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J. SENK*, I. LAzZNICKOVA, 1. JAKUBOVA

Faculty of FElectrical Engineering and Communication, Brno University of Technology, Technickd 12, 616 00

Brno, Czech Republic

senk@feec.vutbr.cz

Abstract. In previous versions of the simplified model of intensively blasted electric arc burning in
argon in the arc heater’s anode channel, the authors used the constant total power loss coefficient
for estimation of arc power losses in all anode channel individual parts. Using this approach, the
model with relatively low computational complexity has led to very good agreement between the total
computed and experimentally obtained values, but when the computed and measured power losses of
individual anode channel segments have been compared, considerable differences have been revealed.
In the modified model, theoretically computed net emission coefficient of argon is used in the energy
equation to express the arc power losses. This way, satisfactory accordance is achieved between not
only the total, but also partial measured and computed values. Exemplary results are given in figures

and tables and discussed.
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1. Introduction

The simplified model of intensively blasted electric
arc burning in a cylindrical anode channel of the arc
heater has been formulated [I] to be used for evaluat-
ing measured data and for getting an idea of the arc’s
behavior inside the experimental device. A modular-
type arc heater has been designed [2] to investigate
both its technological applications (e.g. for decomposi-
tion of stable harmful compounds) and its operational
characteristics including also basic parameters of the
arc inside, or the plasma jet at the output. Rather
extent experience has been collected in the field of
the design and operation, as well as in the field of
modelling. Although the basics of the model remain
unchanged, some presumptions or procedures have
been modified in accordance with the results of numer-
ous experiments and their analyses, and new versions
of the model are created [3].

2. Estimation of the arc power loss
using net emission coefficient

As described in details in [3], in previous versions of
the arc model, only the (relative) differences of the
measured and computed values of the total voltage
and the total power loss of the arc have been evalu-
ated as a condition for termination of the computation.
Although such an approach is completely sufficient
for estimation of output parameters, substantial de-
viations have been revealed between the measured
and computed power losses of the arc in individual
sections of the segmented anode channel. In other
words, obviously the previous version of the model is
not able to express power loss of the electric arc truly
in all the parts of the arc heater’s anode channel [3].
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To explain this phenomenon, a short description
of the used arrangement of the experimental device
is useful. The arc heater consists of several sepa-
rately cooled and electrically and thermally insulated
parts, namely of the cathode (subscript cat), the input
part of the anode channel including the cathode shell
(subscript iy, ), the main part of the anode channel (sub-
script ¢ ), and the grounded part of the anode channel
(the anode itself, subscript ,,). The arc power loss
Ploss_xx in each of these parts is determined separately.
The electric arc (subscript 4) is burning between the
cathode tip (the arc beginning at the axial coordinate
z =0) and the end of the anode (z = z1,) inside the
cylindrical anode channel.

In the older version of the model the calculation
was stopped in the ith step if the minimum of the
following function was reached
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Here, subscript ,, stands for measured, . for cal-
culated, (o for total, subscript ,s means anode spot,
superscript ? indicates the number of the computa-
tional cycle.

As described in [3], the model has been modified to
be able to evaluate the power losses of the individual
parts of the anode channel (input, channel, and anode)
separately, because these power losses are measured
separately and thus, more detailed insight on the
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behavior of the arc could be obtained. Related to
this modification, also the objective function has been
changed to the following
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As demonstrated in [3] on several experiments differ-
ing in the input power between approx. 5 and 25 kW,
the value of 6011 has increased significantly in
comparison to usual values of dio19 and reached un-
acceptable levels, surprisingly under medium input
powers mainly (the worst case: Uply, = 18.4kW,
dtot1 = 0.35).

Deeper analysis of individual terms of (2]) has clearly
revealed the source of the discrepancy. While the
relative error of voltage (i.e. the first fraction in (2))
was lower than 0.03, the second and third fractions,
i.e. relative errors of the power losses of the input part
and the anode channel, were several times higher and
even of opposite sign to each other. Consequently, if
only the total power loss was checked, this discrepancy
remained hidden. Obviously, the way of evaluating
the arc power loss in the model needs a revision.

