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Fluctuation phenomena commonly exist in arc plasmas, limiting the application of this technology. In this paper,
we report an investigation of fluctuations of arc plasmas in an arc plasma torch with multiple cathodes. Time-resolved
images of the plasma column and anode arc roots are captured. Variations of the arc voltage, plasma column diameter, and
pressure are also revealed. The results indicate that two well-separated fluctuations exist in the arc plasma torch. One is the
high-frequency fluctuation (of several thousand Hz), which arises from transferring of the anode arc root. The other is the
low-frequency fluctuation (of several hundred Hz), which may come from the pressure variation in the arc plasma torch.
Initial analysis reveals that as the gas flow rate changes, the low-frequency fluctuation shows a similar variation trend with
the Helmholtz oscillation. This oscillation leads to the shrinking and expanding of the plasma column. As a result, the arc

voltage shows a sinusoidal fluctuation.
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1. Introduction

Arc plasmas, characterized by high temperatures and high
enthalpies, are used widely in industrial applications such as

(1.2] plasma spraying,>! and synthesis

cutting and welding,
of nanomaterials.!®) However, the instability that is common
in arc plasmas limits their applications to some extent. For ex-
ample, in plasma spraying, the fluctuation of the arc plasma
can lead to non-uniform distributions of velocity and temper-
ature of the particles, which directly affect the quality of the
final coating.[’~*]

From a macro perspective, arc-plasma instability shows
itself mainly as a fluctuation of plasma power. The power
fluctuation is usually revealed by the arc voltage fluctuation
when the gas flow rate and arc current are fixed. Two main
sources of arc voltage fluctuation have been suggested. One
is the movement of the anode arc roots. In the anode nozzle,
due to the coupling effect of gas drag force and electromag-
netic force, a reciprocating motion of the anode arc root occurs

(10

along the anode nozzle wall.!'” The movement of the arc root

causes the change of the arc length, resulting in arc voltage

[1-18] This kind of fluctuation is related to the arc

fluctuations.
current, gas flow rate, nozzle diameter, etc. The other source
is Helmholtz oscillation, which is caused by the special geom-
etry and gas flow conditions. Coudert et al.['>?%! developed
the theory of Helmholtz oscillation in an arc plasma torch.
Their theory does a good job of predicting the frequency of the
Helmholtz oscillation. However, the two sources of fluctua-
tions, anode arc root movement and Helmholtz oscillation, are

always tightly coupled together, so it is difficult to distinguish

DOI: 10.1088/1674-1056/ab344b

specific causes of fluctuation experimentally. In order to study
the different fluctuation modes, special arc torches and nu-
merical filtering techniques have been proposed. For instance,

(211 designed an arc plasma torch with the insert of

Huang et al.
a floating electric potential between the cathode and the anode
to study the arc fluctuation. The anode arc root was then con-
sidered to be fixed, so the fluctuation from the Helmholtz os-
cillation might be investigated independently. Other research
on Helmholtz oscillation has been mainly centered on the anal-
yses of arc voltage waveforms for the identification and extrac-

5.1192022] Nevertheless, previous re-

tion of fluctuation mode
search has not established a sufficient connection between the
arc configuration (e.g., plasma column and anode arc root) and
arc fluctuation, because mechanical obstructions in the plasma
torch make it difficult to observe the arc configuration. This
limits further understanding of arc fluctuation, especially the
Helmbholtz oscillation.

Recently, we developed a novel arc plasma torch with
multiple cathodes.>3?* Its special structure can provide a
new way to observe the arc column and anode arc root. In
this paper, we report on investigations of the fluctuation phe-
nomenon of arc plasma in an arc plasma torch with multiple
cathodes. By analyzing variations of the arc voltage, plasma
column diameter, and pressure using high-speed photography,
the evolution processes of the plasma column/anode arc root
are revealed. The fluctuations from the anode arc root and

Helmbholtz oscillation are well distinguished.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11875256, 11675177, and 11705202) and Anhui Provincial Natural Science

Foundation, China (Grant No. 1808085MA12).
fCorresponding author. E-mail: awcheng @mail.ustc.edu.cn
fCorresponding author. E-mail: xiawd @ustc.edu.cn

© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

095201-1


http://dx.doi.org/10.1088/1674-1056/ab344b
mailto: awcheng@mail.ustc.edu.cn
mailto: xiawd@ustc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 9 (2019) 095201

2. Experimental apparatus

Figure 1 shows the schematic diagram of the experimen-
tal setup, which is primarily composed of a plasma genera-
tor, a gas supply unit, a DC power source unit, and a mea-
surement system. The plasma generator consists mainly of
six multiple tungsten cathodes and a common tungsten anode
nozzle. Each cathode has a diameter of 6 mm and a top cone
angle of 60°. The cathode tips are distributed at vertices of
a regular hexagon, and the diagonal distance between oppo-
site cathode tips is 35 mm. The diameter of the anode noz-
zle is 10 mm, and its length is 40 mm. The vertical distance
from the cathode tips to the anode is about 15 mm. Plasma-
forming gas is introduced into the chamber through the gaps
around the cathodes (gas inlet 1) and the glass window (gas
inlet 2), respectively. Their flow ratio is 1 : 1. A detailed de-
scription of the plasma generator can be found in our recent
reports.!823:241 Six individual modulated DC power supplies
(IGBT source,140 V/250 A; Jin Yi Power Co., Ltd, Anhui,
China) are connected to the cathodes and anode. The con-
version efficiency of the power supply is higher than 90%,
and the current fluctuation is less than 10%. The measure-
ment system includes a data acquisition card (100-kHz wide-
band, RBH8223; Rui Bohua Co., Ltd, Beijing, China), a high-
speed charge-coupled device (CCD) camera (FASTCAM SAS
1000 K-M3; Photron, Tokyo, Japan), and a pressure sensor
(AIR SENSOR AE-S, 200 kHz bandwidth, Nanjing, China).
The data acquisition card is used to record the arc voltage sig-
nals. The CCD camera is placed exactly opposite to the glass
window, so as to best observe the arc discharge. The record-
ing frame rate is 1000—-100000 frames/s and the exposure time
is 0.5-100 ps. The pressure sensor is installed near the glass
window to detect the pressure in the arc plasma torch. In ex-
periments for this paper, the arc current of each cathode is
50 A, and the total arc current is 300 A. The plasma-forming
gas is helium with 99.999% purity. The experiment is operated
at atmospheric pressure.

Typical window-viewed images of the cathodes and arc
discharges are shown in Fig. 2. Six cathodes, an aluminous
plasma column, and two anode arc roots are clearly observed
in the CCD image. Although six individual DC power supplies
are used in the plasma generator, there do not exist six dis-
crete discharge channels or six discrete anode arc roots in our
experiment. Between the cathode tips and anode nozzle, the
arc plasma presents a relatively uniform and low-density state.
The optical emission spectrum diagnosing has been done in
a previous work and the electron density is of the order of
10'5 ¢cm?, which is lower than that in a constricted helium

arc of the order of 10'¢ ¢m?.[23:24

1 The special discharge phe-
nomenon is closely related to the plasma forming gas type,
self-induced magnetic field of adjacent arcs, arc currents, etc.

The radiation from the diffuse arc is so weak that the plasma

column and anode arc roots are visible.
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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. Typical window-viewed images of (a) the cathodes and (b) arc
discharges. Gas flow rate: 75 slm. Exposure time: 1.5 ps.

3. Results and discussion

3.1. Successive CCD images of arc

Figure 3 exhibits the evolution of the anode arc root over
about 0.7 ms at the gas flow rates of 67.5-82.5 slm. Markers
are used to indicate the location of the anode arc root in these
images. When 82.5 slm inlet gas is imposed, two luminous
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spots appear on the anode just at the nozzle entrance. How-
ever, most of the time only a single anode arc root (arc attach-
ment) is observed. As shown in Fig. 3(a), the plasma column
moves on the luminous spots periodically. When the arc col-
umn moves to an aluminous spot, a clearly defined anode arc
root forms; when the plasma column leaves the luminous spot,
the previous anode arc root disappears and a new one appears.
The cycle time of the anode arc root transferring to each lumi-
nous spot is in the range of 0.3-0.4 ms.

