3 shows the temperature distributions obtained by the
spectroscopic line-ratio method at the axis of 0.5 mm below the
cathode for different arc currents, the temperature magnitudes
are similar to the experimental results measured by Haidar
under the same current conditions [39], so this reasonable
temperature results provide the basis for calibration and further
temperature calculation in present experimental setup.

The arc images are taken by the high-speed camera with
two narrow-band filters at center wavelengths of 650 nm and
745 nm respectively. Next, the function relationship between
gray value and emission intensity is established by calibrating
the emission intensity of the two spectrum lines with the gray
value at the corresponding position in the images respectively.
Therefore, the gray value recorded by the high-speed camera
with different narrow band filters can be converted to the
two-dimensional temperature distribution of free-burning arc
by extending the function relationship to the full arc images.

Then the temperature measurement is conducted for the
restrike process of arc. The gray images of arc restrike process
are recorded by the high-speed camera with two narrow-band
filters under the same shooting conditions. Thus the two-
dimensional temperature distribution of the arc restrike mode
is obtained through the same fitting formula and calculation
process. More detailed descriptions can be found in [32, 40].

This temperature measurement method is based on the local
thermal equilibrium assumption, which is reasonable for the
arc column temperature, and provides a kind of excitation
temperature in the arc fringe where the deviations from thermal
equilibrium could occur. Due to the non-axisymmetric char-
acteristic of planar anode DC arc, the Abel-inversion trans-
formation cannot be used to obtain the local emission coef-
ficient by spatially reconstructing the collected light intensity
information. So the error of temperature measurement mainly
comes from using the emission intensity superimposed along
the line of sight instead of the real local emission coefficient
after the spatial reconstruction by Abel-inversion. This error
could also be added to the errors involved in the calibration
process of emission intensity and the image matching process.
The measured values along the line of sight are between the
maximum and the average arc temperature, limiting its accu-
racy. Moreover, since the band width of the narrow band filter
used in the experiment is 10 nm, the background radiation in
the spectral emission intensity could also affect the accuracy
of measured temperature. The H,, line in the emission intensity
shown in figure 2(a) indicates the presence of water vapor in
the plasma, which may affect the measured temperature. How-
ever, the effect of water vapor on the temperature is relatively
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small due to the little amount of water vapor in the experiment.
Finally, by comparing with the radial experimental tempera-
ture distribution at the distance of 0.5 mm below the cathode
tip for 100 A nitrogen arc in [39], the maximum error is about
20% in the arc fringe region, so our measured temperature is
acceptable although there exist some errors in the temperature
measurement process.

3. Experimental results and discussion

3.1. Effects of argon-nitrogen ratio on the disappearing
process of old arc roots

In this section we first present one complete restrike process of
nitrogen arc from new arc ignition to old arc decay. Figure 4
shows the time evolution of nitrogen arc restrike process in
one period at the current of 100 A and gas flow rate of 10 slm.
The original old arc root is labeled with R; and new arc root is
indicated with the symbol R; in the restrike process. In order
to capture the fringe of arc attachment, the high-speed images
are overexposed.

It is seen from figure 4 that a restrike cycle of nitrogen
arc is about 0.82 ms. When a new breakdown occurs in the
upstream, the upstream new arc root grows up, the downstream
old arc root rapidly disappears within 0.04 ms, which indicates
that there is no significant current commutation phase in the
nitrogen arc restrike process. However, in our previous paper
[32], it is found that the coexistence time of old and new
arc roots is much longer, about 1 ms, during the argon arc
restrike process. This discrepancy of old and new arc root
evolution time between nitrogen and argon arcs is mainly
related to the decay of charged particles densities and the
drop of heavy-particle temperature. As pointed out in [41], in
the post-discharge stage, the electron temperature and electric
field suddenly drop, and the densities of charged particles
also decay fast, while the gas temperature decreases relatively
slowly.