In all the previous versions of the model the same
procedure was used for estimating the arc’s power
loss. The power loss of the arc in each step in the
computational mesh was computed as a portion of the
electric input power using the power-loss coefficient
Ploss- Lhis coefficient was determined from the integral
measured values as follows
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In the i*" computational cycle, the measured total
power loss Plogs tot_ m Was decreased by the measured
power loss of the cathode Pogs cat m and the com-
puted power loss of the anode spot Plogs as ¢, and
divided by the computed arc input power Ua_ ¢(z1,) .
Then this coefficient was applied to determine the
power loss of the arc in each step in the computa-
tional mesh, thus the same ratio between the arc’s
input power and its power loss was applied over the to-
tal length of the arc, in all the parts of the arc heater’s
anode channel. This simple approach evidently works
well if the output parameters of the device are of
main interest. Unfortunately, it fails if the internal
distribution is studied in individual parts of the anode
channel where significantly different conditions rule.
Probably, it is especially the input part of the anode
channel which differs from the others as the arc is yet
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to arise there and its radius and temperature change
steeply.

Based on the above given observation and consid-
eration, the computation of the arc’s power loss has
been modified. Previous experiments and calculations
have shown that the arc power loss is due to arc radi-
ation and the gas temperature near the channel wall
is equal to the input temperature of cold gas. The
experiments discussed here have been carried out with
the arc burning in pure argon. The net emission co-
efficient of argon under normal pressure and in the
temperature range up to 30000 K has been computed
by Dr. Petr Kloc [4] and is utilized for estimation of
irradiated power from the arc as follows
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% {e['Ta(zj-1),"ra(z-1)] + € ['Talz), ra(2)] }

[ra(zi—1) + ra(z)]

1 172
(2)" ()]s
To To

Here, AP a is the computed power loss of the
arc in the i*® computational cycle and at the step
between z; and z;_1, € is the net emission coefficient
of argon for the given temperature and radius, 7 is
the arc column radius, r¢ is the radius at the very
beginning, at the cathode. Obviously, rather simple
computation is applied to test the effect of using the
net emission coefficient for calculation of the irradi-
ated power. Averaged values of net emission coefficient
are used and the power irradiated through the lateral
surface of each elementary segment Az is taken to be
absorbed by the channel wall. Even so the influence
on the computed power loss of individual parts of the
anode channel has been supposed to be substantial
because the net emission coefficient exhibits signifi-
cant dependence both on the radius and temperature.
Summation of power loss increments over the input
part, the channel and the anode gives their computed
power losses as demonstrated in the following section.

Furthermore, computations have shown that an
achievable minimum of (|2)) is distinctly influenced also
by the current density jo on the cathode. This param-
eter defines the radius 7y, and thus the development
of the arc radius r5 along the axial coordinate z [5]

ra(z) = o[l + (=)7] (5)
To

Previously, jo = 10® Am ™2 was used, but now our
further computations have indicated that several times
higher values could lead to lower values of d¢ot1. Higher
values of current density on the tungsten cathode are
given e.g. in [6], [7] thus our observation does not

contradict experimental results.
After the modifications explained above, such a set
of three parameters [n,; jo; Ta(s)] has been sought for
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during the computations, which is giving the mini-
mum value of diot1 . The modified procedure has
been tested for the worst-case experimental results
where the previous version has led to unacceptable
differences.

3. Results and discussion

As shown in [3] and mentioned above, when the older
version of the model has been used, the worst agree-
ment between the measured and computed power
losses of the input part and of the main part of the an-
ode channel have been found for medium input power.
In this section, the modified version of the model is
intentionally tested for this worst-case example. In
the following, a comparison of the dependences com-
puted by the older version and the modified version
of the model is given and discussed.

The analyzed experimental data have been mea-
sured on the arc heater whose geometry is defined
by the following parameters: the anode channel
radius » = 8mm, the total anode channel length
zr, = 109 mm, the input part length l;;, = 22 mm, the
anode channel length [, = 60 mm, the grounded an-
ode length l,, = 27mm. The arc has been blasted by
the argon flow rate of 22.5gs~!. The total measured
voltage Uy, = 113.4V, the arc current I, = 162.3 A,
and the measured power losses of the anode channel’s
input part, the main part and of the grounded anode
are 885.3 W, 1453.7W and 1553.9 W, respectively.

Table [T] compares the obtained results of the older
version of the model (the last row) and four best
results obtained by the new version. Obviously, a
significant improvement has been achieved comparing
Ototo in the last row with arbitrary one of ;o1
in the first four rows.

Mutual comparison of the results of the new ver-
sion of the model in the first four rows shows almost
negligible differences in the achieved §iot1. The fi-
nal choice of the most suitable variant of them has
been made with respect to the computed axial de-
pendence of the arc temperature T (z) in the close
vicinity of the beginning (Figure [1)). The variant
no. 3 [2.55; 2.67 x 108 Am™?; 12700 K] exhibits the
smoothest increase without oscillations. This variant
is selected for the following discussion and comparison.
Nevertheless, it is worth noting that the computed
temperature dependences of all four variants differ
only near the beginning and almost merge at about
4 mm from the beginning.

