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Abstract

Use of twin-electrode DC arc furnaces for the purposes of smelting is angrivend

in the research being performed at Mintek. Even though twin-electrode furaces a
complexity to aspects of the mechanical design of the furnace roof and electrode
mechanisms (as well as power supply configurations and control systems),dgine des
and operational advantages gained in moving to dual electrodes are significant.

Some small-scale testwork on a twin-electrode furnace was perfotriviatek in

late 2003, with the aim of enabling direct observation of the plasma arcs and their
interactions both with each other and the molten slag bath beneath them. Still and
video photography of the twin arcs was performed. The results are presented here,
along with some theoretical exploration.

The arc trajectory is shown to follow a circular path, with the radius of curvature
being directly proportional to the electrode separation, and approximately independent
of electrical variables such as current.

The influence of the arc deflection on the true arc length, and the dependence of arc
voltage on electrode height have been calculated.
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Introduction

Direct current plasma arc furnaces have been used in the steel industoréahan

a century, and are becoming popular for more advanced metallurgical procekses suc
as the smelting of chromitdlmenité, nickel laterit&, platinum group metalsand
magnesium, amongst others.

The trend toward ever larger furnaces presents some challenges to the designer.

of the most important is the relationship between the size of the electrode and its
current-carrying capacity. The pre-baked graphite electrodes usesdtaxclusively

by DC arc furnace plants have a specified “safe” limit of approximately3(®»

Alcm?. Since there are limitations on the maximum size of pre-baked electrodes
available on the market, the use of larger electrode diameters poses problems both i
terms of cost and availability. The largest electrode diameters in commorctoadu

are 700mm, with anything over 600mm incurring a price premium. This puts a ~100
kA limit on a furnace using such electrodes. For typical DC furnace operating
voltages of between 500 and 1000V, this limits a single furnace to anywhere from 50
to 100MW total power input.

Solutions to the size limitation problem include operating multiple furnaces ta a si
or using multiple electrodes in a single cylindrical furnace shell (geee-1). The
latter design has been adopted to a significant degree by the steel industfgpimthe
of so-called twin-electrode furnaces, using two DC cathodes in a sindle shel
connecting electrically to a single anode and power supply. This permits such a
furnace to operate at twice the existing power limit imposed by availiokeasle
diameters.
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Figure 1: Cross-sectional diagram of a typical twin-electrode smelting furnace

Application of twin-electrode furnaces to processes for the smelting ollungially
useful ores is of great interest to Mintek and its clients, as such furnacesappehr
to offer many ancillary benefits in addition to the ability to scale to fdremigower.
As electrode tip wear, for example, scales with the square of the clargatfc one



would expect lower overall wear on a twin-electrode furnace compared tdex sing
electrode furnace of similar power.

Industrial precedents for twin-electrode furnaces

More than 400 electric arc furnaces have been installed for steelmaking dreund t
world. Approximately a quarter of them are DC furnaces, often with tappingmass
greater than 100 tons. High-production steel meltshops are often fitted with DC
furnaces, and twin-electrode DC furnaces have been used to provide up to 140 MW of
melting power. Twin-electrode DC furnaces seem to be particularlytie&fechen

the quantity of DRI charged is in excess of 60%.

A very good example of a high-power DC twin-electrode furnace is the Danieli
furnace (with ABB ;sz)ower supply) that has been in operation at Hylsa SA de CV in
Monterrey, Mexic4® since October 1998. This 135 ton furnace has a bottom shell
diameter of 7.4 m, an installed power of 208 MVA, and a maximum active power
output of 110-135 MW, using 700 mm (28 inch) graphite electrodes. This facility is
capable of melting 100 per cent DRI, fed hot to the furnace. The arcs atttact eac
other and create a central turbulent superheated liquid zone. A powerful flow pattern
into the inter-electrode area assures mixing and energy transfer tmtheiously

charged material. The configuration of the electrodes, combined with the
electromagnetic forces acting on the arcs, concentrates the arcinp zbeeentre of

the shell. Danieli claim that a decrease in electrode consumption of up to 35 per cent
can be expected with the use of a twin-electrode DC furnace compared with tiie use
a single-electrode DC furnace.

