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Abstract Arc voltage fluctuations in a direct current (DC) non-transferred arc plasma gen-

erator are experimentally studied, in generating a jet in the laminar, transitional and turbulent

regimes. The study is with a view toward elucidating the mechanism of the fluctuations and

their relationship with the generating parameters, arc root movement and flow regimes. Results

indicate that the existence of a 300 Hz alternating current (AC) component in the power supply

ripples does not cause the transition of the laminar plasma jet into a turbulent state. There exists

a high frequency fluctuation at 4 kHz in the turbulent jet regime. It may be related to the rapid

movement of the anode attachment point of the arc.
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1 Introduction

Commonly used non-transferred DC plasma jets at
atmospheric pressure operate in a turbulent flow state.
Strong parameter fluctuations with a sharp noise are a
characteristic in the turbulent plasma jets’ generation
and their flow field. Thermal plasma jets, especially
the non-transferred DC plasma jets, have been widely
used in materials processing since 1980s 12l However,
the fluctuating characteristics of the turbulent plasma
jets cause difliculties in processing control when they
are used as a heating source for materials synthesis and
surface coating or modification. They thus limit the
application to low precision and less reproducible ma-
terials processing, even though the thermal plasma has
many excellent properties as a heating source such as an
extremely high power density that may melt or evapo-
rate almost all kinds of materials rapidly. Accordingly,
much research work has been done on the fluctuating
characteristics of the electric arc and turbulent plasma
jet 3~8] Through arc voltage measurements, Duan et
al. identified three different arc operating modes in
a DC arc plasma torch, i.e., the re-strike mode, the
takeover mode and the steady mode, and suggested that
the thickness of the cold gas boundary layer between
the arc column and the anode surface was the most im-
portant variable influencing the arc mode occurrence
and transition[®!. Pfender et al. divided the turbulence
development of a jet into three main regions. They are
a transitional flow region with engulfment of cold gas
eddies into the plasma jet and incomplete mixing in the
vicinity of the torch exit, a region that cold gas eddies
and plasma gas eddies are breaking down, and a thor-
oughly developed turbulent flow region!¥l. Zhao et al.
considered the characteristics of a power supply being
the dominant fluctuation source for an argon plasma

jet generation!®!. From these three examples, one can

recognize, to some extent, the complexity of the mech-
anism and phenomena of the unstable characteristics
during the generation of turbulent plasma jets. Large
scale movement of the arc root and serious fluctuation
of the arc voltage are generally considered to be a dom-
inant factor that induces the energy fluctuation in the
jet flow. But simply fixing the arc root cannot ensure a
stable flow of the plasma jet and at the same time will
easily result in heavy erosion of the electrode compo-
nent.

In order to improve the stability and controllability of
thermal plasma materials processing, there have been
many reports devoted to the study of the arc root be-
haviour and the corresponding fluctuation character-
istics of the plasma jet flow, including the research on
optimizing the torch structure, system construction and
generating method °~11l. Non-transferred DC plasma
jets in a stable laminar flow state are generated in our
lab [12~14] * The study was with the objective to in-
crease the stability and controllability of the plasma
jet and thus of materials processing. Previous work in-
dicates that long laminar plasma jets possess a stable
flow state, negligible noise emission and adjustable jet
length with a rather low axial temperature and veloc-
ity gradients. These characteristics are favourable for
achieving good process reproducibility and controllabil-
ity when the laminar plasma jet is used for the prepa-
ration of thermal barrier coatings!!®16] the re-melting
hardening of cast iron surfaces!!”) and the stainless-steel
or aluminium alloy surface cladding!'®. The employ-
ment of the laminar plasma jet in these processes re-
sults in a fine microstructure, low surface roughness,
small porosity of the prepared coatings, good re-melting
process controllability and surface morphologies. It is
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Fig.3 Time resolved arc voltage in turbulent plasma jet
generation (gas flow rate: 4.0 x 107* kg/s) and its smoothed
counterpart (a) , voltage fluctuation on resistance and arcs
in laminar (gas flow rate: 1.9 x 107* kg/s) and turbulent
(4.0 x 10~* kg/s) plasma generation (b), at arc current of
180 A

about the same level as those on the constant resis-
tance, so i1t is considered to be the noise signal from
the power supply instead of the arc voltage fluctuation.
Only the arc voltage in the turbulent plasma generation
shows obvious fluctuations as seen in the bottom part
of Fig. 3b. This fluctuation generally reflects motion of
the arc root on the anode surface. Accordingly, appar-
ent high-frequency fluctuations of the arc voltage could
indicate the rapid movement of the arc root on the an-
ode surface in the generation of the turbulent plasma
jet. And the arc root motion observed here in the gen-
eration of turbulent plasma jets seems to be similar to
the ‘takeover’ mode, as the scale of the voltage fluctu-
ations is relatively low compared with the situation of
the conventional ‘restrike’ model3!,

