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Abstract
Previous studies have successfully correlated arc distributions in a vacuum arc remelting (VAR)
furnace with the formation of defects during melting, with diffuse arc conditions being the
benchmark for high quality ingots. This paper reports on work performed by the National Energy
Technology Laboratory directed at determining real time arc distributions. The utilized
methodology is based on furnace geometry specific forms of the Biot-Savart Law, which relates
internal electric currents to externally measured magnetic fields. The developed measurement
system is used to investigate arc behavior during titanium alloy VAR operation. Results are
compared to previous experiments investigating arc behavior, as well as theoretical metal vapor
arc behavior. It is shown that a magnetostatic single arc model is not sufficient to determine the
current distribution inside a VAR furnace at an instant, but it could be used as a tool to detect
non-axisymmetric arc distributions during VAR operation.
Introduction
The distribution of arcs versus time is becoming increasingly relevant to the production of high
quality large diameter ingots. Arc distribution shifts have previously been correlated to
conditions favoring defect formation, with ideal conditions being that of a diffuse arc [1]. This
means that arcs distribute evenly across the ingot surface at a time averaged level, leading to a
quasi steady and uniform heat input to the melt pool surface. As an indicator that current furnace
instrumentation falls short in identifying this condition, it has been shown with high speed
cinematography of the arc region that constricted arcs can exist without leaving any evidence of
its presence on current and voltage signatures [2].
Defects in ingots can generally said to be solidification related or inclusion related. Maintaining
a diffuse arc distribution could be important in preventing solidification defects because
distribution shifts could lead to molten pool shape excursions. Inclusion defects are caused by
unwanted tramp materials or alloy agent segregation remaining intact during the solidification
process, and can come from many sources. One example for this is selective melting away of the
shelf resulting in "fall-in" material that later becomes a defect site. The arc has a large thermal
effect on the ingot shelf because of its proximity, so arc distribution shifts can again be
implicated.
The primary motivation for characterizing arc motion and distribution inside a VAR furnace is to
identify and then eventually maintain a desired spatial energy profile so as to ensure a high
quality ingot. Currently, there is not a commercially available measurement system capable of
detecting the spatial and temporal distribution of arcs during operation. Although optically
limited, "seeing" the arc region is possible by measuring the external magnetic fields. An electric

arc produces a magnetic field as described by Maxwell's equations which relate an electric
current density to a diverging magnetic flux density. Thus, an arc creates a magnetic flux at a
distance which changes dependent on how far away that arc is.
Vacuum Arc Behavior
A vacuum arc refers to an electrical discharge between a cathode and an anode at pressures low
enough that the conduction path is sustained by vaporization and ionization of the electrode
rather than the ambient gas. The ionized particles constitute the metal vapor plasma which exists
between the cathode and anode. In VAR the electrode is the cathode (V-) and the ingot pool is
the anode (V+), so electrons flow from the electrode to the melt pool. Generally, the electrical
discharge emanates from cathode spots which are small and mobile zones which eject ions and
material from the electrode. For titanium, it is reported that a given cathode spot will split into
multiple spots once the current exceeds about 70 Amps [3].
The typical VAR electrode, which conducts thousands of Amps, will therefore be expected to
have numerous cathode spots. From a measurement stand point it is important to know whether
these individual spots cluster and remain collinear which, from a distance, would look like a
single arc. Or the individual spots might behave individually, creating the impression at a
distance of multiple arcs. Specific to VAR arcs, high speed cinematography has been used to
study the electrode gap region. In a VAR furnace it has been observed that cathode spots tend to
move around in ill-defined clusters, separating and coalescing with retrograde motion. Although
the position of an individual cathode spot was largely random, it was reported that there was a
general trend for the spots to form near the center of the electrode and then move in the radial
direction, before extinguishing [4].
Methodology
Theory
The basis for determining arc location and in turn distribution is the relationship between a
current density and a magnetic flux density. The relationship is shown in equation (1), known as
the Maxwell-Ampere equation.
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In this equation, B is the magnetic flux density, µ is the magnetic permeability of the medium
through which the field is diverging, J is the current density, and ∂D/∂t is the rate of change of
the electric field which is sometimes referred to as the displacement current. The terms are
vectors. Magnetic permeability is a material property and the materials of construction in the
typical VAR furnace have the same permeability. Also, most VAR furnaces operate using direct
current, which simplifies the equation by eliminating the displacement current term. The
complexity in using this equation to find an arc, though, arises because the movement of the arc
also causes the current paths in the rest of the furnace to change. Thus, the magnetic flux density
external to a furnace is a function of these sources in addition to the flux generated by an arc.

