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ABSTRACT

This paper reports on studies that have been done on the electrical conduction in silicon, ferro silicon, and
charge chrome furnaces. A system has been developed that can distinguish between normal resistive conduc-
tion and arcing, and this was used to quantify in particular the relative amount of arcing that takes place in
these furnaces.

It was found that silicon and ferro silicon behave similarly and exhibit a relatively large amount of arcing.
Charge chrome on the other hand exhibits considerably less arcing, and the extent of this arcing is highly
correlated with the tapping of the furnace.

The arcing measurements can also be used online in the control of the furnace, both for the electrodes and
electrical circuit, and for the raw materials.

1. INTRODUCTION

The extent and type of arcing that takes place in a ferro-alloy furnace is directly related to the metallurgy of
the process. Recently, with the advent of powerful processors in PC computers, it has become possible to
study the detailed behaviour of the electrical circuit in a submerged-arc furnace in real time. For this purpose,
a system known as the Arc Monitor, or “Arcmon’ has been developed at Mintek, and process studies have
now been done on a number of industrial furnaces using this equipment. The purpose of this paper is to briefly
compare the results obtained to date on furnaces producing silicon, ferro silicon 75%, and charge chrome.

A resistor is inherently a linear circuit element, in that the instantaneous voltage across it is proportional to
the instantaneous current. On the other hand, an arc is a nonlinear circuit element and consequently distorts
the sinusoids of the a.c. currents flowing around the circuit of the furnace. This distortion of the waveforms
thus provides information about the behaviour of the arcs in the furnace, and hence can quantify the extent of
the arcing as opposed to the resistive conduction in the furnace.

The inputs to the Arcmon are the a.c. signals from the high-voltage lines on the primary side of the furnace
transformers. The transformer tap positions are also monitored, in order to relate these primary-side meas-
urements to the secondary side. There are thus no connections on the secondary side, and in particular there
are no connections to the furnace hearth. The Arcmon then uses a recursive estimator to fit the circuit param-
eters to these waveforms. To accommodate the inherently nonlinear nature of the arc, the estimator is based
in the time domain, i.e. it does not use the frequency domain and hence does not involve the use of harmonics.
Also, the Arcmon runs the recursive estimator in real time, and so tracks the variations in the circuit param-
eters continually while the furnace is running.

2. THE POWER CIRCUIT OF THE FURNACE

The equivalent circuit of the furnace, as used for the Arcmon, is shown in Figure 1. In brief] it consists of a
star circuit, with each individual electrode in the furnace corresponding to one of the branches of this star.
Each branch then consists of a magnetic inductor, an arc, and a basic burden resistor, all in series.
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Figure 1: Equivalent circuit of furnace. This shows how the conduction through the burden can be split into
an arcing component and a purely resistive component, in series. The equivalent circuit shown here excludes
the delta elements that model the pulses in the transformer magnetisation currents. The Arcmon can also
accommodate a stinger electrode if needed, as indicated by the dotted branch of the circuit

To distinguish between arcing and resistive conduction, an electrical model of an arc is needed. In the Arc-
mon, a linearised form of Cassie’s model (see [3]and [4]) has been used. This would seem to provide a rea-
sonably good fit to the observed waveforms (see below and [1]). The burden resistors are modelled by Ohm’s
law.

3. INITTIAL RESULTS ON SILICON-TYPE FURNACES

The initial results obtained from using the Arcmon on silicon-type furnaces have been reported already [1].
In brief, these results can be summarised as follows:

1. The linearised form of Cassie’s model was used for the arc, and the resulting waveforms generated by
the circuit equations were a good match to the actual waveforms, even under extreme conditions.