A different design is employed at Tokyo Sfe@lhere a DC twin-electrode furnace

was commissioned in 1996. The 140 ton-per-heat (260 ton capacity) shaft furnace
charges material into the middle of the furnace, between twin 700mm (28 inch)
electrodes a relatively large 5.8 metres apart. It is claimed that theléatrodes

produce a single arc at the centre of the furnace, reducing wear of lsidénaatory

linings and ensuring that scrap falls into the hot spot and melts rapidly. Offioias

the company have stated that power consumption at this plant is lower than at Tokyo
Steel's other EAF facilities.

Equipment

With the aim of extending the existing base of knowledge about the behaviour of
single arc furnacés, a test was conducted on the 300kVA pilot plant facility at
Mintek. This furnace is able to operate in either three electrode AC, siegleode
DC, or, after modification for this project, twin-electrode DC modes. The rogjrdesi
was also altered to allow easy visual access for observation and photography.

The furnace consisted of a steel shell cooled by a falling film of watedjreed with

a mixture of MgO and MgO/@Ds bricks. Inner diameter of the vessel was
approximately 715mm. A temporary roof for the vessel was constructed out of two
sections of easily removable 50mm refractory fibreboard, with a slot in i ¢e
accommodate the two electrodes. The gap between and around the electrodes was
sealed with fibrefrax during periods of closed-roof operation.



The electrodes used were 100mm diameter pre-baked and conical threaded graphite
electrodes, mounted on adjustable hydraulic arms in order to allow variation of the
electrode separation distance.

The furnace and support equipment were monitored and controlled by a Delta-V
distributed control system. The Delta-V system also provided data logging and
reporting functionality for all electrical and thermal instruments duhegést.

Figure 2: Photograph of the twin-electrode pilot plant in operation

Photography of the twin arcs was accomplished using a Sony Mavica digieleca
fitted with a Cokin filter holder and custom-made welding glass filtexsanfing
strengths.

Results and Qualitative Observations

All photographs taken during the project were first converted to raw bitmagsnag
then to grayscale, and finally inverted to produce black and white negatives. The
negatives show bright (or hot) regions of the furnace as closer to black, and dark (or
cold) regions as closer to white.

The time stamps on each photograph were correlated against data logged by the
furnace control system after suitable corrections for offsets had been madecTh
lengths were calculated from visual touchdowns in certain photographs and the
absolute hoist height data. Electrode separation in all photographs presented here was
400mm centre to centre.



Figure 3: Short, low power arcs

T

Figure 4: Short, low power arcs

Figures 3 and 4 show the typical mode of operation observed when running at lower
power levels with short and symmetric arc lengths. The two pools of molten materia
are centred below each electrode with only slight deflection of the arcs ditalithe

of liquid slag toward each other, and are often separated by a bridge of stagnant or

even solid material.



Figure 5: Longer arcs with symmetric arc lengths

Figure 6: Longer arcs with symmetric arc lengths

In Figures 5 and 6, the arcs are significantly longer than in the previous pair of
photographs, and more current is being passed through each electrode. Magnetic
interactions between the arcs cause them to deflect toward each other, driving the
flow of both gas in the freeboard and molten material in the bath below toward the
centre of the furnace, where complicated mixing interactions take place.



Figure 7: Asymmetry in arc length

Figure 8: Asymmetry in arc length

Figures 7 and 8 demonstrate a condition of asymmetry between the length o§ the arc
on each electrode. The arc on the left is short or partially submerged in slag, and the
arc on the right is running normally. Since the arc on the right is being deflected
magnetically far more than the one on the left, an asymmetric flow iklgset up in

which gas and molten process material are driven more toward one side of the furnace

than the other.



Figure 9: Flow of slag material, close up

Figure 10: Flow of slag material, close up

Figures 9 and 10 are close-up images of the flow of slag between and around the arcs.
The flow is complex both in terms of fluid mixing and thermal variation, and is most
likely being strongly driven by the momentum of the plasma arc jets impingirigeon t
liquid surface below.



Figure 11: Low current arcs

Figure 12: High current arcs

Figure 11 shows a fairly typical low-power short symmetric arc situatiih, w

minimal arc deflection and largely independent molten pools beneath each electrode.
Doubling the current on each electrode produces the image in Figure 12 - the molten
pools in the furnace are much more turbulent, and the gases from the arc asheell as t
molten material in the bath are interacting far more. The overall terapendtthe

image is also higher, in accordance with the increase in total power.



