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We investigate characteristics of multi-arc torches with three pairs of electrodes (three cathodes and three anodes) and
their performance on the spheroidization of SiO, powder. The effect of electrode arrangement, including adjacent pattern
(AD pattern, adjacent electrodes powered by one power supply) and opposite pattern (OP pattern, opposite electrodes
powered by one power supply), on the dynamics of arc plasma is investigated based on synchronous acquisition of electrical
and optical signals. The results show that both the voltage and spatial distribution of each arc of multiple arcs are more
stable compared with those of a single arc. The fluctuation of an arc in multiple arcs mainly comes from the small-scale
arc-to-arc restrikes among multiple arcs. Moreover, these arc-to-arc restrikes occur more frequently among multiple arc
columns in OP pattern than in AD pattern. Moreover, the high-temperature area of the central region of arc chamber in
OP pattern is larger than that in AP pattern. For the spheroidization of SiO; in this multi-arc generator, the spheronization

degrees of plasma treated silica in OP pattern are at least 20% higher than those in AD pattern.

Keywords: characteristics, multiple arcs, arc volume, spheroidization

PACS: 52.80.Mg, 52.70.-m, 52.50.Dg, 52.30.—q

1. Introduction

Arc thermal plasmas have drawn extensive attention for
their unique features, such as high temperature, high-energy
density and high activity. They have been widely used in the
industrial field, such as metal cutting,!!?! preparation of spher-
ical powder,>! thermal plasma spray,!®7! solid hazardous
wastes treatment, !®] and nanoparticles synthesis.!!'%!!] How-
ever, it should be noted that some of the characteristics
of arcs may be positive for one specific application, while
those may be negative for other applications. For instance,
due to self-induced magnetic compression and thermal-pinch
effect,>14] the energy of an arc is mainly concentrated in the
arc column, and its radial dimension is very small, which is
very suitable for metal cutting.!l:>) However, this characteris-
tic is disadvantageous to material processing, such as powder

(351 and thermal spray,[®7) since it is difficult

spheroidization
for particles to fully enter the arc column owing to its small
size. Therefore, it is necessary to regulate arc plasmas to ob-
tain the best performance according to specific applications, in
order to meet the needs of actual industrial applications.
There are several ways to enlarge an arc plasma volume

[15-27

to meet its applications in various fields, lincluding coal

pyrolysis,[17-18] preparation of glass,!°-?!] thermal spray!?>%3]

24,25

and spheroidization of alumina powder./?*>! Unlike conven-

tional linear plasma torches, a V-type plasma torch can pro-

DOI: 10.1088/1674-1056/ab9de9

duce two separate arc columns, cathode arc column (CAC) and
anode arc column (AAC).!'7-18] A large area of high tempera-
ture is formed at the junction of CAC and AAC, and therefore
the acetylene yield has been improved when the coal powder
was injected into this thermal plasma reactor.!!”-!3] The use of
multi-phase AC arc torch can also achieve the purpose of ex-
panding the high-temperature region of arc plasma.[!9-21,26.27]
The initial multi-phase AC arc torch was powered by a 3-phase

26271 Although the high-temperature region is

power supply.|
expanded in this 3-phase arc torch, there are significant differ-
ences among the discharge intensities of multiple arcs due to
low frequencies of arc currents causing the remarkable phase
transition, which results in the intermittent discharge and arc
instability. In order to improve performance of a 3-phase arc
plasma, a new multi-phase arc generator with multiple elec-
trodes powered by a 6-phase or 12-phase AC power supply has
been developed, and used for the preparation of glass.!!°-2!]
Compared with the 3-phase arc discharge, the problem of in-
termittent discharge has been effectively improved for both the
6-phase and 12-phase arc plasmas. Moreover, by increasing
the phase number of power supply from 6 to 12 phases, the
size of a multi-phase arc plasma was expanded, and thus larger
space and longer residence time are allowed for the effective
heating of raw glass powders. However, the arc fluctuation
from the intermittent discharge cannot be thoroughly resolved

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11875295 and 11535003), the National Key R&D Program of China
(Grant No. 2019YFCO0119000), Provincial Science and Technology Major Project of Anhui Province, China (Grant No. 17030801035), and Key Program of

