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CHARACTERISTICS OF A PLASMATRON WITH AN INSERT BETWEEN THE ELECTRODES
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Electrical and thermal characteristics are presented for a plasma
torch with a sectional insert between the electrodes; these are com-
pared with the characteristics of a single-chamber source. The
voltage~current curves have a minimum, the voltage on the rising
branch being higher than that for a single-chamber torch. The voltage
and brightness fluctuations are much lower than those for a single-
chamber torch.

Fig. 1. Section of the arc chamber;

1) cathode, 2) anode, 3) insert, 4) arc;

G; and G, are the air inlets, P is the
power supply, R is the resistor.

1. Some aspects of an arc in a segmented channel. The stabilized
arc in a plasma torch interacts electrically and thermally with the
flow of hot gas and with the channel wall. The hot gas usually fills
the tube completely in a laminar or cylindrical arc, the arc .inter-
acting directly with the wall and being stabilized by the latter. The
length and porential difference of such an arc may be increased by
inserting short sections insulated from the electrodes and from one
another [1]. If the arc is to burn normally along the axis of the tube,
the potential difference across one section should not exceed the sum
of the cathode and anode potential differences characteristic of an
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Fig. 2, U-I curves for d = 1 em, p= 10 N/em?:
1)G=6gkec, n=6, [ =17.7cm, sections
connected electrically to anode; 2) single-
chamber source, G =6, I = 30; 3) as previous,
G=8, 1=30; 4)G=6, n=6, a=12 cm,
1=17.7, 5)G=8, n=6, a=12.6, I = 11.7;
6)G=8, n=1, a=14.7, 1 =198, ) G=8,

n=38, a=16.9, 1 = 22.

arc discharge under these condirions. Vigorous wall cooling is essen-
tial to long-term working, while the state of the surface greatly

affects the electrical processes near the wall [2]. Such devices
have been operated at low gas flow rates, have very low thermal
efficiencies, and are used mainly for research purposes.

The gas flow plays an increasing part in the interactions as
the flow rate increases, and the flow allows the arc to be stabilized at
the axis (vortex stabilization) while providing a substantial increase
in length, voltage, power, and efficiency. However, there are [3-6]
limits to the increase in length and power, on account of shunting of
the arc to the wall. The arc characteristics may be adjusted in this
case by the use of inserts {7, 8]; one-section inserts have been used
[5,7-91, but a study of the mode of operation [9] shows that it is
better to use several insert sections, with a supply of cold gas between
them.

Such a device differs essentially from the channel in a laminar
or cylindrical arc in that arcs of FK and DN types (Fig. 1) may be
formed between adjacent sections in accordance with the potential
for arc breakdown between the arc column and the sections, and also
with the potential for breakdown between sections. These potentials
may be much greater than the sum of the cathode and anode poten-
tial differences, so the individual sections may be much longer than
in a laminar or cylindrical arc if the arc has its normal position at
the axis of the channel. Gas supply to the gaps provides control of the
breakdown potentials and prevents formation of short arcs on the gaps.

Xl
2
o —
o N
-
a0 LA
7 17 7

Fig. 3. U-1 cwrves for a plasma jet

with sections, d = 1 cm, p = 10 N/cm2,

n=6, a=12.6, I =17.7cm, G of:
1) 5, 2) 8.

The main gas flow rate is heated as it moves along the channel,
but the layer of cold gas at the wall maintains the difference in
performance up to large currents and lengths.

Tests [10] show that a section becomes charged to the potential
of some point in the positive column by leakage between the arc
column and the section; the maximum potential difference between
the arc and a section becomes much less than that for an undivided
insert of the same length. Current leakage from the sections may
occur if these are water-cooled, as in high-power jets. There is little
leakage between arc column and section if the layer of cold gas is
thick [9], and so it is possible for the potential difference between
the column and a section to become sufficient for breakdown. In that
case the potentials may be equalized by connecting the section to an
appropriate voltage source.

It has been shown [10] that the gas flow rate has little effect on
the field E in an arc with vortex stabilization, so we expect that a
sectional insert and gas injection between sections will together pro-
vide not only increase in length but also in arc burning voitage, in
conjunction with high efficiency. Here we consider the characteristics
of a simple plasma jet of this type.