Figure 13: Arc deflection

Figure 14: Arc deflection

In Figures 13 and 14, the deflection of the arc columns by the magnetic fields

generated around the electrodes and the arcs themselves is very obvious. The shape of
the arcs in these images gives some insight into a possible methodology for

calculating arc deflection in twin-electrode furnaces, which will be &xeain detail

in the following section. Note that the small black, i.e. bright, spots in these images

are simply reflections of the arcs off the liquid surface beneath.
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Table 1: Operational data recorded at the time of each photograph

Figure Left Arc  Left Arc Left Arc @ Right Arc Right Arc Right Arc
Voltage @ Current Length Voltage @ Current Length
3 84V 456A 9cm 92V 404A 9cm
4 89V 436A 4cm 94V 406A 4cm

5 151V 481A 1l4cm 157V 457A 15cm

6 154V 481A 14cm 165V 454A 15cm
7 52V 894A Ocm 82V 531A 5cm
8 88Vv 513A 5cm o3V 452A 8cm
9 58V 659A 2cm 54V 634A 3cm
10 63V 625A 2cm 63V 596A 4cm
11 105V 482A 3cm o3V 457A 2cm
12 160V 976A 3cm 168V 949A 2cm
13 86V 412A 7cm 96V 355A 8cm
14 85V 412A 6cm 103V 344A 9cm

The arc lengths reported in Table 1 are, strictly speaking, the separatioerbdiee
top surface of the slag bath and the bottom tip of the electrode.

Arc Deflection — Theory and Modelling

Twin DC arcs, like parallel current-carrying conductors, experiettigcaive forces
toward each other. For the twin-electrode DC furnace designer, somethingtof gre
interest is the extent of the attraction toward each other that the two @rnesol
experience as a result of the magnetic fields generated within the fuesses.

The photographic work shows that deflection of the arcs can be considerable, and a
mathematical model of arc deflection and its resultant effect on the otlearazll
variables is desirable.

Calculation of the magnetic field generated by a single deflected arc

We make several approximations to acquire an analytical expression for thetimag
field in the space around a single deflected arc.

Firstly, we assume that the arcs are deflecting toward each other anig, the
major arc deflection effect occurs in a plane defined by the two electrodes.

Secondly, we assume that the electrode column is infinite in length, i.e. we igdore e
effects. This is a reasonable assumption, since in typical furnace desitgrgtheof
the electrode is very much greater than the length of the arcs it is infigenci

Thirdly, we assume that the arc follows a straight line when it is deftecthis is not
strictly accurate, as can be seen from the photographs and further analysisof the a
trajectory, however, it serves the purpose of illustrating the gross effeefle¢ted

arcs on the magnetic field.

Finally, for present purposes, we assume that the magnetic field generatedeby

passing through the bulk of the molten bath and the anode connection below does not
greatly affect the arcs above.
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With these approximations in mind, the problem of calculating the magnetic field
reduces to the 2D problem shown in Figure 15.

Figure 15: Diagram showing arrangement of current elements for magnetic field
calculation

In Figure 15, L is the distance from the surface of the molten bath to the tip of the

electroded, is the distance from the centreline of the electrode to the arc’s attachment
position on the surface of the bath, and is a measure of the arc deflection.

From fundamental electromagnetics, we have the law of Biot and Savart:

4B = m Idlr

|| [1]

B is the magnetic field vectom is the magnetic permeability of free space (a
constant); | is the current carried by the diffel@rcurrent elements;l ds a
differential distance vector along the curve déxaiby the current carrying
elements; and is the distance vector front tb the point in space at whiéhis being
calculated.

For the situation described in Figure 15, the magriield consists only of a z
component perpendicular to the x-y plane,B.& (0, 0, B) where B is a scalar. The
expression for Bis calculated by integration of [1] over the ldmgf both the
electrode and the arc, and is presented below.
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Bz = Bz,e + Bz,a

The magnetic field at any point in the x-y planseégn to be the sum of two

components, one for the electrode column (subsejj@nd another for the deflected
arc (subscript a).

Examination of the magnetic field felt by a secardas a result of the first

Now we are able to calculate what the magnetid freduld be along the path of a
second arc present in the system (see Figure 16).

Figure 16: Presence of a second arc, deflectionmsgtric with the first

The distancel. defines the separation of the electrodes in theafte, centreline-to-
centreline.