Finite Element Modeling
To describe the complex relationship of the current paths, COMSOL Multiphysics, a general
finite element analysis (FEA) software package, was utilized. COMSOL solves problems using
the finite element method with partial differential equations.
First, a 3-D CAD model of the furnace and the experimental set-up, including sensor location, is
created. Multiple models are needed to account for varying ingot heights during a melt. At a
given instant, it was assumed that only a single arc (cluster of cathode spots) exist; although this
assumption is questionable, this formulation allows for a unique determination of arc location
from a single sensor as detailed below. Both the arc diameter and electrode gap length were set
to 25 mm. Given typical cathode spot densities, it could be possible to fit all the expected spots
in a diameter less than 25mm. A larger cluster size was also considered, but this was avoided
because the FEA as utilized would determine a non-uniform current profile within the cluster
that is biased toward the center of the furnace, which complicates the prediction and has no
known theoretical basis. The electrical conductivity in the electrode gap outside of the arc was
set to a value near zero, which essentially forces all of the current through the arc in the model.
This also is a questionable assumption as there likely is a more diffuse yet non-trivial ion current
through the plasma region. Without quantitative knowledge of this current, it was decided to
neglect this effect for the sake of simplicity. In reality, previous studies indicate that there is
diffuse conduction of some of the current through this space by means of the plasma. For one, it
is well known that the total power applied to a VAR furnace does not explain the melting rates
observed. In addition, attempts have been made to track the current movement from the electrode
to the crucible by measuring the surface voltage profile on the crucible. It was found that only
63% of the total current appeared to travel through the ingot pool, with the remaining balance
traveling directly from the electrode to the crucible [5].
Next, the entire model geometry is meshed to create the discrete finite elements. In solving the
problem, a finite element electrostatic equation is first utilized in order to determine the current
density throughout the geometry. The electrostatic solution is then input into the magnetostatic
finite element version of equation (1) which solves for the magnetic flux density. The output of
each model is the magnetic flux density at each sensor location for various arc location scenarios.
Thermal or magneto-hydro-dynamic processes are not modeled in the FEA. These processes are
important to VAR operation, but can be neglected in the model because the processes will not
have an arc location independent effect on the external magnetic flux density.
There have been previously published studies using magnetic flux density measurements to
characterize VAR arc conditions by R.M. Ward [6]. Ward's technique also involved using
magnetostatic finite element modeling to solve for the magnetic flux density vector at a sensor’s
location for various single arc location simulations. The magnetic flux density simulation results
were then compared to the measurements and a most likely arc position was determined via
regression.
In this paper, we take a modified approach and show there is a deterministic solution for a single
arc's location using a single magnetic flux density vector measurement. A continuous solution
was desired so that the predicted arc positions would not be mathematically limited to the arc
locations that were simulated. The realization of such a solution makes excessive finite element
simulations unnecessary.