13th Five-Year Plan, CASHIPS, China (Grant No. KP-2017-25).
Corresponding author. E-mail: ghni @ipp.ac.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

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

125201-1


http://dx.doi.org/10.1088/1674-1056/ab9de9
ghni@ipp.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 12 (2020) 125201

in multi-phase AC-driven arc torch. An alternative method of
enlarging the high-temperature region of arc plasma is multi-
ple electrode plasma torch driven by direct current. Schein et
al.'??) have designed a multi-arc generator with three anodes
and one common cathode (DeltaGun) or three cathodes and
one common anode (TRIPLEX) for the application of ther-
mal spray. In these multi-electrode plasma torches, a high-
temperature zone with lower viscosity surrounded by three arc
columns can be generated, which enables better entrainment
of the particles into the jet core and thus achieves particles
better molten. In order to further enlarge the arc volume in a
DC multi-arc generator, regulating the spatial distribution of
arc plasma to make multiple arcs more diffuse may be a good

24231 has invented a diffuse arc plasma

choice. Wang et al.l
source by means of a multi-arc generator with six cathodes and
a common anode working with helium/argon mixture medium.
With the increasing of helium content in helium/argon mix-
ture, the uniformity and stability of diffuse arc plasma were
enhanced. The large-size diffuse arc plasma and long plasma
jet provided uniform and stable condition for the spheroidiza-
tion of alumina powder.

In the present work, a DC multi-arc generator with three
pairs of electrodes driven by three separate power supplies
is developed and used to spheroidize SiO, powder. Accord-
ing to the connection sequence between electrodes and power
supplies, two typical electrode arrangements are established.
The effect of electrode arrangement on the dynamics of arc
plasma, arc stability and spatial distribution is investigated via
analyzing the arc voltage and discharge images collected syn-
chronously. Then, the silicon raw materials are processed in
the multi-arc generator with different configurations, and the
corresponding spherodization performances of SiO, powders
are compared and analyzed.

2. Experimental setup

The schematic diagram of the experimental setup is pre-
sented in Fig. 1. It mainly includes a multi-arc generator, a
feed gas system, three identical power supplies, and the mea-
surement and diagnosing system. The multi-arc generator
mainly consists of three pairs of electrodes and an arc cham-
ber. Each one of these electrodes was thoriated tungsten cop-
per rod with 11 mm in diameter and cooled by cooling water,
and was insulated by respective concentric ceramic bushings
with an inner diameter of 31 mm. A ring was used to form
swirling gas in the gap between electrode and bushing. These
electrodes were radially inserted into the arc chamber with in-
ner diameter of 100 mm, and the distance of every two op-
posite electrode tips was about 50 mm. Six electrodes were
classed into three pairs, and each pair of electrodes containing
one anode and one cathode were connected to the positive and
negative output of a DC power supply, respectively. All the

positive outputs were not grounded. Two connection types be-
tween electrodes and power supplies were employed: adjacent
(AD) pattern and opposite (OP) pattern, as shown in the upper
left corner of Fig. 1. In AD pattern, the cathode and anode of
each pair of electrodes were arranged adjacent to each other.
In OP pattern, the cathode and anode of each pair of electrodes
were disposed opposite to each other. The plasma working gas
was pure argon gas, which was injected into the gap between
electrode and bushing. The direction of plasma working gas
was in straight flow at the exit of electrode, and the gas flow
rate of each electrode was 2 m3/h. The multi-arc generator
was powered by three power supplies with each one allowing
the maximum no load output voltage of 200 V and adjustable
output current from 0 to 600 A. The default discharge current
of each arc was 120 A unless the discharge power needed to
be changed.

A high-speed CCD camera (Vision Research, Inc., Phan-
tom v711) was utilized to record the discharge image of mul-
tiple arcs under the condition of a frame rate of 30000 fps
(frames per second) and an exposure time of 0.02 ms. In
order to prevent the overexposure of discharge image, a nar-
rowband filter of 416 nm was placed in front of the lens of
CCD camera. The captured discharge image had a resolution
of 256256 pixels and gray-value range of 0-255. The elec-
trical potentials of the six electrodes were measured using two
four-channel oscilloscopes (KEYSIGHT DSOX2024A) with
six voltage probes (KEYSIGHT N2862B). A trigger equip-
ment was employed to synchronically collect the arc discharge
voltages and discharge images.

