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ABSTRACT

This article describes experiments on arc deflection
instability carried out during the past few years at the
Princeton University Plasma Physics Laboratory (PPPL).
Our approach has been that of plasma physicists in-
terested in arcs, but we believe these results may be
useful to engineers who are responsible for control-
ling arc behavior in large electric steel furnaces.

Arcs are a type of “plasma,” - that is, a gas that is
hot enough for some of the electrons to break free
from the atoms (ionize) and conduct electricity. Arc
temperatures are typically 10,000°C, which makes their
electrical resistivity about 1,000 times higher than steel.
This high resistance is desirable for the EAF applica-
tion, in which the arc acts like a heating element in
the EAF circuit. However, arcs (and most plasmas) are
sensitive to deflection by magnetic fields and are gen-
erally unstable.

The behavior of arcs has been studied for many
years,"* but the physical causes of arc deflection and
instabiiity in industriai scaie eiectric arc furnaces (EAFs)
are not yet well-understood. This is partly due to the
difficulties of making arc measurements inside an
operating furnace and the intrinsic complexity of arc
behavior itself.

PPPL does plasma physics research with the long-
term goal of practical fusion energy production. Fu-
sion furnaces, such as the Tokamak Fusion Test Reac-
tor (TFTR) at PPPL* have plasma currents of 3 MA,
diameters of 25 feet and heating powers of 40 MW,
which produce a plasma temperature of up to

400,000,000°C. The horizontal and vertical location (i.e.,
deflection) of these plasmas is routinely controlled to
well within 1 ¢m, and the large-scale plasma instabili-
ties are successfully controlled during normal opera-
tion. Thus, we had reasons to believe that arc deflec-
tion and instability can be controlled, though not in
exactly the same way as in fusion plasmas.

The work described in the following sections was
part of a Ph.D. thesis project to understand the phys-
ics of arc deflection and instability in laboratory-scale
furnaces.* We have not had an opportunity to do sys-
tematic measurements or experiments on an indus-
trial scale furnace.

THE PPPL ARC FURNACE
A photo of the small PPPL arc furnace is shown in Fig-
ure 1. It has a vertically movable graphite cathode, typi-
cally three-eighths of one inch in diameter, and an
iron or steel anode of 6 inch diameter. For unobstructed
viewing access, no slag or shell is present, so arcs of L
<10 cm in fength couid be observed and photographed.
The arc current was | < 250 amps with a DC power
level of < 30 kw, making it similar to a well-regulated
DC arc welder. The arc was struck by touching the
cathode to the anode and drawing the arc up. It was
run in air with ventilation but without water cooling,
so the duration of each run was limited to 10 to 15
minutes to avoid overheating the enclosure.
Electromagnetic coils were placed on the sides and
below the furnace to study the effects of magnetic
fields on the arc defiection and instability. A spatiaily
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Figure 1

Schematic drawing of the PPPL arc furnace. The steel furnace anode
has a diameter of 6 inches and the graphite cathode has a typical
diameter of three-eighths inch. A uniform horizontal magnetic field
can be lmposed at the arc by the pair of 20 inch diameter coils shown.
The arc is fed by a 30 kw DC supply and the cathode height can be
varied during a run. The arc is viewed horizontally by a fast gated
camera and at 90 degrees by a nearby mirror.

uniform horizontal magnetic field of B < 10 Gauss was
created at the arc with a frequency from DC to 10 kHz,
as measured directly using Hall and magnetic probes
when the arc current was off. A gated, intensified CCD
camera was used to photograph the arc light emis-
sion at a standard TV framing rate but with a 10 psec
exposure per frame time to “freeze” the arc motion.
The arc could also be viewed by eye through dark
welding glass. Electrical measurements were made of
the arc voltage and current from DC up to 2 kHz, and
the arc location in the horizontal direction was mea-
sured with an array of fast photodiodes.

Parameters of the PPPL arc are compared with those
of an industrial scale EAF furnace (Table 1). Clearly some
parameters are different, such as the ratio of the plasma
pressure to the magnetic field pressure p and the Mach
number of the arc jet flow. Therefore, caution should
be used in applying these results to large furnaces, as
will be discussed under Needs for Further Research.

ARC DEFLECTION

Undesirable arc deflecti
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tion in EAFs ©

be caused by the stray magnetic fields created by the
electrical buswork leading to arc®® In general, the arc
is deflected by the F, = I, x B, force caused by the inter-
action of the arc current 1 "and the magnetic field B,
perpendicular to the arc, where the force F is perpen-
dicular to both 1, and B,

Typically, the arc current 1, is vertical and the mag-
netic field caused by the external buswork is hori-
zontal. Thus, the 1, x B, force tends to deflect the arc
away from the furnace power supply, as illustrated in
Figure 2. However, this effect can easily be modified
in EAFs by the iron shell and unmelted scrap, which
can shield magnetic fields from the arc itself, and by
other factors, such as the foamy slag or electrode
geometry. In industrial furnaces, the arc deflection
angle is difficult to measure directly, and its relation-
ship with the externally generated magnetic fields is
not easy to evaluate.