Deterministic Equations
For the magnetostatic formulation of equation (1), magnetic flux density at a point can be
analytically solved for using what is known as the Biot-Savart Law as stated in equation (2).
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where B(P) is the magnetic flux density at a point in space (Teslas). The integration is along the
current path in the direction of flow, dI is an element of length (m) along the current I (Amps),
and η is the vector from the source to the point. µ0 is the permeability of vacuum. This equation
is also applicable when dealing with slow varying currents. Indeed, electrical processes changing
in the 60Hz range can be solved for using the Biot-Savart Law without introducing much error
[7].
Further simplification can be performed in the case that the electric current has known
boundaries. The magnetic field emanating from an arc pointed in the axial direction will only
have a radial and azimuthal component in a plane normal to and intersecting the center of that
arc. Using vector superposition of the arc's vector and a vector in the same direction which is
unaffected by movement of the arc, we can approximate the relation of the magnetic flux
measurement to a single arc position in a VAR furnace with equations (3) and (4).
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where Bx and By are components of the magnetic flux density at a sensor’s location using a
Cartesian coordinate system, θa is the angle from the sensor to the arc, da is the distance from the
sensor to the arc, and I is the total circuit current in Amps. The constants a, b, mx, and my are
needed to compensate for the finite arc length, and furnace geometry. If the constants are known
then there are two equations and two unknowns, θa and da. After inverting equations (3) and (4)
to solve for these, two solutions for the location of a current are found for a given magnetic flux
density vector. However, one can be eliminated because it is on the opposite side of the sensor
than the furnace.
B

B

In the case of an ideal coaxial furnace, the constants a and b can be readily solved for by
considering that both components of the external magnetic flux are zero in the case of a centered
arc. Thus, with a coaxial furnace, one of these terms is 0 and the other is 1/da, depending on the
sensor orientation. One way to find the constants mx, and my is to use the FEA. The FEA, as
discussed above, is used to create a data set of B versus I, θa, and da. A least squares regression is
performed to fit this data set to equations (3) and (4) in order to find the parameters, mx and my.
It was found the predictions of arc locations using the deterministic equations were within about
30mm of simulated arc positions using the FEA, with exception to when the arc was on the
opposite side of the furnace and furthest from the sensor. At this location the error of the
linearization was closer to 80mm. Averaging 4 sensor predictions from sensors on opposite sides
of the furnace improved the prediction by suppressing the errors from an individual sensor, so
that all the predictions were within about 30mm of the simulated arc position. As the ingot forms

and the electrode gap moves away from the sensor plane, there is an increasing error in using the
same equations. Still, averaging 4 individual sensor predictions using the deterministic equations
gives an arc position determination with agreement to FEA simulations to within about +/30mm for about 150mm of distance along the furnace axis.
Experimental Set-up
Commercially available multi-axis Hall Effect sensors were chosen to measure the external
magnetic fields. These multi-axis sensors have three closely spaced, orthogonally oriented sensor
elements that can be used to determine the direction of the magnetic flux in addition to sensing
the intensity of the magnetic flux. Eight multi-axis Hall effect sensors were externally attached to
a commercial coaxial VAR at ATI-Allvac's Albany, Oregon facility in two arrays of four sensors
each. Magnetic Flux density data was recorded from these sensors during several Titanium alloy
heats. In addition to the magnetic flux density data, furnace current, voltage, and stirring coil
current were acquired. For the results reported in this paper, data were recorded at a sampling
rate of 3.7kHz
To account for the magnetic field created by the stirring coils, data were collected prior to
striking an arc but with the coils on. The magnetic data were then fit to the measured stirring coil
current so that an offset as a function of stirring coil current could be determined. This offset
function was then subtracted from the magnetic flux density measurements in the post
processing. To estimate the electrode gap position along the axis during the run, an electrode
based approach was utilized. This took into account the dimensions and density of the electrode,
as well as ram position and electrode load cell data.
Results and Discussion
A single final Ti alloy melt is presented. These results are for an arbitrary amount of data
acquired when the electrode gap plane was determined to be near a plane containing 4 of the
sensors. The exact operation parameters such as melt rate for this run are proprietary to ATIAllvac, but some generalities can be said. The data presented is for a 91.44 cm diameter final
titanium alloy melt having amperage greater than 30kA, voltage 30 to 50 volts, and low stirring
with moderate reversal times. The electrode was 76.2 cm in diameter. Analyzing a single cross
section gives a snapshot, but for a given operation condition, arc behavior has previously found
to be fairly consistent from run to run [8].
Utilizing the arc location equations, the x-y arc position can be calculated for each sensor, as
well as the average of these locations. The average is the average of the predictions, as opposed
to an averaging of the measured signals. Arc location data was investigated at the full time scale
acquired, and it was found that the significant activity appeared to be occurring at the lower
frequencies. So for noise reduction purposes, the test data was processed through a low pass
filter having a cut-off frequency at 25Hz. The data was then reduced to 50Hz.
Arc Location
If the utilized assumptions are correct, we would expect all of the sensor's predictions to be in
agreement in their arc location predictions at an instant and it would be expected that the
predicted arc locations would cover the entire surface of the electrode if one looked at long
enough of a duration. Figure 1 shows the average arc location predictions over 720 seconds of