In the following figures, the results obtained by the
older version of the model (var. no. 5 in Tab. 1)) are
denoted with the abbreviation pl (as obtained using
the total power loss coefficient pjoss) and plotted in
dashed lines, while the results obtained by the new
version of the model (var. no. 3 in Tab. [1)) are denoted
with the abbreviation nec (as obtained using the net
emission coefficient) and plotted in solid lines.

The left side of Figure 2] shows the computed axial
development of the arc temperature and radius.
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Figure 1. Detailed comparison of the computed arc
temperature axial dependence Ta(z) near the beginning
of the anode channel, for 4 sets of [ny; jo x 1078,
Ta(s) x 10_3] near the lowest value of dtot1 -

Obviously,using the constant total power loss coeffi-
cient for all the parts of the arc suppresses the dif-
ferences between individual parts and thus results in
lower temperatures with rather flat axial dependence.
On the contrary, the net emission coefficient, which is
strongly dependent on radius and temperature, em-
phasizes the differences and thus results in distinctly
higher temperatures with steeper axial dependence.
Of course, with the radii, an opposite influence is
observed: higher temperatures are accompanied with
lower radii and the shape of the dependence 74 (z) is
preserved as defined by . The results of the new
version of the model meet our preliminary assump-
tions and also the expected behavior of the intensively
blasted electric arc.

In the right side of Figure [2] axial dependences of
the electric field intensity and the arc potential are
given. The arc voltage computed by the new version
of the model (var. no. 3 in Tab. is higher than
that obtained from the older version (var. no. 5 in
Tab. . Unfortunately, as can be seen in Tab.
it is too high. The relative error of the arc voltage
0U for all the four variants (var. no. 1 to 4) is
positive and significantly prevails the relative errors
of the power losses of the anode channel’s input and
main parts. Mutual relation between voltage and
power-loss relative errors is opposite with the model
using the net emission coefficient compared to the
model using the constant total power-loss coefficient.
While the older version of the model reaches very
good agreement between the computed and measured
voltages and fails in power losses computation, the
modified version achieves very good conformity in
power losses but the relative error of voltage worsens.
In all the four variants no. 1 to 4 the voltage relative
error is almost 0.09, which is about five times worse
than in var. no. 5, and represents almost the whole of
Otot1- This issue will be further investigated to reveal
its cause and to find an acceptable explanation.
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Var. n,  jox 1078  Ta(s) s Ta(z1)  in X 102 6oy x 102 Sy x 102 Gyop x 102 loss

No. () (Am?) (K) (mm) (K) (-) (-) () ()

1 2.53 2.78 13700 0.453 13203 —0.58 —0.35 8.92 8.94 nec

2 2.54 2.72 13100 0.404 13552 —0.67 —0.58 8.92 8.96 nec

3 2.55 2.67 12700 0.372 13835 —0.63 —0.41 8.95 8.98 nec

4 2.56 2.61 12200 0.332 14223 —0.30 —0.81 8.98 9.02 nec

5 2.76 1.00 9400 0.346 10111 23.86 —17.72 —1.86 34.83 pl
Table 1. Comparison of several selected variants.
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Figure 2. Comparison of azial dependences of the arc temperature Ta(z) and the arc radius ra(z) (left) and of the
electric field intensity E(z) and the arc potential U(z) (right) computed by the arc model using two different methods
of computation of the arc power loss: nec - net emission coefficient of argon (var. no. 3), pl - constant power loss

ratio (var. no. 5).

4. Conclusions and further work

The paper introduces the modified version of the sim-
plified model of the intensively blasted electric arc
burning in argon inside the cylindrical anode chan-
nel of the arc heater. As previous versions failed in
computation of power losses of individual parts of
the anode channel, the new method of estimation the
arc’s power loss has been applied using the theoret-
ically calculated values of net emission coefficient of
argon. Simultaneously, also the initial current den-
sity has been included into the set of state variables
[nr; Jo; Ta(s)] instead of being kept constant. The
modified model has been tested on the experimental
data which previously have exhibited the worst agree-
ment of computed and measured values. Significant
improvement has been achieved in comparison with
the results of the older version of the model. The
obtained dependences meet the preliminary expecta-
tions about the behavior of intensively blasted electric
arc. Altogether with a significant decrease of relative
errors of power losses, the relative error of voltage
increased several times in the new model. The ex-
planation could lie in still neglected phenomena and
certainly will be sought for during further tests of the
modified model with other sets of experimental data.
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