In the PPPL arc deflection experiment, as described
in detail in reference 9, a uniform horizontal transverse
field B, was applied to a stable vertical arc with a cur-
rent 1, always producing a clear arc deflection in the
expected F =1 x B direction, as illustrated in the CCD
images shown at the top of Figure 3. The arc main-
tains this steady deflected position as long as a steady
transverse B, field is applied. The parameters for Figure
3 were B = 2 Gauss and I = 150 A, corresponding to a
force on the arc of F_= 3 x 102 N/m, or about 2 x 10
kg of force for an arc of length L ~ 0.07m.

The simplest theoretical analysis of such arc de-
flection assumes the arc behaves like a thin wire
with current I, and linear mass density m (kg/m),
acted on by the uniform transverse force I, xB, (N/
m). The boundary conditions for this expenment are
that the arc is fixed at the cathode and freely mov-
able at the anode. A crucial element of this analysis
is the arc jet speed v, (m/second), which is assumed
here to be a constant along the axial direction z of
the arc (see the following). With these assumptions,
the deflected shape of the arc in the I, x B or x di-
rection is a parabola:>

x=[B/2mv)z2=DZ* .. m

In this equation, the arc deflection coefficient D =
[IB/2mv3)] can be interpreted as the ratio of the trans-
verse driving force per unit length [, x B, to the arc jet
kinetic energy per unit length mv %/2. TF\us the trans-
verse arc deflection “x” at a given distance from the
cathode “z” increases linearly with 1, and B, Good fits
of the observed arc shape to this parabolic model are
obtained in the experiment, as shown at the bottom
of Figure 3.

The arc in this analysis acts like the jet from a water

hose bemg blown in the wind - the deflection de-
of the wind — but also on the
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Table | Approximate Arc Parameters for the PPPL Furnace (left) and a 100 MW Industrial Scale DC Furnace (right)

Magnitude
Parameter Definition PPPL Arc Industrial Arc
Power (peak) \%| 25 kw 100 MW
Temperature T =T,=T, Tev 1-2 eV
E-field {(arc column) £ 10 Vicm 10 V/icm
Current (peak) I 250 A 100 kA
Self B-field - 200 G 6 kG
Pressure p =nkT 1 atm 21 atm
e~ Density (peak) n, 107 cm-3 2107 cm-3
Characteristic arc diameter L 6cm 10 cm
Cathode spot radius r. 13 mm 25 cm
lonization fraction (%) n/n ~ 10% 10 to 100%
Debye length Ao= [T 10 10
ebye len D= cm cm
ye lengt 4mn?
Plasma parameter (4n /3N, ~5 ~5
Plasma frequency foe= e’ 102 Hz 102 Hz
Ls 472 €9 Me
lon gyrofrequen f‘—isei 10* Hz 105 Hz
e
gyrofrequency 2am,
. Lo KT /my
lon gyroradius pLi= 2 2.cm .6 mm
v.— ne*lnA/n &
e~ Collision frequency 12 {2mc (ch)g/z 10" sec 10" sec-"
JKT/m,
e~ Mean free path }\‘mfp,e=—v— 10 cm 105 cm
<
Conductivity o = (I/nl2)/E 80 Q' cm? 100 Q' cm?
Resistive T =Hlc 107 sec 10-% sec
Alfvén speed Va =Byt / yflop 10* cm/s 10° cm/s
Magnetic Reynolds No. R, =1V/L 107 ~1
Plasma P ([ A ~ 1,000 1
(Blar / 2mito) ’
: o= _Ho__
Plasma jet speed (peak) Vjet = Py 10* cm/s 10° cmy/s
C
Mach number (peak) M 102 ~1
Hydrodyn. Reynolds No. Ry=U,r/m 10 10°

mass density and speed of the water jet. Thus, the
magnitude of the arc deflection cannot be determined
from I, and B, alone, but also requires a knowledge of
both m and v,. These parameters are difficult to mea-
sure directly in the small PPPL furnace (and even more
difficult to measure in an industrial furnace).

A theory for determining the arc jet velocity was devel-
oped in the cdlassic work of Maecker™ and has been
qualitatively verified in some controlled experiments.*
The arc jet velocity is caused by a narrow constriction of
the arc near the graphite cathode (the cathode “spot”),

which is small because of the high temperature re-
quired for the cathode to emit electrons. This arc con-
striction at the cathode spot increases the local self-
magnetic field, which causes a radially inward magnetic
pressure on the arc. The high collisionality of the arc
causes the pressure to be transferred into the axial
direction, which causes the plasma jet velocity to be
directed down the length of the arc. This type of mag-
netic “pinch” is familiar in plasma fusion research and
is somewhat similar to the jet of water created by
squeezing a plastic container with a narrow spout.
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Figure 2

A diagram of arc deflection in a DC fumace. The arc current 1, is acted
upon by aforce F,=1,x B, because of the magnetic field created by the
buswork B. This causes The arc to be deflected away from the power
supply. This model ignores the effect of magnetic material around the
furnace, which may be important in practice.

The maximum arc jet velocity near the cathode was
derived by Maecker, as follows:* ™

V<M /20207 e 2)

where r_ is the radius of the constricted arc at the cath-
ode and p is the mass density of the arc per unit volume.
This maximum velocity can be estimated using a typical
arc current density of 3 x 17 A/m? {1, 2] (ie,r.=01cmat
| = 150 A, and an assumed arc density corresponding to
atmospheric pressure air at 10,000°C (ie, p = 17 x 107
kg/m?. The velocity from Equation {2) is then v,
m/second. Note that this is the peak jet speed at the
cathode spot, not the average jet speed downstream,
which can be slower because of mixing with air.

