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CHAPTER 1

THE ELECTRIC ARC FURNACE

1.1 INTRODUCTION

The electric are is a source of hoat with a controllable
concentration of energy that is not found in conventional melting
processes, Power densities in the range of 1500 kW per cubic inch
(91.5 kVW per cubic centimetre), combincd with a thermal potertial of
about QOOOGC, go a long way towaxrds méking the electric zrc an ideal
source for melting metals, These properties are ubtilised in the
Flectric Arc Furnace, as used in steel productiong, and alsc in the

relling of such non~-ferrous metals as copper and brass,

The main raw material in electric furnace steelmaking is
scrap iron and stecl., The major advantage of the arc furnace is that
the composition of the final preduct can be elmost completely
controlled by use of a suitable slag, Slags are subatances, (e.g.
oxides, carbonates), wvhich on account of their fusibility, chemical
activity, dissolving power and low density, furnish the nesns by
wvhich impurities are separated from the metal and removed frem the
furnace (2). flhis gives the electric arc furnace such flexibility
over all other furnaces, that with it, one may proceed to make the

beat grade of steel from almost the worst grade of scrap, Further, s



an alleelectric device, its operaticn is more easily controlled
directly by a computer (1). At the present time, electric furnace
steel accounts for only a emsll percentege (14% in the U.S.) of {he
total supply. However, as indicated in Table 1.1, this figure is

steadily rising (2).

l.2 HISTORY AND DEVELOPHMENT OF THE ELECTRIC ARC FURNACE

Though the phenomenon of the electric erc wvas first studied
scientifically by Sir Humphrey Davey in 1800, the electric arc
furnace had its origin in 1878, when VWilliam Siemens first applied an

electric current to the ma2lting of steel (2).

In the Siemens model, two horizontal carbon electrodes
inserted through the furnace walls above the crucible melted the
charge by radiation from the horizontal arc., This design was very
vasteful in electric cnergy as the furnace walls were alsc consuued

at the game tine,

In 1892 DPe Laval patented a furnace for refining iron, but
this proved impracticable., In about the mame peried, Heroult
developed an eleciric furnace for the manufacture of ferro-alloy and
calcium carbide (3, 4).

2

& o} ~ < 1, - - - "
Another furnase was invented in 189% by Stassano, This was



TABLE 1.1

(1)

ANNUAL PRODUCTION OF ELECTRIC-FURNACE STEELS

(Raw Steel and Steel for Castings - Thousands of Net Toms

y (2

Percentage Il Pcrcrula;:e
Total Represented by | Total Represented by
Clectric-Furnuce All Processes, Electrice-Furnace Flectric-Fuimace Al I'rocesses, Flectrie-Furmace

Year Steel Including Electric Steel Yeur Stee! Including Elcetrie Stee!
1969 20,132 141,262 14.3 1952 6,798 93.168 7.3
1968 16,814 131,462 12.8 1951 7,142 105,200 6.8
1967 15,089 127,213 11.9 1950 6,029 96,836 6.2
- 1966 14,870 134,101 11.1 1049 3,783 77.978 4.9
1965 13,504 131,462 10.5 1948 5,057 85,640 5.7
1964 12,678 127,076 10.0 1047 3,758 81,594 4.5
1963 10.920 109,261 10.¢ 1946 2,563 66,603 3.8
1962 9,13 98,328 9.2 1945 3457 79,702 4.4
1961 8,654 98,014 5.8 1944 4.238 89,642 4.7

1960 8,37 99,282 84 1943 4,589 88,837 53
1959 §,533 93,446 8.1 1942 3,975 86,032 4.6
1938 ' 6.635 83,255 7.8 1941 2,869 §2.839 35
1057 7,971 112,715 7.1 1940 1,700 (66,953 25
19306 8,611 115.216 75 1939 1,022 52,799 1.9
1955 8,050 117,038 G.9 1938 566 31,702 1.8
1954 5,436 88,312 8.2 1937 M7 56,637 7
1953 7,280 111,610 6.5 1936 565 53,500 1l
1935 (0 38,184 Jl 1.6

' From Annual Reports of American Iron and Steel Institute.

' The fignres include only that portion of the eapacity and production of steel for ¢
companies also producing raw steel for subsequent processing into wronght-steel praducts,

astines used by foundries which were operated by



so constructed that it could be rocked slightly to agitate the bath,

and was heated by arcs from horizontal electrodes (3).

In 1900, Hefoult made changes to his furnace to adapt it
to the melting of steel, end in 1904 installed the first single

phase electric steel furnace in the United States.

Girod (3) produced & furnace in 190k, with a conducting

bottom acting as one electrode.

Iindblad of Sweden in 1910, invented a furnece having two
or mere electrcdes at the top and one in the bottom, the circuit

being made through the heated refractory (3).

Nathusiue (3, &) put a furnece ir operation in 1911,
operatirg on three phases, sach phase ccnnected to a vertical top

electrode and a bottom electrode.

Rennerfelt (3) in 1912 developed & design opereting on two
Y -~
phases, with two inclined electrodes, aud one vertical beltween them

to ferce the arce downwards egainst the bath.

In 1915, Greaves and Bichells (3) introduvced 2 furnece
using thres phase currents, with twe phases entering through vertical

top electrodes, ard the third through a bottom electrode, the

resigstance of the hot refractery batton being us to gererate heat,

P
o
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Of the many designs,; only the three-ghase Heroult furnace

hag stocd the test of time, and evolved 73 a steel producing tool

comparable to any other,

Fig. 1.1 shcws some of the many configurations of the

early electric arc furnrace,

1.3 OPERATION AKRD CONTROL OF THE ELECTRIC ARC FURNACE

As a result of technological progress, better tinme
utilisation and improved refractories, the electiric arc furnace has
made striking progress in the last decade 1960 - 1970. In the early
2ts, the advent of the basic oxygen process aad the use of oxygen
in the open hearth with productivity rates of upwards of 200 tons
per hr nade electric furnace figures look rather pocr. The new
concept of Ultra High Power (U.H.P.), introduced in 1564 by W.E,
Schwabe (4) and associates, geatly increased productivity of

electric furnace steelmaking,

The basic idea of U.H.P., cperation was to increase the
power input to the furnace, This is coupled with better time
utilisation and careful scheduling of malerials and services,
Table 1.2 gives a chronological evaluvation of a 150-ton electrie

arc furnace (6).

Aes explained above, the design of the modern electric are
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furnace is exclusively HePoult, and has remained basically unchanged
since its inception., The principle of operaticn is rather simple,
The furanace ig charged with scrap iron and steel, and an electric
arc is struck between the carbon electrodes and the charge., The
electrodes bore down into the scrap, meiting it from the bottoz up
by radiation. During this meltdown period, the sidewalls are
shielded from the destructive radiation and are not as quickly
consuned as in the previous designs. For efficient rediallon of are
heat, the furnace is operated on a long arc during this neltdown

phase,

After meltdown, when the walls are clear of scrap, the arc
length and power are reduced to minimise the formation of ‘thot
spotst., Thesc are extremely worn areas caused by the prolonged
exposure of the sidewalls to the arc after meltdown and appoar uliere

the sidewall is nearest to the arc,

Refining of the molten metal then takes place under an
appreopriate slag, It is the contrellability of slag in the electric
arc furnace that sets the process apart from the other conventional
methods (2), VUhereas, in the induction furnace, and othe:r methods of
steelnaking, the conpeosition of the finished product is dependent on
caraful selection of raw materials, in the arc furnace this is done
by slag control, The slag may be made oxidising or reducing as

decired to remove eslectad impurities (2),
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During this pericd it is very beneficial to the quality of
the finished product if stirring or agitation of the bath occurs, as
in addition to producing homogenization, it promotes the neceszary
chemical reactions (5), The chemistry of the final product is
determined through slag control. The thermal energy input control

is via the arc itself.