A powder feeder (Tekna Plasma System Inc., PFD402-
FM) was employed to carry the raw irregular silica powder
(Nanjing Mingshan New Material Co., Ltd., China) into the
discharge zone. The argon carrier gas flow of powder feeder
was set at 5 slm (standard liter per minute). The powder feed
rate was selected to be 5.6 g/min. The powder feed nozzle
with an inner diameter of 3 mm was fixed at the position with
a distance of 20 mm above the plane formed by six electrode
tips. During the processing of silica powders, the upper end
of arc chamber was covered by a circular lid with a central
hole allowing the powder feed nozzle passing through, and the
powder processed was collected by a glass container filling
with water.

To evaluate the spheroidization rate of silica powders pro-
cessed by the multi-arc plasma, the optical microscopy (SMM-
3300C, Shuyao, China) was utilized to count the total number
of powders and the amount of spherical powders in the op-
tical microscopy images. The particle morphology of silica
powders before and after processing was observed by a scan-
ning electronic microscope (SEM, ZEISS GeminiSEM 500,
Germany), and the particle phase was characterized by x-ray
diffraction (XRD, X’Pert MPD Pro, Philips, The Netherlands)
using nickel-filtered Cu K« radiation (30 kV, 30 mA).
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Fig. 1. Experimental setup in the multi-arc generator and two typical electrode arrangements in the upper left corner with (a) adjacent pattern

and (b) opposite pattern.

3. Results and discussion
3.1. Typical discharge image in the multi-arc generator

For comparison, the dynamics of single-arc and multi-arc
discharges were investigated in the experiment. The multi-arc
generator can operate in both single-arc mode and multi-arc
mode, which was implemented by means of controlling the
amount of power on. Figure 2 shows the typical discharge im-
ages for single and multiple arcs in AD and OP patterns. As it
can be seen in Figs. 2(a) and 2(b), the shape of arc column was
V-type both for single arc and each one of multiple arcs in AD
pattern. The arc column for a single arc almost passed through
the whole arc chamber, while each arc in multiple arcs was
constrained in relatively small region in AD pattern. In addi-
tion, each arc in multiple arcs connected with other arcs in the
center of arc chamber, which may create branch current of the
arc column. In OP pattern, the arc column for single arc had a
Z-type as shown in Fig. 2(c), while the shape of multiple arcs
was similar to that in AP pattern, as shown in Fig. 2(d). Fur-
thermore, it was worth noting that a CAC driven by one power
supply was mainly connected to the AAC driven by another
power supply, which appeared to form a complete arc, in both
AD and OP patterns of the multi-arc system. Owing to this
particular connection among multiple arcs, it can be specu-
lated that the arc current mainly flows from V14, V2—, V24,

V3—, V3+ to V1—, as shown in Fig. 2(b). This indicated
that these arcs both in AD and OP pattern were chained to-
gether to form a whole. In order to more clearly understand the
whole current direction both inside the arc channel and driv-
ing power supply, the equivalent electrical circuit schematic
for the equivalent electrical model of multiple arcs in AD pat-
tern and the related circuit of power supply is shown in Fig. 3.
It can be observed that three arcs and their driving power sup-
plies composed a whole closed current loop. Actually, in addi-
tion to the main connection paths mentioned above, there were
other weak connection paths between arc columns, and there-
fore multiple arcs were connected by complex series-parallel.

The particular connection order between arcs with a CAC
driven by one power supply mainly connected to the AAC
driven by another power supply in multi-arc system may be
mainly related to the slightly asymmetry distribution of six
electrodes. Taking AD pattern as the example, due to the ma-
chining accuracy of arc chamber, the distance (the total dis-
tance from two electrode tips to the intersection point of their
axis lines) between electrode V1+ and electrode V2— was
slightly shorter than that between electrode V1+ and electrode
V1—. Therefore, the arc current would flow from electrode

V1+ to electrode V2— rather than electrode V1—.

125201-3
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Fig. 2. Typical discharge image in multi-arc generator for (a) single
arc in AD pattern, (b) multiple arcs in AD pattern, (c) single arc in OP
pattern, (d) multiple arcs in OP pattern.
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Fig. 3. The equivalent electrical circuit schematic between power sup-
plies and multiple arcs in AD pattern.