In this experiment, the arc jet velocity was measured
indirectly fie, without using Equation (21 by forcing the
arc to oscillate transversely using an AC excitation of the
external magnetic field coils shown in Figure 1. The arc jet
velocity can then be inferred by measuring the wavelength
of the resulting deflection pattem, similar to the way in
which the velocity of a water jet can be measured by os-
cillating the position of the hose at a known frequency.
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Figure 3

Arc deflection caused by externally applied DC magnetic fields. The
photos at the top are negatives of CCD images of the arc deflection for
two different transverse DC magnetic fields (+ 2 Gauss). The arc is
about 4 cm in length and connects the graphite cathode with the
molten steel anode. These pictures were taken with a 10usec expo-
sure time and compressed vertically by 2.4:1. At the bottom are fits
between the digitized shape of these arcs and the model of Equation
(1). These arcs fit the parabolic shape of Equation (1) and were used to
determine the arc deflection coefficient D = {1B/2mv2.

Some examples of the arc shapes in these AC de-
flection experiments are shown in Figure 4, for exter-
nal magnetic field strengths in the range B, ~ 3 Gauss
and driving frequencies in the range = 500 to 1,000 Hz.
The arc was seen to wriggle in the plane perpendicu-
lar to the applied B/(t) in a regular and repeating pat-
tern. The amplitude of the AC arc deflection increases
with the magnitude of the applied B, and the wave-
length of the deflection decreases as the frequency
and arc current increase. Note that the arc speed is
still predominantly in the z-direction, but now the x-
deflection at a given z-position oscillates in time be-
cause of the externally applied B(t).

Digitized images of the arc shapes, such as those
shown in Figure 4, were interpreted using a general-
ized form of the are deflection model of Equation 1,in
which the spatially uniform magnetic field causing the
I, x B, deflection is assumed to oscillate at a frequency
f = 2. The solution for the arc shape is then a grow-
ing sinusoid:

x(z,t)=(1B / me?*)lcos(ot—wz / v)—cos(wt) -
(zo/V)sinft-wz/VI e (3)




This solution reduces to Equation (1) for wz/v, << 1
(i.e, the arc shape is only parabolic when the driving
frequency is much less than the transit time of the arc
jet from the cathode to the anode).

Figure 5 shows examples of how the experimental
data, like that in Figure 4, was fit to the theoretical model
of Equation (3). Such fits uniquely determine the two
parameters m and v, for a given | and B(w). The results
for our standard | = 150 A are were m =5 + 1 x 10 kg/
m and v, = 23 + 2 m/second. This experimentally in-
ferred linear mass corresponds to an arc temperature
of about 7000°C for the visually observed arc column
radius of = 0.7 cm, which is reasonably close to the
temperature measured for this type of arc?** This in-
ferred a jet velocity of only about one-tenth of that pre-
dicted from the theory of Equation (2), but is not unrea-
sonable, since Equation (2) refers to the maximum jet
speed near the cathode spot, and the measurement
reflects the average speed along the whole arc column.

As a further check of this model, the left portion of
Figure 6 shows the dimensionless form of the trans-
verse deflection in Equation (3), namely M = [(IB/w)/
mv}, as a function of the magnitude of the applied
magnetic field. This parameter M corresponds to the
ratio of the transverse momentum imparted by the I, x
B, force in a time (1/w) to the axial momentum of the
jet. The linearity of this relationship confirms that the
observed AC deflection scales linearly with the applied
field [i.e, the product mv, inferred from these fits to
Equation (3) and is independent of the applied field]
as expected. The right side of Figure 6 shows the in-
ferred jet velocity v, for varying applied frequencies,
which is constant, as expected, since the axial jet speed
is determined at the cathode. For this value of jet ve-
locity and a typical electrode separation, the low fre-
onds™ {i.e,, below a frequency of 90 Hz, which is also
consistent with the experimental observations).

In summary, the two experimental parameters m and
v, needed in the DC arc deflection model of Equation
(1) were indirectly determined by applying an exter-
nally oscillating magnetic field to the arc and then fit-
ting the resulting arc shapes to the AC arc deflection
model of Equation (3). Using these parameters, we can
explain the magnitude and shape of the DC arc de-
flection for a given externally applied DC magnetic field.

These results imply that the DC deflection of an
industrial scale arc, caused by a known externally gen-
erated magnetic field, cannot be predicted without an
independent knowledge of the effective arc mass den-
sity and jet velocity, which are difficult to measure di-
rectly. Possible applications of this result to industrial-
scale furnaces will be discussed under Potential
Application to Industrial Furnaces.

ARC INSTABILITY
Arc instability refers to any rapidly fluctuating arc shape

B= 2.5G (980 Hz)
=250 A

B=2.6 G (507 Hz)
A .