Fig. 3. Successive CCD images of the anode arc root at different gas
flow rates: (a) 82.5 slm, (b) 75 slm, (c) 67.5 slm. Exposure time: 0.5 ps,
10.000 frames/s.

With a decrease of the gas injection rate from 82.5 slm to
75 slm, a significant transferring of anode arc root is no longer
observed, as shown in Fig. 3(b). The plasma column is rel-
atively stable and seems to connect to both of the luminous
spots, which indicates that there may coexist two stationary
anode arc roots. It is noticeable, however, that the diameter
of the plasma column under goes minor changes over time.
When the gas flow rate is further reduced to 67.5 slm, the di-
ameter of the plasma column clearly increases and three lumi-
nous spots emerge on the anode nozzle. The plasma column
connects to all spots all the time, which means three anode arc
roots coexist in this case. Similar to what Fig. 3(b) shows, a

minor change of the plasma column diameter is also found in
Fig. 3(c).

3.2. Arc voltage waveform

The arc voltage signals under different gas flow rates are
shown in Fig. 4. Fast Fourier transformation (FFT) spectra
of the arc voltages in Fig. 4 are displayed in Fig. 5. Figure 4
indicates that all arc voltage waveforms have a typical sinu-
soidal pattern. For 82.5 slm, the average voltage is 59.5 V,
and the fluctuation amplitude is larger than 20%. By ana-
lyzing the arc voltage waveform in Fig. 4(a), it is found that
there are two sources of fluctuations of the arc voltage. One
is the sinusoidal fluctuation; the other is a sharp voltage sig-
nal that is superimposed on the sinusoidal pattern. Such a
sharp voltage signal has a typical feature of slow increase and
rapid decrease, which is similar to the physical process of arc
shunting/re-strike.[! 8] Possibly, the sharp voltage fluctua-
tion reflects the transferring of the anode arc root between two
luminous spots because the formation of a new anode arc root
is the result of arc shunting/re-strike. This phenomenon is also
confirmed by the FFT spectra of the arc voltage in Fig. 5(a),

68F sharp voltage signal (a)
sl \
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Fig. 4. Time-resolved arc voltage waveforms under different gas flow
rates: (a) 82.5 slm, (b) 75 slm, (¢) 67.5 slm.
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which shows three strong frequency peaks (f1, f2, and f3).
The lower peak is from the sinusoidal fluctuation of the arc
voltage, and the higher peaks are exactly consistent with the
frequency of the anode arc root transferring on the two lumi-
nous spots in Fig. 3(a). In other words, the higher peaks rep-
resent the fluctuation of the anode arc root. As the gas flow
rate decreases to 75 slm and then to 67.5 slm, both the average
voltage and its fluctuation amplitude decrease. The FFT spec-
tra of the arc voltage in Figs. 5(b) and 5(c) show only a low-
frequency peak. This is because the anode arc roots at the gas
flow rates of 75 slm and 67.5 slm are stationary. As described
in Subsection 3.1, a minor change of the arc column diameter
is noticed, so the low-frequency peak may be ascribed to the
variation of the plasma column, but further work is necessary
to confirm this.
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Fig. 5. FFT spectra of the arc voltages shown in Fig. 4.

3.3. Plasma column diameter and pressure fluctuation

Figures 3 and 5 show that the plasma column may have a
characteristic low-frequency fluctuation. In order to help un-
derstand this phenomenon, the plasma column diameter varia-
tion at 75 slm gas flow rate is exhibited in Fig. 6. The radiation
emitted from the plasma column and the radiation gradient are
so strong that it is difficult to get an accurate measurement

of the plasma column diameter. In this paper, the arc images
are processed by MATLAB software to obtain the light inten-
sity distributions. We define the edge of the plasma column
as being the saturated contour of the CCD image, as shown in
Fig. 6(a). The detailed processing method has been introduced
in a previous work.!'8! Note that the saturated contours differ
markedly for different exposure time, and that the exposure
time is fixed at 0.5 ps when measuring the plasma column di-
ameter. The plasma column diameter is an approximate qual-
itative result; the measurement does not represent the actual
physical diameter. Obviously, the arc column diameter varia-
tion also has a typical sinusoidal pattern, which is similar to the
arc voltage waveform in Fig. 4(b). Corresponding FFT spectra
in Fig. 6(b) show a strong frequency peak of 612 Hz, which is
exactly the same as the frequency peak of the arc voltage in
Fig. 5(b). Thus, it is inferred that the low-frequency/ sinu-
soidal fluctuation of the arc voltage comes from the variation
of the plasma column.
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Fig. 6. (a) Plasma column diameter variation over time. (b) The corre-
sponding FFT spectra of the arc column diameter. Gas flow rate: 75 slm.

