AN ABSTRACT OF THE THESIS OF

Rigel Woodsiddor the degree of

Master of Sciencan

Mechanical Engineeringresented

On January 22, 2008

Title: Investigating Arc Behavior in a DC VacuumaddRemelting Furnace Using
Magnetic Flux Density Measurements

Abstract approved:

Paul E. King

The behavior of a metal vapor plasma arc in a vacarc remelting (VAR) furnace is
believed to contribute to the formation of defantseactive metal and super-alloy
ingots. Industry standard instrumentation, whiatiudes electric current and voltage
measurements, can asses the stability of an awabuabt predict the location of an
arc. It is known that Maxwell’'s equations prediehagnetic flux density at a distance
from an arc. It is shown that a single arc’s lamattan be uniquely determined in a
cross section by using an externally mounted 24dait Effect magnetic flux density
sensor provided that the system’s electric cungealso measured and the geometry of
the VAR furnace is known. The solution is basedi@nBiot-Savart Law with finite
element modeling assisting the analysis. The metlbgy is validated using
controlled, static experiments. The measuremenéesys deployed on a small scale,
experimental VAR furnace to investigate arc beha®easults from VAR operation
show a time averaged arc distribution that doesiguificantly change over the
course of a melt. By comparing the results fromtiple sensors, observed arc
motions are categorized as being either retrogpadgmpathetic. The former is
characterized by large periodic motions, and ttterd&ither small random motions or
motions associated with an event such as a liqei@indrip short. Significant
alternating currents are found to exist in the DER/furnace. A magnetostatic single
arc model is not sufficient to describe the curdstribution in the VAR furnace at an
instant but it may be an effective means to dejaasi static non-axisymmetry or
slow time varying current profile changes during R Aperation.



© by Rigel Woodside
January 22, 2008
All Rights Reserved



Investigating Arc Behavior in a DC Vacuum Arc Retimg) Furnace Using Magnetic
Flux Density Measurements

by
Rigel Woodside

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Presented January 22, 2008

Commencement June 2008



Master of Sciencéhesis of Rigel Woodside

Presented on January 22, 2008

APPROVED:

Major Professor, representing Mechanical Engingerin

Head of the School of Mechanical, Industrial, & M#acturing Engineering

Dean of the Graduate School

| understand that my thesis will become part ofgeemanent collection at Oregon
State University libraries. My signature below athes release of my thesis to any

reader upon request.

Rigel Woodside, Author



ACKNOWLEDGEMENTS

I would like to thank several people that helpeatiethis work possible.
Thanks to Dr. Paul King who is the Research Prodraader for the Process
Development Division at the United States DOE, dlai Energy Technology
Laboratory (NETL) in Albany, Oregon. He introducee to the topic and gave me
guidance and support throughout the process. M. Rédlonski, NETL Metallurgist,
for his VAR furnace operation knowledge, and theetient supporting photography
contained in this document. Ed Argetsinger, NETIgiBeering Technician, for
preparing and operating all of the VAR experimefitsanks to the folks at Precision
Measurements and Instrumentals Corporation whomwrked with for 5 years,
learning the science of applying measurement systAfso, my instructors at Oregon
State University whom helped me expand my horiZzotwsother fields. I'd like to
thank my wife, Jasmin Woodside, for her support anderstanding especially over
the last few months during the preparation of theuscript.

This work was supported by a cooperative reseamnchdevelopment
agreement (CRADA) between the United States Departiof Energy and the
Specialty Metals Processing Consortium (SMPC).



TABLE OF CONTENTS

INtroduction.......coviii e
VAR Operation.............coceeeevnennns
Motivations for Arc Characterization...
Vacuum Arc Behavior...................

Methodology........ccoovviiii i
VAR Instrumentation Set-up...............
Finite Element Analysis....cu..........
Deterministic Equations.................
Static Test Validation......................

Results and DiSCUSSION..............oveummueenee.
Time Domain Data...........c.ccceeveeennn.
Time Averaged Arc Locations............
Instantaneous Arc Locations............
Periodic Retrograde Arc Motions..........
Random Sympathetic Arc Motions.........
Event Sympathetic Arc Motions........

CONCIUSIONS......vivieie i e

Bibliography.........ccoooiiiiiiii



LIST OF FIGURES

Figure __Page
1. Typical VAR schematiC..........c.ocvveiiiiiiiiiiici i e e e v vee e
2. Parameters monitored during NETL VAR operation ... ..ccvcvvevenenen......6
3. Electrode tips from aborted melts..........coeeeiiiiiiiiii 9

4. Enhanced image of the electrode gap regiorMAR operating at 2.2KA....... 15

5. Experimental VAR furnaces at NETL, Albany.............cccoeeiiiiiiiiiinns 22
6. Data acquISItioN SEt-UP.......ccveei i ee e e e e e ee e e e e 24
7. The sensor set-up coordinate SYStemM..........vvvvviieiie e 26
8. The finite element model of the coaxial VAR..........ocmiiiiiiiiiii, 28
9. FEA of current path for static centertest............ccoveviiiiiiiiiiiiiiii e 30
10. FEA of magnetic flux density for static centest.................ccceevveeennn .31
11. FEA of current path for static south test.............ccoeeiiiiiiiiiiiici e, 32
12. FEA of magnetic flux density for static souglstt....................................33
13. FEA of current path for 4-inch In-625 melt wdéntered arc...................... 34
14. FEA of magnetic flux density for 4-inch In-6&%lt with centered arc..........35
15. FEA of current path for 6-inch SS 316 melt waffset arc.......................... 36
16. FEA of magnetic flux density for 6-inch SS 3t6lt with offset arc................. 37
17. FEA of current path for 6-inch In 625 melt wifiset arc.......................... 38
18. FEA of magnetic flux density for 6-inch In 6&tlt with offset arc ............... 39
19. Verifying the equations for the 4 inch In 625A-simulations...................... 45

20. Calculated electrode position from each seftsdhe five static
tests ONthe SAmMe PlOL........oii i e 47



LIST OF FIGURES (continued)

Figure __Page
21. The arc location analysis VI front panel..........o oo 50
22.B andl versus time for static center test #1..........ccovciiiiiii i, 52
23.B andl versus time for 6-inch In 625 melt.........................cco . B3
24. Z-directionB andl versus time for 4-inch In 625 melt data...................... 4.5
25.Time averaged arc locations for 4-inch In 625 @lt.............................. 56
26. Time averaged arc locations for 4-inch In 628t#2................ccceeeienene. 57
27. The left over electrode after the 4-inch In @28t #2................................58
28. Time averaged arc locations for 6-inch SS 388.mM...........ccccooeiiiiiiiiiii e 59
29. Time averaged arc locations for 6-inch In 628tm.............cccccooeeiiiiiiiiiiee e, 60
30. Instantaneous arc locations for 6-inch In 62% sampled at 30Hz..............62
31. The effect of multiple nearly axisymmetric aorsthe single arc

PrediCtion eqUALIONS.......c.vie e ie e e e e e ne e e e e e D3
32. The effect of a non-axisymmetric multiple acersario on the single

arc prediction equUAatiONS........oviis i e e e e e eeae 1. 04
33. Instantaneous arc locations for 6-inch In-624t sampled at 3000Hz

over a 0.5s interval at 1500AMPS......ccoiiiiiiiiieieiee e e e venneneeeeenn.. 00
34. FFT of 3000Hz data over a 1s interval for Irb-@2elt test #1; Power on........ 67
35. FFT of 3000Hz data over 1s interval for In-62élt test #1; Melting at 862A 68
36. 3000 Hz sampled magnetic flux density and ciirdata versus time for

4-INCN TN B25 MEIE HL e e e 69
37. 3000 Hz sampled magnetic flux density and aiidata versus time for

4-inch In 625 melt #1 with more Amps beingBgd...........ccccevvveiiiiieeeiiiieeen e, 69

38.

Sensor 4 y-axis arc location predictions andecu data for 6-inch
INB25 MEIt.. .. e 72



LIST OF FIGURES (continued)

Figure Page
39. Noise of channel 4y at OV, OA......co i e e (4

40. Simulation of Gaussiddandl noise and comparison to calculations
overalsecond iNterval...........cooiciciiii i s 76

41. Plotting the four sensor standard deviatiothefderivative of the
predicted motion and the simulated noise omofor the x-direction.............. 77

42. Plotting the four sensor standard deviatiothefderivative of the

predicted motion and the simulated noise omofor the y-direction...............77
43. Arc location predictions superimposed on vifteeevent 1......................... 79
44. Arc location predictions superimposed on vifteeevent 2................ccc..... 79
45. Arc location predictions superimposed on vifteeevent 3..............c......... 80

46. Arc location predictions superimposed on viftgeevent4........................ 81



LIST OF TABLES

Table Page
1. Instrumentation SPECIfICAtIONS .........ccoeeieeriiiiiiieee e 25
2. Resulting regression parameters for the fihefFEA data to a

continuous solution based on the Biot-Savaw/L..................ccccevvvvvvviiinnnnnnn 43,
3. Bvs.I linear fit for 4-inch In-625 melt #1 time averaged3OHz................... 70
4. Bvs.l linear fit for 4-inch In 625 melt #1 sampled aDBBiz over a 1 second

interval at 860A ..o e e 1O
5. Bvs.I linear fit for 4-inch In 625 melt #1 sampled a0BBIz over a 1 second

INterval @t 2500A ... ...t e e e 71
6. Standard deviations of the measurements.................ommm e ieecee e ennnn. 77



Investigating Arc Behavior in a DC Vacuum Arc Retimg) Furnace
Using Magnetic Flux Density Measurements

Rigel Woodside



I ntroduction

Vacuum arc remelting (VAR) is a metallurgical cagtprocess used to
improve a material’s chemical and physical homoggn€he input material is
referred to as a consumable electrode. Electpoakr heats the consumable
electrode by means of an electric arc, and gravasks to transport the melting
material into the water cooled copper crucible. dhgut product is a uniform,
cylindrical ingot that has a larger diameter thaam input. A VAR furnace is especially
desirable if the material is reactive to atmosphgases at elevated temperatures,
sensitive to alloy segregation during cooling, andducts electrical current. So the
key characteristics of VAR are vacuum pressures,daoling times, and an electric
arc as the heating source.

The benchmark condition for producing a qualityahhas been shown to be a
diffuse arct This means arc current is uniformly spatiallytidisited as a function of
time, which results in a quasi steady heat inptihéoingot melt pool. Currently,
commercial VAR furnaces monitor a variety of paréene but there is no capability
available to monitor and track arcs on these fusaaDburing VAR operation non-
diffuse arcs are more likely to result in matedafects in the ingot. These defects in
turn are sites that tend to result in fatigue sgldtilures in materials. This is
especially of concern in the aviation industry whielies on high performance, high
temperature metals for turbine engines where th& \6Athe primary melting process
for rotating parts.

The principle goal of this research was to developeasurement system
capable of monitoring VAR arc behavior. A consttaihthe system was the desire to
be able to use it on existing furnaces. So theldped system needed to be non-
invasive, versatile and capable of real time fuorality.

To this end, monitoring arc behavior is achievgdrgasuring the system’s
electric current in the usual manner coupled witeally mounted 2-axis hall effect
sensors which measure the magnetic flux densitis fBlkes advantage of the well

known Maxwell-Ampere equation which relates an wlecurrent density to a
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diverging magnetic flux density. Thus, a movingreat causes a change in magnetic
flux at a distance. Unique to this study is thealeped analysis which provides a
foundation for future study of furnace arcs athtaional Energy Technology
Laboratory (NETL) in Albany, Oregon.

VAR Operation

The VAR furnace was first utilized to melt metaisthe 18' century, primarily
in small laboratory scale furnaces. In the 1940&WYAR furnace became widespread
because of the need to produce aircraft enginetay at remains one of the most
utilized processes for the production of TitaniBuper Alloys, Stainless Steel and
high strength steel forging stock.

A VAR furnace comes in a variety of sizes, capablproducing ingots a
fraction of a meter in diameter to ingots in exoefls$ meter in diameter.

Figure 1, on the following page, shows a schenwdtectypical VAR furnace.
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Figure 1 : Typical VAR schematic (courtesy ATI Adle)

From top to bottom the components of a typical Villhace are as follows. A
manually or computer controlled servo motor andgeee used to control the up and
down motion of the ram. The ram is water cooled emers the vacuum chamber by a
mechanical feed through. A Stinger is an expendatm@ection that bridges the ram
to a machined thread on the electrode. The elesiorkferred to as consumable
because it is made of the material that is to béegheThe electrode could be
continuous bar stock, or it could be multiple peeelded together. The VAR process
is often repeated several times, both to incrdasé&dmogeneity of the material, and

to increase the diameter of the cylindrical ingot.