=150

Figure 4

Sample images of the externally driven oscillatory motion of the arc at
different frequencies and applied AC magnetic fields. The geometry
and camera setup is the same as Figure 3. The axial wavelength is
shorter for higher applied frequencies, as shown by the comparison
between the left and middie images, and the wavelength increases
with increasing current, as shown by the comparison between the
middle and right images. At each vertical position, the arc oscillates
horizontally in time at the applied frequency.
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Figure 5

Examples of experimentally obtained arc shapes fit by the AC arc
deflection model of Equation (3). From these fits, both the arc speed
and linear mass density can be inferred. The horizonal scales are en-
larged as shown, and the arc current is 150 A in both cases.
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Figure 6

On the left is the relationship between the externally applied AC
magnetic field and the magnitude of the arc deflection coefficient
inferred from a fit of the arc shapes to the model of Equation (3). The
good fit with the model implies that the arc deflections increase lin-
early with the applied field, as expected. On the right is the arc jet
speed inferred from fits to the same model as a function of the applied
AC frequency. The inferred speed is about the same at all frequencies,
since the speed is determined by the arc jet.

that occurs spontaneously, independent of any ex-
ternally driven arc deflection. It is well-known that both
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DC and AC industrial-scale arc furnaces are highly
unstable even during their “flat bath” state after the
metal scrap is melted. The arc instability generates the
loud broadband acoustic noise around the furnace,
with frequencies below 50 Hz 0 above 1,000 Hz.® Many
attempts have been made to characterize and under-
stand this instability.*® However, the undesirable power
line “flicker” caused by arc instability is generally con-
trolled using external reactances, rather than by directly
stabilizing the arc itself.

The small PPPL arc furnace was also strongly un-
stable in operation regimes, so a separate set of ex-
periments was performed to identify the cause of this
instability. For these experiments, the arc experiment
was the same as previously mentioned under Arc De-
flection, but no external magnetic field was applied. A
detailed description of these results can be found in
Reference 20. As with the deflection experiments de-
scribed earlier, caution must be used in applying our
results to industrial-scale furnaces (see Potential Ap-
plication to Industrial Furnaces).

A typical case of arc instability is illustrated in Figure
7 This arc was initially stable, but after about 1 minute
of burning, the arc began to “whistle” audibly and
formed a conical shape as viewed by eye. In this case,
the instantaneous shape of the unstable arc (as viewed
with the 10 usec exposure-time camera) was a three-
dimensional helix nearly fixed at the cathode and ro-
tating in a few-cm diameter circle at the anode. The
fundamental frequency of the arc motion was mea-
sured by a linear array of fast photodiodes to be = 600
Hz, with a typical waveform, as shown in Figure 8. Also
shown are waveforms of the measured arc current and
voltage, which also oscillated at this frequency.

The onset, amplitude, shape and frequency of this
arc instability varied considerably, depending on the
arc current, electrode separation and cathode geom-
etry in this experiment % For example: (a) for the nor-
mal three-eighths inch diameter cathode, the instabil-
ity was never observed below | = 100 A, and almost
always occurred at | = 250 A; {b) its fundamental fre-
quency was as low as = 100 Hz near 1=100 A and as
high as 800 kHz near | = 250 A, but had a considerable
variation at each current; and (c) the arc instability
sometimes became turbulent, with a broadband fre-
quency spectrum extending from 1 Hz to 10 kHz, par-
ticularly when its amplitude was large.

However, the strongest factor that determined
whether the arc was unstable or stable was the cath-
ode geometry. The influence of the cathode geom-
etry on arc instability has been observed before," ™ ®
but apparently without a quantitative model relating
it to the arc shape, which is discussed in the follow-
ing section.
this cathode geometry ef-
which shows the arc shape

e o Al aswac
The clearest example

fect is illustrated in Figure 9,
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Figure 7

Sample images of an unstable arc during low amplitude oscillations.
The left-hand column shows a direct view of the arc from the CCD
camera, while the right-hand side shows the same arc in the 90 degree
view angle mirror. The five unstable frames were picked from a 30-
frame data set to illustrate the different arc column shapes. These
images were each exposed for 10 psec, and the cathode-anode gap is
3.1 am. The horizontal scales are expanded by a factor of 2.4:1 on the
left and 2.3:1 on the right.
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Figure 8

Time dependence of arc parameters during a low-amplitude 600 Hz
arc instability. The time scale is marked in units of one-sixtieth of a
second, corresponding to CCD camera frames taken at the same time.
The arc position is determined from a horizontal linear array of photo-
diodes viewing the arc at a fixed distance above the anode. Both the
arc current and voltage show few-percent fluctuations at the funda-
mental frequency of 600 Hz. The frequency spectrum of the current
and voltage also show power at the second harmonic, as shown atthe
bottom.

for five different times during a single run with a
“necked” graphite cathode of varying diameter. This
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I'= 250 A arc was normally unstable for our standard
three-eighths inch diameter graphite cathode, but
whenever the cathode burned down to the smaller-
diameter “necked” regions, the arc suddenly became
stable. In fact, for cylindrical cathode shapes, the | =
250 A arc was only unstable over a certain range of
cathode areas from 20 to 30 mm?, as shown in Figure
10. For cathodes below and above this area, the 1 = 250
A arc was stable for all arc lengths.

One other example is useful to motivate the model
for arc instability. When the graphite cathode was made
into a “paddle” shape 25 mm wide by 4 mm thick, as
shown in Figure 11, the wriggling arc motion was local-
ized in the plane of the paddle rather than in a cone,
as for the cylindrical cathode in Figure 7 Thus, both
the onset of this instability and also its unstable shape
depended critically on the cathode geometry and only
weakly on the arc current or arc length.

