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Abstract The effect of operating conditions on the arc

voltage fluctuations and dynamic behavior of plasma were

investigated for a cascade plasma torch with an external

magnetic field. The key factors that affect the fluctuations

of the arc voltage were studied, which is useful for gen-

erating stable plasma jets. A ring-shaped permanent mag-

net was used to produce an external magnetic field having a

flux density of approximately 0.27 T at the center of the

magnet. The operating current, gas flow rate, and anode–

cathode distance were varied in the range of 40-160 A,

10-40 L/min, and 0-10 mm, respectively. The width of the

ring-shaped anode was set to 1 mm or 3 mm. The end-on

images of the plasma were captured by high-speed pho-

tography, and the associated arc voltage was measured

simultaneously. When an anode of 1 mm width was used, a

periodic sine-like voltage waveform with low amplitude

was observed at a low gas flow rate. In that condition, an

arc root rotated along the anode wall continuously with no

observable breakdown process. The rotational frequencies

of the arc exceeded 1 kHz and were strongly dependent on

the square root of the operating current.

Keywords arc fluctuations � cascade plasma torch �
external magnetic field � high-speed photography � voltage
measurement

Introduction

In atmospheric plasma spraying processes, it is known that

arc fluctuations (Ref 1) in a non-transferred dc plasma

torch affect the plasma jet properties (Ref 2–5), heat and

momentum transfers to particles (Ref 6), and final coating

structures (Ref 7). When the arc slides or jumps in the

plasma torch, the time variation of input power occurs due

to the change in the arc resistance (Ref 8–10). Although the

motion of the arc is necessary to limit the anode erosion,

the suppression of arc fluctuations is an important strategy

improving the reproductivity and controllability of coating

properties.

One of the effective methods to suppress arc fluctuations

is the use of a cascade plasma torch (Ref 11, 12). The

cascade plasma torch consists of a rod-type cathode, ring-

shaped anode, and stack of neutral insulators. The neutral

insulators are placed intermediately between the anode and

cathode to stabilize the time-averaged arc length and limit

the arc movement in the flow direction. This approach

involving the cascade electrode has been employed, for

example, in the Triplex plasma torch (Ref 13). It is reported

that this torch generates stable plasma jets with low voltage

fluctuations (Ref 14). The cascade plasma torch also allows

for adjustment of the time-averaged arc voltage by

changing the number of neutral insulators.

Recently, it has also been reported that applying an

external magnetic field to the plasma torch (Ref 15) could

improve the arc voltage stability (Ref 16, 17). The inter-

action between the anode arc current and external magnetic

This article is an invited paper selected from presentations at the 2019

International Thermal Spray Conference, held May 26–29, 2019 in

Yokohama, Japan, and has been expanded from the original

presentation.

& Hiroki Saito

hiroki.saito@rift.mech.tohoku.ac.jp

Takayasu Fujino

tfujino@kz.tsukuba.ac.jp

1 Department of Engineering Mechanics and Energy,

University of Tsukuba, 1-1-1 Tennodai,

Tsukuba, Ibaraki 305-8577, Japan

123

J Therm Spray Tech (2020) 29:333–343

https://doi.org/10.1007/s11666-020-00983-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-020-00983-1&amp;domain=pdf
https://doi.org/10.1007/s11666-020-00983-1


field in the flow direction produces Lorentz force in the

circumferential direction. Using this force, the anode arc

root is forcibly rotated in the plasma torch. This rotation is

expected to contribute to the improvement in the control-

lability of the dynamic behavior of the arc in the torch as

well as the limit of electrode erosion (Ref 18). However,

whether the application of the external magnetic field

reduces the arc voltage fluctuations depends strongly on the

operating conditions of the torch (Ref 16, 17, 19, 20).

By combining these two methods, there is a possibility

of designing a plasma torch with low arc voltage fluctua-

tions. The time-averaged voltage in the plasma torch may

be controlled by the use of a cascade electrode, and longer

anode lifetime may be obtained by the use of an external

magnetic field. In this study, a cascade plasma torch with a

permanent magnet was constructed. Although the input

power of the constructed plasma torch was smaller than

that of a practical plasma torch for thermal spraying, most

of the same basic phenomena of arc dynamics were

observed in the experiment. The analysis of this experi-

mental torch will help to improve understanding of the key

factors which affect the arc voltage fluctuations. The

effects of using a cascade electrode and applying an

external magnetic field on the voltage–current character-

istics were investigated. Besides, the effects of the gas flow

rates and anode width on the arc voltage fluctuations and

dynamic behavior of the plasma were studied to reveal the

appropriate operating conditions for generating plasma jets

with low power fluctuations. The arc rotational frequency

for different operating currents was also the part of the

investigation.