Interactions near the electrode wall play a large part in a two-
chamber jet and in a jet with bilateral efflux, so it is possible that
the resulis given here will assist in improving the characteristics
of such devices.
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2. Apparatus. Figure 1 shows the system. The copper cathode 1,
anode 2, and insulated sections 3 are cooled by water. The number
n of the sections (each 2 cm long) varied from five to eight, so the
interelectrode distance a varied correspondingly from 10.5 to 16.9
cm, while the length [ of the arc chamber (distance from the end
face of the cathode to the exit end of the anode) ranged from 15.5
to 22 cm. Anode 2 had a fixed length 1, = § cm.

Air (flow rate G,) enters the 3.5 mm gap between the cathode
and the first section via four tangential holes 3 mm in diameter at a
distance of 2.5 cm from the axis. Further gas (flow rate G,) enters
the spaces between sections via tangential holes and is distributed via
the 1 mm gaps between sections in the arc chamber; G = Gy + G,
ranged from 6 to 8 g/sec. The arc was struck by the method previ-
ously described {9], and it then took up position AB. The tests were
done with g ='G,/G = 0.58 for a system with an internal electrode
diameter d = 1 cm. The gas was released into the atmosphere
(p = 10 N/cm?). The temperature of the cooling water was read by a
mercury thermometer with 0.5°C divisions; the water and air flow
rates were monitored by RS-5 and RS-7 rotameters. The potential
U and current 1 were recorded by E59 and LM-1 instruments,
respectively, accuracy class 0.5.

3. Voltage-current curves. Figures 2 and 3 show the U-I curves.
The multiple sections and supply of gas along the length substantially
increase the burning voltage; the curve rises above a certain 1. For
example, curves 3 and 7 of Fig. 2 show that U is about 40% higher
than for a single-chamber jet (continuous anode) for I = 150 A,
n=38, and G = 8 g/sec.

If section 3 is connected electrically to the anode 2, the two
together act as a sectional anode with distributed gas supply. Com-
parison of curves 1 and 2 (continuous anode) shows that a sectional
anode with distributed supply gives lower U for a given G than
a single-chamber jet with a comtinuous anode, e.g., 20% less for
I=150 A and G = 6 g/sec. The effect for large 1 occurs because the
arc takes up the position AC (Fig. 1) in the sectional case, and part
of the gas enters downstream from C, i.e., takes no part in blowing
the arc; however, the arc at low I lies in position AB, and all the
incoming gas participates in blowing the arc, but with U remaining
less than for a single-chamber device. This means that there must be
other reasons for the reduction in U. One of these may be perturbations
in the distribution of velocities (and hence temperatures} on account
of the slots in the electrode, which influence the interactions near the
wall, with the consequence of earlier shunting and hence shorter arcs.
This effect can occur at low I when the sections are insulated from
the anode; but, in that case, U is not so greatly reduced, because
shunting to a part of the inserts is impossible (curves 2 and 4), and
hence the scale of the shunting is reduced. This reduction in U is
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Fig. 4. Relation of n to I for G =6 g/sec,

d=1cm,and p=10 N/cm?: 1) continuous

anode, I = 30 cm (calculated curve);

2) continuous anode, I =17.7; 3) n=6,

a=12.6, 1 =117, 4)n=1, a = 14.1,
=19.8; 5)n=28, a=16.9, I = 22.

rapidly lost as I and o increase. The arc length in the present device
at large 1 exceeds the length in a single-chamber device with a
continuous anode, so U is higher and the U-I curve rises. The
increase in U itself increases with the length, as curves 5-7 of
Fig. 2 show.

The rise in the U-I curve for the present device does not have
the same cause as that rise for a cylindrical arc; in the latter case,
the rise cannot start until the arc completely fills the cross-section
[11], after which point the total conductivity can increase with I only
as a result of increase in T, which is less rapid than the increase in I,
so the U-1 curve rises. In the present device, the rise in the U-I
curve begings long before the arc fills the channel; here there is a
substantial cold layer of vortex flow between the arc and the wall,
and the U-I curve rises because the E-I curve passes through a min-
imum (E is field strength) for a column under these conditions [10].
This is a substantial difference between the present device and a
sectional channel in a cylindrical or laminar arc. It is to be expected
that the present device will also show effects on the U-I curve from
geometrical limitation of the arc at high I.
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Fig. 8. Tncrease in retardation enthalpy
for air in a plasma jet, G = 6 g/sec,
d=1cm, p=10 N/cm?: 1) continuous
anode, ! = 30; 2) continuous anode,
1=1117 3)n=6, a=12.6, 1 =17.7,
4y n=19, a=134.7, 1 =18.8; 8) n= 8,
a =16.9, I =22.
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" The positive slope of the U-I curve is of considerable significance
as regards improving the over-all efficiency by eliminating the stabi-
lizing ballast resistor in the line from a source of low or very low
internal resistance. Moreover, increase in U means that lower [ are
needed for a given power, which provides more reserve in the device.