This dependence on cathode geometry suggests
that this particular instability is caused by an unstable
motion of the cathode attachment “spot” rather than
by a magnetically driven kinking of the arc itself. In the
model, the shape of the arc motion is attributed to a
rapid movement of the arc attachment point at the
cathode that, when combined with the arc jet velocity
directed axially away from this spot, makes a wriggling
pattern, which oscillates in time and space. This is
somewhat analogous to the wavy pattern formed in a
jet from a water hose when its nozzle is wiggled.

A mathematical model for this type of arc instabil-
ity was made by assuming that the arc had a con-
stant axial (z-directed) velocity v, and that the arc
spot at the cathode was gyrating in a small circle in
the xy plane with a radius “a” and a frequency f =
2no. The shape of the arc motion is then a helix with
a diameter that grows linearly with z [e.g, the shape
in the (x-2) planel:®

x(z,t)=alcos(ot-wz /v,)-(z0 / v,)
siffot -ewz/v,)l (4)

Note that this model shows no force on the arc. Thus,
the arc mass density does not enter into this solution —
the arc plasma just moves transversely with a velocity
of v, < wa <<, after it leaves the cathode spot. This
solution looks similar to that for the driven arc mo-
tion in Equation (3), but actually represents a differ-
ent physical situation.

Mathematical fits between Equation (4) and
the digitized shapes of various unstable arcs in
this experiment are shown in Figure 12. Good
fits between this model and the data can be
obtained using two adjustable parameters:
the arc spot motion radius “a” and the arc
jet velocity v,. The arc jet velocities inferred
from these fits agree to within = 20 percent

(o) )

Figure 9

Photographs of the arc behavior with a “necked” cathode, in which the
cathode diameter varies along the length of the cathode, as illustrated
at the top left. During a single run at 1= 250 A with this cathode, the arc
was unstable when the cathode diameter was 9.5 mm, as shown in
photos (a), (c) and (e), but was stable when the cathode was 4.6 mm
diameter, as shown in photos (b) and (d). This demonstrated the effect
of cathode size on arc instability in this experiment. The horizontal
scale is expanded 2.4:1 in all photos.

—e-Stable
o Unstablgj
Unstable—»]
Stable—»
1 10 1 020 1000
Cathode tip area (mm®)
Figure 10

Effect of the cathode size on the stability of arcs in this experiment. For
¢ylindrical cathodes, the arc at ! = 25 A is unstable only for cathode
areas of 20 to 30 mm2 This illustrates the effect of cathode geometry

on arc stability.

of those inferred from the driven arc mo-
tion as expected.

The inferred values of the cathode spot motion
parameter “a” for a database of unstable arcs is
shown in Figure 13, along with a few direct mea-
surements of the visible cathode spot motion made
using a magnifying lens. Both the inferred and mea-
sured cathode spot motion radii are a ~ 0.15 + 0.1
cm, which is comparable in size to the cathode spot
itself, making this motion difficult to observe directly.
The maximum transverse component of the arc ve-
locity is therefore v, = 21 (600 Hz) (0.15 cm) ~ 4 m/
second, which causes a transverse displacement of
=~ 0.8 cm at a distance of 4 cm from the cathode, as
in the data at the bottom of Figure 13. The resulting
cone-shaped arc envelope is visible by eye during
the arc instability.

Obviously, the next question is, what causes this
unstable motion of the cathode spot? A necessary
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Direct View id in

Figure 11

Sample pictures of an unstable arc during a large amplitude oscillation
with a “paddle” shaped cathode, which was 8.8 mm wide by 2.5 mm
thick. The left-hand column shows a direct view of the arc, and the
right-hand side shows the same arc in the 90 degree view angle mirror.
These images were each exposed for 10 psec, and the cathode-anode
gap is 2.7 cm. The horizontal scales are expanded by a factor of 2.4:1 on
the left and 2.3:1 on the right. Note that the cathode is wider in the
direct view plane and that the amplitude of arc motion is larger in this
plane. Also note thatthe arc attachment is moving along the tip of the
cathode.
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Figure 12

Examples of experimentally-obtained unstable arc shapes fit to the
model of Equation (4). The “x” points are the data from arc shapes
taken from digitized CCD images, and the smooth lines are solutions of
the model equation. The four cases shown have arc currents and
frequencies of (a) 250 A, 575 Hz; (b) 220 A, 780 Hz; (c) 197 A, 650 Hz; and
(d) 222 A, 600 Hz. Note that the horizontal scales vary from case to case.

condition for cathode spot motion is that the surface
temperature of the cathode must be sufficiently high
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Atthe top are cathode spot motion amplitudes for unstable arcs vs. arc
current. The amplitudes inferred from fits of the model to the ob-
served arc shapes (open circles) are consistent with direct measure-
ments of the cathode spot motion (closed diamonds). At the bottom
are the maximum arc displacements measured 4 cm axially from the
cathode for the same data set as the top. No apparent trend of arc
displacement vs. current is evident in this range of data.

for thermionic emission to sustain the arc current (i.e,,
roughly > 3,500°C). This can explain why the arc is
unstable for only a narrow range of cathode radii (Fig-
ure 10). For larger radii, the cathode bulk cools the sur-
face surrounding the cathode spot below this tempera-
ture, so the arc cannot move. For smaller radii, the
cathode size is comparable to the cathode spot size,
leaving no room to move. Within this unstable range, it
is believed that some mechanism(s) is causing the cath-
ode spot to rotate in a small circle, causing the helical
arc pattern in the arc jet downstream.