Experimental Setup

The experimental setup mainly consists of a few kW dc

power sources, a non-transferred dc plasma torch, a gas

supply system, an observation system of plasma jets, and a

voltage–current measurement and record system. A power

source for TIG (tungsten inert gas) welding (Panasonic

YC-200BR1) was used to generate the plasma. A passive

high-voltage probe (Yokogawa 700929, dc-100 MHz) and

a Hall effect current sensor (U_RD HCS-20-100-AS, dc-

20 kHz) were used for the voltage and current measure-

ments, respectively. The output signals from the probe and

the sensor were recorded using a high-speed data acquisi-

tion unit (Yokogawa SL1000 with the module 720210, dc-

20 MHz). The end-on images of the plasma jets were

captured by the high-speed camera (nac MEMRECAM

HX-3).

Figure 1 shows the schematic of the non-transferred dc

plasma torch. The cascade electrode consists of a rod-type

cathode, water-cooled ring-shaped anode, and stack of

cylindrical insulators. The cathode (2.4 mm in diameter)

and anode (6.5 mm in inner diameter) are made of tungsten

with the addition of 2% cerium and oxygen-free copper,

respectively. The positions of the ring-shaped anode and

insulators are interchangeable. The horizontal distance

from the cathode tip to the upstream side of the anode is

defined as the anode–cathode distance. A ring-shaped

NdFeB permanent magnet (NeoMag, N40) is placed

around the plasma torch to apply an external magnetic

field. The thickness of the magnet is 15 mm, and the inner

and outer diameters of the magnet are 32 mm and 70 mm,

respectively. The axial component of the magnetic flux

density along the axis of the magnet was measured from

the top side of the magnet using a Gauss meter (Toyo

Lakeshore421). Figure 2 shows the comparison of the

magnetic field between the published data (Ref 21) and

experimentally measured data. The axial distances of

0 mm and 7.5 mm correspond to the center and top side of

the magnet, respectively. The published data and

Fig. 1 Schematic diagram of the plasma torch

Fig. 2 Distribution of axial component of magnetic flux density
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experimental data agree well with respect to the magnitude

over the range from 7.5 to 20 mm. In the published data,

the magnetic field takes the maximum value of approxi-

mately 0.27 T at the center of the magnet.

Table 1 summarizes the experimental conditions. Pure

argon was used as the working gas. The operating current,

gas flow rate, and anode–cathode distance were varied in

the ranges of 40-160 A, 10-40 L/min, and 0-10 mm,

respectively. The width of the anode used in the experi-

ment was 1 mm or 3 mm. The voltage was recorded for

100 ms after an arbitrary interval from the plasma ignition,

and the end-on images of the plasma jets were captured

using high-speed photography. The high-speed camera was

placed at a distance of approximately 0.5 m from the

plasma torch outlet. To reduce the light intensity from the

plasma and zoom in on the plasma jets, a neutral density

filter and tele-conversion lens were used. The exposure

time, frame rates, and image resolution were set to 0.2 ls,
100,000 fps, and 192 9 200 pixels, respectively. The

experiment was performed three times for each operating

condition at atmospheric pressure.

Results and Discussion

Voltage–Current Characteristics

When the anode–cathode distance was set to 10 mm, no

plasma ignition was observed. The results corresponding to

the anode–cathode distances of 0 mm and 5 mm are dis-

cussed below. Figure 3 shows the voltage–current charac-

teristics of the cascade plasma torch with no external

magnetic field. The gas flow rate and anode width were set

to 20 L/min and 3 mm, respectively. The results for a

normal plasma torch, having a normal cylindrical anode

and no insulators, are also shown in Fig. 3 for the purpose

of comparison. The vertical bars represent the averaged

standard deviation of three measurements for each oper-

ating current condition. The voltage–current curves show a

typical negative trend regardless of the electrode types. As

the operating current increases, the input power, which is

simply calculated as the product of the voltage and oper-

ating current, also rises for each electrode type. When a

cascade electrode is used, higher time-averaged voltages

are obtained by increasing the anode–cathode distance.