An electrical current induces a metal vapor plasncavhich heats the
electrode and gravity works to transfer metal diiops the forming ingot. The ingot
solidifies in a water cooled copper cylinder havandiameter slightly larger than the
electrode. The copper crucible is sometimes matketiae top opening slightly larger
than the bottom, to ease removal of the ingot aftelting is finished. Water cooling
of the crucible is required because copper hasarlmelting point than the material
being melted.

A vacuum pump keeps pressures in the furnace imthiorr range. Direct
current usually supplies the power in VAR operatibne source for this is often a
bank of DC supplies hooked up in parallel. In VARimuit is created with the
electrode and crucible hooked up to opposite sifléise power supply. Thus, the
material being melted has to be a good conducteleatricity. In a circuit view of the
system the electrode gap (arc region) can be thafgs a variable resistor. A large
scale commercial VAR might operate at 40,000 Amjik &40 Volt drop across the
electrode gap region.

Many VAR furnaces are referred to as being coakigiure 1 shows a coaxial
set-up as the current flowing in the ingot is ia tpposite direction of the current
flow in the crucible. The net effect is a cancédlatof the magnetic field outside the
furnace, as can be visualized using the right lmaled Also, care is often taken to
ensure that the power cables to the furnace alsmtpin this coaxial manner. The
reason for the coaxial power is that it minimizeays magnetic fields which are
known to have an effect on arcs. Still, it shoutdnoted that the coaxial set-up does
not eliminate the current generated magnetic figldgle of the crucible.

After set-up, the operation process of VAR beginsipplying about 80 Volts
to the furnace and striking an arc by briefly tanghthe electrode to shavings of
material placed at the bottom of the crucible. €leetrode is raised and the arc spans
the gap being conducted by a region of plasma letwee electrode and the crucible.
The current is then slowly increased until melimgtabilized.

During melting, operational parameters vary depemndn the type of melt and

the material being melted. In general, there iswallshaped pool of molten material in
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the middle of the ingot, symmetric about the elmaty's axis. A mushy solid/liquid
interface exists between the pool and the soldliingyot. As it cools, the ingot pulls
away from the crucible wall so that the ingot isgended in the crucible by a thin
section near the top of the ingot.

Figure 2 shows the parameters that are monitoradglMAR operation at the
National Energy Technology Laboratory (NETL) in Athy, Oregon.

LIVE ge-13-03| 07 5313

Figure 2 : Parameters monitored during NETL VARratien

At NETL Albany, two bore site videos, system cutrerystem voltage, and
water flow are monitored. The bore site videostaken from cameras which mount
to the top of the furnace and view the melt poohfrabove and to the sides of the
electrode. Control of the VAR process is achieveddrying the applied current and
the electrode position.
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Operationally, current is the most important par@meControlling current has
the largest effect on controlling the melting ritea given material. Voltage
measurements are used to decide whether the electhomuld be moved up or down.
At a given current, a constant voltage is a goalication of a constant gap length.
Typically the gap length is held at around 0.5 g&hrhis operational parameter is
about the same regardless of the diameter of dutretle. The video cameras assist
the operator by showing part of the top of the meltil. A uniform melt pool indicates
a good melting rate, whereas the presence of sldlgeosurface could indicate too
slow of a melt rate, and the need to increasepbéeal current. During the process,
drip shorts occur which show up as brief spikethencurrent. The presence of drip
shorts is inevitable as a result of material mgland bridging the gap between the
electrode and the ingot surface.

In addition to the already mentioned parameterggelacale commercial VAR
furnaces also monitor furnace pressure and elextnailght during operation. Some
furnaces also have tilt and side to side contréhefposition of the electrode.
Titanium VAR furnaces also utilize magnetic stigiooils, which will be discussed in
more detail later. Most large scale commercial VillRhaces use automated
controllers that try to achieve a constant mek.rat addition to taking into account
the monitoring already described, this also takés account the thermo physical
properties of the melt.

The general goal of Vacuum Arc Remelting operatsoio consistently, and
efficiently produce quality ingots. The next sentaiscusses why improving the VAR

furnace remains relevant, and why behavior andildigton of the arc is important.

Motivations for Arc Characterization
The VAR process is usually repeated several timea fmaterial. The process
conditions during the final melt are the most intpot, and a desire to increase the

quality of this melt is what drives research to i the process.
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Applications that particularly need high qualitgats are ones that require
performance in extreme and high temperature enwiemts such as jet turbine
engines. In this area there remains an increagntpdd for even larger single crystal
ingots, and alloy systems capable of performiniggtier temperatures. Currently,
extreme operation temperatures are pushing mévgl ®fstems to near their
mechanical and thermodynamic limits. High qualityans low occurrences of
defects. Defects are generally areas of the nahtbat differ either in the density or
composition from the surrounding material. For eglana defect site may be low in
the strength adding alloying element, which resulisn area that tends to initiate
cracks due to fatigue. The cracks can then propagagulting in failure of the part. A
failure due to a material defect in a rotating gdira jet turbine engine occurred on
United Flight 232 in 1989, in which 110 passengbesi?

To avoid operating jet turbine engines containiefgdtive material, a number
of non-destructive evaluation techniques are enguidy The types of inspection used
are categorized as surface, near surface, andrfatsevaluation. Surface evaluation
looks for surface-connected heterogeneities ussaVvinspection, surface roughness
measurement, and dye penetrate inspection. Ndacsuooks for close to surface
heterogeneities, using eddy current or magnetitg@rinspection. For sub surface,
radiography is nearly always utilized. This cancassfully locate porosity, density
perturbations, and even the condition of interrsatgin an assembled turbine. Finally,
ultrasonic subsurface inspection has emerged, whiebpecially attractive for on
wing inspection of the engine. This has alloweddolincrease in service life of
engine parts. Overall, the best way to prevent#fects of concern is through
processing improvements and tight controls. Howexeen with an improved
process, non-destructive testing will still be restds a safety assurance to avoid the
high impact of defects in jet engines. So thedmottine is the motivation for process
improvement research ultimately comes from the rfaaturer of the ingots who want
to save money by reducing the amount of materatlithrejected when it is inspected

by the buyer.



As the demand for larger ingots has increasedase the sizes of VAR
furnaces. Since the arc is the primary source af imea VAR, an even distribution of
the arc position versus time is becoming more inguar Industry standard
instrumentation provides a good assessment ott#édiy of the arc region but there
is not a commercially available measurement syst@pable of detecting the spatial
and temporal distribution of the arc during openatiArc distribution has been shown
to be related to conditions favoring defect formatiwith ideal conditions being that
of a diffuse ard. This basically means the arc distributes evenfgsacthe ingot
surface at a time averaged level, leading to aigi@ady and uniform heat input to
the surface. Figure 3 demonstrates that the pregailc distribution yields a visual
difference on the electrode tip.

Figure 3: Electrode tips from aborted melts. Tipeotn the left resulted from a
constricted arc condition whereas the tip on thbtrresulted from a diffuse arc
condition (courtesy Zanner).
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Assessing whether the VAR is operating with diffase conditions by looking
at the tip is not possible during the run, as théstnot visible. Therefore, a real time,
non-invasive measurement system that could assegsdsence of this benchmark
condition would be of value.

The effects that the arc can have on the molteemaaare categorized as
either magnetic effects or thermal effects. The metig effect manifests as the
Lorentz force, which is the force exerted on a ghdrparticle in the presence of an
electromagnetic field. This tends to cause a pattéflow in the melt pool. It has
been mathematically shown that the Lorentz foraensajor contributor to the fluid
dynamics in the arc regidtiTherefore, a change in arc position causes a eharthe
fluid flow. The thermal effect requires more tintepgropagate into the ingot pool, on
the order of the thermal diffusion speed. So vt of arc distribution over a time
period will modify the shape of the molten pootle ingot with the deepest part
corresponding to the location where the arc is mmostentrated. Also, fluid flow in
the molten pool is driven by thermal convectivecés so a change in arc position will
change the fluid flow.

These thermal and magnetic effects of the arc eamplicated to some
degree in most defects found in VAR produced ingd&fects in these ingots can
generally said to be solidification related or usibn related. Solidification related
defects form as the material is transitioning frafiquid to a solid. Inclusion defects
come from unwanted material getting into the matexnd remaining intact.

Macrosegregation solidification defects in ingats kargely a function of
processing. The defects form as bands or spokeimaterial. Spot solidification
defects are called freckles or white spots withfthimer being associated with
elevated levels of an alloying element, and theldieing associated with depleted
levels of an alloying element. For instance, a @liétloy freckle defect might be rich
in niobium (strength adding alloy element) while/laite spot defect would have low
amounts of niobium. It has generally been obsem&AR operation that higher

melting rates are more likely to cause freckleslamer melting rates cause white
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spots® So production practices find a middle ground, #msl becomes the target
melting rate.

The basic mechanism for the formation of freckleedes is best described by
density inversion theoryGravity and thermal gradients at the bottom ofiibel play
important roles in their creation. It has been fibtimat abrupt changes in the mushy
zone likely contribute to the initiation for freekformation. Changes in the mushy
zone shape are a potential thermal effect of thesarthe arc distribution is important
in preventing freckles.

White spot defects can be found in various locatiamd with varying severity;
most likely forming from multiple sources. For exalm the defect could be caused by
un-melted dendrites falling off the electrode itlie melt pool, or by localized
increase or decrease in the solidification rat@ manner similar to freckles. It is
believed that many white spots in the interiorha ingot are associated with selective
melting away of the ingot shelf. The shelf is tegion near the top of the ingot that
remains in contact with the crucible, as the remairof the ingot pulls away from the
crucible due to shrinkage during cooling. The liedication for this source is that
white spots have been shown to specifically exist@distance of around 12mm from
the edge of the ingdtThe arc has a large thermal effect on the shekilie of its
proximity, so arc behavior can again be implicaeglaying an important role in the
nucleation of this defect.

When ingot slices are etched a banded structusvéaled which appears to
show the shape of the pool contour during the nrehickel super alloy these bands
are characterized by alternating bands containiegssive and depleted amounts of
the alloy element niobium. The cause is not wetlaratood but it is thought that the
Lorentz force and resulting fluid flow plays a siggant role in the formation of the
bands. Additionally, it is thought that the bandsult from increased grain nucleation
at the mushy zone front caused by macroscopicfheat® The thermal effect of the
arc in shaping the pool shape can again be impticas a source for the defect.

Inclusion defects can come from the source eleetrodterial. It has been

established that transfer of the metal from thetedele to the melt pool is largely a
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bulk type process. This is important because itmaeen-metallic inclusions could be
transferred to the ingot and not vaporized and radwia the vacuum. The arc plays
an important role in metal transfer, both in sugpireg and encouraging the formation
of metal drops. A specially designed experiment&R\urnace with side viewing
ports was constructed for high speed photograplilgeoélectrode gap region at the
Sandia National Laboratory in the late 1970s. Winetten material bridges the gap, a
surge in current (drip short) temporarily extindugs the arc. Interestingly, the
research has shown that the arc actually re-igeitesvhere before the rupture of the
metallic bridge and the transfer of the metal ®itigot poof°

The arc also interacts with the metal transfer @iweconsists of cathode spots
as will be discussed in the next section) andrijguises from cathode spots actually
slightly depress the surface of the pool. Also,dbion of the arc causes a magnetic
pinch which releases the drop into the ingot metilpThe geometry of transfer of
metal from the electrode to the ingot was foundealependent on arc lengths.
Ultimately, an electrode gap length control schevas developed based on the highly
linear correlation between drip short period and lgagth measured in the videds.

Ingots formed in a VAR will generally have a thayér of material that
extends from the shelf up the crucible wall. Tkisdferred to as splatter, which is
caused by the action of the arc to explosivelytegeme of the electrode’s metal ions
laterally to the crucible wall where it solidifieBhe degree of splatter is directly
related to the electrode gap length, essentialyaew factor effect. Splatter becomes
a problem when it falls into the melt pool and rehs Without sufficient mixing in
the pool the material can solidify as an inclusiothe ingot. This type of defect is
referred to as fall-in. As discussed with whitetspthe arc plays a significant role in
the thermal behavior of the shelf wall due its pmuky. Re-melt of the shelf can be
detected by bore-site video measurements so a r@surement system is less useful
for identifying process conditions that resultmstdefect.