However, the physical cause of the cathode spot
motion in this experiment is not quantitatively under-
stood. The mechanisms that have been evaluated,> ?
some of which have been considered in previous stud-
ies, are as follows:

a) Resistive heating inside the graphite cathode,
caused by the arc current, increases its tempera-
ture and electrical resistivity, thus causing the in-
ternal current path to move to a cooler region of
the cathode. However, the time-scale for bulk heat-
ing of a cathode volume, comparable to the cath-
ode spot radius, would be = 1 second, which would
not expiain the observed instability at = 500 Hz.




b) Surface heating of the cathode, caused by the ion
flow or radiation from the arc, could also increase
its resistance locally and cause the cathode spot to
move to a cooler region. However, the time scale for

a significant local resistance change caused by this

surface heating is similar to the estimate mentioned
previously, which would not explain the observed
instability at = 500 Hz.

¢) Cathode erosion will cause the local shape of the
cathode surface to change, which could cause the
arc to move. Since the arc tends to orient itself per-
pendicular to the cathode surface, this effect might
move the arc away from any local hole caused by
cathode erosion. However, the measured erosion
rate of = 0.06 mm/second is too small to make a
significant cathode spot motion on the time-scale
of the arc instability.

d) Constriction of the arc current at the cathode spot
can cause a magnetic interaction between the cath-
ode current and the arc current, resulting in an un-
stable equilibrium. If a slight angle is created be-
tween these currents, their magnetic interaction
tends to increase this angle until the arc reaches
the edge of the cathode tip at which the angle is at
a maximum. The time-scale for such movement
could be rapid enough to cause the instability, since
the resistive diffusion time of current in the arc or
cathode is small (< 10-° seconds). However, it is not
understood what could cause the arc to continue
to move once it reaches the edge of the cathode.

e) Vaporization of the graphite at the cathode spot
could cause a local cooling of the arc itself, since
the neutral gas is at most 4,000°C and the arc plasma
is about 10,000°C. This cooling would cause the arc’s
resistivity to increase, and the arc current distribu-
tion would tend to move elsewhere. The time-scale
for this movement would be limited by the time to
heat an adjacent area on the cathode surface to
4,000°C, which is estimated to be = 10~ seconds for
the energy flux of = 108 W/m? estimated at the cath-
ode surface. This mechanism could produce a cath-
ode spot velocity of up to 100 m/second, which is
more than enough to explain the inferred spot ve-
locity of 4 m/second.

In summary, the arc instability for this experiment
seems to be caused by a small transverse motion of
the arc attachment spot at the cathode surface, and
not by a magnetic or aerodynamic instability of the arc
itself. This model explains the observed conical shape
of the unstable arc and also the sensitivity of its onset
and shape to the cathode size and shape. However,
further experiments and analysis are needed in order
to understand the mechanism of the arc motion at
the cathode, which presumably causes this instability
(see Needs for Further Research).

POTENTIAL APPLICATION TO INDUSTRIAL
FURNACES

This section describes some potential applications of
these results to industrial-scale EAFs. Here, it will be
assumed that the mechanisms of arc deflection and
instability are similar to those in the small experiment.
This is a debatable assumption, considering the dif-
ferences in physical parameters (Table 1). The research
needed to understand the physics of high current arcs
is described under Needs for Further Research.

Arc Deflection in a Large DC Furnace

First, the arc deflection angle for a 100.MW DC furnace
will be estimated, based on the simplified models de-
scribed under Arc Deflection. For this, transverse mag-
netic field B, arc jet speed v, and linear mass density
m, which are used in the arc deflection coefficient D =
1B/(2mv,2)] in Equation (1) need to be estimated.

For a DC furnace with a current of | = 100 kA and a
shell radius of R = 5 m, the horizontal magnetic field at
the arc, caused by the buswork shown in Figure 2,
would be approximately B, = pol/2nR =~ 50 Gauss, as-
suming no shielding from iron in the shell or unmelted
scrap. The maximum arc jet velocity can be estimated
from Equation (2). For a typical arc current density at
the cathode of 3 x 107 A/m?, the arc radius at the cath-
ode would be r_= 3 cm. For an arc density of p = 17 x
10 kg/m? corresponding to atmospheric pressure at
10,000°C, the maximum arc jet velocity would be [from
Equation (2)] v, . = 7000 m/second. This is probably
too high, since the measured arc jet speed was only =
one-tenth of the estimate based on Equation (2), and
since this is about five times the sound speed at this
temperature. Thus assumed is an average jet speed of
1,000 m/second and an arc of average diameter 10 cm,
which is similar to that measured previously in high
current arcs.’ 2

Therefore, the 100 kA arc should have the parabolic
shape of Equation (1) with D = [IB/(2mv,2)] = [(100 kA) «
(50 x 10-4 D} 7 [2 « (1 x 10~ kg/m) + (10° m/second)? =
1 m~. Thus, if the arc has a vertical height of 1 m, it
should have a horizontal deflection of about 1 m at
the anode (i.e,, its deflection angle should be ~ 45 de-
grees). This appears to be similar to angles believed to
occur in some large furnaces.