This may be attributed to a longer arc elongated in the axial

direction of the torch. Raw voltage waveforms at the

Fig. 3 Voltage–current characteristics of the cascade plasma torch

for a gas flow rate of 20 L/min and anode width of 3 mm (without an

external magnetic field)

Fig. 4 Voltage waveforms at an operating current of 100 A (without

an external magnetic field)

Table 1 Experimental conditions

Working gas Argon

Operating current, A 40, 60, 80, 100, 120, 160

Gas flow rate, L/min 10, 20, 30, 40

Anode–cathode distance, mm 0, 5, 10

Anode width, mm 1, 3

Recording time, ms 100

Exposure time, ls 0.2

Frame rate, fps 100,000

Image resolution, pixels 192 9 200
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operating current of 100 A are shown in Fig. 4. It can be

seen that the amplitude of the voltage fluctuations in the

case using cascade electrode is smaller compared with that

of using normal electrode. The result indicates that using

cascade electrode is an effective method to reduce voltage

fluctuations. It is inferred that the arc root movement in the

flow direction is limited by the ring-shaped anode, thereby

suppressing the arc fluctuations.

Figure 5 shows the voltage–current characteristic of the

cascade plasma torch with and without the external mag-

netic field. The anode–cathode distance was set to 5 mm,

while the other operating conditions remained the same as

in the aforementioned experiment. It is seen from Fig. 5

that applying the external magnetic field tends to increase

the time-averaged voltage. This can be attributed to the

increase in arc resistance caused by arc rotation. When the

arc rotates on the anode, heat transfer from the hot arc to

the surrounding cool gas and water-cooled anode is

enhanced. This enhancement is expected to reduce the arc

temperature and electrical conductivity, leading to higher

arc resistance and measured voltage. As a result, under the

same operating current conditions, power input into the

plasma torch is also increased by applying the external

magnetic field. At the operating current of 100 A, the

voltage increment can be seen most clearly. It can be

inferred that with increasing operating current, stronger

Lorentz force promotes the arc rotation which enhances

heat transfer from the arc to surroundings. Figure 6 shows

the comparison of the voltage waveforms with and without

the external magnetic field at the operating current of

100 A. It can be seen that the amplitude of the voltage

fluctuations increases by applying the external magnetic

field. No clear effect of the external magnetic field on

suppressing voltage fluctuations is recognized in this

experimental condition.

Effects of Anode Width on Voltage Fluctuations

Figure 7 shows the end-on images of plasma jets (Fig. 7a)

and voltage waveforms (Fig. 7b) for an operating current

of 40 A, gas flow rate of 30 L/min, anode–cathode distance

of 0 mm, and anode width of 1 mm. Each of the end-on

images was originally captured as monochrome data with

an 8-bit depth (256 level). These data were converted to the

color scale, in which a red color represents the area of high

light intensity from the plasma jets. The white solid circles

represent the inner anode wall. The starting time of the

measurement was taken as 0 ms. As shown in Fig. 7(a), an

area with high light intensity is seen at the central part

where the plasma jets are heated and accelerated by the

current concentration on the cathode tip. The Lorentz force

produced by the interaction between the arc current and

external magnetic field drives the anode arc to rotate in the

counterclockwise direction along the anode wall with no

observable breakdown behavior. The voltage, which was

synchronously measured with the end-on images, is pre-

sented in Fig. 7(b). The voltage waveforms show a periodic

behavior according to the rotational movement of the

anode arc. This periodic voltage modulation can be

explained by a deviation from the ideal concentricity

between the anode and cathode. The voltage takes the

minimum value at approximately 3.70 ms and 4.30 ms

when the anode arc rotates along the upper side of the

anode wall, and it takes the maximum peak value during

the arc rotation along the lower side. From this tendency, it

may be inferred that the center of the cathode tip was off to

the upper side from the ideal anode center and the periodic

voltage modulation was caused by the variation in the

length of the rotational arc.

Fig. 5 Effect of the external magnetic field on the voltage–current

characteristics of the cascade plasma torch for a gas flow rate of 20 L/

min, anode width of 3 mm, and anode–cathode distance of 5 mm

Fig. 6 Voltage waveforms with and without the external magnetic

field at an operating current of 100 A
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The temporal variations of the light intensity corre-

sponding to Fig. 7 at several fixed points are shown in

Fig. 8. The observation point A is positioned near the upper

side of the anode wall. The points B, C, and D are placed in

such a manner that they gradually approach the central part

of the rotational arc. The peaks of the light intensity for each

observation point represent the arc passing through the

points. The periodic peaks are observed for every obser-

vation point, which indicates that an arc between the anode

and cathode rotates continuously on the anode wall. There is

no breakdown or arc-root jump process. The magnitude of

the light intensity tends to increase on approaching the

central part of the rotational arc, except in the case of points

A and B. This should be attributed to the concentration of

current near the anode wall.