2. There is a slight, but also continuously varying, asymmetry between the forward and reverse conduction
under each electrode. This produces a partial rectification effect, and so gives rise to varying d.c. com-
ponents in the currents. These d.c. components affect the magnetization of the steel core in each of the
transformers, driving the operation of the core over the knee of the magnetization curve and into the
region of magnetic saturation. The waveform of the magnetization current then develops a short sharp
pulse in every cycle, around the point where the magnetization saturates. Because each transformer
feeds two electrodes in the Knapsack configuration, these pulses get superimposed on the primary cur-
rents of the two phases associated with that transformer, but not on the current in the remaining third
line. These delta current pulses vary sporadically and are normally fairly small, but at times may rise to
exceedingly high levels. These pulses are identified, quantified, and compensated for, as part of the
estimation of the circuit parameters.
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3. The extent of arcing in a silicon furnace is significant. Typically, the power that is dissipated in the arcs
is of the order of 20 to 60% of the total power delivered to the furnace.

4. The extent of arcing also varies continually. Although much of this fluctuation seems to be simply ran-
dom, there are certain mechanisms evident. In particular, movement of an electrode hoist has a direct
and immediate effect on the corresponding arc voltage. The basic burden resistance is not immediately
affected by the hoist movement but may respond slightly after several minutes. The extent of arcing is
also influenced by the feeding, rabbling and tapping of the furnace. One can intentionally manipulate
these factors to influence the extent of arcing.

4. COMPARISON OF CHROMIUM-TYPE AND SILICON-TYPE FURNACES

4.1 Comparison of waveforms

Figure 2 shows an example of waveforms from a ferro-silicon furnace, while Figure 3 shows a corresponding
example from a charge-chrome furnace. In each of these figures, the waveforms of the three electrode cur-
rents are shown on the upper axes, while the lower axes show the derivatives of these current with respect to
time (i.e. di/dt). These waveforms are typical of normal operation on both types of furnace.

In both these figures, the waveforms of the currents appear to be almost pure mains-frequency sinusoids,
but the derivatives enhance and hence reveal significant distortions around the basic sinusoids. The arcs in
the circuit are the source of these distortions. In the process of differentiating a sinusoidal waveform, a phase
shift of m/2 radians (= 90°) is produced (i.e. d/dx(sin[x]) = cos[x] = sin[x + 7/2]), and so the peaks of each di/dt
waveform synchronise with the zero crossings of the corresponding current waveform. Thus the slight dent
in each peak of the di/dt is associated with the arc in that phase being re-started after the zero-crossing of its
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Figure 2: Waveforms from a 75% ferro-silicon furnace. This figure shows the waveforms of the electrode
currents on the upper set of axes, and the derivatives (i.e. di/dt) of these currents on the lower set of axes.
These waveforms are from a ferro-silicon furnace dissipating around 25 to 30 MW. The presence of arcing
in the furnace reveals itself by the distortion of particularly the di/dt waveforms. In this example, a small
amount of delta current pulsing (see text) is also occurring between electrodes 2 and 3, as encircled
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Figure 3: Waveforms from a charge-chrome furnace. These waveforms are from a charge chrome furnace
dissipating about 45 to 50 MW. In comparison with Figure 2, it is very evident that the distortion of the di/dt
waveforms here is significantly less than in the ferro-silicon furnace

current. Hence the magnitude of the dent in the peak of the di/dt is a visual indication of the extent of arcing
in that phase.

When comparing Figures 2 and 3 in this way, it is very evident that there is considerably more arcing in the
ferro-silicon furnace than in the charge-chrome furnace.

Furthermore, in Figure 2, a small amount of delta current pulsing (see paragraph 2 under “Initial results on
silicon-type furnaces” above) is evident. In this particular example, it can be seen on the di/dt waveforms of
electrodes 2 and 3 as small steep jumps, as encircled in the Figure. The presence of this delta current pulsing
indicates that asymmetrical conduction in the arcs also takes place in ferro-silicon furnaces, much as it was
found to do in silicon furnaces. The Arcmon has detected this delta current pulsing in charge-chrome furnaces
as well, but with somewhat smaller magnitudes that are not as easily seen on the waveforms.