melt time as well as predictions from each sensor for 3 instances chosen to demonstrate different
arrangements of predictions seen in the data.
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Figure 1 : The average of the predicted arc locations over 720 seconds of melt time (top-left) and a comparison of
arc location predictions from the individual sensors at 3 instances; The dimensions are in meters, and the markers
represent actual sensor location in addition to the location prediction. The outer circle is the crucible, and the inner
circle is the electrode.

In the top-left of figure 1, it can be seen that the average prediction coverage area is close to the
electrode size, with the prediction's coverage area being smaller in radius by about 75mm. It
should be noted that the plot shows the center of the predicted arc's location. Therefore, if the arc
has a radius of about 75mm, then the predicted arc locations would cover the entire surface. Not
shown in the figure is x-y plots from the individual sensors. These were found to have a slightly
larger total coverage area compared to the average, but still smaller than the electrode's surface.
As can be seen in figure 1, the agreement between predictions varies. Yet overall the predictions
amongst sensors showed fairly good agreement with the average distance from a single sensor's
prediction to the average prediction being about 30 mm over the course of the data presented.
Finding general agreement between predictions is in contrast to earlier work, in which the
sensors disagreed and appeared to predict radial oscillations at 360 Hz [8]. Examining further,
the disagreement was not consistent at a given position, as might be expected if disagreement
were due to a systematic measurement error or a systematic error associated with neglecting the
diffuse plasma current. The disagreement can, though, be explained by multiple arcs.

Additionally, agreement between sensors does not mean there is a single arc at that instant. For
example, multiple arcs that are symmetric about the center of the furnace will have nearly the
same magnetic signature at a distance on all sides of the furnace as that of a single centered arc
and thus the predicted arc locations with the single arc approach will be identical for both cases
and for all sensors. On the other hand, non-centered multiple arcs will leave a different signature
on different sides of the furnace. So a furnace with multiple arcs should generally yield better
agreement between sensor predictions for centered multiple arc scenarios versus non-centered
multiple arc scenarios utilizing this methodology. For this data, agreement was better for the
centered arc predictions, compared to the non centered predictions. This supports the case for
multiple arc phenomena.
It is believed that the agreement pattern observed indicates multiple arcs (cathode spot clusters)
at any given instant and even possibly at most instances. This means determination of motion
and distribution with the single arc model will be inaccurate. Still, in terms of generally
characterizing arc motion and distribution the single arc model may be an effective means to
identify diffuse, constricted, and other arc behavior.
Arc Position and Motion
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The motion of the arcs appear to have significant radial as well as azimuthal components. Figure
2 shows the calculated radial position versus time, as well as a cumulative angle for the arc's
position versus time. This term, denoted arc rotations, was found by assigning a rotation value of
0 to the initial data point and then accumulating the changes in the determined polar angles for
the remaining data points.
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Figure 2: Arc rotations about the center of the furnace axis when viewed from above (left) and radial position (right)
of the average predicted arc location. One arc rotation is 2π radians, and the positive direction is clockwise.