Figure 9 shows the end-on images of the plasma jets

(Fig. 9a) and voltage waveforms (Fig. 9b) using the 3-mm-

wide anode. The other operating conditions were set to be

identical to the preceding experiment shown in Fig. 7 and

8. No continuous arc rotation is observed due to the

intermittent breakdown process where the arc root sud-

denly jumps from one spot to another spot. For example,

from 3.80 to 3.90 ms, it seems that the anode arc root

rotates counterclockwise and the voltage rises during the

rotational period. However, at 3.95 ms, the breakdown

occurs, and multiple arcs are observed. At this moment, the

voltage drops steeply. At 4.00 ms, the new anode arc root

starts to rotate again. The breakdown occurs with an

interval of approximately 0.1-0.15 ms as shown in

Fig. 9(b). This interval has almost the same order with that

of breakdown which is observed in our experiment when a

normal plasma torch is used without an external magnetic

field. Therefore, it can be inferred that the regularity of the

breakdown interval comes from a typical breakdown pro-

cess caused by the interaction between the fluid and elec-

tromagnetic field. Compared with the results shown in

Fig. 7(b), more voltage fluctuations can be seen due to the

repeated breakdowns.

The temporal variations of the light intensity corre-

sponding to Fig. 9 at several fixed points are shown in

Fig. 10. Point A is positioned near the center of the plasma

jets, and points B to E are positioned to approach the anode

Fig. 7 (a) End-on images of plasma jets and (b) voltage waveforms

for an operating current of 40 A, gas flow rate of 30 L/min, anode–

cathode distance of 0 mm, and anode width of 1 mm

Fig. 8 Time variation of light intensity at several fixed points for an

operating current of 40 A, gas flow rate of 30 L/min, anode–cathode

distance of 0 mm, and anode width of 1 mm
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wall. It is found that the light intensity tends to increase as

the point positions progress from the anode wall to the

center of the plasma jets. At point A, the measured light

intensity is saturated at approximately 4.30 ms. The light

intensity waveforms for each point appear to be strongly

correlated, and at the points B, C, and D, it can be seen

clearly that the peaks of the light intensity fluctuations

correspond to those of the measured voltage shown in

Fig. 9(b). This is because the repeated arc jumps by

breakdown occur at the lower side of the anode in which

there are the fixed measurement points of the light inten-

sity. However, it should be noted that in our experiment,

the points where the arc jumps were irregularly changed

during the operation. From the results shown in Fig. 7 and

9, it is inferred that the trigger for the breakdown process

comes from the arc movement in the flow direction, and the

use of the anode with 3 mm width is insufficient for lim-

iting the arc root movement. For suppressing the arc

chaotic fluctuations and promoting the continuous arc

rotation, the anode with 1 mm width performs better. It

should be noted that the narrow ring-shaped anode is

expected to be severely damaged at high operating current

condition that exceeds 100 A due to its low heat capacity.

The anode cooling technique is important factor for high-

power operation.

Effects of Gas Flow Rate on Voltage Fluctuations

The anode of 1 mm width was used in the experiment. The

operating current, gas flow rate, and anode–cathode dis-

tance were set to 40 A, 10 L/min, and 0 mm, respectively.

It is clearly seen from Fig. 11(a) that the anode arc root

rotates continuously without breakdown. The voltage

shows periodic sine-like fluctuations corresponding to the

rotational movement of the anode arc root. One possible

explanation for the periodic voltage fluctuations is that the

cathode center is displaced from the center of the anode

wall. In the experiment, a commercial rod-type cathode and

cathode-surrounding ceramic nozzle, originally for plasma

welding, were used. There is some inherent variation in its

dimension, and it is difficult to match the cathode center

with the center of the anode wall exactly. From the end-on

images, the cathode center seems closer to the upper side of

the anode wall than the lower side, resulting in the tem-

poral variation of arc length during the arc rotation. The

Fig. 9 (a) End-on images of plasma jets and (b) voltage waveforms

for an operating current of 40 A, gas flow rate of 30 L/min, anode–

cathode distance of 0 mm, and anode width of 3 mm

Fig. 10 Time variation of light intensity at several fixed points for an

operating current of 40 A, gas flow rate of 30 L/min, anode–cathode

distance of 0 mm, and anode width of 3 mm
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voltage reaches its peak when the arc root slides along the

lower side of the anode wall at approximately 1.20 ms and

1.60 ms. It reaches the minimum value when the arc root

slides along the upper side at approximately 1.35 ms and

1.75 ms.