Clearly, the distribution of the arc in a VAR face is an important operation
parameter that could be monitored to assess tHagygofthe forming ingot. The

monitoring system should be able to identify unddse arc behavior characterized by
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constant or varying constricted arc conditions \Whiauses sharp or non-steady
thermal and magneto hydro dynamic profiles in tledt mool. It has been shown with
high speed cinematography of the arc region tltatnatricted arc can exist without
leaving any evidence of its presence on currentvaltdge signatures.

An output of the developed measurement systematbiakd be useful to
casting companies would be a real time plot ofdis&ibution of energy into the
surface of the melt pool. This could be shown io thmensions, and as a time
average. With this information traditional corre@etimeasures could then be taken
such as aborting the melt, varying the currentanying the electrode position.
Ultimately, an arc location measurement system dbel even more valuable if
coupled with magnetic control of arc location. TWoited States patents exist for
steering a furnace arc using externally appliedmetg fields****

The cause of constricted arc conditions has alea btudied. Confined arc
conditions can be caused by the presence of sléigeosurface, the presence of certain
gases in the ambient, excessive gap lengths, anoréisence of non symmetric
magnetic fields.Much of the knowledge on arc distributions in istty is based on
examining electrode tips from aborted melts. Gdheithe results show axisymmetric
distributions with the tip being either being skigiconcave or slightly convex.

Another useful application of an arc location meament system would be in
providing information to improve VAR solidificatiomodels. Significant work in the
area of computational modeling of the process leas lnndertaken over the last 10
years. These models require energy inputs thagwetlyrrequire assumptions on the
distribution of the arc. Knowledge of real distrilauns of the arc during VAR
operations, or more specifically the spatial amdgeral current densities in the
furnace, will therefore provide an improvementhie modeling efforts.

Magnetic stirring coils are already being usedr@ndutside of some large
VARSs, especially in the Titanium industry. Magnegtaring coils are believed to help
with the distribution of the arc, and also help foo®the arc and prevent side-wall
arcing. Typical operation might be running 15 artipsugh the coils while reversing

direction of the current every 7.5 seconds. Theafistirring coils has been more
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gualitative as opposed to quantitative, so thisaesh could improve the
understanding of the process. Indeed, small trasswvaagnetic fields as low as 5 to
10 gauss can steer the arc and cause a non-ayaiiyetric energy distributioh.

Knowledge of how vacuum arcs behave is criticah®oVAR process. The
next section details what is known about arcs AR furnace, and how a
measurement system based on magnetic flux densiguements could characterize

arc behavior.

Vacuum Arc Behavior

A vacuum arc refers to an electrical dischargabenh a cathode and an anode
at pressures low enough that the conduction pahstined by vaporization and
ionization of the electrode rather than the ambgarst The ionized particles constitute
the metal vapor plasma which exists between theodatand anode. In a VAR the
electrode is the cathode (V-) and the ingot potihésanode (V+), so electrons flow
from the electrode to the melt pool. VAR is nota@peally directional though, in that
it would still operate if the polarity was reversed

The classical model for the behavior of metal vgiasma arcs are based on
small scale, short duration arcs in laboratory expents. The electrical discharge
emanates from cathode spots which are small andermines which eject ions and
material from the electrode. For copper, it wasifbthat a given cathode spot can
only carry a maximum current of about 100 Amipdf the total current exceeds this,
multiple cathode spots form with each spot carryesg than the maximum allowable
current.

The Typical VAR electrode, which conducts thousaofdamps, will therefore
have multiple cathode spots. From a measuremeamd gi@int it is important to know
whether these individual spots cluster and remalimear which, from a distance,
would look like a single arc. Or the individual $pmight behave individually,

creating the impression at a distance of multipbs.a



15

Attempts have been made to study VAR arc behanispecially designed
furnaces that have view ports to allow direct vieaion of the electrode gap. High
speed photography then captures the action. Réseetttis area was done at the
NETL site, in Albany in the 1980s. It was foundtthecs could move toward the
edges at speeds up to 900 M/Experiments were performed in a large furnace
having AC power, and non-consumable electrode#’ssonclear whether this speed
of movement could be expected in a DC VAR furnace.

Specific to VAR arcs, important research has besfopmed by Dr. Frank
Zanner and others at the Sandia National Laboratsing high speed cinematography
to study the electrode gap region. This works gimeght into VAR arc motion. It
was found that a cathode spot jumps on a microskscale to an adjacent position
creating a sort of random position walk acrosssiiméace. Figure 4 shows an image of

the electrode gap region inside a VAR furnace.

Figure 4 : Enhanced image of the electrode gapnegia VAR operating at 2.2kA. A
6mm diameter tungsten post is visible in the fovegd. (Courtesy Zanner)
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Cathode spots appear as blue light while the plasamde seen as a diffuse
background cloud covering the whole region. Althotige position of an individual
cathode spot was largely random, it was reportatitttere was a general trend for the
spots to form near the center of the electrodetlagal move in the radial direction,
crawling up the lateral surface before extinguighifhe time period for this was on
the order of 18 seconds. Instead of the classical diffuse motletetseemed to be
spatial relationships with a strong periodic comgranAdditionally, he observed
behavior of cathode spots tending to move arourlitdefined clusters, separating
and coalescing with retrograde motion. Overall,ilb@efined nature of the cathode
spots made inferring current distribution from the@eo data ineffective as a means to
estimate current distribution on the ingot fatAlso, the side port high speed
cinematography method for visualizing the arc camecadapted to work on existing
furnaces.

Non-intrusive, externally mounted sensors to charae the arc region would
be ideal. This can be realized by considering theaa a current density source and
utilizing the relationship between current densitygl a magnetic flux density which
can be measured. The relationship is shown in eguat known as the Maxell-

Ampere equation.
DXé:/j|:j+a_Di| (1)

In this equatiof x B is the curl of the magnetic flux density, is the permeability of

the medium through which the field is divergin,is the current density, an%? is

the rate of change of the electric field whichasgtimes referred to as the
displacement current. The terms are vectors. Pdrititgas a material property.
Fortunately, the materials in and around the fuerelchave a relative permeability of
1, meaning the permeability is the same as in vactinerefore, the magnetic field

diverges from the arc un-distorted.
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In the ideal operation of a DC-powered VAR furnabe, current is held at a
near constant value. Currents that are constam thaathe magnetic field is
constant. This eliminates the rate of change terthe above equation leaving the
Maxwell-Ampere as equation 2.

Dxézﬂljj (2)

Certainly fast transients in VAR operation couldlaie magneto-statics to
some extent. Metal transfer drip shorts have beews to last over a 0.0003 to
0.0205 second time scdfeThese events take up 3 to 5 percent of the metitime
Still, using the magneto-static equation is a gstaating point. Indeed, electrical
processes changing in the 60Hz range can be sobieg magneto-statics without
introducing much erro?® Additionally, the time scales of significance be formation
of defects are much slower, closer to the thernfhlsion speed. So the
electromagnetic characteristics of interest casdi@ to be quasi static.

Hall Effect sensors can effectively measure thereal magnetic fields and
there are commercially available multi-axis Haltdét sensors. The multi-axis sensor
has two or three closely spaced, orthogonally tesensor elements that can be
used to sense the direction of the magnetic fluadidition to the intensity of the
magnetic flux. A sensor element works by passingreent across a conductor or
semi-conductor and the Hall Effect causes thiserurto interact with the magnetic
field of interest, displacing the flow of electrofi$is electron displacement causes a
voltage difference across the element that candmesored. The resulting voltage
output of the sensor is a function of the magretid, the applied current, the area
and thickness of the sensing element, and a miadependent property. Thus, signal
conditioning can extract the desired quantity, Whe&the magnetic flux density, and
the multi axis version allows a magnetic flux dénsiector to be calculated.

There have been previous published studies usultraxis Hall Effect
sensors to characterize VAR arc conditions by RAKrd in the U.K** Indeed, his
work provides the inspiration for conducting thisdy. His technique involved using
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magneto static finite element modeling to solvetfe magnetic flux density vector at
a sensor’s location for various single arc locasonulations. The magnetic flux
density simulation results were then compared¢ankasurements and a most likely
arc position was determined via regression. Thdnatkhe used involved an iteration
weighting the determination to favor sensor predind closest to the arc. He found an
arc distribution favoring a region close to the @dfjthe electrode, with nearly no
occurrence of the arc at exactly the very centéhefelectrode. Also, he found that
there may actually be an ensemble arc motion etrmediate time scales. The
ensemble motion was an arc distribution conceinatiat traveled around the
furnace azimuthally with a time period of aroundsg@onds. The formation of defects
would certainly be encouraged by changing currensdy concentrations at these
time scales.

It should be noted that the magnetic field extetodhe furnace results from
not only the current moving through the arc, bsbahe current moving through the
rest of the furnace. Indeed the small dimensiorte®tlectrode gap mean that most of
the magnetic field external to the furnace derives current elsewhere in the
furnace. So really measuring the external magiielit is measuring the change in
current conduction path in the rest of the furndige to movement of the arc.
Fortunately, the coaxial nature of many furnaceamuiffuse arc conditions will
cause no net magnetic field outside the furnace sarthe measurement system can
have a good signal to noise ratio if the signabigsidered to be a variation from this
condition.

Since the external magnetic field arises from aurpaths in the furnace, an
understanding of how current moves through thedcens necessary to design an
effective measurement system. In addition to npetgic parameters that may be
important such as heterogeneities in the electcadsing current path variations or
variable contact between the ingot shelf and theible there are some general
current path studies worth considering.

It is well known that the total power applied t&¥ AR furnace does not explain

the melting rates observed. Specifically, thera ssgnificant efficiency loss, in that
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only 50 to 60 percent of the power goes to cathdding. Zanner et al performed an
energy balance on operation that considered thieuipetame from operation start to
melting point. Overall, he found approximately 20%he current moved through the
plasma in a non-classical sense in that the cuwastnot part of an afé.

In addition, attempts have been made to tracktnent movement from the
electrode to the crucible by measuring the surfatiage profile on the crucible. It
was found that only 63% of the total current appdao travel through the ingot pool,
with the remaining balance traveling directly froine electrode to the crucibf2This
value was shown to not vary when the interior eftbpper crucible was coated with
Titanium Dioxide.

The use of external magnetic flux density sensarsallow for both
monitoring of arc behavior in the electrode gap aronitoring of the current profiles
in the rest of the furnace. However, the fact tah signals exist in the measurement
mean a deterministic arc tracking measurementsyst@nly possible if assumptions
are made regarding the current profiles. Overatinimoring external magnetic fields
has great potential for arc furnace control, ad agln improving the basic

understanding of the process.



20
M ethodology

The primary motivation of this research is to i processing conditions in
the largest of VARs. The VAR systems at NETL, Alpame relatively small, and so
the relationship between arc distribution and dsfeould be much different than that
of a large VAR. With small VARs available for tesji the research was best served
by developing the measurement system, as oppogetftrming crystallography or
other metallographic techniques on the formed imgand then relating them to the
time-history of the electro-magnetic fields. Theref the focus of this paper is on
developing the measurements system, rather thaisifagon studying the relationship
to preventing the formation of defects in ingotstaa VARS.

The work done toward this thesis can be summaiitedwo major tasks.

First, the VAR furnace data acquisition system designed and installed. Second, an
analysis system was implemented to use the datassoon system to investigate arc
behavior. Although the first step took quite adfiengineering and troubleshooting,
those details are left out for the sake of brewitghould also be noted that this is the
first undertaking of magnetic field monitoring atdurnaces at NETL, so this
research serves as a foundation for future study.

Prior to investigating dynamic arc behavior, cold and static experiments
were performed to validate the developed analgsisrtique. These involved passing
a known current through a conductor at a knowntlonaand seeing if the analysis
system could correctly locate the conductor usinlg the current and magnetic field
measurements.

As a general approach, it was desired to not rmakeassumptions on what the
arc distribution should look like, and to avoidngsicorrelations as much as possible.
However, as an analysis starting point it was agsltiat there is a single arc.
Starting this way is logical because this is tmepdest approach to investigating VAR
arc behavior.