3.2. Temporal and spatial evolutions of arc discharge

The temporal and spatial behaviors of arc columns in the
multi-arc generator were investigated by means of simultane-
ous signal collection of the discharge image and arc voltage.
For analysis and comparison conveniently, the behaviors of
a single arc generated in the multi-arc generator were also
investigated in the experiment. Figure 4 presents the suc-
cessive discharge images and arc voltage waveform acquired
in synchronization for a single arc and multiple arcs in AD
pattern. As seen in Fig. 4(a), the arc column for the single
arc in AD pattern was elongated at irregular intervals inside
the arc chamber. In addition, the elongation direction of arc
column varied in different regions of arc chamber, which is
associated with gas flow field in arc chamber. The magnitude

and direction of gas-flow velocity has remarkable difference
in different regions of the arc chamber, which is caused by
the stronger offset of six gas sources coming from six elec-
trodes with the position closer to the center of the arc chamber.
That is to say, there was a region with low gas-flow velocity
in radial direction of arc chamber and high gas-flow velocity
in axial direction formed in the center of the arc chamber.
During the elongation of arc column, large-scale arc-to-arc
restrike occurred, which resulted in a dramatic variation of arc
voltage. However, once three arcs simultaneously appeared
in the arc chamber, each one of multiple arcs in AD pattern
would become relatively more stable during the successive
evolution of arc discharge, as shown in Fig. 4(b). The reason
of this phenomenon may be associated with the forces applied
on the arc column. For each one of multiple arcs, 28301 the
Lorentz forces originating from the other two arc columns
act on this arc column in the opposite direction of gas drag
force, which would be favor for the balance of resultant force
acting on arc column. As can be seen from the voltage
waveform collected synchronously in Fig. 4(b), the fluctua-
tion of each arc voltage included small-scale low-frequency
fluctuation (LFF) and high-frequency fluctuation (HFF).

(a) 945
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45
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(b) 120
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20
0

Time/(1/30000 s)

Fig. 4. The arc voltage and sequential arc discharge images for (a)
single arc and (b) multiple arcs in AD pattern. The Vi, Vj, and V3
represent the arc voltages between electrodes V14 and V1—, V24 and
V2—, V3+ and V3—, respectively.
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Both of these arc fluctuations appeared to follow no dis-
cernible cycle. The duration of each fluctuation for these
small-scale LFF and HFF was on the order of sub-milliseconds
and microseconds, respectively. The fluctuation magnitudes
for LFF and HFF were mainly in the range of around 0-10 V
and 0-3 V, respectively. The LFF may be mainly associated
with the slight variation of arc connection order as shown in
Fig. 4(b), which results in the slow variation of arc length
and voltage. In addition, the slow arc elongation as shown
in Fig. 4(b) also resulted in the slow variation of arc length
and voltage. For the HFF, it may be caused by the arc-to-arc
restrike among multiple arcs, which resulted in generation
of a new co-existing arc branch. In the process of multiple
arc operation, the spacing between arc columns changed fre-
quently and decreased in the central region of the arc chamber
due to the movement of arcs, which made it easy for two
points located on the respective cathode and anode arc col-
umn to meet the requirement of gas breakdown. As a result,

(a) 120
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0 200 400 600 800 1000 1200

Time/(1,/30000 s)

(b) 120
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40

D { { ) e ® 3
0 200 400 600
Time/(1/30000 s)

Fig. 5. The arc voltage and sequential arc discharge images for (a) sin-
gle arc and (b) multiple arcs in OP pattern.

the small-scale arc-to-arc restrike between arc columns would
occur frequently, and this could result in many high frequency
burrs contained in the arc voltage waveform.

Figure 5 presents the successive discharge images and arc
voltage for a single arc and multiple arcs in OP pattern un-
der the same experimental condition mentioned above. For
the single arc and the multiple arcs in OP pattern as shown in
Fig. 5, the arc shape and length were relatively stable. Corre-
spondingly, arc voltage changed slowly and slightly, and arcs
were constrained within a relatively small range. However,
there was much stronger HFF in arc voltage for multiple arcs
than that of the single arc. In addition, the arc connection
among multiple arcs in OP pattern seemed to be more frequent
compared with that in AD pattern, which suggests that the oc-
currence of small-scale arc-to-arc restrikes in OP pattern may
be more frequent. Therefore, the corresponding arc voltage in
OP pattern had greater HFF.