One notes also that the pressure variation and its fre-
quency peak in Fig. 7 reveal a behavior similar to that of
the arc voltage and plasma column diameter. The pressure
presents a sinusoidal fluctuation with a strong frequency peak
at 612 Hz. However, a significant phase difference exists be-
tween the plasma column diameter waveform and the arc volt-
age/pressure wave form. That is, when the plasma column
shrinks, the arc voltage and pressure reach the maxima; when
the plasma column expands, the arc voltage and pressure reach
the minima.
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Fig. 7. (a) Pressure variation over time. (b) FFT spectra of the pressure
shown in Fig. 6(a). Gas flow rate: 75 slm.

Thus, we suggest that the pressure variation may be the
main reason for the low-frequency arc voltage fluctuation. In
general, the pressure could affect the diameter of the plasma
column. For a higher-pressure condition, the plasma column
shrinks, which results in low conductivity, so the arc voltage
increases when the arc current is held constant. For a lower
pressure condition, the plasma column expands, thereby lead-
ing to a lower arc voltage.

3.4. Discussion

In our work, two kinds of fluctuation phenomena are well
distinguished. One is the high-frequency fluctuation that is
believed to come from transferring of the anode arc root. The
plasma column in the anode channel moves on fixed luminous
spots, which results in the formation of a new anode arc root
and the disappearance of an old one. The high-frequency fluc-
tuation is obvious at high gas flow rates, but almost disappears
at a low gas flow rate. This is because the anode arc root can
be converted from unsteady mode to stationary mode with a
decrease of the gas flow rate. The thickness of the cold-gas
boundary layer between the plasma column and the anode noz-
zle wall is regarded as the main factor of transformation of
anode arc root mode.!' 18]

The other fluctuation is the low-frequency fluctuation of
several hundred Hz. Experimental analysis indicates that the
low-frequency fluctuation is in accordance with the pressure
variation. It is postulated that such fluctuation is derived from
the Helmholtz oscillation. Here we compare the theoretical

analysis of Helmholtz oscillation with experimental results.
As suggested by Coudert et al.,!'” the Helmholtz oscillation
frequency can be estimated by the formula

—h ey

f=Cr xKyg X %(Y;I)PO

where Cr = 1/4/1+ md/(4L) is the Rayleigh correction and

Ky = ﬁ\/% is the shape factor of the arc plasma torch ge-
ometry. L is the anode nozzle length, and d is the diameter
of the anode nozzle, which are 0.04 m and 0.01 m according
to the geometry of the arc torch, respectively. S is the area
of the anode nozzle and V; is the volume of the arc plasma
torch, which are calculated on the base of L and d. In the
multi-cathode arc plasma torch, the calculated values of S, Vp,
Cr. and Ky are 7.85 x 107> m?, 8 x 10~* m?, 0.91, and 0.25,
respectively. / is the specific enthalpy of the plasma and calcu-
lated according to h =UIn/ m®, where U, I, n, and mP are the
arc voltage, current, heat efficiency, and gas mass flow, respec-
tively. 1 is the heat efficiency of the arc plasma torch, which
is measured in the experiment. ¥ is the isentropic coefficient
of the cold gas, 1.66 for helium. Y is the isentropic coefficient