An wpderstanding of the electrical operation of the furnace
demands a knowledge of the properties of the arc and its associated
circuitry. Fig. 1.2 shovs a diegram of the entire electrical circuit
of an arc furnace. Though the arc itself is purely resistive, its
characteristic is negative, i.e. increasing the current lowers the
voltage across it. To operate stobly, the clircuit conbeining the arc
should have sufficient reactance to make the volt-zuperes
characteristic of the total circuit a riging charasteristic. In
large furneces, the inherent reactance of the tansiormers ete, is
sufficient,; but in emaller versions, additionnl resolence must ba

sdded., Fig. 1.3 shows the power characteristizs of sn electric arc

furnasce,

Up to the secondary output ternd farnace
trzansformer, the circuit is symmetrical. If the arc pover were
obtained from this pﬁintg the distribution over the throe phases

- Tovcramrmin 0% i . svaaEs 2 e AL b wnd Vg med a1l e M
would be balanted. However, the pover is distributed via the

OO AT f IR o et 4
Sell O .14 - vripace PAVCURL T e



There are two basic secondary designs to be considered.
These are the ccplanar or eside by side arrangement of conductors
(furnace pre-1970) and the equilateral triangulation ef conductors
(the modern are furnace concept). Triangulation of electrode arus
and alse of the flcxiﬁlc wvater-cooled cables connccting the electrode
arms to the furnace transformer minimises, though not completely
eliminates unbalances in the secondary circuit. The electrodes also
enter the furnace triangulated, such that the imaginary lines

Jjoining their centres form the sides of an equilateral triavgle.

Automatic electrode positioning mechanisms serve to raise
and lJower electrode columns independently, so as to maintain an
arc at the power level selected, and to raise the elecirodes to
clear the top of‘the shell for chargirg. Modern furnaces are i the
roof charged variety ard may be charged twice oxr thrice to acheive

full cepacity. The furnece roof is raised and swung aside for this

rhase,

Almost without exception, the design of every proposed new
electric arc furnace installation includes conzsideration of an
scceptable fume control system., The roof of the arc furnace ususlly
containg a fume exhaust aperture connected to an eppropriate exhaust
system. Since aiy pollution codes vary regionally, the extent of
fume collection and disposal is dependent on the locaticn of the

3 wds o

Lllustrates the construction

furnsce oand prevailing

s .
of & rmadern Heroult electric arc furnsce,



WATER-COOLED
RCOF RING
'/

~I_HIGH-ALUMINA
4 BRICK

=15 DIRECT~BONDED
[Z213) MAGNESITE-CHROME
=] ERICK

BURNED-
MAGNZSITE ERICK

THIS HALF OF FURNACE
SHOWS AN ACID LINING

THIS HALF OF FURNACE
SHOWS A BASIC LINING

X

- I'd
Censtruction of the Three~Fhnase Herocult Electric Arc Furnece



14

1.4 AIM AND SCOPE OF THESIS

The electric arc furnace utilises the heat radiated from
the arcs to melt the charge in the furnace. The arc, being a streanm
of hot ionimed geses, or a plasma, is also e good conductor of
electricity, allowing currents to flow from the electrodes through
the charge. These currents in the molten charge produce electric
and megnetic fields, vhich give heating (J%ﬁ? and stirring (J x B)

effects.

This edditional heating effect is well known in arc
furnace technology, but its valne or relative value is unknown., At
present 31 is ectimated to be small in terms of the heat input of

the arc.

The natural stirring that occurs in the crucible ig also
well known, and sometimes exploited. High current operation of the
arc furnace has been termed the poor man's induction stirrer. The
negnitude and direction of these stirring forces are gzain a matter

of gpeculation,

Stirring produced by any means in the electric arc furnace
iz wetallurgically beneficial to the final product, as it produces
howogenicty and provotes the chemical reactions important and

necessary to the refining processes,
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At the present time, if stirring is desired, a two phase
induction stirrer is available, This costly device is mounted at the
bottom of the furnsce, which mesns that the botteom of the furnace
shell must be mede of non-magnetic steel. The induction stirrer
vorks on the principle of the linear induction motor, and for
adequate penctration of the field into the furnsce, reqguires a

special power supply of 0.7 - 1,0 hz,

The praoblem of current distribution arnd metal movemeot has
been examined in detsil by Aiden (7, 8) for the channel-itype

induction furnace,

Russian literature (9, 10) indicated that ginilar study
has been undertaken for the submerged arc furnoce, though the
trestment appears to be far less rigorous. The coreless induction
furnsce has 8leo received full treatment in this regard by Lavers

11y,

The present investigation involves & similar study of the
electric erc furnace. Since no eimple analytical solution at
present is available for the geometry of the electric arc furnsce,
the method chosen was analogue., The auvthor however; estimates that
use of tri-polar cyclindrical co-ordinate systen could yield good

resulis. A computer program presently in development based on the

- .

triepolar system has predicted the basic current distribution
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pattern, Further results of this effort would be reported at some

future date.

The aim of the thesis is to measure the current distribution
in a suitably chosen model of the electric arc furnace, and to cobserve
the intensity and extent of fluld movement for different electreode

configurationsy with a view to exploiting the inherent stirring eficcts

Any other effects, except those directly influenced by or
related to the current distribution ond metal movement are beyond the

scope of this thesis,



CHAPTER 2

DEVELOFMENT CF MODEL

2.1 CHOICE OF MODEL

No known mathematical model exists at the present time for
the electric arc furnace, An analytic or numerical solution was
therefore not yet applicable, Thz method decided on was a straighte-

forward anslogue one,

The analogue model presented many alternatives. One was
the use of conducting paper to model the furnace in two dimensions,
Another vas the use of an R-C network with sufficient elements to
suitably approxinate the continuum, This model could then be
completely simulated on a digital computer., These alternatives
however suffered from the disadvantage that digitising or reducing

to two diwensions introduced errors.

The best model was considered a three-dimensional one,
using a conducting liquid to simulate the molten metal. Because of
the high temperature (> 2000 oC) of the electric arc, an actual smsell

scale, working model of the furnace was considered unsuitable,
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In the model finally chosen for laboratory use, mercury
modelled the liquid steel, and all measurements were conveniently
taxen at room temperature, The electrodes were modelled by copper
rods wihich were bright chrome plated to prevent contamination of the
mercury. 7Thia was considered an important step, since it was
unknown to vhat cxtent dissclved metallic impurities could change
the electriczl conductivity of the mercury, a parameter cn which

subsequent scaling in the model depended. The slag cover on the

acid cn the surface of the mercury., The crucible was mcdelled by a
circular dish whose inner contour was a section of a sphere.
This was made from a single slab of plexiglass machined cut to given

specifications, especially for this investigation,
2.2 SCALING
2.2.1 DIMENSION SCALING IN MODEL
Previous work (7, 8, 12) has shown that one important
arameter in scaling is the skin or penetration depth which is the
depth below the surface of a good ccnducter, in which electromagnetic

fields established at the surface, decay to 1/e of the surface value.