3.3. Fluctuation of arc voltage

In order to quantitatively analyze the arc stability, 3133

statistical analysis was employed to obtain the mean, stan-
dard deviation, and cross-correlation coefficient of arc volt-
ages for multiple arcs in AD and OP patterns as shown in Ta-
ble 1. There was no significant difference between the mean
arc voltage of AD and OP patterns. The standard deviation of
arc voltage both in AD and OP patterns was relatively small.
Therefore, the fluctuation behavior for multiple arcs both in
AD pattern and OP pattern was characterized by small-scale
arc fluctuation.

Owing to arc connection resulting in the interconnect-
edness among multiple arcs, the fluctuations of arc voltage
among multiple arcs may have a certain degree of synchro-
nism, which can be quantitatively represented by the coeffi-
cients of cross-correlation analysis.*!! By means of the cross-
correlation analysis among multiple arc voltages, it was found
that the cross-correlation coefficients among multiple arc volt-
ages in AD pattern were 0.27, 0.38 and 0.41, respectively,
while in OP pattern these values were 0.30, 0.39 and 0.50, re-
spectively, as listed in Table 1. The correlation degree among
multiple arcs in OP pattern is higher than that in AD pattern.
The higher correlation degree among multiple arc voltages
means a larger share for the synchronous fluctuation in the
whole fluctuation of arc voltages. Therefore, it can be inferred
that more frequent arc-to-arc restrikes occurred in OP pattern,
which is consistent with the result mentioned in section 3.2.

Table 1. Statistic analysis of arc voltage for multiple arcs in AD and OP patterns.

Plasma type Mean arc voltage/V

Standard deviation Cross-correlation coefficient

of arc voltage/V among multiple arc voltages

34.81;33.32; 38.44
33.46; 31.62; 32.93

Multiple arcs in AD pattern
Multiple arcs in OP pattern

1.67; 1.82; 1.55
1.53;2.22; 1.38

0.27;0.38; 0.41
0.30; 0.39; 0.50
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To identify the origination for the fluctuation of arc volt-
age by frequency domain, the fast Fourier transform (FFT)
method was employed to calculate the power spectra of arc
voltages for multiple arcs in both AD and OP patterns as pre-
sented in Fig. 6. The prominent peaks situated at 37 kHz and
74 kHz were clearly visible in all spectra, which were orig-
inated from the output undulation of power supply. In our
experiment, it was found that most of the frequency spec-
tra for single arc and multiple arcs in AD pattern were sim-
ilar, but the frequency band of 1-25 kHz only appeared in
the power spectra of multiple arc voltages. Thus it can be in-
ferred that the unique frequency band of 1-25 kHz for multiple
arcs may originate from the occurrence of arc-to-arc restrike
among multiple arcs, which results in the HFF in arc voltage
waveform. The amplitude of frequency band of 1-25 kHz for
multiple arcs in OP pattern was obviously larger than that in
AD pattern, which implies that the occurrence of arc-to-arc re-
strike in OP pattern was more remarkable. In addition, there
was also low-frequency band of 0.05-1 kHz appearing in the
spectra, which may be caused by the slight variation of arc

connection order and slow arc elongation.
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Fig. 6. The FFT spectra of arc voltage waveform for (a) multiple arcs
in AD pattern and (b) multiple arcs in OP pattern.

In order to track the occurrence time of the FFT spectra as
mentioned above, the time-frequency analysis was employed
to process the arc voltage signal. The calculation method of
time-frequency analysis selected the short-time Fourier trans-
form (STFT). Figure 7 displays the STFT distribution of arc

voltage signal for multiple arcs in AD and OP patterns. The
frequency band of 1-25 kHz for multiple arcs in time do-
main was discrete unlike the continuous spectra of 37 kHz
and 74 kHz caused by the output undulation of power sup-
ply. Since the occurrence time of arc-to-arc restrike was in-
termittent, the corresponding time-frequency spectra caused
by arc-to-arc restrike were discrete. Therefore, this result fur-
ther verified that the frequency band of 1-25 kHz for multiple

arcs originates from the occurrence of small-scale arc-to-arc

restrikes.
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Fig. 7. The short-time Fourier transform (STFT) spectra of arc voltage
waveform for (a) multiple arcs in AD pattern; (b) multiple arcs in OP
pattern.