The time and spatial evolution of arc temperature distribu-
tions at the current of 100 A and total gas flow rate of 10 slm
is measured by the spectrum-image method, and exhibited in
figure 5 for different Ar—Nj ratios. The time ¢ = 0 corresponds
to the moment just before the occurrence of new breakdown,
and the temperature evolution distributions are shown within
the time of 0.06 ms.

In the case of pure nitrogen arc, the maximum arc temper-
ature near the cathode region reaches 22 000 K. Moreover, the
anode arc root is constricted and has large current density, thus
its temperature is also very high and similar to the maximum
temperature of the cathode arc column. Upon increasing the
proportion of argon gas, the maximum temperature of arc obvi-
ously decreases. This is because the addition of argon weakens
the thermal pinch effect as a consequence of lower specific heat
of argon, reducing the constriction of arc column and further
leading to the lower maximum arc temperature [42]. When the
proportion of argon reaches 80%, the maximum temperature
drops to about 18 000 K. The high temperature zone of cathode
jet is shortened, and the whole arc column is more diffuse with
the increase of the proportion of Ar. Under the condition of

pure nitrogen arc, the temperature of anode arc root has been
maintained at a high level without obvious decrease during
the downstream movement, while in the case of large argon
proportion, the diameter of arc root increases and the arc
root attachment range becomes wide in the development stage
along the anode surface, thus the temperature of anode arc root
decreases gradually. Based on the temperature distributions,
the process of arc root generation and disappearance also
can be clearly observed. With the addition of argon gas, the
disappearance time of old arc root obviously becomes long,
elongating the coexistence time of old and new arc roots.

The mechanism of the downstream old arc root disappear-
ance under different Ar—N, ratios is discussed and analyzed
below. As expected, the number densities of charged particles
and the temperature at the downstream arc root position rapidly
decrease, thus the arc conductive channel at the downstream
position cannot be maintained. The recombination reaction
processes of charged particles are responsible for the decay of
species densities, thus the dominant recombination reactions
are respectively analyzed for pure argon arc and nitrogen arc.
The main recombination reactions are as follows in argon arc:

Arf +e+e—>Ar+e

ArT + Ar+e — Ar+ Ar

Ar) +e— Ar + Arx

The dissociative recombination reaction of argon molec-
ular ions includes the recombination processes to ground
state, 4s excited state and higher electronic states of argon
atoms. Therefore, the summed rate constant of dissociative
recombination processes of argon molecular ions is exhib-
ited in figure 6. As the heavy-species temperature decreases
with time, the argon atomic ions are converted to molecular
ions, the recombination reaction process gradually becomes
the dissociative recombination of argon molecular ions [41].
The dissociative recombination rate constant of argon molec-
ular ions is obtained from literature [43-47], the electron
impact three-body recombination rate constant is given in
references [44, 48], and the rate constant of three-body recom-
bination caused by heavy-species impact is extracted from
reference [48].

For pure nitrogen arc, the key recombination reactions are:

Nt +e4+e—N+e

Nt +N+e—-N+N

Ny +e—>N+N

The rate constants of dissociative recombination of nitro-
gen molecular ions and three-body recombination due to the
electron and heavy-species impact are obtained from refer-
ence [49]. Figure 6 exhibits the variation of these different
recombination rate constants as a function of temperature. As
shown in the figure 5, the measured arc root temperature is
larger than 5000 K under different Ar—N; ratios. In this tem-
perature range, from the figure 6, it is seen that the three-body
recombination reactions rate constants of charged particles in
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nitrogen plasma are significantly higher than those recombina-
tion rate constants of argon plasma, resulting in the faster loss
of charged particles densities and further rapid disappearance
of old arc root in nitrogen arc.