4.2 Comparison of the arc-voltage magnitudes (parameter Va)

The waveform of the voltage across an arc in a furnace is normally a slightly skewed square wave with round-
ed edges. When Cassie’s model is used to describe the arc, the parameter Va is approximately the magnitude
of this square wave. (In some extreme cases, particularly where the operation is very unbalanced, the arc
waveform may become distorted but Va continues to provide a measure of the magnitude of the arc.)

Figures 4 and 5 show typical examples of the evolution of Va over a period of 24 hours, with Figure 4 for
ferro silicon and Figure 5 for charge chrome. For clarity, only one of the phases from the corresponding fur-
nace is shown in each of these two Figures. Also, the Arcmon estimator has a lower limit that prevents the
estimate of Va going to zero, which is why the traces on the graphs never actually touch the horizontal axis.
Again, it is clearly evident that there is far less arcing in the charge-chrome furnace than in the ferro-silicon
furnace.
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Figure 4: Magnitude of the arc voltage in a ferro-silicon furnace: typical graph over 24 hours. This graph
shows the estimate of the parameter Va from Cassie's model, for one electrode in a ferrosilicon furnace, over
a period of 24 hours. (Visually, the waveform of the voltage across an arc looks like a slightly skewed square
wave with rounded edges. In Cassie's model for an arc, the parameter Va is approximately the magnitude of
this square wave.)
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Figure 5: Magnitude of the arc voltage in a charge-chrome furnace: typical graph over 24 hours. This shows
the estimated parameter Va on the same vertical scale as in Figure 4. This figure also highlights the fact that
there is normally a lot less arcing in a charge-chrome furnace

In the case of ferro silicon (i.e. Figure 4), there are a few short periods where Va drops to virtually zero, but
most of the time Va lies within a band of about 20 to 50 volts. There is also a significant amount of random
noise on this signal. This is fairly similar to a silicon furnace, as shown in [1].

In the case of charge chrome (i.e. Figure 5), the arcing tends to occur in bursts. These bursts are associated
with the tapping of the metal and slag from the furnace. In between these bursts, the arc voltage is virtually
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zero. The extent of arcing during these bursts can vary, normally rising to peaks of about 10 to 20 volts, but
occasionally rising much higher.

4.3 Comparison of the arc power fractions

The Arcmon unit is also able to calculate the amount of power dissipated in each of the arcs and each of the
resistors of the equivalent circuit of a furnace. Through this it is able to calculate the fraction of the total pow-
er to the furnace that is dissipated in the arcs, which we will here term the “arc power fraction”. This is an-
other measure that can be used to compare the amount of arcing between the different processes. The
usefulness of this arc power fraction as a measurement, as opposed to the individual Va or Rbb signals, arises
from the fact that it is a single quantity for the furnace as a whole, and it is independent of the power or current
levels in the furnace. It also has a direct metallurgical relevance as to how the energy dissipation is split be-
tween the various zones within the burden of the furnace.

In this way, Figure 6 shows a typical arc power fraction for a ferro-silicon furnace over 24 hours, and
Figure 7 shows the same for a charge-chrome furnace.

Perhaps not surprisingly, the magnitude of the arc power fraction in the ferro-silicon furnace is similar to
that in the silicon furnace shown in [1], i.e. it is of the order of 20% to 60%.

In the case of charge chrome, the arc fraction is much lower and comes in bursts that follow the tapping of
the furnace, similar to the trend of the Va for charge-chrome furnaces as shown in Figure 5.

5. DISCUSSION

It is very evident from Figures 2 to 7 that normally there is significantly less arcing in a charge-chrome fur-
nace than in a ferrosilicon furnace. Furthermore, in a charge-chrome furnace, there is a burst of increased
arcing for about 1 hour after each tap, whereas in a ferro-silicon furnace this behaviour is not readily observed.