3.4. Arc spatial distribution and its fluctuation

The region covered by arc plasma or high temperature can
be represented by the luminance area of discharge image.2%-2!]
To obtain the luminance area, the processing method refers
to the literature,>*3%! which was derived from averaging the
successive multiple discharge images at each pixel. The num-
ber of discharge image processed was selected as 3000 and
10000, whose time scale was around sub-millisecond. This
time duration was roughly in consistence with the residence
time of powder particle in the arc chamber. Figure 8 presents
the average spatial distribution of luminance area in AD and
OP patterns for different numbers of frame images. It can be
observed that the luminance area in OP pattern was obviously
larger than that in AD pattern as shown in Figs. 8(a) and 8(c),

which suggests that the mean spatial distribution of arc plasma
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is relatively more dispersed in OP pattern. The reason for this
phenomenon may be related to the dynamic behavior of multi-
ple arcs, especially the arc-to-arc restrike. The new arc-to-arc
restrike in the center of arc chamber means the establishment
of new arc channel, and thus the cold gas in the region covered
by new arc channel was efficiently heated. The more frequent
and random arc-to-arc restrikes in OP pattern result in the fact
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that more cold gas in different regions of the arc chamber was
heated rather than the gas in certain small region. Further,
there was no distinguishable difference for the average spatial
distribution of luminance area between 3000 and 10000 frame
images processed both in AD and OP patterns as shown in
Fig. 8, which implies that the spatial distribution of arc plasma
was relatively stable at the time scale of milliseconds.
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Fig. 8. The average spatial distribution of gray value of discharge image in multi-arc generator with AD pattern under (a) 3000 frames processed
and (b) 10000 frames processed, and with OP pattern under (c) 3000 frames processed and (d) 10000 frames processed. The red circle in the

figure represents the central region of the arc chamber.
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Fig. 9. The standard deviation distribution of gray value of discharge image in the multi-arc generator with AD pattern under (a) 3000 frames
processed and (b) 10000 frames processed, and with OP pattern under (c) 3000 frames processed and (d) 10000 frames processed.
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The spatial fluctuation of arc plasma distribution is an im-
portant parameter evaluating the application potential of arc
plasma. By means of standard deviation analysis on the dis-
charge image, 33! figure 9 presents the standard deviation of
spatial distribution of arc discharge in AD and OP patterns for
different numbers of processed frame images. The fluctuation
degrees of arc spatial distribution both in AD and OP patterns
were relatively smaller in the center of discharge zone. How-
ever, the whole fluctuation area of arc spatial distribution in
OP pattern was larger than that in AD pattern, which is con-
sistent with the more frequent formation of arc-to-arc restrike
among multiple arcs in OP pattern. Combined with the effect
of electrode arrangement on the luminance area mentioned
above, it can be concluded that the electrode arrangement has
great effect on the spatial distribution of multiple arcs and its

temporal-spatial stability in the multi-arc generator.

3.5. Spheroidization of silica powder

To further verify the effect of electrode arrangement on
the spatial distribution of arc plasma in the multi-arc gener-
ator, a series of experiments for the spheriodization of silica
powder were conducted. Figure 10 presents the SEM images
of silica powder before and after the plasma processing in AD
and OP patterns. The raw powder particles were irregularly
shaped, and the particle size varied from 7 pum to 65 um. Af-
ter the plasma processing, the shapes of many powder particles
became spherical. The particle size increased and ranged from
10 um to 85 um. In addition, the spheroidization rate of SiO,
seemed to be higher in OP pattern than that in AD pattern.

Fig. 10. SEM images of silica powder under different processing for (a) unprocessed silica powder, (b) the plasma-processed ones in AD

pattern, and (c) the plasma-processed ones in OP pattern.
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Fig. 11. Spheroidization rate of silica powder in multi-arc generator as
a function of discharge power in AD and OP patterns.