of the plasma, which is computed as a function of specific en-
v r

. . . 771 p ’
Py is the pressure in the cold gas chamber and P is the pres-

thalpy 4, pressure P, and helium intensity p, i.e., h =

sure in the anode nozzle. Due to the large cavity volume of the
multi-cathode arc plasma torch we studied, Py/P is about 1.
The values of the arc voltage, heat efficiency, specific enthalpy,
and isentropic coefficient with the increase of the gas flow rate
are displayed in Fig. 8. When the gas flow rate increases, the
arc voltage always increases. It is because that as the gas flow
rate increases at a fixed arc current, the arc sectional area de-
creases due to the constriction effect of the working gas on
the column, which results in the increase of plasma resistance.
With the increase of the gas flow rate, the raised arc voltage
results in a relative less heat loss of electrodes. Thus, the ther-
mal efficiency increases with the gas flow rate. Furthermore,
the specific enthalpy firstly decreases and then increases with
the increase of the gas flow rate. When the gas flow rate is
smaller than 75 slm, the plasma is a laminar flow. The input
power increases slightly as the gas flow rate increases, result-
ing in the decrease of the specific enthalpy. However, when
the gas flow rate is larger than 75 slm, the plasma is a turbu-
lent flow. The input power increases obviously, leading to the
increase of the specific enthalpy.

The theoretical frequency calculated from Eq. (1) and the
experimentally measured one are shown in Fig. 9. The calcu-
lated frequency is less than 1000 Hz, which is far lower than
the frequency of a conventional arc plasma torch (several thou-
sand Hz).[>! This can be attributed to the small shape factor
(Kyg ~ 0.25) of the multi-cathode arc plasma torch, which is
only about 1/7 of the conventional arc plasma torch.['”! In ad-
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dition, the calculated frequency at first decreases and then in-
creases as the gas flow rate increases. This phenomenon is
mainly due to the variation of the specific enthalpy (%) for dif-
ferent gas flow rates. When the gas flow rate is lower than
75 slm, h decreases as the gas flow rate increases; when the
gas flow rate is higher than 75 slm, % increases as the gas flow
rate increases.

_ 24 r0.45
0287 62 [a, —s— Voltage/V (AP
0.26 4 ’ " to.a4
0.24 4 F0.43
0.22 4 L0.42
0.20 041
0.18 4
L 0.40

Gas flow rate/slm

Fig. 8. Variation of plasma parameters with the gas flow rate.

Figure 9 shows that the measured frequency is in good
agreement with the theoretical frequency, which have a similar
change rule. Thus, the comparison in Fig. 9 can further assist
in validating that the Helmholtz oscillation has an effect on the
low-frequency fluctuation. However, there is a numerical dif-
ference, about 100 Hz between the theoretical and measured
values, which may be due to other factors in the multi-cathode
arc device, such as energy fluctuations or thermal chocking
in the anode nozzle.?°! These factors are coupled with the
Helmholtz oscillation, which collectively cause the expanding
and contracting of the plasma column. In our further work,
these factors will be considered to study the fluctuation in the
arc torch with multiple cathodes in more detail.

1500
—o—theory
N 1200 F —0— experiment
jas
~
? 900 w
5] D\E‘\D\D—\_D_’n-/'n
3
o
E 600
300
0 1 1 1 1 1

50 60 70 80 90
Gas flow rate/slm

Fig. 9. Comparison between the theoretical analysis of Helmholtz os-
cillation and the experimental result.

4. Conclusion

To investigate arc plasma fluctuations, we construct an
arc plasma torch with multiple cathodes. The evolution of the
plasma column and the anode arc root under different gas flow
rates is captured by a high-speed CCD camera. We exhibit

the fluctuation phenomena of arc voltage, arc column diame-
ter, and pressure. The results indicate that two well-separated
kinds of fluctuations exist in the arc plasma. One is a high-
frequency fluctuation of several thousand Hz. We interpret
this fluctuation as coming from the transferring of the anode
arc root, and conclude that it occurs only at a high gas flow
rate because the anode arc roots are fixed at low gas flow rates.
The other kind of fluctuation is a low-frequency fluctuation of
several hundred Hz. Analysis shows that the Helmholtz os-
cillation has an effect on this fluctuation. As the gas flow rate
changes, the low-frequency fluctuation shows similar variation
trend with the Helmholtz oscillation. It is inferred that, driven
by the Helmbholtz oscillation, the pressure in the plasma torch
changes periodically, which results in a continual shrinking
and expanding of the plasma column. Thus, the arc voltage
shows a typical sinusoidal fluctuation. Although this study is
a preliminary investigation, our direct observations of arc con-
figuration may offer additional insight for understanding arc
fluctuation.
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