The sclutions to both the current distributions in

infinitely long cylindrical conductors, and infinitely large
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rectangular plates have been ghown to be dependent cn the ratio
x/§ (12)., Here x is a lincar dimension, and & is the skin depth

defined by

S= (ufml)nl/z sceoccoe 2:1

vhere f is the freguency of operation and ¢ and p, the electrical

conductivity and permenbility respectively of the medium,

If the model is to exhibit an identical current and flux
distributicn to the actual furnace, then, in addition to possessing
geometrical similarity, it must possess the szme x/§ ratio. This

gives rise to an electromagnetic scaling criterion
(xafO'}l)H = (xzfoll)P evecveove 202

(where M and P represent model and prototype respectively), defining
the parameter constraints for similar current distribution in a

device and its electromagnetic model (8).
2.2.2 FLOW SCALING

In the discipline of Fluid Mechanics it has been shown (13)
that two flows are similar if geometrical similarity is meintained
end certain dimensionless parameters and variables are the same,

regardless of the size of the flow pattern. These paremeters are
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the Reynolds Nuwiber, NR' and the Froude Number, N_,, The Reynolds
Runrber is a measure of the ratic of the inertia to the viscous

force and is defined as
NR = (‘JXV/y) ecsesssee 2.3

where p is the mass density, x the linear dimension, V the velocity

and ¥ the dynamic viscosity of the fluid,

The Froude Number is & measure of the ratio of inertia to

the gravity force and is defined by

NF = (vz/SX) seec0eecco 20“

where V is fluid velocity, g is the gcceleration due to gravity, and

x the linear dimension.

It has been further shown (13) that only certain of these
diriensionless parameters are important for a given flow, and the
fact that all the parameters cannot be made the szme does not matter,
In this type of flow, gravity is unimportant (13) and the model flow

becomes a function of the Reynolds Number only.
Hence, in medelling the flow, we can set

(NR)M = (va/f’)n = (pr/ﬂ)P's (NR)P ....—2.5
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i,e. the model (M) and the actual furnace (P) sthld have the same
Reynolds Number., The modelling, strictly speaking, may not always
be exact, because of the inherent limitations in scaling a situation
that depends oa several physical quantities, These physical
quantities (electrical conductivity, viscosity, density, ete.)
cannot be selected independently for a given liquid, and compronises
have to be nade., For examrle, mercury chosen here for suitability
with regards to electromagnetic scaling, does not possess a
sufficiently high mass density to viscosity ratio to simultancously
model the motion of liquid steel, However, the results obtained on
the model should still lead to a better understanding of flew in an

electric arc furnace.
2.2.3 THERMAL SCALING

The source of keating in the furnace is the electric arc,
Since an arc has been dispensed with ir: the model, no thermal effects
are tzken into account, except those caused by the passege of the
electric cﬁrrcnt through the metal (§ /o effect). It is here assumed
that the current distribution (and &lso the fiow) is tempzrature

independent, and the heating and metal flow by current in the

model is correspondingly reprodused inm the fnrnace,

The bagig of justificaticn of the above assumption regarding

current distrivution lies in Maxwell‘®s equations, which are
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These cquations describe the electromagnetic field, and are temperatuvis
dependent only to the extent to which th2 relevant physical propesriies
are tempevaturce dependent. The only sirong function of tamperature
here is the elesctrical conductlivity ¢, vhose temperatvre variation may

be expressed as
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where UJ is conductivity at temperature Tl degrees centigrade,

02 is elecirical conductivily at temperature T? degreos centigrade
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it should be noted however, that GH is known for the model at its
temperature of operation, and OP for the prototype, also at its
temperature of operation, heunce any scaling of current distribution

which includes this parameter should present no difficulties,

Preservation of similarity of flow depends on the Reynolds

Number, N Here, as akove, the varisble parameters density (p) and
5 » P Y

R.
viscosity (¥) are known in both cases, at the particular operating
temperatures., Relation of flow in the mocdel to that in the furnace is

thus possible,

2.3 DESIGN CCNSTRUCTION AND OPERATION OF MODEL

2.3.1 DESIGN

Having decided on a small scale model of the furnace, there
still remained an important choice to mzke - that of size and shape.
Literature requested from manufacturers of electric arc furnaces,
Yielded some idea of -furnace diameter in relation to capacity,
though this varied somewhat with the manufacturer. Observation of
this variation has led to the development of a systematic method of
the optimal design of electric arc furnace shells, which take into
consideration the density of the scrap charged and the ﬁumber of
charges to the furnace, Application of the Calculus of
Variations to the present geometry of the electric arc furnace

indicated that the hearth should be & section of a sphere, and
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established its centre and radius of curvature, depth and dismeter

for a given metal capacity and scrap charge density.

¥With the shape decided on, the next question to be
ansvered was vhat size the model should be, Using the electromagnetic
scaling criterion expressed in e guation 2.2, and taking into
consideration the total volume and weight of mercury required, it was
decided to use & model of diameter 1 ft (0.304 m). This represeunted
a 1~ton furnace at 400 hz and a 100-ton furnace at 8.5 khz, The
hearth depth was 2.7 in (G.0687 m), and had a capacity of 2.65 litres,
(which for mercury weighed 80 1b (36.2 kg). Fig. 2.1 shows the
variation of the diameter of the furuace modelled with freguency.
Table 2.1 lists the physical properties of mercury and liquid steel
relevant to the design. For current density measurements a filament-
type current density prcbe deviscd by Alden and Purke uas choscﬁ.

Details of probes used are given in Tzble 2.2.
2.5.2 CONSTRUCTION

Bearth: The hearth was constructed from three irch (0,0763 m)
thick plexiglass. A slab of the material about fourteen irnches square
(0.356 m square) wes first machined out into & short, right circular
cylinder, then the sphsrical dish representing the heoarth machined out
to design specifications. Since a cylindrical system of measurements

seemed oppropriate, the side of the hearth was gradvated in degrees in
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PHYSICAL PROPERTIES OF MERCURY AND LIQUID STEEL (8)

PROPERTY

Melting Point
°c

Mass Density

o kg/m3

Electrical Conductivity
o whoz/n

Viecosity

n sec%/m

MERCURY

-38°¢

13.5
(at 20°C)
1.0l x 106
(at 50°C)

1.55 ¥ 1077
(at 20%c)

LIQUID STEEL

1535°C

798“
(at 1535°C)
0.9 106
(at 1535°C)

4,0 x 107
(at 1535°C)
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MATERIAL

Copper

TABLE 2.2

FILAMENT-TYPE CURRENT DENSITY PROBES

FILAMENT FILAMENT INSULATION
LINGTH DIAMETER
(cm) (cm)
0.354 0.0356 'Eccospray!
Ph-5
0.520 0.0457 Enamel
(NS 26)
A"d.Gﬁ
0.497 0,0457 Enamel
(N2 26)
AM.G,

Frequency (hz) 60, 400, 1000

Skin Denth (em) 6.5, 2.5, 1.6

USE

Heasurement of surface current
density in three~electrods model

Measuremernt of surface current
density in four-electrede rodel

{easurement of variation of
current density with depth in
both models

b2
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the interval 0 - 90 degress. A fibre ring feshioned to revolve
smoothly about the top of the hearth, was marked into four quadrants,
and equipped with a probe arm of variable radius (thara}m being
graduated in terms of distance from the centre of the hearth rather
than the edge). Fig. 2.2 shows the construction of the heerth and

the calibrated ring.

Current Density Probe: For current density measurements, a
filament-type probe was used. This enabled the current density in

the model t¢ be measured in megnitude and phasc en an oscilloscope.

In construction, the probe consisted of two insulated
lengths of wire tightly twisted together, except in the last inch or
two at both ends. One end was electrically connected to the input
terminals of the oscilloscops, At the other end; the individual
wires wer¢ bent at right angles to the twisted pair to forwm a T, The
length of the filament is the distance neasured across the top of the

T.