The following list summarizes the types of anayssed in this study to

characterize arc behavior.
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1. Basic Signal Analysis
a. Magnetic flux density and current data in the tishoenain
b. Current and magnetic flux density in the frequedognain using the

Fast Fourier Transform (FFT) method

2. Finite Element Analysis (FEA)
a. Furnace geometry and various arc positions nunibrigianulated as
finite element models
b. Simulated FEA data is fit to an equation to arav@ deterministic,
real time capable, and sensor independent arddocstlution
c. Various types of signal simulation are input irtte eanalysis algorithm

3. Supporting Evidence Analysis
a. Post melt surface photographs of the ingot an@stin
b. Correlations to the simultaneous bore-site videogiged during the

melts

Distinctly unique to this thesis compared to thevoously published work by
Ward is items 2b and 2c. Indeed it is shown th&ihgle sensor can deterministically
locate an arc. Additionally, by treating data fregparate sensors as independent
guantities, additional information can be infermedthe behavior of VAR arcs. Also
unique to this study is the use of the controlidiic tests to validate the analysis
technique.
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VAR Instrumentation Set-up
There are two research VARS at NETL Albany, whigrevoriginally built in
the 1940’s and 1950’s. The furnaces can be seemd-fg the chamber closest to the

camera is referred to as the coaxial furnace, la@ather system is referred to as the
non-coaxial furnace.

Nonr-coaxial VAR furnac

Coaxial VAR furnac

Figure 5 : Experimental VAR furnaces at NETL, Allgan



23

The furnaces are capable of holding crucibles upitewhes in diameter and 20
inches in length. A bank of DC welders provides povand is capable of up to
30,000Amps and 100Volts. Typical operation for thegnaces is in the 1200 to
4000Amps range at 20 to 30 Volts.

The furnaces were already equipped with a largatstesistor in series with
the furnace to measure the current, and probeg#sune the voltage drop across the
furnace. These are located near the power suppliesh are not shown in the picture.
Two analog cameras are attached to view portspoftthe furnace immediately
before operation. The cameras view the melt pavhfabove and on opposite sides of
the electrode. During a melt, the ingot surface@sccloser to the cameras and more
light reaches the cameras. So the aperture and fiildhe cameras are continuously
manually adjusted during the melt. Artificial lighg is not required, the light emitted
by the arc and drip short explosions are more byt enough and indeed neutral
density filters are utilized to reduce the intepsit light reaching the camera.

The signals from all of the instrumentation areteouto the operator’s
location, which is behind a brick wall. The briclalacts as a blast shield to protect
personnel, in case of crucible wall failure, whesltmg highly reactive metals such as
Titanium.

The challenge for adding the data acquisitionesysivas to add the multi-axis
Hall Effect sensors and then to adapt all of thetgg instrumentation to a computer
based data acquisition system.

A National Instruments data acquisition system sedected, capable of
digitizing 32 analog inputs, 2 analog video signalsd having a maximum 100 MHz
transfer rate between the converters and the caripiiiard disk. Figure 6 shows the

set-up.
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Isolated Voltage and Current Input

A/D Chassis BNC Connections

Computer LabVIEW program

Hall Sensor Signal Conditioning

Figure 6 : Data acquisition set-up

The acquisition program was written using LabVIEHWe to the high
bandwidth needs for the 2 video channels, low lpvejramming and data buffers
had to be used. Timing between the analog datanetand video was accomplished
using software timing.

Voltage and current acquisition used front entaieal signal conditioning
units from DataForth so that the data acquisitistiesn would be electrically isolated
from the current path in the furnace. This improthesoverall signal to noise ratio for
the data acquisition. Table 1 summarizes the dpatins for the measurements.



Table 1 : Instrumentation Specifications
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Magnetic flux | Current Voltage I mages
density
Description: Four 3-axis Isolated op- Isolated op- A/D video
hall effect amp amp converter
sSensors
Channels: 12 1 1 2
Range: +/- 500 gauss +/- 10,000 A +/- 100 V 1V wehnéf.
level max.
Resolution: 0.01 gauss 1A 3mV 24-bit color
Bandwidth: 20 kHz 10 kHz 10 kHz 30 Hz

The Hall Effect sensors transform the magnetix @ansity into a readable

voltage. Each of the four Hall Effect sensors Imasd separate 0.2” square sensing

elements configured at 90 degrees apart. The elsraemhoused at the end of an

aluminum square tube measuring 0.25” x 0.25”. dsponse to the magnetic flux

density is perpendicular to the labeled axis aedvitage output of the signal

conditioning box is linearly proportional to thepdipd magnetic flux at 1mV/gauss.

Assuming the sensor is placed in a region whergithéient of the magnetic flux is

minimal over the dimensions of the sensor, the ftatthe three elements can be

transformed into a vector containing a directiod aragnitude of the magnetic flux

density at a point. Thus, a magnetic flux denségtor is determined at four separate

points outside the furnace.

It is important to note that the sensors do ngpoed to the electric field. So, a

change in voltage in the furnace will not have #iect on the sensor. The sensors

respond to the earth’s magnetic field, which islyatonstant at about 0.5 gauss. So,

the sensors are electronically zeroed once in gladée outside of the furnace.
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The Hall Effect sensors were directly attachechdutside of the coaxial
VAR furnace. Figure 7 shows the set-up coordingstesn. The sensors were placed
at a z-direction location on the furnace that csposmded to approximately half way
up the final ingot’s height. This varied for eactperiment, as can be seen in the next

section.

'n

| Bus bar location |

w X
)
Y

Sensor 1

—>X

Sensor 3

Sensor 4

X — Perpendicular to Shell X
Y- Tangential to Shell
Z- Parallel to Shell

Arrows show a sensing element’s direction of response

Figure 7 : The sensor set-up coordinate system

The set-up resembles a cylindrical coordinate systée relationship
between current and the direction of the resulthagnetic field can be assessed using
the right hand rule with the thumb pointed towdrd minus, and the magnetic field
curving around with the curl of the fingers. Sothis set-up, the y-axis on each sensor
primarily responds to current moving in the axi@édtion. The x-axis responds to
current moving azimuthally, and the z-axis primardsponds to current moving in
the radial direction. However, of particular intgtres the change in position of an arc

which is an axial current, and this will cause bibt x-axis and y-axis to show a
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change in the magnetic flux density. To a less&régxhe z-direction current will also
change because radial current will increase ositteclosest to the arc.

In general, current takes the path of least resstaSo changing the current
path in one part of the VAR changes the currertt pathe rest of the VAR, which is
easy to understand but difficult to analyticallyv&oin a complicated geometry. To

solve for the current distribution in a VAR furnadiaite element modeling was used.

Finite Element Analysis

COMSOL Multiphysics, a general finite element gs& (FEA) software
package, is utilized. COMSOL solves problems basegdartial differential equations
(PDESs). When solving the PDEs, COMSOL Multiphysisgs the proven finite
element method (FEMY. Even though VAR furnace geometry is often desigoeae
axisymmetric, the modeling is done in 3-D to besablaccount for off centered arcs.

First the geometry of the furnace and the experinsedrawn. For the melts, a
modeled ingot height is used that corresponds daitatalf the final height of the
formed ingot. This also meant the modeled electgagewas nearly lined up with the
sensor’s axial location. The presence of a singlesamodeled, so separate models are
created for each arc location simulation.

Each individual component in the furnace is coaid to be a subdomain
with defined material properties. The relevant gtips are electrical conductivity
and relative permeability. As already mentioned, ftirnace contains material with a
relative permeability of near 1. The conductivifitloe arc was set to a value similar to
graphite at 10,000 S/m. This value has little @ftacthe solution because the
surrounding area was modeled as space with extydowelconductivity, forcing all
the current through the arc. In reality, previouslges indicate that there is diffuse
conduction of some of the current through this sgacthe plasma, as previously
discussed. Neglecting this effect could resultriratienuation of the predicted arc

motions.



28

Boundary conditions are then set-up. The bus bamexcting power to the
crucible is defined as a current input to the mauhel the electrode ram is set to
ground, or zero volts. The entire model regiontoase surrounded by a boundary
which is defined as electric and magnetic insutatithis basically sets the values of
the magnetic and electric field at these bounddoe®ro so that the PDEs can be
solved. As long as the space is big enough, tlwe Brdoing this is minimized.
Interior boundaries are set-up as continuity se¢l®undaries have no effect on the
calculations.

The entire model is then meshed to create theadesfinite elements. In the
cross section through the arc and sensors, arfiesh region is used to reduce mesh
size related errors. Additionally, the sensorsmoeleled with an even finer mesh.
Figure 8 shows the meshed model, as described.
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. tothe busbar A
sl Graphite
base plate

Figure 8 : The finite element model of the coaXAR. Shown is the static center test.
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Thermal or magneto-hydro-dynamic processes arenndeled in the finite
element analysis. These processes are import&#fRooperation, but can be
neglected in the model because the processesavitiave an arc location independent
effect on the external magnetic flux density.

Each arc location simulation is modeled separatglg, fixed position with a
static current. Therefore, static electromagneajicagions apply. The solution is
considered to be coupled in that electrostaticsnraagnetostatics are solved separately
in that order. First, the model calculates thetebstatics using equation 3.

-0Qo0V -J%) =0 ()

The o term is the electrical conductivity (S/m);is the externally generated current
density vector model input (AA)) andV is the electric scalar potential vector (Volts).
For the given conditions, this essentially solasthie current path through the
furnace. The electric scalar potential solutiomtbecomes input into the

magnetostatic solution using equation 4.
0x (/Jo_l,ur “Ox A)+ oV =J° (4)

The g, term is the permittivity in vacuum (8.854*1®Farad/m),, is the relative

permeability (dimensionless), alds solved forA is the magnetic vector potential
(Weber/m). The Magnetic flux density vector is dthg related to the curl of the

magnetic vector potential, as seen in equation 5.
B=0OxA (5)
B is the magnetic flux density vector (WebeT/on Teslas), and 1 Tesla is equivalent

to 10f gauss. COMSOL is set-up to automatically choosantbst efficient stationary

solver to solve the equations for the finite eletaem the model.
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Next, simulation results can be plotted. Some e$é&results are now
presented. Figure 9 shows streamlines of the cuin@m the bus bar to the crucible to
the graphite electrode assembly for the staticerdrst. As mentioned, the idea for
static tests was to see if the developed analystead could correctly locate the
position of the graphite electrode from magnetid anrrent measurements. No arcing

or melting took place.
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Figure 9 : FEA of current path for static centestt&treamlines are colored by current
density (A/nf). Input current was 4645 A.

Not shown in the figure is the furnace shell, svdbnsors appear to be
floating in mid-air. The sensors appear as cub@sage labeled by number. Figure 10
shows a slice of the magnetic flux density throagilane containing the sensors.
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Also, the magneto static model shows a linear nespof magnetic flux density

Versus current, as expected.
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Figure 10 : FEA of magnetic flux density for statenter test. Colored slice indicates
the normalized magnetic flux density (T) and arr@hew the normalized direction.

It can be seen that the largest magnetic fluxiteissinside the furnace, with a
maximum of 380 Gauss. This compares to about 28sgaiLthe sensor 4 position, and
78 Gauss at sensor 2 positions. This drop off estduhe divergent nature of the
magnetic flux density, and because of the cancelirige external magnetic fluxes
due to the coaxial set-up. Still, the furnace cardly be called coaxial, since a truly

coaxial furnace would result in a zero external nedig flux density at the sensors’
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locations. Clearly, the cause is the non-axisymimetrs bar in close proximity to the

furnace.

Figure 11 shows the simulation for the same ctindren the electrode is
displaced south 2 inches, toward sensor 2.
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Figure 11 : FEA of current path for static soutstt&treamlines are colored by current
density (A/nf). Input current was 4600 A.

As expected, the current favors the side of theible that is closest to the
electrode. The main purpose of showing the stresnpliots is to visualize the set-up
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and current paths for different experiments. FigiEeshows the magnetic flux density

for the static south test.

Max: 0.0367
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Figure 12 : FEA of magnetic flux density for stagmuth test. Colored slice indicates
the normalized magnetic flux density (T) and arr@lvew the normalized direction.