Figure 12 shows the temporal variations of light inten-

sity corresponding to Fig. 11 at the fixed observation points

designated as A to E. The point A is positioned near the

center of the plasma jets, and the points B to E are posi-

tioned such that they gradually approach the anode wall.

The periodic peaks are observed for each point and rep-

resent the passing of the rotational arc. As we approach the

center of the plasma jets, a higher light intensity is mea-

sured except between points C and D. This should be

Fig. 11 (a) End-on images of plasma jets and (b) voltage waveforms

for an operating current of 40 A, gas flow rate of 10 L/min, anode–

cathode distance of 0 mm, and anode width of 1 mm

Fig. 12 Time variation of light intensity at several fixed points for an

operating current of 40 A, gas flow rate of 10 L/min, anode–cathode

distance of 0 mm, and anode width of 1 mm

Fig. 13 Arc rotation period of the central and near-anode wall region

for an operating current of 40 A, gas flow rate of 10 L/min, anode–

cathode distance of 0 mm, and anode width of 1 mm
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attributed to the current concentration near the anode wall.

In addition, it is found that the peaks of the light intensity

come early at the points A–C compared with the points D

and E. This indicates that the arc has a spiral structure

during the rotation.

Figure 13 shows the arc rotation period of the central

and near-anode wall region. The points A and D are fixed

points near anode wall, positioned opposite to each other.

The alternate peaks of the light intensity are observed for

points A and D by the arc root rotation along the anode

wall. The intervals from the peak at the point A to D and D

to A correspond to the period of arc rotation along the

anode wall at the left side and right side, respectively. It is

found that the period for the left-side rotation is approxi-

mately 0.22 ms, which is longer than that for the right-side

rotation of approximately 0.19 ms. The alternate peaks are

also observed at points B and C, positioned in the central

region of the plasma jets. The period of the arc rotation for

the left side, however, is shorter than that for the right side,

which is 0.15 ms and 0.20 ms, respectively. These differ-

ences in the rotation period for the left and right sides

indicate that the arc is elongated during the left-side rota-

tion, while it contracts during the right-side rotation. When

the arc rotates on the left side, the angular velocity of the

arc root is lower than that of the center region of the arc as

shown in Fig. 11(a) from 1.00 to 1.15 ms. It is inferred that

the arc root is affected by wall friction, and the difference

of the angular velocity between the arc root and center

region results in the elongation of the arc length. At

1.20 ms, the light intensity of the anode arc root increases.

This means that the concentration of electric current den-

sity occurs through the arc elongation. Therefore, stronger

Lorentz force accelerates the anode arc root, leading to the

arc contraction during the right-side rotation. This repeti-

tive elongation and contraction behavior leads to the

periodic voltage waveforms shown in Fig. 11(b).

Figure 14 shows the end-on images of the plasma jets

(Fig. 14a) and voltage waveforms (Fig. 14b) at a gas flow

rate of 40 L/min. The other operating conditions are the

same as the preceding experiment shown in Fig. 11, 12 and

13. Continuous rotation of the anode arc root is observed,

and the measured voltage tends to become high when the

anode arc root rotates on the lower side of the anode wall

and low when the rotation is on the opposite side. The

voltage waveforms, however, include some fluctuations

during the arc rotation cycle. The time variations of the

light intensity corresponding to Fig. 14 at the fixed obser-

vation points are shown in Fig. 15. The observation point A

is positioned near the center of the plasma jets, and the

points B to D are positioned such that they approach the

anode wall. The light intensity measured at the points C

and D, which are points near the anode wall, shows the

periodic peaks that correspond to the passing of the arc

root. The light intensity at the point A, however, exhibits a

chaotic behavior. These results indicate that a high gas flow

rate tends to cause voltage fluctuations in the cascade

plasma torch with an external magnetic field and hamper

the continuous arc rotation.