By means of statistic of optical images, the effect of elec-
trode arrangement on the spheroidization rate under different
discharge powers is shown in Fig. 11. It can be clearly seen
that a larger discharge power resulted in a higher spheroidiza-
tion rate of SiO,. The spheroidization rate of SiO; in OP pat-
tern increased by at least 20% compared with that in AD pat-
tern. The spheroidization rate reached to approximately 95%
at a discharge power of 25 kW in OP pattern. In a given plasma
torch, the critical parameter of affecting the spheroidization
rate was the size of the high-temperature area of the arc cham-
ber, which determined the ability of spheroidization process-
ing. Therefore, the result of better spheroidization perfor-
mance in OP pattern was consistent with the larger high-

temperature area in OP pattern as mentioned in the above
section. It can be concluded that electrode arrangement has
a great effect on the spheroidization effect, and multi-arc
generators with OP pattern may be more suitable for the

spheroidization.
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Fig. 12. XRD spectra of raw silica powder, and processed after plasma
in AD and OP patterns.

The chemical elements and inner crystal structure of SiO;
were other parameters for evaluating the spheroidization ef-
fect by plasma processing. In order to clarify the crystal phase
and purity of SiO,, XRD analyses were implemented. The
XRD spectra of unprocessed silica powder and the plasma-
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processed ones under AD and OP patterns are shown in
Fig. 12. It can be observed that the XRD patterns of the unpro-
cessed silica powder were characterized by diffraction peaks
of quartz, which corresponds to the hexagonal SiO, (JCPDS
card No. 46-1045). The diffraction peaks of quartz became
more pronounced for the silica powder processed in AD pat-
tern, while these diffraction peaks almost disappeared for the
silica powder processed in OP pattern. This result indicates
that the transition of powder phase from quartz phase to an

amorphous one occurs when the multi-arc generator operated
from AD pattern to OP pattern. Furthermore, all the diffraction
peaks of quartz were assigned to the hexagonal SiO; structure,
which suggests that there were no impurities incorporated in
the powder after plasma processing in our device. The crystal-
lite diameter of the quartz structure can be calculated using the
Scherrer equation.37! As listed in Table 2, the crystalline size
of silica powder processed by arc plasma decreased compared
with that of the raw ones.

Table 2. Comparison of the crystal cell parameters of silica powder before and after plasma processing.

Crystal parameters Crystalline
Powder type Space grou
P pace group alA blA /A size/nm
Raw powder Hexagonal 49.13 49.13 54.05 61.48
Powder processed in AD pattern Hexagonal 49.13 49.13 54.05 52.74
Powder processed in OP pattern Hexagonal 49.13 49.13 54.05 36.00
4. Conclusion References

In summary, a multi-arc generator with three pairs of
electrodes powered by three independent DC power supplies
has been developed to obtain large-scale arc plasmas at atmo-
spheric pressure. The effect of electrode arrangement includ-
ing AD and OP patterns on the dynamics of arc plasmas, the
arc stability, and the spatial distribution of arc plasmas is in-
vestigated. Then, the spheroidization of SiO, was performed
in this multi-arc generator. Conclusions drawn from the ex-
perimental results and analyses of arc behaviors are listed as
follows.

The multi-arc shape presents three V-type arc columns
in multi-arc generator both for AD and OP pattern. Com-
pared with single arc, each of multiple arcs is more stable.
The fluctuation of multiple arcs mainly comes from small-
scale arc-to-arc restrikes. Moreover, the arc-to-arc restrike is
more frequent in OP pattern than that in AD pattern. In ad-
dition, the arc-to-arc restrikes result in the interconnectedness
among multiple arcs, and thus a larger share appears for the
synchronous fluctuation in the whole fluctuation of arc volt-
ages in OP pattern than in AD pattern.

The mean luminance area for multiple arcs in OP pattern
is much larger than that in AD pattern. The fluctuation degree
of arc spatial distribution both in AD and OP patterns is rela-
tively small in the central area of the the arc chamber. There-
fore, the parameter of electrode arrangements can provide new
consideration for further arc generator design.

The effect of electrode arrangement on the size of arc lu-
minance area provides valuable guidelines for the spheroidiza-
tion performance of silica powders. The spheroidization rate
of SiO, increases by at least 20% in OP pattern than that in
AD pattern under the same experimental conditions. Further-
more, the spheroidization rate of SiO; can also be enhanced
by increasing the discharge power.
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