In order to calculate the magnetic field felt aldhg length of this second arc as a

result of the first, we express the path of th@sdarc as a parametric curve in x-y
vectors:

r,=(d,, L) +s(-d,,-L,)=(d,- sd,, L, (- s))

X, =d, - sd,
y,=L,@-5) 3]
st [01]
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s can be seen as a normalised arc length. At ss@revat the electrode tip, and at
s=1, we are at the surface of the bath. Substifukia expressions fogand y into
[2] gives the magnetic field felt by the second @@ function of its normalised
length, s.

This function is shown in Figures 17 and 18 belaarying with typical arc
deflections and electrode separations for the pitate furnace.

0.00025
ST
0.0002 == 7 -------
d,=2cm /
0.00015 d,=5cm
|_
)
0.0001 -
0.00005
0 T T T T
0 0.2 04 0.6 0.8 1

s = Normalised length along arc

Figure 17: Graph showing effect of varying arc deflon — electrode separatia® =
30cm, electrode heightl= 10cm, current | = 500A (for each electrode)
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Figure 18: Graph showing effect of varying eleceaiparation — arc deflectios =
7.5cm, electrode height,& 10cm, current | = 500A (for each electrode)

What is interesting about these graphs is that shey that the magnetic field felt by
the second arc is, to a fairly good approximataanpnstant over its length. This
approximation is less accurate for smaller arce#ifbns, but that would indicate a
condition in which the calculation of the arc irgetions is perhaps not quite as
important anyway.

Calculation of arc trajectory under influence otanstant magnetic field

In order to calculate the shape of the arc coluathifferential equation of motion for
a free particle of current-carrying arc plasmamast be solved. The particle is part
of a high-velocity gas jet emanating from the wvitgirof the arc attachment zone on
the surface of the electrode, and is acted on éyrhgnetic field as it moves between
electrode and molten bath. This is somewhat anabgwthe way a jet of water from
a garden hose, if held horizontally, will form aaolic curve as it is acted on by
gravity.

From fundamental electromagnetics, we have:
dF=1dl" B [4]
where @ is the force felt by a differential element of dgg¢im d, carrying current |, in a

magnetic fieldB. | is defined in the direction of the current flowct@. We again
consider motion in the x-y plane, as shown in Fegut5 and 16.
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Here, x and y are the positions of the current elgnm space,yand \ are
components of its velocity, dm is its differentmhssa is its acceleration vector, is
the radius of the arc column, anglis the arc plasma density.

From the definitions ofldB, and dF, [4] becomes:

/I azr a de dVy O — 1
’ ’ - P 2
| dt’ dt N2 +v2

Now make the approximation that B constant, as described in the previous section,
and the assumption that the magnitude of the \gl@eictor is constant and equal to
Vo This assumption will be re-examined once thetgmiuor the arc trajectory is
obtained.

v,B, 0) [6]

z? X—z?

(vy B

We then have:

2 dv.
na rava dvx ' y ’O = (Vy'- VX 'O)
B, dt' dt
Vv, =av
=AYy 7]
v, =-av,
— IBZ
ﬂazrava

The set of differential equations in [7] has themstard form for harmonic motion.
The solution may be verified as:

v, = Asin(at)+ Bcodat)
v, =- Bsin(at) + Acodat) (8]

where A and B are constants of integration. Istlagnitude of the velocity constant,
as assumed in order to arrive at this solution?

JV2+v2 = /(A% + B?sin? (at) + (A2 + B2 |cos (at) = A? + B2 [9]
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As A and B are constants, 18 indeed constant throughout the motion, and the
assumption is justified.

Integrating the expressions in [8] once more gthespositions x and y of the arc
current element as functions of time:

x=C- EAcos(at) + aEsin(at)
B A . [10]
y=D+ gcos(at)+;sm(at)

where C and D are constants of integration. Redudi] from parametric form
gives:

(x- cf +(y- D) =Aai [11]

This is the equation for a circle in the x-y plambe arc trajectory therefore follows a
circular path as it travels between electrode att.brhis can produce a pronounced
curve in the arc jet as it moves between electerdkbath, and such curvature is
easily visible in several of the photographs presstearlier.