The radial motion appears to vary from periods of significant motion, to periods of less radial
motion. Performing a Fast Fourier Transform (FFT) of this data, three frequencies appear to play
the largest role, one corresponding to a time period of about 1 second, and two lower frequencies

at intermediate time scales between 5 and 20 seconds. All these frequencies also appear in the
furnace's current and voltage data, though it is unknown at this time whether these frequencies
arise from the furnace's power supply, or whether arc dynamics are causing these frequencies to
appear in those signals. The low radial motion at the end of the data shown in Figure 2 also
appears to be accompanied by slightly lower noise in the current signal.
It was expected that reversal of the stirring coil might cause arc rotation reversal, but this does
not seem to be the case. Instead, the arc rotates about the center of the furnace in a clockwise
direction for the first half of the data presented, followed by an overall counter clockwise
rotation for the remainder of the data. When the predicted arc position is rotating about the
center, it does so at time scales between 1 to 20 seconds per rotation. Ward also found that there
may be an ensemble azimuthal arc rotation, but at a longer time scale in the range of 20 to 40
seconds per rotation [6]. Additionally, he also observed the switching from clockwise to counter
clockwise rotation at even longer time scales. The shorter time scales observed here for rotation
may be due to the higher melting rate utilized when melting Ti, characteristics of the materials
melted, characteristics of the power supplies, or it may be related to the stirring coil. However, it
does not appear that the stirring coil has a large impact on the arc dynamics for these
experiments at least in terms of its polarity reversal.
The average determined velocity varies but does not show any significant time varying pattern.
The average velocity for the data presented is generally between 0 and 0.5 m/s, with an average
of about 0.25 m/s. There are also outliers, with a maximum velocity of 2.4 m/s calculated for the
data evaluated.
Arc Distribution
To visualize a time averaged distribution, a 2-D histogram of the x-y position data was
performed. The x-y square bin size was selected to be 12.7mm. Figure 3 shows an overhead view
of the furnace, with the color intensity corresponding to the number of arc predictions found in
each bin.

Figure 3 : Overhead view of the predicted arc distribution in the VAR furnace over increasingly long time scales.
Color intensity corresponds to the number of arc location predictions in each location bin. The dark circle is the
electrode.

It can be seen that the arc predictions are concentrated in the center of the furnace. However, this
does not necessarily mean arcs were mostly located there. For example, if the prevailing

condition consisted of multiple arcs near the edges that were symmetric about the center of the
furnace, then the utilized single arc method would also yield a distribution plot that looks like
figure 3. Therefore, this method is of limited use in determining an accurate arc distribution
versus radial position. Still, the method may be useful as a diagnostic in order to avoid nonaxisymmetric behavior during operation. Such behavior would result in the distribution shifting
away from the center, or would show up in the visualization as "hot spots" in certain locations. If
such states were observed, corrective control action might then be able to return the furnace to
the desired arc condition.
Conclusions
This paper describes the instrumentation and analysis techniques for characterizing arc behavior
using externally mounted magnetic flux density sensors. The following conclusions can be made
as a result of this work.
1. The disagreement of arc location predictions at an instant from independently calculated
sensors is consistent with the presence of multiple arcs (multiple cathode spot clusters) acting
somewhat independent of one another. Therefore, the single arc model presented is not sufficient
to determine the current density within the furnace at an instant.
2. Arc motion results show a radial component operating at several characteristic time scales in
the 1 to 20 seconds per cycle range. The frequencies appear to be equivalent to frequencies
observed in the current and voltage waveforms. The radial motion also appears to occur less
frequently for certain sections of the data analyzed.
3. Arc motion results show an azimuthal component with a long period of clockwise rotation
about the center of the furnace, followed by a period of no net rotation, followed by a long period
of counter clockwise rotation. When rotating, the time scale for a single rotation about the axis is
typically in the 1 to 20 second range.
4. The single arc method may be sufficient to use a diagnostic tool to ensure axisymmetric
behavior during melting. The methodology described in this paper is simple enough that real
time monitoring is currently possible.
This research may also provide insight into the role of stirring coils in arc motion and
distribution. For example, the reversal of the current in the coil did not seem to effect arc
behavior for the data examined, though the level of stirring for these tests is considered to be low
by industry standards.
Ultimately, as the technique becomes more sophisticated to allow for multiple arcs, magnetic
field measurements could lead to maps of the distribution of energy into the surface of the melt
pool. This information could be used to improve VAR solidification models. Currently, these
models assume a certain distribution of current density into the melt pool. The knowledge of arc
distribution during VAR operations, and thus current density distribution, is information needed
to make more realistic solidification models of an actual melt possible.
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