To measure current density, the filenent is placed in the
desired rcgion of the liquid and rotated te give maximum signal on the
oscilloscepe, In this ccenditiom, it is aligned with the current, and
the relationghip between the probe voltage V and the current density

J is given by the expression

'\":".‘.l‘f,/()' seoentae 2012
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where ¢ is the conductivity of the liquid, For the probe to be
accurate, the filament should bo sufficiently short that current
density can be considered constant along its length., As a
compromise, filaments were cut so as to be as short as possible,
yet sufficiently long (about 0.5 cm) to give adequate cutput
signal., For goed resolution, filament insulation should be thin,
and diameter small in comparison to skin depth. The details of

probes used are given in Table 2.2.

Initially, a stainless steel probe (N2 1 in Tsble 2.2) was
used in the current density messurements, since stainless steel is
not corroded by the nitric acid mocdelling the slag or the mercury
modelling the multen metal, HMomentary loss of contact betwesen this
probe and mercury, as sometimes occurred during adjustments, mede
cleaning of the vrobe necessary. This was eccomplished by brushing
the probe tips with fine ewery paper, imwersging irn a dilute solution
of phosphoric acld and quickly returning it to the mercury. This
problem was found to be due to inherent contact resistance that
exists botween mercury and stainless steel, and stainless steel
wire was replaced by copper. The copper probes seldom required
cleaning, but required washing after use to prevent corrosion by the

acid,

For rigidity ond ease in handling, & 5 ca lengih of the

twisted leads near the filszment was mounted inside a /4 inch



(0.00635 m), drilled rod. Fig, 2.3 illustrates the construction of

the current density probe.

Probe Arm and Holder: The probe arm was made of stainless
steel rod, 1/4 in (C.00635 m) in diameter and 12 in (0.%05 m) long,
and was graduated in 1/4 in (0.00635 m) steps. It was designed to
slide smoothly, without play, through a hole drilled in a one inch
(2.54 cm) thick plexiglass block,\and could be gecured in any
position with a screw having a knurled head, As explained above, the
entire probe arm was attached to and rotated with a circular
graduated fibre ring free to rotate smoothly about the top of the
hearth, One end of the probe arm was threaded into whal may be
termed the probe holder. This consisted of a teflon cylinder
exactly 3 em (0,03 m) in circumference, about 1 cm (C,O01l m) high,
and with a hole 5/16 in (0,0079 m) in diameter ceatred on the
vertical axis. The probe was free to rotate about a vertical axis
in the 5/16 in (0.0079 m) hcle and was fitted with a pointer.
Centimetre graph paper attached to the 6 cm circumference teflon
cylinder, conveniently divided up the cylinder into degrees and
enables the measuremznt of the angle of rotation of probe to within

6 degrees of arc,

Electrodess In the modsl, chrome-rlated copper rods
model the electrodes., These were 3/8 in (0,00042 n) in dismeter ang

ons was [itted on each of three, chroeme-ploted copper electrede armn

2 ? i v e ~ e 3 SRR N [ R . | .
dimplaced 120 degrecs in 2 horipontal plaue. The entire asscubly
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could be moved in a vertical plane to simulate the lowering and
reising of the electrodes in the actual furnace, W¥hile the

actual furnece current enters the liquid metal via the electric are,
in the model, the electrodes are in constant elcctrical contact with
the mercury to prevent an arc, In a real furnzce of 1 ton (1016 kg)
cepecity, the electrodes are about 3 - 4 in (0.0762 - 0.1016 m) in
diameter. In the model, the electrode size to scale would be sgbout
1 ir (0.0254 m). The diameter of the arc where it strikes the melt
is unknown. Research in this area (15) show photographically that
the diameter of the arc is less than that ol the electrode, hence

the size chosen was considered a good approximation,

The electrodes were movable along the electrode arms, and

were adjusted so that the ratio

RC/RF = 0.33 -1 §

where Rc is the radius of the electrode circle and RF the radius of
the furnace. Current literature (15, 16) indicates that this is a

common ratio,.

The electrode arms were cornected to the secondary of the
furnace transformer by flexible, N2 10 A.W.G., rubber insulated
conductors, which were twisted together to minimise pick-up by the

probe,
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The entire system to this point was enclosed in a fume
chamber because of the toxic effects of/mercury. The exhizust fan
was kept continually in operation to remocve mercury vapour presant
and care was taken to minimize spills. Rubber gloves were worn as
often as possible and direct contact between mercury and hands

avoided.

Three 3-inch lengths of threaded brass rods, ecting as
lesd-throughs, were paésed through holes drilled in one wall of the
fume chamber, These comnested the flexible cunductors attached to
the electrode arms inside the chawber to the furnace transformers

mounted outside the chember,

Power Supply: Initially the power source was three~phase,
four-wire, 60 hz (laboratory supply) ard 400 hz (spocial generator)
at 270 volts line to line, This power nyetem, shown in Iig. 2.4 (2)
consisted of

These served to adjust for equal curreat in each phase,

(1) Three single phase variable voltage transformers T

(2) One veriuble voltage, threc-phase transformer bank (3-7 variac)
T#. This was used to adjust the curreunt level in each phase

simultaneously, for convenionce., Since Tl— control the voltage

[r1]
T
3
level at which Tk operate, adjustment could be mzde for smoother
operation. As the furnace trancformers vere always short circuited,

)

it was Gifficult to set thg curreni levels to a predetermined point
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using Th alone.

(%) Furnace transformer T5, Tee T These consisted of three single

70
phase transformers with primary in Y and low voltage, high current
secondaries aleo in Y. Each transformer secondary wes hand-wound to

deliver about 200 amps at around 3 volts.

Current transformers were inserted in esch line teo monitor
the current in each electreode, The entire power supply system was
‘mounted about 3 ft (1 m) verticelly above and about 2 fi (0.6l m)
away from the model to minimise proximliy efiects. Later, & three-
phase, variable voltage (0 - 2%0 volts line %o line), variable
frequency (€0 -~ 10 khz) power supply was available., Since the
output voliage in eech phase was adjustable, only the furnace

5
Sho\’ln in Figo 294 (.‘D)c

transformers T_, T6 and T7 were required. The new power supply is

Fig. 2.5 shows the assembled wodel in the fume chanmber.

Auxillary Apparatus: Previous obgesrverg of mercury flow in
modele (8) noted that a clean mercury surface soon became coversd
with an oxidised skin, even when under a layer of water. Any fluid
motion occurring in the mercury took place under this skin, and
could only be dotected by the slight rippling effect caused. As this
was unsatisfectory for velocity measurements, the meorcury had to. be
frequently cleaned., Atteipts to clezn cnly the surface did not

yield good resulis, and the entire bulk of the mercury had to b



Fig. 2.5:

Model Assembled in a Fume Chamber
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Cleaning censisted of rumning a thin stream of mercury
through a long, vertical column of dilute (20 percent) nitric acid.
The acid solution had to be made up using distilled water, as the
use of tap water caused the formation of white inzoluble chloride
of mercury, as much a nuisance on the surface as the skin, As
hand pouring through the cleaning was both tedious and hazardous to
health apparatus was designed and assembled to perform this. Fig.
2.6 shows the assembled apparatus, A sﬁainless steel; water~povered,
aspirator pump wae used to 1lift the mercury about 20 in (0.5 m) high.

The mercury was then allowed to fall in a thin stream through the 12

in (0.3 nm) long cleaning column, %ap T, contrels the rate at which

1
mercury is raised to be cleaned. Taps T3 and Th control the rate at
vhich mercury enters the reserveir, With a clamp holding tap Tl in

the desired position, if Tl' T2 and are suwitably adjusted,; thsn

m

P
3 -

the rate at which the reservoir fills is the same at which nercury

enters Tl, ané the apparatus does not require constant attention,

Tap T4 is used to add more acid whenever required, Tap T, normally

columii, The bubbles of air that now enter the column from below,
thorovghly mix the mercury and acid, thus providing more cffective
&

cleaning, All other taps (T6 - T8) are clozed during this phose.