Some example trajectories for an arc starting 8 & (0,Ly) at velocity ¢ = (0,-\)
are shown on the following graph.
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Figure 19: Graph showing arc shape for electrodeghelL, = 10cm, and arc velocity
Va = 200m/s

17



Effect of variables on the arc trajectory model

It is of some value to the furnace designer to ictamghe effect of various design
variables on the arc curvature, defined by theusa&, of the circle given by [11].
From [8], we have:

Vi|io =B ®
=A [ ]

v
Ylt=0

Thus A and B are components of the initial veloafythe arc jet as it leaves the
surface of the electrode. As the velocity of motmithe arc is a constant in this
model, the magnitude of this velocity is given Qy$o we have:

A +B® v,
R, = PrE [13]

From the definition of, this becomes:

o SR
R ="2 2383838 14
1B, [14]

An estimate of ymay be obtained by using Maeckét'sorrelation for the arc jet
velocity near the electrode attachment zone. Téligoity is then corrected as the arc
radius expands from the value near the electreiieo(the full diameter of the
column, g.

2
fe n
L@ | | T [15]

B; is taken as the magnetic field generated by anitely long straight conductor at a

distanced, away from it, rather than the average of the esgom in [2]. This
estimate is a simplification, but is useful to gitate the gross behaviour of R

| |
B, =0 10, L) @ [16]

With these, Rbecomes:

2 rc I 2 ,76 5
r2r r

2:0 (o4 a — _c de [17]

| ml r,

2pd,

The arc radius ratiq o r is suggested by the work of Bowniato be of the order of
1:3.2 across a wide range of currents. This gives:
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R, @55 [18]

This is an interesting result, and suggests thatth’s radius of curvature is directly
proportional to the separation of the electroddse €xact value of the constant of
proportionality is likely to be larger than the wal calculated above, since the
magnetic field generated by an electrode and didbwireduced in comparison to the
field generated by a true infinite conductor.

There will also be secondary effects since thetfand in [16] is not as simple as that
for an infinite conductor, however, the importantrt is that R will be a function of
furnace geometry only, rather than electrical \des.

Effect of arc deflection on voltage drop acrossahe

Apart from knowing how the arc curvaturg $tales with the rest of the furnace
design variables, the designer also needs infoomaitbout how the electrical
behaviour of the furnace changes. Electrode tipatb height distance § is
relatively easy to measure, however, actual amgthers not, and in the case of
deflected arcs, the difference between the two Ineagignificant.

Again using the approximate arc trajectory modgLd] and [11], we can estimate
the real arc length,,lfrom the measurables such as L

La dx ?
I, =odl = — +1 dy [19]
0 dy

From [11], for the case where the arc’s initiajacsory is vertically downward off the
electrode, with B = (A%+B?%)/a?, we have:

(X - Ra)2 + (y - La)2 = Ra2 [20]

Using this expression and integrating [19], we have
. L
|, = R, arcsin == [21]

Using this number in place of lor the arc length in Bowman'’s electrical model of
the ar&'® we are able to generate theoretical voltageectrelde height curves for a
twin-electrode furnace. Several such curves are/shio Figure 20 below.
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Figure 20: Effect of arc curvature on voltage chetexistic curves, current | = 500A
(for each electrode), arc resistivity = 0.01/8m

Interestingly, for most of the distance over whilsh electrode moves, the arc voltage
curve stays close to that for the undeflectedaren for quite small values of the arc
curvature radius RAs the electrode height approacheh®&wever, the curves
separate, and the arc in a twin-electrode furne@aying significant arc deflection
may run at as much as 30% higher voltage than tvenian model for an undeflected
arc might suggest.

Conclusions and Future Work

With the aid of a small twin-electrode DC arc furaeaa preliminary photographic
study has been made of the behaviour of the twanmaarcs present in such furnaces.
In many cases, significant deflection of the ardtigms was observed, along with
associated driven flow of hot molten process maltanithe bath below.

A theoretical analysis of the twin-electrode furaat terms of electromagnetics has
provided a simple model for the shape and motiath®farc column. This model also
presents several interesting features, which mégnpally aid the furnace designer in
dimensional scale-up as well as electrical desadcutations.

The arc trajectory follows a circular path, witke ttadius of curvature being
approximately directly proportional to the electeaskparation, and largely
independent of electrical variables such as current

The influence of the arc deflection on the truelangth, and the dependence of arc
voltage on electrode height, have been calculated.
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Clearly much further experimental work is requinedrder to verify or disprove the
theory developed here. Possible future work at Nimeght include operation of
more small scale tests designed exclusively fotqg@raphic and electrical
investigations, as well as tests integrated ingoarg projects on the larger twin-
electrode pilot plant facilities up to a scale bf\RA.
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