5.1 Ferro-silicon and silicon furnaces

The amount of arcing in a ferro-silicon furnace (see Figure 6) is similar to the amount (about 20% to 60%)
reported in [1] for a silicon furnace. The apparently random way in which the arc power fraction varies is
also similar. Furthermore, although the results are not presented here, the response to an electrode being
moved is similar as well.

Metallurgically, the ferro-silicon process is similar to the silicon process in that there is a crater around the
tip of each electrode, in which the arc is located. There is not normally any significant slag layer. The silicon
process is comprehensively discussed in [8]. It is not surprising then that both types of furnace behave sim-
ilarly from the perspective of arcing and related electrical behaviour.

While the arcing takes place in the crater zone, the resistive power dissipation presumably takes place else-
where within the burden of the furnace. The extent to which the power is split between these two zones has
implications for the metallurgy of the process, and hence the efficiency of the furnace. This is currently under
investigation.

5.2 Charge-chrome furnaces

Charge-chrome furnaces in the industry can vary from a typically low resistance operation to a relatively high
resistance operation. The purpose of having a high resistance operation is to facilitate an increase in power
delivery within the same electrical constraints for a given furnace installation. Levels of arcing that were ob-
served many years ago on furnaces with lower resistances [7], were significantly more than the levels ob-
served in the present study, which has been done to date on furnaces with higher resistances.

The charge-chrome process [5] has a significant quantity of slag in the furnace. Floating on top of this slag
layer there is reportedly a “carbon bed”, also called a “coke bed”. Some mixing between the slag and this
carbon bed presumably occurs during normal operation, although this is not evident from post-mortem stud-
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Figure 6. Typical arc power fraction in a ferro-silicon furnace, over 24 hours. The arc power fraction is the
fraction of the total power to the furnace that ends up being dissipated in the arcs
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Figure 7: Typical arc power fraction in a charge-chrome furnace, over 24 hours. This graph is purposefully
drawn with the same vertical scale as that in Figure 6, to emphasize the significant difference in the relative

amount of arcing between the two types of furnace.

synchronised with the tapping of alloy and the slag from the furnace

Note how the arcing comes in bursts, which are

ies. Arcing is not likely to occur much in conjunction with a slag layer, but it can be expected to occur more
easily within a coke bed, and between a coke bed and the tip of an electrode. Therefore, the low amount of
arcing measured by the Arcmon in the period preceding a tap is probably associated with the bulk of the car-
bon bed being located higher up in the furnace than the tips of the electrodes, so that the conduction takes
place through a zone that contains predominantly slag.
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During the tap, as slag and metal are removed, cooler particulate material from the carbon bed and the raw
materials descend in the furnace. The observed increase in the amount of arcing after tapping the furnace is
probably associated with a significant portion of this particulate material entering the conduction zone be-
neath the electrodes. After the tap hole is closed, the smelting taking place in the furnace slowly increases
the depth of this slag layer until, after an hour or so, the carbon layer again rises above the level of the tips of
the electrodes and the amount of arcing decreases.

Electrode tip breaks also lead to significantly higher levels of arcing for extended periods (often up to 1 to
2 days), until the electrode can be slipped sufficiently for the tip to return to its original position in the furnace.

In this type of smelting process, higher temperatures in the reduction zone will enhance the reduction of the
more refractory oxides, in particular that of silicon. This will increase the percentage of these elements in the
final alloy that gets tapped. In particular, the % Si in the metal will increase. The extent of arcing does affect
the temperature distribution in the reaction zone, and this is currently under investigation.

5.3 Arcvoltages and arc lengths

Bowman [2] reviews correlations between arc length and voltage in d.c. furnaces. In this case, arc voltages
around 20 to 50 volts correspond to arc lengths from a couple of millimetres up to about 100 millimetres. Al-
though it is questionable as to what extent such correlations can be applied to a.c. furnaces, it seems reason-
able to assume that they will not be too dissimilar. This would mean that the arc gaps in the craters beneath
the tips of the electrodes in a ferro-silicon furnace would be typically up to about 100 mm long. This agrees
with the changes that we have seen in the estimated Va when the corresponding electrode is moved. It also
suggests that, from the very low Va voltages that are observed in charge-chrome furnaces, the arcing taking
place in such furnaces is over very short lengths — probably little more than just adjacent conductive particles
brushing past each other.