Effects of Operating Current on Arc Rotational

Frequency

Figure 16 shows the raw voltage waveforms (Fig. 16a) and

voltage–power spectra (Fig. 16b) for different operating

currents. The gas flow rate, anode–cathode distance, and

anode width were set to 10 L/min, 0 mm, and 1 mm,

respectively. As presented in Fig. 16(a), the voltage

waveforms exhibit a periodic behavior which corresponds

to the rotational movement of the arc for each operating

current condition, and some instability is introduced at

Fig. 14 (a) End-on images of plasma jets and (b) voltage waveforms

for an operating current of 40 A, gas flow rate of 40 L/min, anode–

cathode distance of 0 mm, and anode width of 1 mm
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160 A. The strength of the voltage amplitudes indicates no

trend for the operating currents. More detailed experi-

mental and numerical efforts are needed to elucidate this

physical phenomenon since the experimental data of the

voltage measurement and high-speed photography were

insufficient to explain this relation between the voltage

amplitude and operating current. The power spectra

obtained by the FFT analysis are shown in Fig. 16(b). It

can be seen clearly that the peaks corresponding to the arc

rotation are dominant and their frequencies rise with

increasing operating current. If it is assumed that the

Lorentz force and drag force are balanced for the rotational

arc, the following equation is generally accepted as a rough

approximation (Ref 18):

IBd ¼ 1

2
CdDqV

2d ðEq 1Þ

where I is the arc current, B is the magnetic flux density, D

is a dimension normal to the direction of motion, V is the

arc velocity, Cd is the drag coefficient, q is the gas density,

and d is the distance between the electrodes. From Eq 1, it

is found that the arc rotational velocity is proportional to

the square root of the operating current, and it is also

expected that the arc rotational velocity is strongly corre-

lated with the arc rotational frequency. Figure 17 shows the

variation of the peak frequency with operating current. The

peak frequencies are proportional to the square root of the

operating current, and the constant of proportionality is

approximately 0.4 in our experiment. From this result, the

assumption of Eq 1 is valid enough when continuous arc

rotation without observable breakdowns occurs in the range

Fig. 15 Time variation of light intensity at several fixed points for an

operating current of 40 A, gas flow rate of 40 L/min, anode–cathode

distance of 0 mm, and anode width of 1 mm

Fig. 16 (a) Voltage waveforms and (b) voltage–power spectra for different operating currents for a gas flow rate of 10 L/min, anode–cathode

distance of 0 mm, and anode width of 1 mm
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below approximately 160 A. This fact would be useful

information for predicting or modeling the plasma process

in a cascade plasma torch with an external magnetic field.

Although the power of the experimental plasma torch

was small compared with that of a practical plasma torch

for thermal spraying, the results obtained in this work will

probably help the formation of approaches to the devel-

opment of a plasma torch with low power fluctuations.

Higher-voltage operation by increasing the anode–cathode

distance would be desirable for scaling up the torch power

because high operating current may severely damage the

ring-shaped anode. To raise operating voltage of the

experimental plasma torch, a pilot arc circuit for plasma

ignition is expected to be effective, which enables an arc

discharge for a longer anode–cathode distance (Ref 12).

The strength of the external magnetic field, which was not

varied in our experiment, would also be a key factor for

generating plasma jets with low power fluctuations because

Lorentz force is inferred to affect an amplitude of voltage

fluctuations as shown in Fig. 16. Besides, the effects of the

swirl flow generated by the rotating arc on the sprayed

particles and coating structures may be a subject of further

investigation. More detailed study should be necessary to

decide the strength of the external magnetic field which is

appropriate for thermal spraying process.

Conclusions

Voltage measurement and high-speed photography were

conducted for a cascade plasma torch in the presence of an

external magnetic field. The effects of using a cascade

electrode and applying an external magnetic field on the

voltage–current characteristics were also studied. The time-

averaged arc voltage showed a positive trend with the

increase in the anode–cathode distance, and a higher time-

averaged voltage was obtained by applying an external

magnetic field. The results of the high-speed photography

showed that the narrow ring-type anode and the low gas

flow rate were key factors that lead to the low voltage

fluctuations caused by the arc breakdown process. In the

experiment, periodic sine-like voltage waveforms were

obtained under the operating condition using the anode of

1 mm width at a gas flow rate of 10 L/min. The periodic

voltage fluctuations should be attributed to the periodic

elongation and contraction of the rotational arc by the

displacement between the cathode tip and the axis of the

plasma torch nozzle. The periodic behavior of the voltage

waveforms is expected to improve the controllability of the

input power into plasma jets as the input power is always

controlled in the range of the voltage wave amplitude

without the occurrence of any irregular voltage fluctua-

tions. The estimated frequencies of the arc rotation were

over 1 kHz and tended to be proportional to the square root

of the operating currents. Our further efforts will be

focused on upscaling the torch power and examining

whether this periodic behavior works to improve the con-

trollability of the heat and momentum transfer to the

sprayed particles.
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