In the laminar flow regime the jet length increases

appreciably with the increasing gas flow rate and arc
current. For a certain arc current, there exists a maxi-
mum gas flow rate where the jet length shows its max-
imum value in the laminar flow state, and then the jet
flow changes into the transitional regime in which the
jet length fluctuates heavily and the mean jet length
decreases with the increase of the gas flow rate. Fur-
ther increase of the gas flow rate results in the tur-
bulent regime, where the jet length is very short and
almost independent of the gas flow rate and the arc
current!!%]. Fig. 4 shows the variations of the maximum
voltage fluctuations and the ratios of the fluctuation to
the mean arc voltage with the gas flow rate at an arc
current of 180 A. The critical lines separating the dif-
ferent flow regimes are drawn in Fig. 4 according to the
results presented in Ref. [19]. Voltage fluctuations and
the ratios of the fluctuation to the mean arc voltage
increase with the increasing gas flow rate in the regions
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turbulent jet

of transitional and turbulent jet regimes, which indi-
cates that the flow regime of the plasma jet is directly
related to the arc voltage fluctuation characteristics,
1.e., the movement situation of the arc root on the an-
ode surface.

Fig. 5 indicates that the arc voltage fluctuation in
the turbulent plasma generation is apparently higher
than that in the laminar plasma generation. The fluc-
tuation in the turbulent cases increases slightly with
the increasing arc current at a fixed argon flow rate of
3.7 x 107* kg/s, whereas the ratio of the fluctuation
to the mean arc voltage decreases slightly with the in-
creasing arc current. The decrease of the ratio could be
due to the total or mean arc voltage’s increase with the
increasing arc current as shown in Fig. 6 when the gas
flow rate is fixed. That is, the arc voltage fluctuation
increases just a little but the mean voltage increases ap-
preciably when the arc current is changed from 160 A
to 200 A for a fixed gas flow rate, and thus the total
effect is a slightly decreased ratio of the fluctuation to
the mean voltage.

It can be seen from the results shown in Figs. 6 and
7 that the mean arc voltage increases not only with the
increasing arc current but also linearly with the increas-
ing working-gas flow rate, regardless of the flow regime
being laminar, transitional or turbulent. According to
the relationship of £ = j/o (where E, j and o represent
electric field intensity, current density and electrical
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conductivity, respectively) and considering the present
torch structure with an inter-electrode insert having a
constant diameter channel at its centre, an increased
arc current will directly cause an increase in the cur-
rent density and hence an increase in the electric field
intensity. The gas flow rate would affect the arc voltage
in two manners with a constant arc current. One possi-
ble mechanism is that the increasing gas flow rate could
enhance the compressing effect on the arc column radi-
ally and hence cause an increase in the current density,
which will eventually result in an increase in the electric
field intensity and hence the total arc voltage with the
increasing gas flow rate. Another possible mechanism
could be due to the lengthening effect of the increased
gas flow rate on the arc column, i.e. at a higher gas
flow rate, the arc root attachment on the anode surface
moves toward the downstream direction, resulting in a
longer arc column and an increased total arc voltage
while the electric field intensity keeps unchanged.

It can also be seen that the fluctuation component of
the arc voltage in the turbulent plasma generation has
no contribution to the mean voltage value according to
the result shown in Fig. 3a. Thus, the simple linearly
increasing pattern of the mean arc voltage with the arc
current or gas flow rate could indicate that the arc col-
umn behavior follows the same rule in the parameter
range of the present work including the laminar, tran-
sitional or turbulent plasma generation.

Fig. 8 shows the results obtained by treating the orig-
inal signals in Fig. 2 with the Fast Fourier Transform
(FFT) method. Besides the low frequency wave at
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Fig.8 FFT results for the voltage across a fixed resistance
and for arc voltages in generating laminar (gas flow rate:
1.9 x 107* kg/s ) and turbulent (4.0 x 10™* kg/s) plasma
jets at arc current of 180 A
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Fig.9 Maximum wave plus fluctuation voltage and ratio of
wave plus fluctuation to the mean voltage change with the
arc current at gas flow rate of 2.2 x 10™* kg/s for laminar
jet and 3.7 x 10~ * kg/s for turbulent jet

about 300 Hz reflecting the effect of the power supply,
the turbulent plasma generation shows a high frequency
portion at around 4 kHz corresponding to the fluctua-
tion component shown in the bottom part of Fig. 3b,
which represents the motion of arc root along the an-
ode surface. The above results in Figs. 2,3 and 6 ~ 8
suggest that the transition of the jet flow state begins
at the downstream region after the arc-root attachment
point on the anode surface.