The drop of heavy-species temperature is caused by the
convective and conductive loss terms in the energy equation,
which is also the reason for the disappearance of downstream
old arc root. In nitrogen plasma, the arc column near the anode
is more constricted, the temperature is higher as shown in
figure 5, and the temperature gradient is also larger. As exhib-
ited in references [50, 51], the flow velocity in nitrogen arc is
also much higher than that in argon arc. Therefore, the strong
conductive and convective cooling loss of heavy-species tem-
perature in nitrogen arc is faster, and the temperature drops
more rapidly.

Due to the above two reasons, the charged particles den-
sity and temperature decay rapidly in nitrogen arc. Therefore,
when the new arc root is generated upstream, the existence

o

time of downstream old arc root is shorter than that of argon old
arc root, and there is no obvious commutation time between
new and old nitrogen arc roots. However, when the new break-
down occurs upstream in argon arc, the downstream old arc
root can exist for a longer time and there is an obvious current
commutation stage.

3.2. Effects of argon-nitrogen ratio on the arc movement
characteristics during restrike process

The argon—nitrogen ratio not only affects the extinction stage
of old arc root after upstream new breakdown occurs, but also
change the arc root movement along the anode surface. In order
to investigate the effect of argon—nitrogen ratio on arc move-
ment, figure 7 shows the location and movement of arc rootin a
complete restrike period under different argon—nitrogen ratios
when the current and total flow rate respectively keep to be
100 A and 10 slm. The electrode settings and image shooting
conditions all adopt the same parameters in the experiment.
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Obviously, the cathode arc column and anode arc root are
very thin in nitrogen arc. As the proportion of argon gas
gradually increases, the cathode arc column and anode arc
root attachment range extend. The restrike cycle time is about
0.8 ms for pure nitrogen arc, while the time required to com-
plete a restrike process increases in argon—nitrogen mixture.
When the argon proportion rises to 80%, the time for Ar—N,
mixed gas arc to complete a cycle increases by about twice.

From the evolution of anode arc root position, it is seen
that the occurrence position of new arc root of nitrogen
plasma moves further downstream, which is 10.75 mm away
from the cathode tip. With the addition of argon, the loca-
tion of new breakdown gradually moves upward. At small
argon—nitrogen ratio, the position of new arc root breakdown
changes little, and the position moves upstream significantly
when argon accounts for a large proportion, for example,
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Figure 8. The arc root temperature distribution at 0.5 mm above the anode with different Ar—N, gas ratios, for the case with arc current of

100 A, total gas flow rate of 10 slm.

at the argon-—nitrogen ratio of 8:2, the position of new arc
root generation is 6.75 mm away from the cathode tip. The
position of new arc root appearance is related to the electric
field strength between arc column edge and anode, since the
voltage difference between the maximum and minimum values

in argon arc is lower than that in nitrogen arc, new arc root

breakdown is likely to occur upstream in the argon arc due to
the short distance of upstream arc column edge from the anode.

As shown in the figure, the change of argon—nitrogen
ratio has little effect on the farthest position of anode arc
root, at the argon gas flow rate of 5 slm, the anode arc root
moves down furthest. According to the arc movement time
and distance, we can get the arc movement velocity along the
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Figure 9. Arc voltage waveforms of restrike processes corresponding to different Ar—N, gas ratios, at an arc current of 100 A and total flow

rate of 10 slm.
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Figure 10. Variations of arc voltage with x-direction distance from
cathode spot to anode attachment under different Ar—N, gas ratios
at an arc current of 100 A and total flow rate of 10 slm.

anode surface. In pure nitrogen arc, the average arc movement
velocity is 11.0 m s~!, in argon—nitrogen mixture, the arc root
velocity slows down, which respectively reaches the values of
1042 m s~ and 8.17 m s~ ! at the Ar—N, ratio of 2:8 and 8:2.
However, a maximum average velocity of 12.5 m s~ ! is found
at the argon—nitrogen ratio of 1:1. The anode arc root move-
ment is determined by the combined action of gasdynamic
drag and Lorentz force.