Wnen the aspirator is not on, taps T5 and T6 are nsed to remove

)
&

mercury and/or acid, Tap %, is used to remove mercury and acid from

\3

used to return clean wercury to the medel,

&

the wmorenry trap., Tap TS i
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With this apparétus, the total cleaning time for the guantity
of mercury used in the project (80 1b), was reduced from upwards of 40

minutes to about 15 minutes,



CHAPTER 3

CURRENT DISTRIBUTION

3.1 MEASUREMENT TECHNWIQUES

Measurements of durrent distribution in the mcdel involved
the measurement of three quantities., These were:i-
(1) The radius of the probe arm, 'r'. This was adjusted in 1/2 in
(0.0127 1) steps from the cenire, over the range 0 = 6.0 in (0 -
0.1524 m).
(2) The position of the probe 2rm, '9©' measured in degrees with
respact to the pozition of phase B of the electirode system. This
was measured over the entire interval 0 - 360 degrees.
(3) The pezition of the axis of the filament with respect to the axis
of the probe arm. This angle, f, was measured in 6,0 degree steps
over the range 0 = 300 degrees.
(4) Magnitude of probe voltage, 'v'., This was moasuced peaketo-peal
on & Hewiett-Paclard 1200A cdual trace cscillozcope on the 0.1 and C.Z
mV/cm scales, using differential input and de coupling.
(5) Phase of prohe voltage, 'B'. This was taken with respzct to the

voltage waveform in ong phase,

e r dn e By % g PR P by AP a s £ [y g AL Ry Yo Y £
Fig., 3.1 showe ths physical avrangeisnts for weasurement of

r, 0 and £
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The probes provided excellent signals which were free of
noise or distortion, To measure the surface current densities, the
filament was adjusted to be just under the gsurface of the mercury,
The stainless steel probe required frequent cleaning, about every 5
to 15 minutes, because of contact resistance problens, Copper probes
seldom required cleaning, but slowly dissolved in the mercury and the
acid., Signal repeatability was in general good, within 5 percent,
and depended on the depth to which the electrodes were immersed in the
mercury. However, near the electrodes, where the rate of change of
current density with dietance was large, the ability to duplicate
previous measurements was dependent algé on vertical alignment of the

probe axis, its eccentriciiy and the radius of the probe arnm,

The probe output voltage was measured peak~to-peak on an

oscilloscope and the values divided by 2/2 to coavert to r.m.s.
3.2 CURRENT DISTRIBUTION IN THE THREE-PHASE MODEL

In the three-phase rodel, both the anzular position @ and
the electrical phase argle B were nmeasured with respect to phase 'B?

of the electrode sysieun,

Initislly, for a chosen value of r, nesasurecuents were token

. o o .
over the entire range ¢f @, from O to 360, However, it was observed

-
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that the values of B and £ for a given radius were the same in the

©, 240° - 360°) and

areas between electrodes (0° - 120°, 120° - 240
exhibited symmetry about © = 600, 180° and 300°, From then on, to
minimise the number of readings taken, values were only measured

in the interval O_oé_ 0> 120°,

Since symmetry was found to exist about the line, @ = 60°,
the current density was taken as the average of values equally spaced
about this axis, The measured values are given ir Appendix C, Fig,
3.2 shows the average current density as a function of r and @ taken
at a frequency of 60 hz. Fig. 3.3 shows the same, but at a frequency
of 400 hz, These were obtained by first setting the desired valne of
r and ©, then rotating the prebe (varying g) for maximuwm output on
the oscilloscope. Deviation from symmetry is considered to be due to
tilt and eccentricity in the vertical axis of the probe, and to the

-electrodes not being at exactly the © = OG, 1200. 240° positione,

Fig., 3.L and 3.5 show equal curreni density contours in the
model at 60 and 400 hz respectively. These were obtained by drawing
horizontal lines in Fig., 3.2 and 3,3 at J = 5,0 x 10“ A/Hz, 2.0 x 104

A/Ma, 1.25 x .’LOI+ A/M2 etc and plotting r and G in polar form,

Fig., 3.6 and 3,7 zhow the approxinate current stream lines
at 60 hz and 400 huz respsctively. This was obtained by plotting # as
suort directed line scguents as a function of v and &, then counectiag

up suitable line segments to give he approximate streaw lines. Tas



Fig. 3.5: Current Density Profiles in Three-Phase Model at 400 hz






Fig. 3.7: Current Streawlines in Thres-Thage Mod
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method of followving the streamlines, as is done in standard field
plotting techniques, would be very time consuming in the cylindrical
coordinate systenm, as it would require constant simultaneous

adjustment of r, £ and O,
3.3 CURRENT DISTRIBUTION IN THE TWO~-PHASE MODEL

At the present time, no two-phase electric arc furnaces are
in operation (no mention in current litecrature). However, it was
decided to examine this electrode configuratica as a possible
alternative to the three-phase gystem. Thke reasons svrrounding the
choice vere based ou metal movement in the furnace, and will Le dealt

with fully in that esction,

The experimental sctup was the same 28 bofore, excent that
the three-slectrode mast was replaced by &« fouvwelectrede mast. Two
single phase transformers, cach operating on one phase of a two phase

supply, each fed a pair of electrodes,

The three~phase system has only one basic configuratiou,
with two phase sequences - scquence A-B-C or sequence A-C-B, giving a

total of two arrangements; one a mirror innge of the other,

The two~phase, four-clectrode system cn the other hand

posesoees tuo basic configurations - one with elsctredses of the sans
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possible arrangements,

Fig. 3.8 shows all the possible arrangements realizable on
this system, which, with respsct to the bath, may be regarded as a
four-phase system., The three-phase system is shown here for
comparison, V is the secondary voltsge line to line of the furnsce

transformer,

Fig, 3.9 and 3.10 show respectively the current distributicn
for electrodes adjacent and opposite. Fig, 3.11 to 3.14 show the
approximate cqual current contours and current streanlines

respectively,

Current density measurenents were taken using & copper probe
(32 2 in Table 2.2), This was substituted for the stainless steel
prcbe as it did not require {requent clearing, Current contours and
streamlines were counstructed similarly to those in the three-electrode

model,

3.4 DISTRIBUTION IN THE FURNACE

The current distribution iu the model should well represent
the current distribution inm the actual furnace. The application of

Faxwell s equation to the system (Appendix A) shows that

. 3 e
1 = 2 S"i{i" Ci?i?;((ivit”’“/”"') evsverew 3«71

J2
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Fig. 3.14: Cwrrent Streamlives in Two-Fhase Medel, Elsctrodes of same

Fhaze Cpposite (400 hiz)
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or
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and I the input (electrode) current.