6. USE OF ARCING INFORMATION IN THE CONTROL OF THE FURNACE

Clearly the mode of electrical conduction in silicon and ferro-silicon furnaces is very different from that in
charge-chrome furnaces, particularly in terms of arcing. Consequently the approach to control of these two
types of process is somewhat different.

6.1 Silicon and ferro silicon

In the case of silicon and ferro-silicon, the movement of an electrode quickly and directly affects the Arcmon
estimate of the corresponding Va parameter. Hence Va can be controlled through the movement of the corre-
sponding electrode. While it is possible to control an electrode’s movement directly from Va, we have found
it more practical to use a cascade arrangement, in which the parameter from the Arcmon is used to modify
the resistance set point of the Minstral [6] resistance controller, and the Minstral’s resistance control algorithm
then adjusts the electrode position.

Allowing the resistance set points to vary in this way can affect the power delivered to the furnace, causing
variations both upwards as well as downwards. Such variations may temporarily affect the rate of production
of alloy in the furnace, although they do tend to average out over longer periods. Consequently it is necessary
to constrain the allowable variation in the resistance set points that are sent to the Minstral. The extent of
freedom within the constraints of the electrical operating region of the furnace plays an important part in this,
and varies from one furnace to another. One of the reasons for cascading the control onto the Minstral is that
the Minstral then automatically maintains the overall operation within safe electrical limits.

The control of the electrodes, the raw materials, the tapping of the alloy from the furnace, as well as a
number of other inputs into the operation of the furnace, are all an integral part of the overall furnace opera-
tion. In asilicon or ferro-silicon furnace in particular, no one aspect can be viewed in isolation. Consequent-
ly, Mintek is currently investigating other approaches to the control that facilitate a more global perspective.
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The Arcmon contributes to this by providing unique information about the electrical side of the metallurgy,
which was not previously available.

6.2 Charge chrome

Because the amount of arcing in the charge-chrome furnaces studied to date is very low for extended periods,
there is no basis for any automatic control of the electrodes based on measurements of Va, as described above
for silicon and ferro-silicon furnaces. This is especially the case where the electrode hoists are allowed only
limited movement. However, for other ferro-chrome furnaces that have higher arc fractions, it may be pos-
sible to do such control.

The sudden loss of an electrode tip in a large ferro-chrome furnace with restricted electrode movement re-
sults in a sudden sustained increase in the level of arcing beneath the affected electrode. Information from
the Arcmon identifies this unequivocally.

Arcmon parameters correlate with some of the furnace operating variables, and can be used for predictions.
The raw materials, particularly the carbon balance, affect the Arcmon variables. These areas are also still un-
der investigation currently.

7. CONCLUSIONS

1. In terms of electrical conduction, silicon and ferro-silicon furnaces behave very similarly, but are very
different from charge-chrome furnaces.

2. The modern charge-chrome furnaces that were studied exhibited relatively low levels of arcing, but the
extent of arcing increased for a short time after each tapping of the furnace. Electrode tip losses also
increased the amount of arcing. This evidence suggests that the carbon bed is normally located rela-
tively high up in the furnace, so that most of the conduction takes place through slag, as there is only a
relatively small quantity of carbonaceous reductant in the main conduction paths beneath the electrodes.

3. Insilicon and ferro-silicon furnaces, the measurement of the arc voltage parameter Va can be used to
control the electrode hoists. In the charge-chrome furnaces studied, because Va is often virtually zero
for long periods of time, the use of this parameter for the automatic control of the electrodes is impracti-
cal, but the information may still be usable for controlling other process variables, and for the detection
of tip losses. The benefits of all these forms of control are presently still being studied and quantified.
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