4. Thermal characteristics. The good arc length stability in the
present device, together with the screening action of the incoming
gas, causes the thermal efficiency 5 as a function of I to differ
somewhat from that for a single-chamber device. The solid lines in
Fig. 4 show 7 as a function of I for three lengths, while the dashed
lines show the curves for a single-chamber device. Curve 2 is from
experiment for ! = 18 cm, while curve 1 has been calculated for
I = 30 cm from the equation of [12]
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The maximal arc length la.c (lengthinthe axialdirection) in a
device without sections is very much dependent on I, and so the
device of optimal 7 must have an adjustable length; if ! > Izpc, the
part 4 = 1 = lapc serves onlyasasource of loss. Curves 1 and 2 are for
constant I. Part of the arc emerged from the anode at small I in the
experiments with 7 = 18 cm, so curve 2 for low I gives 7 in excess
of the maximum possible value 7max. Curve 1 corresponds to I >
> lare foralll, so 7 is everywhere less than nmax. The fmax = (D
curve for small I should lie between curves 1 and 2, approaching
curve 1 as I increases. Curves 1 and 2 together show that the losses
in [, are considerable. In the case of the present device, the anode
lengih larc is excessive for large I, so there is a loss part [;, and
curves 3-6 are also not optimal. Hence the Ny = fz(l) curve
should lie somewhat above these curves.

The curves of Fig. 4 show that 7 for the present device exceeds
that for a one-chamber device at high I, on account of the screening
action and of the difference in the ;. Moreover, the present device
can work without a ballast resistor at these currents, so the overall
efficiency is considerably higher.

The Ah-I curves of Fig. 5 reveal most clearly the difference
from a one-chamber device. Curves 1 and 2 are for a one-chamber



126 ZHURNAL PRIKLADNOI MEKHANIKI I TEKHNICHESKOI FIZIKI

Fig. 6. Current and emission intensity at 1= 150A,
p=10 N/cm?. Intensity: a) continuous anode, G =
= 6.1 g/sec, U= 336V, sweep duration 7= 4.2 msec;
b)n=17 a=14,7cm, G=6, U=2505V, 7=
= 4.6 msec. Voltage: c) continuous anode, G =6,
U=360V, 7=1.3msec; dyn=17, a=14.7, G=5.9;
U=508V,7 =1.3msec; dyn=1, ¢ = 14.7, G=5.9;
U=510V, T =26 pusec; e)n=28, a = 16.9, G = 5.8,
U=5856V, T = 28 ysec.
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device; in this case, the increase in [, for a given ! causes the curves
to tend towards limiting values, the limit occurring when the increase
in power input via the arc equals the increase in power lost in ;. The
limit becomes lower as ! increases. The present device shows no
such limit for I up to 150 A, Ah increasing linearly with I (and also
with 1). For instance, Ah for I= 150 A, G= 6 g/sec, and ¢ = 16.9 ¢cm
exceeds by 45 and 100%, respectively, the values for a single-chamber
device with I of i8 and 30 cm.

The present device thus not only realizes the advantages of
section 3 but also provides access to higher T for a given 1.

5. Fluctnations. Shunting causes fluctuations in U, T, and arc
power; such fluctuations in jet parameters are undesirable in certain
technical applications [13]. It is to be expected that the rising U-I
curves for the present device will substantially reduce the scale of the
fluctuations, while increasing the frequency, since shunting cannot
occur within the sections, while T is increased near the anode.

We recorded oscillograms of U and the emission intensity at
8~9 mm from the far end of the anode in the present device and in
a single-chamber device; an FEU-19 photomultiplier was used with
ENO-1 and OK-17M oscilloscopes. Figure 6 shows the results, in
which the upper lines correspond to zero signal (these lines are
recorded as curves on photographing the curved screen of the ENO-1).
Curves e and f represent the ac component of U recorded with the
OK~17M.

The one-chamber device shows variations in U of up to 40% of
the mean value (50% in the intensity), the frequency being several
kHz. The present device showed about 8% variation in U and
intensity, the frequency being about 10° Hz.

The present device can thus work without large variations in U

“and T on account of shunting, The variations become smoother
(Fig. 6f ) as I and I increase, i.e., as T in the shunting zone increases,
and it is clear that the usual concept of large-scale shunting becomes
inapplicable here.
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