Figure 8 shows the temperature evolution during the
restrike process, including new arc root temperature distribu-
tion at 0.04 ms and old arc root temperature at the distance of
0.5 mm above the anode surface. From this figure, the effect
of Ar—Nj ratio on arc temperature distributions during restrike
process can be clearly seen. When the upstream new arc root
just generates, the arc root temperature is high due to small

arc-anode attachment range and high current density. As the
arc root gradually develops and moves downstream, the arc-
anode attachment range significantly increases with the rise of
argon gas proportion. As the argon proportion increases from
0% to 80%, the range of the arc root temperature above 4000 K
extends from 1.18 mm to 1.79 mm. However, in pure nitrogen
arc, the arc root always maintains a high temperature and a
small arc root diameter in the process of moving downstream.
Moreover, during the downstream movement, the difference of
maximum temperature under different Ar—N, ratios changes
little. The variation of position of maximum temperature is
consistent with the arc root movement shown in figure 7.

Figure 9 shows the voltage waveform of arc restrike mode
under different argon—nitrogen ratios at an arc current of 100 A
and total gas flow of 10 slm. The frequency of arc restrike
process is the highest in pure nitrogen environment, and the arc
voltage exhibits the sawtooth waveform with a large fluctua-
tion range. As the proportion of argon increases, the frequency
of arc restrike process decreases, and the amplitude of voltage
fluctuation drops. In pure argon environment, the arc remains
stable due to the small distance between the electrodes.

The maximum voltage corresponds to the situation that
the arc root moves to the furthest downstream position, and
the minimum value of arc voltage corresponds to the posi-
tion where the arc breakdown occurs upstream and the new
arc root becomes the main current channel. It can be clearly
seen from figure 9 that both the maximum and minimum
voltages decrease obviously with the rise of argon proportion.
The change of arc voltage is related to two factors, i.e., the
position of arc root and the type of working gas. On the one
hand, with the increase of argon ratio, the position of new
arc root breakdown moves upstream, so the minimum voltage
definitely decreases. On the other hand, the type of working
gas has an effect on the arc voltage, and the addition of argon
significantly reduces the maximum arc voltage, even though
the farthest position of downstream arc roots does not change
significantly as discussed above.

Based on above analysis, the change of maximum arc
voltage seems to have little relation with the farthest position
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Figure 12. Schematic diagram of the breakdown voltage calculation at an arc current of 100 A and total flow rate of 10 slm, argon—nitrogen

ratio of 8:2.

of downstream arc root. Combining the arc movement path
in figure 7 and arc voltage results in figure 9, the variation
of arc voltage with x-direction distance from cathode spot to
anode attachment is shown in figure 10. It can be seen that
the arc voltages exhibit different values, even if the distance
from cathode spot to anode attachment is the same due to
different gas mixing ratio. When the distance is 18 mm, the
arc voltage drops from 64.3 V under pure nitrogen condition
to 59.6 V at the Ar—N, ratio of 2:8 and 35.2 V at the Ar—N,
ratio of 8:2. Therefore, the arc voltage difference between
nitrogen arc and argon arc is seen, which is also exhibited in
other experimental literatures [23, 39]. Although there is little
difference in the farthest position of downstream arc root in

figure 7, the maximum voltage of nitrogen arc is significantly
higher than those of different argon—nitrogen gas ratios.

As seen from figure 10, the arc voltage increases linearly
with the distance from cathode spot to anode attachment,
and the slope represents the increase rate of arc voltage. The
voltage variation rate of nitrogen arc is the fastest, so the
nitrogen arc column has the highest electric field strength. The
intercept of the fitting line on the Y axis approximates the
total sheath voltage as the distance is shortened to 0. Sheath
voltage indicates the potential change at the junction of arc
column and electrodes, which is almost concentrated near the
cathode. In this study, the sheath voltage is basically in the
range of 15-17 V, and the change of working conditions has
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Figure 14. Schematic diagram of the cold boundary layer thickness calculation at an arc current of 100 A, total flow rate of 10 slm and

argon—nitrogen ratio of 8:2.

little effect on it. This is because the change of sheath voltage is
mainly controlled by cathode properties. In our previous study
on plasma torch, it is found the cathode properties have an
obvious influence on the sheath voltage [52], thus the change
of sheath voltage is small in figure 10.