It can be seen that moving the electrode doesanad b great effect on the
maximum magnetic flux inside the furnace, and thatmaximum moves with the
electrode. Also, it can be seen that sensor 1&iloe is in an area with a considerable
amount of flux in the z-direction. Finally, sensis in a location where there is both
a large gradient in terms of magnitude and diractibthe magnetic flux. This means
there is likely to be more error in the resultsireensor 2 because of the uncertainty

in the actual position of the sensor with respecdhe rest of the furnace.
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Figure 13 shows one of the FEA simulations for4kiach In-625 melt. The

location of the sensors and center simulated asitipo can be clearly seen.
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Figure 13 : FEA of current path for 4-inch In-62®8ltrwith centered arc. Streamlines
are colored by current density (A)minput current was 3000 A.

Figure 14, on the following page, shows the rasgiitnagnetic flux density for

a plane through the sensors.
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Figure 14 : FEA of magnetic flux density for 4-inth625 melt with centered arc.
Colored slice indicates the normalized magnetix @lansity (T) and arrows show the
normalized direction.

Figure 15, on the following page, shows one ofdineulations for the 6-inch SS 316
test. This used the same crucible as used in dtie g¢sts.
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Figure 15 : FEA of current path for 6-inch SS 31@trwith offset arc. Streamlines are
colored by current density (Afn Input current was 4000 A.

It can be seen that the level of melt was very lewthe sensors were placed
near the bottom of the crucible. Figure 16, onftllewing page, shows the resulting
magnetic flux density for a plane through the senso
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Figure 16 : FEA of magnetic flux density for 6-inSI% 316 melt with offset arc.
Colored slice indicates the normalized magnetix fdansity (T) and arrows show the
normalized direction.

In this case it can be seen that the sensorsla@ated slightly below the arc
for the simulation. This is why the area showing haximum is not where the arc is,
but rather offset toward the middle. This showd tha axial location of the arc has a
large effect on the magnetic flux density at a poira cross-sectional plane inside the
furnace. The effect of this is minimal outside themace where the sensors are
located.

Figure 17, on the following page, shows an FEAwation for the 6-inch In
625 melt. This used the same crucible as the pusvieelt, but different sensor
locations, and a different simulated ingot heigthis was because more material was

melted.
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Figure 17 : FEA of current path for 6-inch In 628ltrwith offset arc. Streamlines are
colored by current density (Afn Input current was 4662 A.

Figure 18, on the following page, shows the resglthagnetic flux density for the

simulation.
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Figure 18 : FEA of magnetic flux density for 6-inkh625 melt with offset arc.
Colored slice indicates the normalized magnetig fdansity (T) and arrows show the
normalized direction.

It can be seen that a comparatively large magfiaiaensity is located
around the arc, with a maximum of 723 Gauss. Thearacy of this number will
depend on the diameter of the actual arc, in timelsitions the arc was modeled as a
cylinder with a diameter of 0.5 inches.

The primary purpose in showing the preceding resslto visualize the set-
ups for the experiments conducted. Visualizingrtioelels also yields insight into

expected magnetic flux density conditions duringlNB/AR operation.
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Deterministic Equations

The value of the FEA simulated magnetic flux dgngéctor at each of the 4
sensor locations was output for each FEA model.ethiod was needed to use these
VAR simulation results to predict an arc locati@ased on the measurements during
the VAR experiments.

A continuous solution was desired so that the ptediarc positions would not
be mathematically limited to the arc locations tvate simulated. The realization of
such a solution also makes excessive simulationsagssary. An effective solution
was found by looking at how the problem might bprapched analytically.

For a known current vector, the magneto-static Melkdmpere equation can

be solved using what is known as the Biot-Savawt ha stated in equation?®.
B(p):ﬁjlx_gcu (6)
amr n

B(P) is the magnetic flux density at a point inapérleslas). The integration is along
the current path in the direction of flow, adildis an element of length (m) along the

currentl (Amps), 77 is the vector from the source to the point. Algg,is the

permeability of free space which is equal to thargity 47 x 10° N/Amp?. As
previously mentioned, the furnace contains matetlat have nearly the same
permeability as vacuum, so this quantity can beluse

Even further simplification can be performed in tase that the known
current is straight and of infinite length. Thisglifies the Biot-Savart equation to

equation 7%°

B(P) = ZI'L;:I (7)

The termd is the distance (m) from the current to the poirinterest. This is the
simplest way to calculate a magnetic flux densitg tb electrical current, but in a
VAR furnace additional terms are needed.
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The electrical currents in the VAR can not be désct by a single vector.
However, if the parts in the furnace are thoughatonductors in series, then there
are three significant current vectors. These agdtls bar vector, the crucible vector,
and the arc/electrode vector. These vectors ialigrily point in the axialZ-direction)
and if a collinear assumption is valid, vector sypesition can be used to solve for the

resulting x and y magnetic flux densities at a pasing equations 8 and 9.

Bx - Zb Cos@b)lb:uo + Zc Cos@c)lcﬂo + Za Cos@a)la:uo (8)
2, 2, 2/,

B - Zb Sln(eb)l bluo + Zc Sln(ec)lc:uo + Za Sln(ea)l aluo (9)
Y 27w, 27, 271,

In this equation the subscrigisc, anda stand for the bus bar, the crucible, and the
arc vectors respectivel® is the angle and is the distance from the sensor to the
respective current vectarjs the respective view factor from the sensohto t
respective vector’s end points since the curreators can not be assumed to be of

infinite length. This term is calculated using etjpa 10.

z, = 0.5(sin(©h) —sin(Gt)) (20)

Where ©h is the angle between a line perpendicular to éms@r and the vector and
the head of the vecto®t is the angle between a line perpendicular to émsar and
the vector and the tail of the vector. The locatbthe tails and heads of the vectors
are based on the physical geometry of the systemexample, the tail of the crucible
vector corresponds to the z-direction locationhef top of the crucible.

If this were truly a coaxial furnace, then the bas vector would be zero, and
in the case where the arc was exactly centeredyrtiogble and arc vectors would
cancel. The calculated magnetic field would therzdr®, as is true for an ideal coaxial
VAR.

To solve the problem using these equations, thetitme of the crucible and the

bus bar vector would have to be fixed. This ledhestwo unknownsl, and
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O, which are the distance and direction from a settstire arc respectively. To

ensure the two equations yield a solution for thegeunknowns, the equations were
re-arranged using MATLAB’s Symbolic Math toolkiT.wo solutions for the location
of a current were found for a given magnetic flexsity vector, but one could be
eliminated because the polarity of the currenthésystem are known.

It was postulated that despite the complicateddeggendencies of the current
paths, the discrete FEA simulation results couléitiato similar Biot-Savart vector
superposition equations that would also allow aiooous prediction of the arc
location. Equations 7 and 8 can be simplified mtomore generic form with the
common terms separated out, and the superposeiog bhought of as being between
a current vector that changes position, and a suwector that does not change

position. This idea yields equations 11 and 12.

B, =m,l [S"‘;@)-a] (11)

a

B, =m,[ <=0y (12)

where B and B, are the FEA simulated magnetic flux density atrese€s location,

0, is the angle from the sensor to the simulated asttipn, d, is the distance from

the sensor to the simulated arc positios,the simulated current in Amps. By
simulating a number of currents and arc positiodata set is created and then a

regression is performed to fit the data to an eqoand find the parameter, m , a

andb. These parameters are unique to the furnace satdipo the individual sensor
positions.

For each regression, data from at least 7 diffedlestirete arc locations, and
three different currents were used. The FEA simuatiata fit to the equations quite
well. Table 2 shows the result of the regressiongife 4 types of experiments

performed.
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Table 2 : Resulting regression parameters forithed the FEA data to a continuous
solution based on the Biot-Savart Law.

FEA Static 4"In625 |6"SS316 |6"In625

analysis:
1 m 0.00195 0.000634 0.000456 0.00153
1 a -2.87 7.3 9.1 -3.99
1 r? 1.00 1.00 1.00 1.00
1m, -0.00176 -0.000318 -0.000261] -0.00073
1 b -7.25 5.1 5.1 7.14
1 r? 1.00 1.00 0.99 1.00
2 my 0.00176 0.000333 0.000243 0.000738
2 a -17.90 -34.2 -39.1 -20.47
2 r° 1.00 1.00 1.00 1.00
2 m -0.00198 -0.000639 -0.000472 -0.0015(
2 b -2.74 -4.7 -4.6 -2.48
2 r? 1.00 1.00 1.00 0.99
3 m 0.00198 0.000636 0.000499 0.00149
3 a -2.18 5.7 6.6 -3.14
3 r° 1.00 1.00 1.00 0.99
3m 0.00175 -0.000323 -0.000270 -0.000749
3 b 6.50 1.8 1.50 5.83
3 r? 1.00 1.00 0.99 1.00
4 my 0.00174 0.000317 0.000257 0.000742
4 a 5.53 2.7 -4.7 4.16
4 r° 1.00 1.00 1.00 1.00
4 m, -0.00196 -0.000629 -0.000467 -0.00149
4 b -0.21 -0.59 -0.80 -0.31
4 r° 1.00 1.00 1.00 0.99

As it can be seen in this table, the fit paransedee unique to each type of

melt and to each sensor. This is due both to ttegilan of the sensor along the
furnace axis, the height of the ingot, and the ibleaised. The 6-inch melts used the
same crucible as the static tests.

A comparison of equation parameters between asgiell as between

individual sensors can be made. Considering theigda measure a change in current
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density location, the best signal to noise (S/Npraill have the largest grand ny
and the smallest andb parameters. Not surprisingly, the highest S/MNrdlie static
test simulation, where the entire length (13”)leé electrode is moved about. This is
versus the melt test simulations, where only a tlh3€ngth arc is moved around. Due
to the bus bar, thaterm is largest for sensor 2. This implies se2sbas the lowest
S/N ratio among sensors.

To verify that the equations work, the simulateagmetic flux densities for
different FEA simulations are used as inputs toettp@ation. Verification of the
predicted arc location to simulated arc location tteen be performed. Figure 19
shows the 7 different simulated arc positions, #wedresulting prediction using the

equations for the 4-inch In-625 melt. The inputreat was 3000A.
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Figure 19 : Verifying the equation for 4 inch IR®FEA simulations

This shows that fitting magneto-static FEA datanmalytical equations based
on the Biot-Savart law works quite well. Esseryi@lOMSOL can be thought of as
the calibration tool which provides a continuoustedministic, and sensor
independent arc position solution.



46
Static Test Validation

As a control to test the electric arc location egsttests were performed in
which no arcing took place. The tests are refetwess static because the electrical
path does not change during the test, as woulddmjopthe presence of a dynamic
electrical arc. In actuality, these control testsraot static because the electrical
current is varied, albeit very slowly, versus tiniae experiments were performed in
the coaxial VAR chamber, using the same 6-inchibte¢hat would later be used in
some of the melt experiments. Tests were runiverdiscrete electrode x-y positions,
and one additional test to look at set-up repeltablhis involved a graphite
electrode and a machined plate to accommodatecBetBspositions of the electrode
relative to the crucible.

The procedure for this test involved turning onc¢herent, and holding it at
three distinct values such as 1000Amps, 2500Amus4800Amps. The resultant
magnetic flux densities were recorded at each seosition.

Data for the static experiments were sampled adB@0and then averaged to
30Hz prior to logging to file. The time averagedatode location results over the
duration of each experiment can be seen plotteetihegin an overhead view in
Figure 20.
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Figure 20 : Calculated electrode position from es@msor for the five static tests on
the same plot.

The overhead orientation is the same as seen urd-ify sensor 2 is closest to
the bus bar. For the static test with the electindbe center, the predicted location
for all four sensors agrees with the location ef ¢tenter of the electrode to within
about 0.5 inches. Averaging the predictions offthe sensors correctly locates the
center of the electrode. If the positions of trecbde in the furnace, as indicated in

the figure, are correct then the predictions thatxsthe most error are sensor 2 for the
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north position test, sensor 4 for the east positst, and sensor 3 for the west and
south position tests. Overall, the predicted etetdrdisplacements for physical
electrode displacement are in the correct diredboeach sensor, indicating the
analysis method is working. For example, when taetede is moved in the north
direction, the predictions also move in the noitieation, and when the electrode is
moved in the east direction, the predictions movihe east direction.

There does appear to be a trend of the predictomard the center of the
furnace. It is thought that this is due to a systecrerror in the set-up of the parts
inside the furnace.