Bquation 3.2 now contains a wealth of information. These
may now be stated, and arei-

ine ¢ mediun is tropic and Maxve quations are linea
(1) Since the medium is isotropic and Maxuell's equations are linear,

then
o dalt, +3I,+ ... + 1| sasvsany Dolk
vhere Il' IZ’ In are the sources at the boundaries, FHence for equal

gources
|g_feai | cerrieie 3.5

and the current density in the medium at any given position end

frequency is dircctly proportional to the current input at the

~
»
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electrodes.
(2) For a given position and medium, the current density is directly

proportional to the square root of the frequency, i.e.

|ole VE ‘ cevsesre 3.6

(3) In referring measuremsnts teken in one mediuwm of conductivity 02

to another of conductivity o
|9 | /%1 S
B T 3 Rassinand = S~ ssceos e 397
|J2‘ o 62

Referral of values measured to the actual furnace would
therefore involve the following scaling factorgi-
(1) Any position (r, ©) in the model would correspond to a position
(Csr, @) in the furnace, where Cs is the size scaling factor.
(2) The current input to the furnace is increased by a factor CI over
that in the modelj where
I (furnace) = Cp . I (model) teseer-e 3.8

(3) The current dsnsity in the furnace is related to the current

density in the medel by & factoer CJ, where
lJi(furnace) = ijJg(model) creseree 3.9

and
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f (furnace)

C. = C
J . (model)
o
= C _‘:)_("E"?'('i'gl‘)' coeevsace 3910

& § {(furnace)

The only unknowa quentity here is the scaling factor C If this

1’
valuve is not known, a reasonable approximation to this value m2y be
obtained from data made available by electric arc furnace
mapufacturers, Fig., 3.15 shows the correlation between furnace size
and furnace transformer ratings . Fig. 3.16 shows the
correlation between furnace transformer ratings and maximum electrode
current ratings . From this available data, Fig. 3.17 is
constructed to show the relationsnip between furnace size and the

1° It may be noted here that ICI is the

maxinum current rating of the furnace transformer, I being the

current scaling factor C

current input per phase to the model. For convenience the value of I

used was 100 amps/phase,

As a check on the validity of the scaling equations used,
actual measurements were carried out. Fig. 3,18 demonstrates that
equation 3.5 is true in the range taken, If equation 3.6 is also

valid, then
log ol « +10g ¢ cevens.e 3J11

and the graph of log |J| vs. log f should have a slope of %.
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Fig. 3.19 shows such & graph, with a line (shown dashed) of slope %
superimposed. These curves, taken at diffcrent positions and input
currents, for both the three- and four-electrode systems, all run

parallel to thie line and also parallel to & line of slope 1/5.

From equation 22, Appendix A; the variation of current
density J with depth 2z is given by
= o -3 {P\=]1%, secsecv e € 2
doo= I exp(~z/8) .exp(=jz/8) 3.1
where Jro is the surface current density. The validity of the

assumption that J is constant in the {irst skin depth (end zero for

z>§) is depzndent on the extent to which equation 3.12 applies to
J |
(9,1
(s01id lines) for frequencies of 400 and 1000 hz. The dotted lines

the model, Fig, 3.20 shqws the measured variation of with =
show the corresponding calculated values. These were obtained by
assuming that total reflection of the field occurred at the boltom,
which for simplicity of calculations, was taken as a plain surface.
Incident and reflected values were added vectorially to eobtain the
resultant. Fig. 3.2) shows the measured end predicted values of

Z{wo - Zg. The departure of msasured from calculated values m2y be

attributed tc the fact that the reflection surface is not flat,

At low frequencies, or at points where 2z is small in

comparison to &, the reflected component is larpge enough to affect
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the surface value. Kere the value of J measured at the surface is not
Jro’ but the sum of incident and reflected quantities, The
approximation is good at poirnts where the reflected field does not
affect the surface values, However, with this cruvde approximztion,
the maximum difference between measured and predicted values is 5
percent fcr the magnitude and 12 percent for the phase, The predicted
rhase angle Z;o - Z& is within the 12 percent limit only as far as the
dotted curve. Beyornd this the phase changes to leading., However, for

hoth frequencies, this condition exists well after cne skin depth.

Since the probe measured the magnitude of J only when aligned
with the current, the measurements were taken where the current
streamlines run parallel to the horizontal filament. Fig., 3.22 shows
the current path below the surface, Here it is sesn that probe
alignment occurs on lines of symuetry (@ = 600, 1800, 300o in 3-

electrode model, © = 45° etc in 4-electrode model).
3,5 HEATING EFFECTS

An attempt may now be made to relate power densities in the

model to power densities in the actual furnace,

The power dissipated in a conductor with skin effect is the
same as the average power loss produced by having the current
distributed uniformly in one skin depth (18), At a chosen point (r =

2", © = 30°), the current density is 5 x 104 a,/ma at 400 hz, Referring
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these values to a one=ton furnace, ﬁhe size scaling factoxr, Cs’ is
3.7 (from Fig. 2,1), and the point becomes (r = 7.4", © = 300).

For an r.m.s. current density JEOO in the model (where the subscript
refers to the frequency, and the superscripts M to model) the

corresponding r.m.s. current density 60 hz is given by equation 3.7

.
|| . Shoo
60" T M

IJEOO’ verenan (3.7)
060

The corresponding current density in the furnace is given by

5 M
¥ y 60 M
IJ6O = Cp == logl ferreeee 3,10
6o
M M
. ¢ 060 thoo |
I .F M Loo
%60 960
SH
0100 Mo
= S 5 ‘Jaoa
660

F Fi12 _F o P
= 5 o 1/t
Peo éo ! c o
5 2
2.5 ™ ,
= 16,0 x 5.0 x 1GQ % x&éLﬁngwT, S S w/m3

6

! )
9.3 x 10 0.59 = 10



7h

- 10
= i*%-l-q-g- = 9.45 x 10"

0.49 = 10

W/m3
This power may be considered wnifora ouly in the first skin depth,

The power input capability of a l=ton (1016 kg) furnsce is
about 0.5 MVA, Allowving & 70 percent efficiency in the arc, the
maximun pewer input to the furnace is about 0,25 MW, The average

power density throughout the entire volume (0.13 m3) of the metsl is

6
0.35 x 10 >
R W/ m

o
1

2.7 x 10° Wi

Frow these values, the current heating effect appears to be a favourable
3.5 percent of the povwer input of the arc., Fowever, when viewed with
respect to the fact that this power is uniform only in the first skin
depth of 3.2 in (0,093 m) and the maximum depth of the furrace is abouil

10 in (0.254 m) this average value could be lees than 1 percent.

It may be reasonable to assume, however, that in the
vicinity of the electrodes (or more correctly, the foot of tho arch,
where current densities are concievably much higher, the heating
effect dus to current density in the petsl could be a giszeable

percentnge compared to the input power of the arc,
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Furthernore, in projecting these values to a larger furnace,
where the volunie to ékin depth is a much smaller percentage of the
total volume of the bath, the average heating effect would be much
less favourable. From the actual values measured and projections
niade, it may be safe to conclude that tle heating effect could
constitute only a very small percentage of the power input to the

electric arc furnace,

The overall temperature rise in the model was 5°C - {rom-
3200 to 3700. 43 the connecting leads to the clectrodes attained
temperatures of about 75 -~ 80° during operation, it was difficult to
ascertain what portion was due to the inherent heating and what was
due to radiation from the ceonductors., Because of this,; no projectiocns
can be made concerning the tenperature increase due to current density
in the model or the furnace, Since this effect is proportional to the
square of the current, it may be important at the very high current

levels encountered in nodern Ultra-High Power arc furnaces.

However, better estimate of this haating effect wovldd be
obtained if an equivalent circndit coan be fownd {or the liguid wetel in

the crucible,



CHAPTER 4

FLUID MOTION

4,1 INHERENT MOTICN IN FURNACES

Agitation of the bath cof an electric arc furnace is
beneficial both from physical and metallurgical viewpoints. As a
result, some installations use an external induction stirrer,
operating on the principle of the linear induction motor, to achieve
product homogeniety., Some observers have noted that natural stirring
occurs in the electric arc furnace, especially when it is operating

in the high-current mode (19).