For other DC arc furnaces, the arc deflection co-
efficient D can be estimated from the following ap-
proximate scalings: B «I/R from simple magnetics,
m «l'/2 for arcs at fixed current density and tem-
perature at atmospheric pressure, and v, e 1'/2 from
Equation (2) for a fixed current density at the cath-
ode spot, implying D « I'/2/R. Thus, the arc deflec-
tion at the anode, caused by the magnetic fields
from external buswork, would tend to be largest in
furnaces with high current in which the buswork was
close to the arc and would increase as the square
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of the arc length, according to the model in Equa-
tion (1).

Effect of Magnetic Materials on Arc Deflection

A permeable iron shell in an industrial scale DC fur-
nace could significantly reduce the magnetic field be-
cause of the buswork at the location of the arc. The
magnetic shielding effect of permeable iron can be
roughly estimated using a simple one-dimensional
model, assuming complete saturation of the iron at B
- 10 kG. The thickness of iron needed to shield the
magnetic flux from a field of 50 Gauss extending over
a length of 5 m from the buswork would be = (50 G/
10,000 G) » 5 mm = 2.5 cm. This is similar to the thick-
ness of large fumnace shells. Therefore, the existing iron
shells should have a significant influence on the esti-
mate of arc deflection shown under Arc Deflection in
a Large DC Furnace. The magnetic field at the arc would
be a complicated function of buswork routing and the
leakage of magnetic field through the various holes in
the shell.

The scrap iron and steel inside the furnace will
most likely shield the magnetic field of the buswork
from the arc during the initial meltdown, but only
when the temperature of the scrap is below the Cu-
rie temperature (= 700°C), above which it becomes
non-magnetic. Below this temperature, the magneti-
zation of the scrap, by the currents inside the fur-
nace, would probably dominate the arc behavior and
cause random deflections of the arc. However, these
deflections would probably not reach or damage the
refractory wall.

Possible Methods to Control DC Arc Deflection

The simplest way to control arc deflection is to apply a
horizontal magnetic field, similar to the experiments
described under Arc Deflection. Two pairs of magnetic
coils 90 degrees apart outside the furnace shell could
null out arc deflection in any direction, assuming the
effect of the iron shell was taken into account prop-
erly. Current for these coils can be tapped from the arc
power supply, and their power consumption should
be comparable to the rest of the buswork. A second
strategy would be to thicken the soft iron shell to en-
sure that any stray magnetic field caused by the buswork
did not penetrate into the furnace.

A third strategy would be to somehow increase the
arc mass density or arc jet speed, since both enter into
the deflection coefficient D in Equation (1). For a given
arc current, the arc jet speed might be increased by
reducing the radius of the cathode spot, which could
possibly be done by increasing the current density emit-
ted at the cathode surface using a different cathode
composition. The arc density might be increased by
reducing the arc temperature (e.g, by introducing more
cold gas near the cathode spot). The effect of the foamy
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slag around the arc might also be considered as an
indirect means to increase the effective mass density
of the arc.

Arc Deflection in AC Furnaces

Note that the arc deflection formula Equation (3) is
valid on time scales long compared with the transit
time of the arc jet between the cathode and anode,
which is = 1 msec for an FAF arc of length =~ 1 m at an
estimated arc speed of 1,000 m/second. Therefore, this
model should also be valid for arcs in three-phase AC
furnaces.? However, in that case, the dominant trans-
verse magnetic field for a given arc would be from the
other two electrodes, which are much closer to any
given arc. Thus, the AC arc deflection vs. time could
be modeled fairly easily based on analysis similar to
that leading to Equation (1).

Cathode Spot Instability Model Applied to Large
DC Furnaces

Assume that a DC arc furnace of 100 kA has an arc
jet speed of v, = 1,000 m/second, a cathode spot
radius of r_~ 3 cm and an arc length of L=1m (see
Arc Deflection in a Large DC Furnace). According to
the model under Arc Instability, if the cathode spot
motion has a radius of a = r_ = 3 cm (i.e,, similar to
their relationship in our experiment), and if the insta-
bility frequency is 100 Hz, then the arc would have a
horizontal velocity of v, = wa ~ 20 m/second. There-
fore, its position at the anode would move with a ra-
dius of L + (v/v) = 2 cm. Such a small motion would
probably not cause the noise and voltage fluctuations
observed in the actual furnaces.

However, a turbulent spectrum of fluctuations is
present in EAFs in the range = 10 to 1,000 Hz. At = 10 Hz,
the transverse cathode spot velocity would be so siow
that the arc would remain perpendicular to the cath-
ode surface. Thus, its location at the anode would prob-
ably be determined by the local curvature of the cath-
ode tip. At 1,000 Hz, one axial wavelength of the arc
would be between the cathode and the anode, and
the horizontal cathode spot speed would be = 200 m/
second, corresponding to displacement at the anode
of = 20 cm.