A repeatability test of the center static testdael individual sensor electrode
predictions that all moved toward sensor 4 by alba2f inches. This involved
removing and then replacing the electrode asseniibig.demonstrates that there is
some non-systematic uncertainty in the predictuesto the set-up. However, since
the sensor’s predictions all moved together, tierdpancy in predictions between
sensors are likely caused by a different souraenoértainty. For example, the value
of the shunt resistor used to measure the systeum’snt could be incorrect. Also, the
crucible is not fixed to the furnace, so it may hatve been exactly centered in the
furnace. Efforts were not taken to ensure accyraysical location of the furnace
parts, as the primary purpose of this study waswvestigate the general behavior of
external magnetic fields for future study.

In the above static result figures, a few data fsotan be seen that are off from
the others and seem to follow a trail away fromtbkk of the predicted points. These
are due to the single point surges in the curratd that can be seen in the time
domain data section of the results chapter. Esdbntihey are an error. Also, the
locations of calculated positions are slightly skevin this same direction. Further
investigation of this reveals that this occurs dgrcurrent ramp up, as opposed to a
shift versus time or overall current. So positiatculation is independent of current
at steady state, with some effect at current rapsgp and larger errors at extremely fast

current transients.
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Overall, the static tests validate the developedmatostatic equations to
calculate the position of a current source insideftirnace. Data for the static tests
also give a reference for what magnetic field diadd like without the presence of
arcs.

Overall key assumptions for the analysis are:

1. that the bandwidth limitation of the instrumentatis sufficient to characterize
arc behavior

2. that the magnetostatic equations are applicable

3. that there is a single arc at any given instaninguhe test

4. that all of the current, as measured by the shulnannels through the arc at
any given instant

5. that the arc is parallel to the axis of the furnand has a cylindrical shape

6. that the axial location of the electrode gap candgected for the experiments
performed

7. that there is not any time varying current behadige to the current path in the

electrode or through the boundary between the iagdtthe crucible

These assumptions are by no means believed tartueldHowever, making them
provides a simplification that allows for the detémistic arc location results. Most

of these assumptions are examined along with thdtee
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Results and Discussion

Data from four melts using the NETL experimentadxal VAR furnace are
presented. Analysis was performed using a develbpb®IEW Virtual Instrument
(V1), with embedded MATLAB math script to perforine arc location calculations.

The front panel that controls this VI can be seeRigure 21.
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Figure 21 : The arc location analysis VI front pane

The inputs to the arc analysis VI are the datapidth, the video file paths, the
location of each sensor, the sensor rotation negtiic transform the acquired data

from a cylindrical coordinate scheme to the Caatesioordinate scheme, the sensor
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and current scale factor dictated by the instruatea, a frame offset input for the
video versus the data, and the FEA simulation amalyarameters for each sensor.
Also, the VI can run at a user input rate, or imndizal data points can be accessed. The
output is a digital current indicator, two boreesrideos with a gradient processing
filter applied to bring out changes in intensitgdaan overhead map showing the
predicted arc location according to each sensag.artalysis results can be output to a
file. Other VIs were created to input simulatedadsignals with varying frequency
content, or noise simulations into the analysisadlgm. Also, a VI was created to test
the analysis with manually input magnetic flux dgnand current data.

First, some of the acquired signals will be presémh the time domain. This
gives an overview of the signals measured duritegia The signals during a melt are
compared to the signals taken during a static E&stond, time averaged arc location
results are presented. This type of analysis itils®identify the presence of non-
axisymmetric, constricted arc distributions. Alus analysis shows whether there is
any change in this distribution over the cours&¥ AR operation. Third, instantaneous
arc location results are examined. The validityhef single arc assumption and the
magnetostatic assumption is questioned. Finite eh¢mnalyses of scenarios with
multiple arcs are presented. Finally, an in depthysis of the frequency and
directions of motions seen in the results are amalyThe frequency domain is
analyzed using FFT. Signal simulation and noiséyarsais utilized to help explain
the results. Event motion of the calculated mowaméthe arc is correlated to video

data acquired at the same instant.

Time domain Data

The time domain data for the static center expeartiseeshown in Figure 22. A
nested picture gives an overhead view of the lonatf the sensors, the crucible, and
the electrode. Recall from Figure 7 that each semstnially contains three
independently measured orthogonal sensing elersaléslx, y andz which are not

orientated in a Cartesian coordinate system.
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Figure 22 B andlI versus time for static center test #1. Data aezagyed from
3000Hz sampling rate to 30Hz.

The sensing element measuring the largest magheticesponse is 2y, which
makes sense because this sensor is closest taghmb The y-axis primarily
measures current moving in the axial directionru® tcoaxial furnace would show
zero magnetic flux density for all elements for temtered case, regardless of the
current. So the bus bar side of the furnace shbevgniost deviation from how a
coaxial furnace should respond.

As soon as the current increases, the magneticfuasity follows. The
increasing current seen is due to the operatoeastng the current. The exception is
there are a few single data point spikes in theectidata that are not reflected in the
magnetic data. These spikes are then either arrting current measurement, or

actual surges in current that are faster thandspanse time of the magnetic sensors.
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A measurement error of that magnitude is unliketyit is reasonable to assume that it
is some kind of surge. Also, since there isn’t amglting or arcing taking place in
these experiments, it is reasonable to assume $ipdses are related to the power
supply, and not due to something occurring indmdeftirnace. Transients from the AC
power grid getting through are a likely culprit.

Finally, the time domain data shows that zledement does not respond to
movement of the electrode or a change in currenyt meich. This element is primarily
responding to current moving in the radial directsm this makes sense. The
direction is not needed in the arc position analysi

Figure 23 shows the time domain data for a mettukad the same crucible as

the static experiment.
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Figure 23 B andl versus time for 6-inch In 625 melt. Data are agedafrom 3000Hz
sampling rate to 30Hz.
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Similar to the static tests, the largest magndtic fesponse is coming from
2y, due to the bus bar. Also similar, the magniégic data increases and decreases
with the current. Differing from the static tests;an be seen that the magnetic flux
density varies quite a bit. The current also showse variation. Current variation is
expected during VAR operation because of the varyasistance to the flow of
current across the gap between the ingot and etectHowever, the current
variations alone cannot explain the variation sag¢he magnetic flux density data.
This additional content could be the signal ofiies, which is a flux due to a moving
arc. Still, the change in the magnetic flux duang arc movement is fairly small
compared to the response of the magnetic fieldugettse current.

As mentioned, the z-direction is not used in thalysis. However, it is worth
looking at because variations in this channel caldd mean variations in the x and y
channels. For example, if the current path thraihghingot shelf varies with arc
position then the effect would be most pronouncetthé z-directions sensing element.

Figure 24 shows the z-direction data in the timmdio for one of the experiments.
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Figure 24 Z-directionB andl versus time for 4-inch In 625 melt data.
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This figure shows a clear slight trend of the 2diton magnetic flux density
versus time. The current remains fairly constant,tbe magnetic flux is changing.
This constant slope supports the idea that thiagdnés due to z-direction movement
of the electrode gap. No periodic changes are isetne z-direction data, as would be
observed if there was significant changing of tigot to crucible boundary condition.

Therefore, the assumption that this effect candggatted seems valid.

Time Averaged Arc Locations

Time averaged arc location data are importanalse this can provide
information that would allow for calculation of qgiasteady energy input into the
ingot pool. As previously discussed, this will harglications to the formation of
defects.

First, it is worth mentioning what a diffuse afstdbution would look like
since this is the benchmark for quality VAR operatiA diffuse arc condition would
result in a distinct collection of predictions steathan the diameter of the ingot, and
with all 4 sensors agreeing on the predictions. diiea of coverage of the distribution
over the duration of the melt would then be direotlated to the number of data
points averaged, with an increasing number of geraesulting in a decreasing
predicted distribution area.

The data was acquired at 3000Hz, and then avetad#@Hz so each point
represents the average of 100 data points. Figuse@vs the time averaged results
for the duration of the first melt experiment. Thansisted of melting a 2-inch
diameter solid bar of Inconnel (In) 625 into a 4khrdiameter copper crucible. In 625

is a type of nickel alloy.
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Figure 25 : Time averaged arc locations for 4-ircB25 test #1.

Sensor number 2 places the predicted locationeo&tb off the map, which of
course is not possible. The bus bar is the likelyse of error causing this, because
sensor 2 is closest to the bus bar. The other sease likely also affected by this
error, which might explain some of the disagreeméhé plotted average does not
include data from sensor 2. The average predictetbeation is on the south side of
the electrode, toward the bus bar. It should betimreed that the plot shows a dot
representing the center of the arc, and does flette¢he width of the arc. Since this

test used the 4-inch crucible, it is difficult torapare the accuracy of the location
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predictions to that seen in the static tests whidd the 6-inch crucible. Figure 26

shows the results for another 4-inch In 625 melt.
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Figure 26 : Time averaged arc locations for 4-ircB25 test #2.

This shows consistency in the results for identicalt conditions. It can be

seen that the analysis is not overly sensitivé¢osinall amount of differences

between experiments. Also, shown is a picture efftihmed ingot after removal from

the VAR.
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The results show an off centered distribution thaiild be consistent with
constricted arc conditions. The disagreement betweasors shows the accuracy in
location could be off, but it is worth looking d&tet remainder of the electrode to see if
there is any corroborating evidence for a congtdi@rc in this direction. Figure 27
shows the remains of the electrode for the 4-imc625 melt. The interesting thing is
that there does appear to be more material mefied the south direction, toward the

bus bar. This is consistent with the time averagedocation data presented.

- M«.x\h@lﬁﬂ\wl\s&“

Figure 27: The leftover electrode after the 4-ihtle25 melt #2. Note more material
melted off in the direction of the bus bar (andsser®).

In addition to favoring the bus bar side, theresexan overall convex
electrode tip shape that suggests the arc is nite tmward the edges, and less often
in the middle. This is also the general observattwnmelts performed in this furnace.
Diffuse arc conditions will result in a nearly flalectrode surface, so it is likely that

constricted arc conditions regularly exist. Fooanparison, Figure 3 shows an
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electrode tip resulting from diffuse arc conditionsa different furnace. A constricted
arc is not surprising given the proximity of thesthar, which can also be seen in the
photo. The bus bar creates a magnetic field tHdiaddnces the furnace by creating
stronger Lorentz forces in certain directions ia &nc region.

Using the 6-inch crucible, a solid bar of 3 inchrdeter Stainless Steel was
melted. Figure 28 shows the results for this expent. The final melt was only about

3-inches tall, so the sensors were located faidgecto the bottom of the crucible.
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Figure 28 : Time averaged arc locations for 6-i8€h316 test.
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Again it can be seen that sensor 2 fails to prexicarc location inside the
chamber, but this time puts the prediction outsidkfferent part of the furnace. Also,
sensor 1 shows a much wider distribution than ser$or 4. It is unclear why this is
the case. The unmelted pieces showing in the batfdime ingot indicate that the melt
did not use enough power. Unfortunately, a post ptetograph of the electrode tip
is not available.

Figure 29 shows the results for the 6-inch In 6#8t. This electrode was

formed by welding three 4 inch melts together.
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Figure 29 : Time averaged arc locations for 6-ihrcB25 test.
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Once again sensor number 2 shows a large errothisutme the distribution
can be seen on the map. Interestingly, the digtobwarea predicted by sensor 2 is
reduced if the parameters of the solution are éeljuso that the result falls within the
expected area of the electrode. This means thecpeddarc motion results are not
independent from the absolute location resultsrdfbee, future experimental work
should employ more careful positioning of the paftthe furnace with respect to the
Sensors.

Sensor number 2’s error seems to be related to-theection position of the
sensor, as locating the sensors further up thédhhefghe crucible causes less error. It
is therefore likely that the error is not only comifrom the bus bar, but it is
specifically coming from the 90 degree junctiortteé bus bar that is located in a
plane lined up to near the bottom of the crucibl@s is shown as a solid connection
in the FEA model, but in actuality it is severadigls bolted together. Refinements to
the bus bar geometry in the FEA analysis could @iobbbe made to reduce this error.

The anomaly seen in the top of the 6-inch In 628 meactually part of the
electrode that accidentally fell off into the mettol at the end of the test. Leading up
to this event were some interesting arc conditishgh will later be detailed.

Overall, wider distributions are seen for the nbettts compared to the static
tests. This is consistent with behavior expecte@fmoving arc. The distributions
cover most of this area in a short time span coatptr the length of the experiment.
This shows that the arc is not moving around olerduration of the tests as would be
the case for slow time scale ensemble arc motiba.ldck of movement in the
predictions versus current shows the analysisnctly accounting for changes in
DC current. It also validates the assumption thataxial location change of the
electrode gap during the course of the experimamtbe neglected.