Variations of restrike frequency and amplitude of arc volt-
age jump with the Ar—N, mixing ratio are summarized in
figure 11. In the pure nitrogen environment, the arc restrike fre-
quency reaches the order of 1 kHz. The minimum voltage and
maximum voltage are also the largest, thus the arc power is the
highest under the same arc current and gas flow rate conditions.
As the proportion of argon in the mixed gas arc increases, the
arc restrike frequency, minimum voltage, maximum voltage
and the voltage jump gradually decrease. When the proportion
of argon increases to 80%, the voltage jump required for new
re-breakdown to occur upstream is reduced by about 55%, and
the restrike frequency is lowered to the order of 0.6 kHz. The
pure argon arc appears to be in a steady state with a voltage of
17.76 V.

1

3.3. Effects of argon—nitrogen ratio on the generation of
new arc roots

In this section the influence of argon—nitrogen ratio on the
generation of new arc root is studied in detail. As the arc root
moves downstream, the voltage drop between the upstream arc
column and anode is increasing, causing the gradual increase
of the electric field strength at the upstream positions. There-
fore, the Joule heat in the upstream boundary layer is increas-
ing, which leads to the enhancement of the ionization process
of the upstream gas, and the rise of upstream boundary layer
conductivity, finally the upstream gas breakdown occurs and a
new arc channel establishes. As discussed above, the addition
of argon makes the occurrence of new arc root closer to the
upstream position. This new arc root position corresponds
to the electric field strength reaching the critical breakdown
value, thus the upstream electric field strength is analyzed
below.

The critical electric field strength required for re-break-
down is defined as the voltage drop divided by the cold
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Figure 15. The cold boundary layer thickness under different mixing gas ratios at the arc current of 100 A and total gas flow rate of 10 slm.
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Figure 16. The cold boundary layer thickness, voltage jump and breakdown electric field strength with different mixing gas ratios at the arc

current of 100 A and total gas flow rate of 10 slm.

boundary layer thickness as shown in equation (1):

Va — o

= EC
6001(1

D

The voltage drop calculation at the breakdown position
is exhibited in figure 12. The breakdown voltage of restrike
process is the difference between the voltage V5 at the edge of
arc column and anode potential ¢ at the breakdown position.
Since the anode is an equipotential surface, the voltage differ-
ence between points A and B is equal to that between points
A and C, which can be calculated by the maximum voltage
Vmax corresponding to the farthest position of downstream arc
root minus the minimum voltage V., corresponding to the
upstream new arc root generating position. So the difference

between the maximum voltage and the minimum voltage is
set as the breakdown voltage of restrike process.

As shown in the figure 12, taking 100 A arc current, 8
slm argon gas flow rate and 2 slm nitrogen gas flow rate as
an example, the voltage drop required for breakdown can be
calculated by Vinaxi — Vimint = 12.2 V and Vipaxo — Vininz =
12.4 V. Due to the repeatability of the restrike cycle, these two
values of different cycles are very close and can be used to
calculate the breakdown voltage.