On the other hand, as seen from Fig. 2 and 8, due to
the effect of the power supply characteristics, there is a
wave of rather large amplitude at 300 Hz in the mean
arc voltage in all the flow regimes. From a compari-
son of Figs. 9, 10 and of Figs. 4, 5, it is obvious that
the arc voltage variations caused by the power supply
characteristics are much larger than the high frequency
fluctuations in the turbulent regime. The variations
reach 10% of the mean voltage in the laminar regime
but do not cause the transition of the laminar plasma
jet into a turbulent state. In the turbulent regime, the
high frequency voltage fluctuation is only 3%, proba-
bly due to the arc root movement, but the jet assumes
a turbulent state. From Fig. 2 it can be seen that al-
though the mean voltage across the fixed resistance is
about the same as that of the arc in the laminar regime,
the amplitude of the wave across the resistance is about
twice of that of the arc voltage wave. This fact implies
that the arc is more complicated rather than a mere re-
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Fig.12 Variation of the frequency value corresponding to
the high-frequency peak in the FFT results of arc voltage
with the arc current at gas flow rate of 3.7 x 10™* kg/s

sistance. The arc voltage variation is also coupled with
arc current, arc characteristics, etc. These factors will
be investigated in the future.

From Fig. 11, it is found that there is no high fre-
quency voltage fluctuations in the laminar regime or in
the transitional regime near the laminar end. In the
transitional regime near the turbulent end, high fre-
quency fluctuations begin to appear. With the increase
in the argon flow rate toward the turbulent regime, the
fluctuations become more obvious. At a given arc cur-
rent, the frequency of fluctuations does not change ap-
preciably with the argon flow rate. From Fig. 12, it is
seen that for a given flow rate, the frequency of the fluc-
tuations in the turbulent regime at higher arc currents
goes higher.
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Fig.13 (a) PMT output representing Ar I 750.4 nm spec-
tral line intensity at the torch exit (upper) and the mea-
sured time-resolved arc voltage (lower) in turbulent plasma

generation with arc current of 180 A and gas flow rate of
3.7x107* kg/s and (b) their FFT results (4.0 x 10™* kg/s)

Fig. 13a shows the waveforms of the PMT output,
representing the intensity of the Ar I 750.4 nm spectral
line at the torch exit and the measured arc voltage in
turbulent plasma jet generation with an arc current of
180 A and a gas flow rate of 3.7 x 10~ kg/s, where
the signals are collected at the same time. It is obvious
that the light intensity signals also include alternating
components, and high frequency components are su-
perposed upon the low frequency (300 Hz) alternating
waveform, which is much like the measured arc voltage.
From this figure an accurate phase delay or phase differ-
ence 1s hard to identify between the arc voltage signals
and the light intensity signals. In the present experi-
ment, the distance between the arc root attaching spot
and the torch nozzle exit is about 20 mm. Thus, the
time shift of signals between the arc voltage and the
light intensity measured at the torch exit is estimated
to be less than 25 us, if the measured maximum ax-
ial velocity,of about 800 m/s 20] of the laminar jet near
the torch nozzle exit is employed. This estimated time
shift is much shorter than the resolvable scale from the
picture shown in Fig. 13a. The FFT results of the light
intensity and arc voltage signals are plotted in Fig. 13b.
It can be seen that the signals of light intensity and arc
voltage have the same fluctuation frequency, indicating
that the arc fluctuation will affect the characteristics of
the plasma jet.
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4 Conclusions

Arc voltage fluctuations in a DC non-transferred arc
plasma generator with the jet in laminar, transitional
and turbulent regimes are experimentally studied with
a view toward elucidating the mechanism of the fluctua-
tions and their relationship with the generating param-
eters, arc root movement and flow regimes. The 300 Hz
AC component of the power supply voltage has a sig-
nificant effect on the arc voltage but does not cause the
flow transition of the plasma jet from the laminar state
to the turbulent state. In the transitional and turbulent
jet regimes, there appears a fluctuation component at
about 4 kHz, which is not present in the laminar regime
and is possibly related to the arc root movement at the
anode. The mean voltage variations follow the same
continuous pattern through the laminar, transitional
and turbulent regimes, suggesting that the generation
and development of flow turbulence probably start at
the downstream of the anode attaching point of the arc.
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