It is likely the actual motion of the arc during insta-
bility is larger than these estimates, SO either the cath-
ode spot movement is larger than assumed previously,
or some other physical mechanism is driving arc in-
stability in large furnaces. Cathode spot speeds of up
to ~ 100 m/second and helical (or conical) arc motion
have been observed in high current arcs.* ™

Control of Arc Instability in Large Furnaces

If movements of the cathode spot are the main cause
of arc instability, as implied by the experiments, then
changes in the cathode temperature aistribution,




cathode shape or chemical composition could po-
tentially control this instability. Usually large EAFs use
= 1 m diameter solid graphite cathodes, which have
a cylindrical shape and a hemispherical tip at the
arc end.

The most direct means for arc stabilization in this
experiment was to increase the diameter of the cath-
ode. However, EAFs at | = 100 kA are unstable, even
though the cathode diameter is at least 10 times the
cathode spot diameter, in contrast to the experiment
at which a 250 A arc was stabilized for a cathode di-
ameter a few times that of the cathode spot diameter.
The stabilization in this experiment was attributed to
conductive cooling of the surface adjacent to the cath-
ode spot. However, in the industrial furnace, the whole
cathode tip may be near 3,500°C because of its im-
mersion inside the furnace. If so, one route to arc sta-
bilization might be to reduce the temperature of the
cathode tip, perhaps by moving it nearer to the top of
the furnace shell.

Stabilization in this experiment was also seen when
the cathode radius was small (i.e.,, comparable to the
cathode spot radius). Thus, another route to arc sta-
bilization in large EAFs might be to reduce the cath-
ode tip diameter to the cathode spot diameter (= 6
cm), thus inhibiting the cathode spot motion and arc
instability. This might be possible by bundling together
many such narrow cathodes into a large multi-tipped
cathode, or by forming a single graphite cathode, which
would form many separated cathode spots.

Another approach to arc stabilization would be to
reduce the cathode spot movement. If this motion is
caused by graphite evaporation at the cathode spot,
as described part (e) under Arc Instability, then the arc
instability might be controlled by reducing the evapo-
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the lifetime of the cathode, but may be difficult or costly
in practice.

Finally, adding an axial magnetic field to an arc could
potentially increase its stability, analogously to the sta-
bilization of fusion plasmas. Such a method was pro-
posed and tested on a small-scale experiment.” In
this case, a weak vertical magnetic field created a
new high frequency instability, and a strong vertical
magnetic field extinguished the arc.® However, such

finlde havn hoannm 1icad indiictrial frimmacnc far ot
fields have been used in industrial furnaces for stir-

ring the liquid metal bath and may permit some de-
gree of control over arc instability.

Needs for Further Research

Conclusions from these small-scale experiments
should not be directly applied to the design of large-
scale EAFs without further research, since large indus-
trial arcs have some different physical parameters and
a different environment than the small arcs in our ex-
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been done on high current arcs,’?2 relatively little is
known about the behavior of arcs inside large EAFs,
because of their inaccessibility and complexity.

The main parameter differences between our ex-
periment and an industrial arc are summarized in Table
I. The arc jet speed is likely to be = 10 to 100 times
higher in industrial furaces. The Mach number of the
arc jet may be 2 1, which could cause shock waves
and significantly modify the arc stability. The hydrody-
namic Reynolds number of the industrial arc jet will
probably be in the range of R, =~ 1,000, making strong
turbulence much more likely. In general, the behavior
of plasmas with supersonic flow and strong turbulence
is not well understood, making this an interesting sub-
ject for future research.

The industrial are furnace environment is also con-
siderably more complicated than our experiment, since
it contains foamy slag around the arc, unmelted metal
scrap and/or splashing liquid metal, convective flows
of gases and metal, and uncertain current distribu-
tions inside the cathode and liquid metal anode. Each
of these factors (and probably many others) can af-
fect arc deflection and instability in the real furnace,
and none of them is accounted for in PPPl’s model.
Therefore, research is needed to identify and model
these effects on arc behavior in industrial furnaces.

Another possible difference between the physics of
low and high current arcs is the degree to which self-
generated magnetic fields can affect the arc behavior,
as reflected in the plasma 8 (ratio of plasma pressure
to magnetic pressure) and the magnetic Reynold’s
number R, in Table I. Large self-magnetic fields gener-
ally cause plasma instability although their effect was
probably negligible in this experiment’ High current
furnace arcs likely have some magnetically self—gener—
ated instability, as discussed in the literature.” %

These small scale arc experiments are completed,
but the PPPL would be interested in partnering with
industry to continue this research on larger scale fur-
naces. Progress in such research would depend on
the application of state-of-the-art diagnostic and com-
putational tools for measuring and simulating the com-
plicated behavior of the arc plasma, neutral gas and
molten metal inside these furnaces.

SUMMARY AND CONCLUSIONS
A set of experiments and modeling was done to un-
derstand the arc deflection and instability observed
in a |l = 250 A DC arc, whereby the graphite cathode
and steel anode were meant to simulate the behav-
ior of an industrial scale EAF. The arc deflection, caused
by an external magnetic field B, was explained by a
simple model of the | x B force on the arc jet. The
instability observed in this experiment was explained
by the unstable movement of the arc attachment spot
tho cathode ratha v inctahiling of tha ave
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itself. Some potential applications of these results to
industrial scale furnaces were described, but clearly
more research is needed before the arc deflection
and instability of high current furnaces can be un-
derstood and directly controlled.
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