Averaging the predicted arc locations from selvegasors appears to be the
best method to determine quasi static arc disiobuf o further investigate arc

distributions, instantaneous data is examined.
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Instantaneous Arc Locations

For an experiment, with no signal averaging, itlddoe expected that the arc
distribution would cover most of the electrode auef over the duration of the test,
provided the single arc assumption is correct. @irse, the assumption that the
bandwidth of the instrumentation is sufficient wdbalso have to be true. Figure 30
shows the predicted arc locations for the 6-inc62b melt, when the data is re-
sampled from 3000Hz to 30Hz.
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Figure 30: Instantaneous arc locations for 6-inctb25 melt sampled at 30Hz.
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Sensor 2 data was omitted from this figure becthisalata has a high degree
of error, as seen in the last section. The intergstspect is that the spread of data
points appear to diverge from the center to theidatof the electrode, and generally
toward their respective sensor. Also of interesh# the average location is more
limited in distribution, indicating the motion ftine individual sensors is opposing, or
in retrograde motion. This causes the displacenterdancel out when averaged. This
behavior was observed for all 4 of the melt expents.

This retrograde motion displays a distinct periatature, as will be shown and
analyzed in the next section. First, it is worthastigating whether this distribution
could be explained by arc motion. A single arc daudt cause this effect, so FEA
simulations were performed looking at multiple scenarios. The resulting magnetic
flux density values predicted for these scenariasaah sensor position was then input
into the single arc analysis VI to see the effegure 31 shows the result of 4 distinct

arcs which are axisymmetric about the axis frompiespective of the sensors.

Predicted Arc locations

Min: 6,455e-4

Figure 31 : The effect of multiple nearly axisymnmearcs on the single arc
prediction equations. The result is the same ddaha single, centered arc.
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This analysis indicates that the presence of malt@pcs that are axisymmetric
will have nearly the same effect on the analysia smgle centered arc would. It is
conceivable that axisymmetric retrograde multipleraotion is limiting the
distribution area seen in the instantaneous redéeyious studies have shown radial
motion of the arc; this makes sense because ttig isame direction that the furnace
generated Lorentz force is acting. Further, if ipldtarcs are moving
axisymmetrically in this way, simple magnetic fielelctor sensing on the outside of
the furnace would have almost no response thatduoeildifferent than a stationary
arc. In other words, this is not a limitation iretanalysis but rather in the
measurement system itself.

Although axisymmetric multiple arc motions mightpéadn the limited
distributions seen, they do not explain the retadgrmotion observed. This motion
could be explained by multiple arcs that were xagyanmetric. Figure 32 shows the
FEA simulation for two discrete arcs and the effait has on the predicted arc

locations.

Predicted Arc locations

Min: 6.4582-4

Figure 32 : The effect of a non-axisymmetric mudtiprc scenario on the single arc
prediction equations. All four sensor predictiomgedge from the middle.
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This analysis shows the result of simulating twesawhich causes all 4
sensors’ predictions to diverge from the centeetrograde motion compared to arcs
grouped in the center. It is also important to bt the movement is attenuated, the
arcs in the simulation are all the way toward ttiges but the sensor predictions only
move about half that distance. Still, this shovet tletrograde motion is possible to
see in the analysis as the result of multiple Hrasare oscillating in a manner that is
not axisymmetric. If this behavior were real it ntagylimited specifically to the
furnace used in these experiments, because ohtiual presence of the bus bar on
one side of the furnace.

The multiple arc scenarios should be considerdtieasause for the limited
distribution and retrograde motion observed, bist isiby no means conclusive. In the
next section, the frequency content of the sigisadsalyzed to further investigate the
motion. From this it will be shown that the electcurrent appears to play a large role

in both the frequency and direction of travel foe instantaneous arc predictions.

Periodic Retrograde Arc Motions
To examine the retrograde motions, the full 3008kinpling rate data are
examined. Figure 33 shows the arc location resoittthe 6-inch In 625 melt over a

half second time frame, or about 1500 data points.
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Figure 33 : Instantaneous arc locations for 6-iimeB25 melt sampled at 3000Hz over
a 0.5s interval at 1500Amps. Arrows indicate ariliagion direction.

Most of the total distribution area that was presiy seen Figure 30 for the
30Hz re-sampled data, actually occurs within a &igrt time scale. The predicted
arc location for each sensor travels from the n@iddvard the edge in approximately
1ms at a speed of about 50m/s.

Figure 34 shows an FFT of the signals immediatigr @ower is turned on,

but before an arc is initiated.
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Figure 34 : FFT of 3000Hz data for In-625 melt téstover a 1s interval; Power on.

The power supply voltage shows a large signab@Hz, and related

harmonics. The current jumps up because of tharf@ssients that randomly occur in

the current channel, as discussed in the time dos&tion. The Hall Effect sensors

are unchanged, still showing an even responsesatitespectrum.

Once current is applied, the same frequency coofehe voltage can be seen

in the remaining channels. Figure 35 shows the diing VAR operation.
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Figure 35 : FFT of 3000Hz data for In-625 melt téktover a 1s interval; Melting at

862A.

360 Hz is the main component of oscillation thasween in Figure 33. Recall

that operation of the VAR is supposed to be DCcWiig why this result is a bit
surprising. Large periodic signals could be a probfor the averaging method used to
process the data presented in the time averagddcatton section. So the data was
checked by also processing it using a low-pasar filthe resulting distributions were
nearly identical to the averaging method, as ptteskin the time averaged section.

Therefore, the periodic signals are oscillatingutibe mean.

To give an idea of the severity of the AC curyémgure 36 and Figure 37

show 3000Hz data in the time domain. It can be se&tthe current oscillates by

nearly 1000 Amps about an average of 2500 Amps.
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Figure 36 : 3000Hz sampled magnetic flux density eurrent data versus time for 4-
inch In 625 melt #1.

40 3200

30 =2 1 L] b E\ Eu 1 b I B’ . ﬁ 7;; |1 3000

U R IRTLRHE S

’ Il” o
¥ [ I ¥ 4x
i i v 1
A JRIR ] ISR IERTR! 4y 2600
4

4z

rrent (Amps)

—=— Current (A)

Magnetic flux density (Gauss)
IS =

——

=

>

_—

=

[

A
} ' e i \ - " KL SRR
Rl AL e AR q\\‘\-‘w‘
T -
J

N Ladid Whdidas R S VA K T e . Tty et i T

) [ = 1 2000
B WWM’UWMMMMM/\A/JMWM -~
2517 251.72 25174 25176 25178 2518

Time (secon ds)

Figure 37 : 3000Hz sampled magnetic flux density eurrent data versus time for 4-
inch In 625 melt #1 with more Amps being applied.
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In addition to the current oscillating with a $tgp360 Hz component, the
magnetic flux density is also oscillating. Furthiegppears this data is either in phase
or out of phase to the current by approximately d8@rees. Note that both the DC
and AC components of the current increase compénmglata shown in Figure 37 to
the data shown in Figure 36.

The FEA simulations showed that the magnetic flergity is linear with the
DC current for a given arc position, as would bpested from the equations. The
static experiments also verified this. Table 3 shdwe parameters for a linear fit to

averaged data for the 4-inch In-625 melt test.

Table 3 B vs.I linear fit for 4-inch In-625 melt #1 time averaged30Hz.

Channel: 1x ly 1z 2X 2y 2z 3X 3y 3z 4X 4y 4z

slope (Gauss/mA) | -6.24 | -1.81 | -1.26 | 1.74 | 11.02 | 025 | 535 | -3.23 | 2.73 | -1.07 | -3.80 | 0.27

y intercept (Gauss) | 0.27 | 0.13 | -0.36 | 0.04 0.20 | -0.01 | -0.28 | 0.05 | 0.19 | 0.08 | -0.31 | -0.17

r2 fit 0.97 | 096 | 0.89 | 0.94 098 | 0.72 ] 097 | 097 | 096 | 091 | 0.97 | 0.59

Except for the channels that show very little sldpe r2 fit shows that the
data is linear. Table 4 shows what happens wharearlfit is applied to a small

window, containing the AC current.

Table 4 B vs.| linear fit for 4-inch In 625 melt #1 sampled aDB8Biz over a 1
second interval at 860A.

Channel: 1x ly 1z 2X 2y 2z 3x 3y 3z 4x 4y 4z

slope (Gauss/mA) 1.78 | 235 | 298 | 1.93 | 4.06 [ 510 | -5.98 | -0.70 | -3.56 | 3.54 | 4.01 | 4.30

y intercept (Gauss) | -6.44 | -3.39 | -3.97 [ -0.11 | 595 [ -421 | 9.32 [ -217 | 523 | -3.89 | -6.94 | -3.61

r2 fit 0.16 | 0.34 ) 047 | 0.26 | 045 | 057 | 073 | 0.06 ( 0.11 | 053 | 0.38 | 0.11

The linear fit is not very good, but it is stilirprising that the slopes are in
most cases the opposite sign of the slope to teeaged data. Table 5 shows the same

thing, but for a larger current.
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Table 5 B vs.| linear fit for 4-inch In 625 melt #1 sampled aD8Biz over a 1
second interval at 2500A.

Channel: 1x ly 1z 2X 2y 2z 3x 3y 3z 4x 4y 4z

slope (Gauss/mA) 133 | 151 | 201|115 | 242 | 272 | -3.70 | -0.38 | -2.17 | 2.06 222 | 2.80
y intercept (Gauss) | -19.28 | -8.20 | -8.56 | 1.47 | 21.63 | -6.22 | 22.95 | -7.18 | 12.24 | -7.79 | -15.28 | -6.55
r2 fit 0.41 0.48 | 0.52 | 0.43 037 | 041 0.57 | 0.10 0.27 | 0.51 0.37 | 0.31

Again there is quite a difference in the paransetempared to the DC signals.
Also, the y-intercept is different from than thényercept for the lower current data
but the slopes are only slightly different. Thisans the AC magnetic flux signal
might be following its own independent relationshiiph current, as might be
expected if it were an error due to the magnetiicsdgsumption.

By generating sinusoidal signals, similar to tigmals seen in Figure 36 and
Figure 37, and inputting them into the arc locatguations it can be seen that both
the magnetic flux density and current oscillatisighificantly contribute to the
predicted retrograde arc motions. In other woritering out the AC component in
either but not both the current and magnetic flargity data reduces but does not
eliminate the predicted motions. Also, the resgltimotion is generally in the same
direction when considering just the magnetic fluyust the current oscillations.

The NETL “DC” VAR furnaces operate with very sifjoant AC components.
These AC components clearly cause the periodimgetde motion in the arc location
predictions. The directions of the movements aresisbent with what would be
expected if the analysis was not correctly accagnfior changes in current. However,
it was also previously shown that multiple, nonsgrimetric arcs could cause
retrograde arc motion in the same direction. Tthierrinvestigate whether the
motions are real, the effect of the electric curseamplitude is examined.

To look at the relationship of the motion to timepditude of the current over
the duration of a melt, the sensor 4 y-axis datmfFigure 30 is presented in the time
domain with the current data. Sensor 4 was chasetohvenience because the

oscillation is almost exclusively in the y-directiolrhis data can be seen in Figure 38.
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Figure 38 : Sensor 4 y-axis arc location prediciand current data for 6-inch In 625
melt. The data was re-sampled to 30Hz, causingehifjequencies to alias.

By re-sampling the data to 30Hz, the 360 Hz arateel harmonics of the
current and arc motion alias to much lower frequeshdliasing is an artifact caused
by discrete sampling of a signal whereby any fregies above the Nyquist frequency
of twice the sampling rate will appear as a sigmmsthponent having much lower and
false frequency content. The amplitude of the dighany given data point will not be
affected by this aliasing, so it is still usefullbmk at this data.

It can be seen that the predicted y-axis locatmeshot appear to significantly
respond to either the increase in DC current, eiiilbrease in AC current. Analyzing
the oscillations from the other sensors and fomother experiments yields the same
result. This is significant because not only ddesamplitude of current increase, but
so does the rate of change of the current (thei&eay is still primarily 360 Hz). Both
of which are important in electromagnetic equatidghthe oscillation were actual

motion of arcs, then there is a limited distance&iel dictated by the diameter of the
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electrode. This would cause the oscillation amgétto remain constant versus
current. Considering this, the retrograde oscdlattould be a genuine mode of arc
motion in the furnace.