The thickness of the cold anode boundary layer is defined
by the electric conductivity lower than 300 S m~! based on
the reference [12]. The variation of electrical conductivity
with temperature under different Ar—N, ratios calculated by
the classical Chapman—Enskog method is shown in figure 13.
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When the argon—nitrogen gas mixing ratio is 8:2, the tem-
perature boundary is 7 = 7000 K and the corresponding
grayscale boundary is G = 190, so the thickness of anode cold
boundary layer is the distance from the arc column fringe at
the temperature of 7000 K to anode surface at the position of
upstream new arc occurrence, i.e., deoq as shown in figure 14.
Under the other two mixing gas conditions, the temperature
values corresponding to the electric conductivity 300 S m~!
are respectively 7140 K and 7220 K. Therefore, the cold
boundary layer thickness at the breakdown position also can be
determined from the corresponding temperature boundaries.

According to the above calculation method, the results of
cold boundary layer thickness under different argon—nitrogen
mixing ratios are shown in figure 15. The addition of argon
reduces the thickness of the cold boundary layer significantly,
indicating that it is more favorable for the new breakdown
of the upstream arc. The thickness of cold boundary layer
increases from 2.1 mm to 2.9 mm when the proportion of argon
gas decreases from 80% to 0%.

Figure 16 exhibits the variations of boundary layer thick-
ness, voltage jump and breakdown electric field strength
with Ar—Nj ratio. As the proportion of argon increases, the
cold boundary layer thickness becomes thin, the amplitude
of arc voltage fluctuation drops and the obtained breakdown
electric field strength decreases. The critical electric field
strength required for nitrogen arc breakdown reaches about
9.8 kV m~!. When the proportion of argon gas flow is 80%, the
breakdown electric field strength drops to about 5.9 kV m~!.
Since the voltage jump is small at the case of large argon
proportion, the new arc breakdown occurs closer to upstream
in order to reach the critical electric field strength. Although
this critical breakdown electric field based on the experimental
measurement data exists some extent of uncertainty, the cal-
culation results of breakdown electric field still can provide
the understanding of new arc breakdown and a reference for
further theoretical analysis and numerical simulation.

4. Conclusion

In this paper, we adopt a transferred arc device with a plane
anode parallel to the gas flow direction to investigate the
restrike process of pure nitrogen arc and the effect of argon
on the arc root disappearance, movement and generation pro-
cesses. Time-resolved arc root image obtained by high-speed
photography is combined with the arc voltage waveform to
analyze the characteristics of restrike mode. The relative inten-
sity method of emission spectroscopy is used to obtain the
temperature distribution during the arc dynamic evolution
within one cycle. Based on these experimental data, the break-
down electric field is obtained for different plasma working
conditions.

The experimental results show that the restrike mode of
pure nitrogen arc has a higher periodic motion frequency,
faster current commutation time and larger voltage fluctuation
than pure argon arc. The addition of argon can obviously
prolong the co-existence time of the new and old arc roots.
This phenomenon is explained from the decay of charged
particles densities and heavy-species temperature drop. Based

on the dynamic evolution of temperature distributions, argon
can significantly reduce the arc root temperature of nitrogen
arc. Meanwhile, the increase of argon proportion has an effect
on the movement process of anode arc root within one restrike
period. First, the arc root movement speed is slowed down
as the argon ratio rises. Second, the position of new arc root
generation moves closer to the upstream, and the change of
argon—nitrogen ratio has little effect on the farthest position of
anode arc root. The difference of arc root position is related
to the gasdynamic drag force and Lorentz force. Finally, the
corresponding relationship between arc voltage and anode arc
root position permits us to fully understand the arc voltage
variation, which is related to both the position of arc root
and the type of working gas. With the increase of argon ratio,
the voltage change per unit length decreases and the total arc
voltage declines.

Combining the experimental results of arc voltage with the
arc gray image and temperature, the breakdown field strength
at the position of new arc root occurrence is calculated. The
results indicate that new arc breakdown occurs more easily
with the increase of argon ratio, since the critical electric
field strength required for new arc root generation decreases
gradually. The present results in this study are helpful to
better understand the characteristics of arc restrike mode under
different Ar—N, gas ratios, and could provide a basis for
regulating the arc root dynamic behavior of argon—nitrogen
plasma torch.
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