Similar stirring effects were noted during the operation of
the model, and attempts were made to measure the fluid velocity by
direct observation of the surface of the mercury. This required
cleaning the entire amount of mercury about every two hours to provide

a fresh surface for the measurements,

The dilute acid (about 5 = 10 percent) on the surface of the
mercury served a dual purpose, Besides helping to maintain a clean
surface on the mercury, it also simulated the slag cover in the actual

furnace,
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During the observaticns, it was noted that the acid layer
moved at a speed that was slightly higher than that of the actual
mercury surface, To measure the surface velocity, the time taken
for small pieces of copper wire to traverse a known distance was
recorded. Average values were determined for both the three and

four electrode arrangements,
k,2 MOTION IN THE THREE~PHASE HODEL

Obzervation of surface motion in the three-phase model
disclosed that there was one basic movement. This was the motion of
the liquid around the electrodes, The motion was definitely related
to the sequencing of phases, a clockwise phase sequence producing
clockwige rotation of the mercury, and vice-versa, This local motion
about the electrodes czused the entire surface, out to the edges; to
rotate in the same sense. The measurements were carried out at 400
hz and 1000 hz, using an input current of 160 amps per phase - about

the upper limit of the apparatus cver this range.

Perhaps it should be stressed at this voint, that the
measurements tzken were with the object of giving mainly &
guvalitative comparison of the motion produced in the models, There
were at times some flow covnber to the main cne, and at times, only

one or two eleciredes contributed to the overall movement,
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Fig. L.1: Natural Flow Pattera in Thres-Phase Model (Phase Sequence A=BeC)
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In measuring the flow aréund the electrodes, the time
taken for & test parficle on the surface of the mercury to make 5
revolutions was ncted on a stop=-watch. Five revolutions were
chosen because the particle often failed to make complete revolutions
as it was captured by the adjacent electrode, The average of several
gets of 5 revolutions on a mean path diaweter of about 1 in (0.025%
m) was taken. Values were about the same for both phase sequences,
The mcan pericd of revolution of the mercury curface was about 28

seconds, and mcan speed 0.28 cm (0.C028 m)/sec.

The speed near to the edge was monitored by a particle
about 5.0 in (0.0123 m) from the centre. As counter currents again
posed problems, the time taken for the particle to travel one
quarter of a revolution was noted. The mean edge velocity in the

interval was about 0.17 cm/uec.

Fig. 4,1 shovs the main flow patteras in the thres rhase
model, Velocity and flow pattern were about the sane at 400 and

1000 hz.

4,3 MOTION IN 1WO-PHASE MODEL

The method of taking these measurenents were the same as
in the three phase model, Here, as before, the rain motion was
that around the clectrodes, However, two hosic flow patterns were

produced, and depended on whether 2lectrodes of the game phaze wore
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adjacent or opposite each other, Again, the sense of rotation was

dependent on phase sequencing.

With electrodes adjacent, the primary motion was again
around the electrcdes. The directions however were not the same,
and created flow currents such that fluid flowed towards the
centre along one diagonal and away from the centre along a
diagonal at right angles, Fig. 4.2 shows the flow pattern preduced
by this configuration. For a current input of 160 amps/phase, the
speed around the electrodes was about 0.69 cu/sec, ond that along a
diagonal about 0.35 cm/sec. At the wall, the fluid velociiy wes
low, about 0.2 cm/sec. Values nmeasured at 400 hz and 1000 hz gave

speeds around the clectrodes that were about the cane,

With elsctrodes of the same phase opposite each other,
the flow pattern generated was rather different, In this case,
the flows &round the electrodes were all in the same direction,
The pattern here was quite similar to that in the three-electrode
model, and also revarsed éense with change in phase sequence, The
speed around the electrodes was about 0.G3 em/sec, snd that around
the edge about 0.28 cm/sec, for a frequency of 400 hz, Measurements
taken at a frequency of 10C0 hz yielded values thal were similar,
This indicated that the valocity was more closely related to input
current rather than frequency in the range taken, since lowering the

cemayy e - e N e - o ey ~ ) "
input current ceuzed a lowering of the speed,
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Fig. 4,2: Natural Flow Pattern in Two-Phase Kodel, Electrodes of sanme



Fig. 4.3: Natural Flov Pattern in Two-Phase Model. Electrodes of same

-

Prage Opposite (Phase Sequence A-B-D-C)
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Fig. 4.3 shows the flow pattern for electrodes of the same

phase opposite,

L. 4 EFFECT OF VANES ON MOTION

Other researchers (8) have shown that the shape of the
flow path has a marked influence on the fluid velcocity in a
channel type induction furnace., Borrowing this concept, an
attempt was made to change the flow path in the noded by the
insertion of vanec. Iig. 4.4 shows one such arrangement as well as
the flow pattern produced for the three-phase model, Only in the
very centre of the model did the stirring effects appear to be
slightly better than that without the vanes, precducing swall ripples
and eddies. However, flow in the middle region wes impeded. The
vanes used were made of plasticine to allow ragpid and easy change of
shape and lozation, No actual measurements of velocity were taken
on the models with vaues, as fhere appeared to be no really
significant improvement in fluld flow, Further; the presence of
vanes in the actual furnace would create more problems than they
solve by hampering the charging of scrap to the furnace, They could
also seriously interfere with the actual.ﬁeltimg vatterns, since

during the meltdown period, heat transfer frow the arc is by radiation.
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Fig. b.4: Effect of Vanes on



4,5 ELECTROKINETIC EFFECTS

As mentioned in section k4.1, the use of an external
.induction stirrer is at preseat the most‘common means of stirring
in the electric arc furnace. 4s an alteranative to this, it was
decided to investigate the use of auwrxillary electrodes to achieve

this end,

The criteria of an zcceptable alternative were set as
(a) The electrical circuit containing the auxillary electrodes
should be operable on eristing comnercial supplies of electricity,
or supplies easily derived therefrom.
(b) The energy input to the auxillary system should be very small
compared to the energy input to the furnace,
(¢) The system should be gimple, casily added te aun existing furnace,
and cost little in terms of installation and maintenance, and
finally
(d) The stirring produced by the addition should be sigrificantly

above that othexywise observable,

The first idea was to make use of electrodes contacting the
mercury in the model. This was consildered undesirable for one main
reason. JIn a real furnace, the most easlily availebie and economic
eiectrode,; would be the graphite electrode., This would discolve in

steel, increasing the carbon content. 7The system wang however,
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attempted on the three phase meodel, using three auxillary elecirodes
on & three phase system, This arrangement did not seem satisfactory
in terms of additional stirring, and produced patterns similar to the
original three-phase supply to the model, In fact it looked rather
like changing the pover supply to the médel from three to six-phase,
The input power requirements were about similar to that in the model

producing no striking effects,

Allowing the electrodes to touch only the acid solution
was next attempted, The effects producgd ray be related to the
electrokinetic phenomena which occur at the interface of two
éissimilar liquids {Appendix B), and werc observable on both

alternating and direct currentsa.

With alternating carrent, standing wavez were produced on
the surface of the mercury and the acid. There was no doubt that
the effect was produced by the flow of current through the acid arnd
mercury as a visible pattern could be seen, marking the path of
current flow Letween the auxillary electrodss, similar to the current

streamlines sssociated with the main electrodes,

In addition to the standing-wave patteran, there was motion
of the acid and thes mercury surface zround the electrodes and in the
general aread between the electrudes, Motion in the rain was not unle
directional, but consisted of several small svwirls direcled towards

the electredes, Tho presence of a grall szouwnt of guozing ot the



87

main electrodes - (A,B,C)

auxillary
electrodes

Fig. 4.5: Electrocapillary Action using Alternating Curreat
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electrodes indicated that somé anount of electrolysis was taking
place., Good stirring actiocn was obtained using 10 volts at 0.15
amps. The intensity of the action depended on the current strength,
vhile the voltage requirements were decided by the conductivity of

the acid,

Actual velozily measurements were not taken because of the
difficulty of cobservation of the motion of particles, but the surface
activity may be well described as greatly improved., Estimated
velocity however, was about 1 cm/sec, and the auxillary electrodes
about 1 in (0,025 m) from the edge., Though it auvgmented the natural
motion occurring in tlie model, the action was independent, and

effective by itself (Fig. 4.5).