Still, dynamic electromagnetic analysis would bededl to definitively
conclude whether this motion is real. It is likéiyat neglecting the displacement
current and other dynamic effects contributes &dhserved retrograde arc motions
to some degree. However, it seems unlikely thatetlegfects would cause an error in
the quasi static approach in which the oscillati@mained constant versus current.

Also of interest, is that the frequency of the s signal does not appear to be
entirely consistent. Aliasing will occur at a catent and predicable frequency. The
changing frequency seen in the aliased data theret@gests that the relationships
between the amplitudes of AC harmonics are notawptconsistent throughout the
melt.

Periodic behavior of the VAR and power supply wasexpected, and there
remains more to be investigated. Ultimately, dyraetectromagnetic analysis will be
needed to fully investigate instantaneous and geriarc behavior, which is outside

the scope of the present work.

Random Sympathetic Arc Motions

After removal of the high frequency retrograde imtontent via averaging,
it was observed that there was a different kinthofion present. This low frequency
motion is sympathetic in that the separate seregmee on the direction and
magnitude of the movements. The movements arevasmall, occurring over
amplitudes of about 0.1 inches. The direction avét also does not appear to be
static, but rather it changes over the course®hiblt. Also, the motions appear to be
largely random, as opposed to periodic like theoggde motions. Larger
sympathetic arc motions were also observed, bgeteeem to correspond to events

such as drip shorts, and will be looked at in tbetisection.
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The easiest way to demonstrate sympathetic moveiemtook at the
prediction map versus time, which is done in thb\Ll&W VI. This shows that the
sensor’s predictions tend to move together.

The sympathetic movements are small so they reebd differentiated from
what might be expected from random noise. To gedl@a on what the sensor’s noise
looks like, a histogram of the data for one ofgkasors is shown in figure 41. This is
with the VAR'’s power off.

60

40 |

30 | 1.

Number of data points

Bin (Gauss)

Figure 39 : Noise of channel 4y at OV, OA

The noise has a Gaussian shape to it, which isoteg@ from electronics
showing Johnson, or thermal noise. To quantifyramater to describe this noise, a
standard deviation is used. Table 6 shows the atdrdkviations of the acquired

signals at 4 separate 1 second intervals duringpbtiee experiments.
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Table 6: Standard deviations of the measuremeris §hown is for the 4-inch In-625
melt #1 using 30 Hz averaged data over a 1 secuad/al

std.dev. (Gauss): | 1x ly 1z 2X 2y 2z 3x 3y 3z 4x 4y 4z Volts | Amps
off: 0V, 0A 0.05 | 0.03 | 0.03 | 0.02 | 0.02 | 0.02 | 0.03 | 0.02 | 0.12 | 0.03 | 0.05 | 0.14 0.00 0.13
on: 60 V, 0A 0.04 | 0.03 | 0.02 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.12 | 0.02 | 0.05 | 0.14 0.55 0.23
on: 860 A 0.09 0.04 0.04 0.08 0.07 0.04 0.09 0.05 0.12 0.05 0.06 0.13 0.05 4.04
on: 2500 A 0.30 | 011 | 0.05 | 0.28 | 0.28 | 0.09 | 0.29 | 012 | 0.12 | 0.23 | 0.15 | 0.15 0.11 | 14.88

The noise is very miniscule with the VAR off, aband 0.03 Gauss. It was
ensured that none of the standard deviation cdlonkawere skewed by an event such
as a drip short. The standard deviation for eaemigél increases with increasing
current. This could be due to inadequate averagjiige periodic AC components, an
unknown convolved noise source, or it could bea@anovement of the arc and
changes in the electrode gap resistance.

To differentiate sympathetic motion from randonisega simulation was
employed. This involved simulating both the magn#étix density and current with a
Gaussian type random generator with a standarcti@viidentical to the values
shown in Table 6. Figure 40 shows the resulting@rations for the simulation. Also,

shown is actual data from the average data seh#sathe same standard deviation.
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Figure 40 : Simulation of Gaussi&uandl noise and comparison to calculations over
1 second interval.

The data shown in Figure 40 was from an analyjidmsed solution, as this
analysis was performed prior to the fully develop&oh assisted solution presented in
this study. Results for this analysis are not nogred because they are similar to the
final solution used in terms of motion, with som#edences in the absolute locations
of the predictions.

It can be seen that simulating random Gaussianriggse can yield a
distribution that is nearly identical to the actdata. However, the difference between
the random simulated data and the measured datazecsgen when comparing sensors
in the time domain. To demonstrate this, the dékiea of each sensor’s predictions
from the actual data and from the random noise Isitiam were taken for both the x
and y directions. Then, the standard deviatiorth@four sensors were taken for the

prediction and for the simulation. Thereby sympathm@movements will have a low
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standard deviation, meaning the sensors agreecamélrement amount and direction.

Figures 43 and 44 show this parameter for the xyadlicdection, respectively.
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Figure 41 : Plotting the four sensor standard dmnaof the derivative of the
predicted motion and the simulated noise motiortHerx-direction. A low value
indicates sympathetic motion.
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Figure 42 : Plotting the four sensor standard dmnaof the derivative of the
predicted motion and the simulated noise motiortHery-direction. A low value
indicates sympathetic motion.
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The standard deviations of the derivatives vergrtyeshow that the actual
data shows sympathetic movement between sensogsacedito a simulated random
noise data set. This is good evidence that the umeaent system is measuring small
scale vibrations in arc location, and not just seging noise. Of course, motion is
relative, so a crucible vibrating in relation t@ thutside of the chamber could yield a

similar result.

Event Sympathetic Arc Motions

In addition to the low amplitude vibration type gyathetic motion observed,
the sensors also agreed on the direction of maboresponding to events. These
events occurred every second or so, at a timevaltédrat seems consistent with what
might be expected with drip shorts. Also, they &ygorresponded to a current surge
event.

Correlation of the video to the sensor data wasrmhately not feasible for an
entire melt. This was because of time alignmentasdetween the images and the
sensor data. The timing between the video anddtewas done via software, and the
total number of data points taken did not exaabiyespond to the expected number of
video frames.

However, the data could be synchronized with a@rfce near the ends of the
experiments. This was because the event of shudffrithe current corresponded to a
sharp reduction of light from the furnace. The 6hirin 625 had an eventful ending
that involved unstable arc conditions and ultimatke electrode fell off the stinger
attachment and into the melt pool. This seriesvehes clearly show activity at the
edge of the electrode to correlate to, and alswak for capture of images of an arc.

Plotting the 4 sensor independent arc locationiptied dots on top of the
video frames allows a clear picture of the movenoéihe dots toward the area of the

event. Figure 43 shows an event on the north ditleedurnace.
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Figure 43 : Arc location predictions superimposadsimleo for event 1. The two
frames taken are from the end of 6-inch In-635 melt

Figure 44 shows an event in the same directionpmwe towards the east. The event

appears as a bright spot on the edge of the etictro
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Figure 44 : Arc location predictions superimposadsmleo for event 2. The two
frames taken are from the end of 6-inch In-635 melt
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Figure 45 shows an event where it appears thesarctiially coming out at an angle
from the electrode to the melt pool on the east.sid
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Figure 45 : Arc location predictions superimposadsimleo for event 3. The two
frames taken are from the end of 6-inch In-635 melt

Figure 46 shows the electrode before and aftatlg into the melt pool. An
arc can actually be seen as it follows the eleetiatb the south side of the melt pool.
Again, the predicted arc locations move in the eigukdirection
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Figure 46 : Arc location predictions superimposadsmleo for event 4. The two
frames taken are from the end of 6-inch In-635 melt

The video clearly shows events that draw the aomtside or another. The
predictions for each sensor follow in the rightedtion, showing the analysis
technique is working. However, the movement dog@eapto be attenuated.

The predictions plotted used the time averaged 3fita set. Previous
analysis has shown that there is not a great dedtemuation due to this averaging,
and also events were chosen that appeared to tastthan one video frame. The
video was taken at 30 frames per second. The aitienucould be a result of not
accounting for the movement of current throughplasma. There may be a
significant amount of current moving through th#udie plasma cloud, which would
cause an overall non-directional attenuation ofljgted arc event movements, as is
observed. Further study could model the electaoaluctivity of the plasma using

the FEA, to see if this can resolve this attenuadioor.



82

Conclusions

This thesis describes the instrumentation andyaisalechniques for
characterizing arc behavior using externally modmiagnetic flux density sensors.
One of the primary purposes of the study was testigate whether this could provide
useful information to VAR operation. To this enlde technique is worth pursuing.

Energy input into the ingot pool is of interesojeeration because it is
information that directly impacts the formationdw&fects. This information cannot be
obtained with currently used VAR instrumentatiochi@iques. The use of external
magnetic field sensors can potentially map thisgnaput during operation.
Although instantaneous arc location predictionsséitenot possible, the time
averaged results are promising indicators. Thaalfor near real time identification
of non-axisymmetric behavior, and can identify Wigetthere are spatial variations
over time. Further, the use of four individuallyafyzed 2-axis Hall Effect sensors
mounted on opposite sides of the furnace has aathésieffect in reducing a variety of
errors that might be encountered by the measuresystém. For example, errors in
current variation cancel out.

By comparing predictions from multiple sensors, dbserved motions of the
arc are categorized as either being retrogradgmopathetic. Retrograde, or opposing,
motion is characterized by the motion being carttel& when the arc location
predictions from separate sensors are averaged&letic motion, on the other
hand, is characterized by the separate sensorsafjgragreeing on the direction and
magnitude of motion. Further experimentation analysis is needed to explain the
mechanisms behind the observed motions.

The following general conclusions can be maderasat of this work.
Observations regarding VAR arc behavior may beifipdo the one studied at
NETL.
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1. Data from a single 2-axis Hall Effect sensor cambed to exactly determine
the location of a current source in a cross sedf@a VAR with known
geometry if the magnitude of that current is known.

2. The time averaged arc location plot is effectivedantifying non-
axisymmetric constricted arcs. The NETL VAR roulyneperates with
constricted arc conditions, likely due to the bas leing parallel and in close
proximity to one side of the furnace.

3. No ensemble arc motion was observed. The time gedrdistributions
remained constant over the duration of the experimalthough the melts
were only approximately 10 minutes in duration.tiee varying behavior
was seen as might occur in the presence of permdiodary condition
changes between the ingot and the crucible.

4. The single arc assumption, the magneto static emsator both are not valid
to describe arc conditions at an instant. Dynangcteomagnetic analysis
could provide further insight.

5. Using multi axis Hall Effect sensors to charactetize arc as described cannot
practically measure the difference between multgts that are axisymmetric
and a single arc that is constricted to the exadti®.

6. Frequency content of the power supply plays a figamt role in driving the
observed periodic and retrograde VAR arc motions.

7. Motions of the arc exist that are low in amplitufearound 0.1 inches, and at
frequencies below 15 Hz. The cause is not cleaygh mechanical vibrations
could be implicated.

8. Multi axis Hall Effect sensors can be used to lecae position of an event
such as metal transfer drip shorts. The obsertedwtion of motion
associated with these events could be reduceé dulrent that diffusely

moves through the plasma is taken into account.

The developed mathematics for remote detecti@rofocation was verified

using controlled static experiments using an eteleiplaced at known locations in the
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VAR furnace. The static tests also showed the roless of the technique to changes
in current, as no significant changes in the lacatf the predictions were seen due to
increasing current.

The measurement technique using magnetic flugilesensors has
advantages in that it is non-destructive and caadagted to fit on existing furnaces
for low cost. Additionally, analysis is performetdliabVIEW in a way that allows for
real time tracking of the arc. Identical meltingpgeetries show similar responses,
showing that a single FEA model is needed for eagbible and electrode geometry
configuration.

Ultimately, it will be necessary to test the measuwent system on a large scale
VAR because operation of these VAR furnaces pravtde motivation behind the
research. The time averaged method may be a usefuds it is described in this
thesis. Full understanding of process and reatinaif an instantaneous arc location
prediction will likely require moving away from thelly deterministic method to
principles used in magnetic tomography. Full transelectromagnetic equations may
also be needed. Combining principles of tomograpltly selective and directional
magnetic shielding of sensor elements should altova detailed map of the current
flow through a cross section at an instant to basueed. It has been mathematically
shown that the current densities can be reconstiunside a volume if the magnetic
flux density on the surrounding surface of the woduis knowrf>
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