The effect of frequency on the surface oscillations was
investigated. Above 60 hz, the amplitude of the cscilliations
decreased with increasing frequency and at about 1000 hz, the effect
all but disappeared, However, the size of these cscillations
increased as the frequency was decreased, At a frequency of about
0.1 = 0.5 hz, a condition similar tc resonance was obtained, where

the oscililations became fairly large.

On direct cwrrent, the effect was more marked than on
alternating current. Fig. k.6 shows one arrangement used. At the

negative electrode, net much motion was noticed, though there was
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slight gassing., Small, everwidening ripples, like those produced
by a small stone on a placid pond, were seen to spread slowly from
this electrode, The surface of the mercury immediately under the

electrode seemed to be depressed by an estimated one millimetre.

At the positive electrodes, an area of mercury initially
about one inch (0.0254 m) in diameter was raised about one millimetre
upwards, towards the electrodes. This area increased in size until
it reached the nearest edge, accompanied all the while by & turbulent
motion, Again no surface velocity mesasurements could be accurately
taken, because of the turbulence of the flow, but it was estimated to

be in excess of 3 cm/sec, using & 10=-volt dc eupply at 0.2 amps.

In some cases, the raised areas arocund the positive
electrodes joined together to form one larger area occupying about
half the surface of the medel, A dividiug line separating the

'positive surface' from the ‘negative surface' could be clearly secen,

Motion in general was at the positive electrode in a
direction away from the negative electrode, Fig. 4.7 shous the stages
in the development-of the flow, That the mercury surface at the
positive electrode rose during operation was cornfirmed by observation
at the wall of the model in the arsa where the flew reached ths wall.

The elevation here could be c¢learly seen above the rest of the suriace,
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turbulent
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Fig. 4.7: Stages in Development of Electrocapillary Action on

Direct Current
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A variation of this was to allow the negative electrodes to
touch the mercury surface, and the positive electrodes only the acid,
Though this appears to contradict a previous statemsnt to the effect
that this is undesirable, the a&pparent contradiction may be easily
removed if it is noted that in the actual furnace, the refractory is
a fair electrical conductor at the temperature of molten steel, The
refractory may then be used as the negative electrode, In this case
however, the active areas merged and after sowetime took over the
entire surface ¢f {he model., At this ccndition activity became much
reduced, and similar to that at a negative electrode. Reversing the
pelarity for a short while reactivated the surface. The notion was
similar to that in the prévicus case, with a slightly higher current

input,

The effect of the ccmbinaticn of bLoth direct and alternating
current on the electrokinetic effect was als¢ investigated. The
combination was produced by feeding the output of a function generator
having a variable dc offset voltage, into a dc power amplifier., Tuis
produced the combined effects of &c and de motion, giving both
vertical oscillations and horizontal movement of the mercury. Best
results were obtaired with the functicn gencrator sot to give a low

frequency 0.5 hz) square wave output,



CHAPTER 5

DISCUSSION AND CONCLUSICHS

5.1 DISCUSSIOHN

5.1.1 THE AIM

The aim of this thesis was to determine current distribution

and metal flow in the hearth of an electric arc furnzce,

Metal flow (stirring) has been observed im arc furnaces,
Explanation of this phenomenz, however, is not given in current

literature,

This investigation constitutes an initial attempt to
discover what happens and explain effects observed in the hearth of
the furnace. Since no mathematical model of the hearth has ever been
developed, an arnalog method was used, and experiments were carried out

on a scaled model of the furnace,

The Model: Analog modelling techniques were applied in the
development of a suitable scale model of the hearth, Since the hearth
and its mcdel are geometrically similar, current distribution is

identical when the ratic of diameter to skin depth is made the same,
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In the model of the hearth, mercury represented the liquid steel. The
modern trend is towards large furnaces with high aatal output. Here,
the diameter is large (15- 32 ft) coupared with skin depth (~4 inches
at 60 hz)., A l-toa furnace is considered the smallest size of furnace
of commercial interest, Scaling was such that a mcdel of diameter 1 ft
simulated a furnace of capacity l-ton at 400 hz and ore of 100-tons
capacity at 8.4 khz, Operation of the model at frequeacies below 400
hz, where it represented an arbitrarily small furnace, resulted in
reflection of the electromagnetic fields at the boundaries (sides and
bettom) - an effect not occurring tc that extent in an actual furnace,
This produced significant distortion in the current distribution
pattern and the metal movement, Operation of the model at and above
kOO hz give results which are predictable with good accuracy (within

12 percent).

5.1.2 CURRENT DISTRIBUTION

Current Density Measurements: Predictions have not been
attempted regarding current density as a function of position, Values
have been determined by actual measurement on the model using current
density probes., Measurements were mainly at the surface of the
mercury at a frequency of 400 hz, It has been predicted and
experimentally verified at frequencies of 400 hz and above, that
(1) Current density is a linear function of the current input, and

varies directly as the electrode current,
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(a) Current Down into Electrocde
#‘ is Magnetic Flux Density

Due to Electrode (Arc) Current

(b) Current up into Electrode

Fig. 5.1: Forces on Surface under Foot of Arc
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(2) Current density, for a constant electrode current, varies
directly as the square root of the frequency {or inversely as the

skin depth), and

(3) Current density varies exponentially with depth, with the ratio
(depth/skin depth) as the expoment. Since reflection occurs at the
betiom,; this variation with depth is more accurately expressed as the
sun of an increasing and a decreasing exponential (hyperbtolic cosine).
Ls a result, measurements taken on the model at a single frequerncy in
the range 400 hz and above, can be related to values at any other
frequency in that range. Hence one get of measurements can be used to

determine current density in furnaces of any given size,

Results taken were used tc cconstruct approximate current

streamlines and profiles of equal current demnsity,

Beating Effects: An attempt was made to relate current
density to heating effects due to losses (Ja/c) in the liquid metal,
relative to arc heating, An evaluation of this is best obtained using
an equivalent circuit for the liquid metal in the hearth, This
hewever, demands the userf a mathematical model, which has not yet
been developed. In the method used, a typical value of current
density near the electrodes was chosen., Assuming that this value
exists uniformly throughout the liquid steel, the heating effect was
determined as a percentage of the total input power for a ome-ton
furnace. The result obtained indicates that this upper bound for the

heating effect is about one percent of the total power input to the
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furnace.,

Sone general observations may be made with reference te

forces produced by the current in the furnace,

Surface Depression under Are: Depressicn of the surface of
the slag and steel under the foot of the arc has been cbserved in
‘electric arc furraces, This effect is explained by Fig. 5.1. Here,
Jr is the surface current density in the liquid mgtal and gﬁ the
magnetic flux density due to current in the are. The force density

Fz is given by

Fz = erB‘ Poeo s 501
Since Fz is downwards, the ccnductor, in this case the liquid metal,
moves downwards, creating a depression ir the surface., This is
especially true near the foot of the arcs where current densities are
high. Reversal of current direction in the arc reverses both Jr and

gﬁ’ leaving the direction of Fz unchanged,

Arc Flare: Arc flare is described as the rapid and sudden
motion of the arc towards the sidewalls, and is considered a main
-contributor to furnace wall erosion, As mentioned above, the metal
surface under the foot of the arc is depressed. As the arc is a

flexible conductor, a force equal to F'z pushes upward on the arc,
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Fig. 5.2: Features of a Typical Electroslag Remelting Furnace
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moving it away from the surface and towards the sidewalls, The

problem is further complicated by the presence of three arcs in a
furnace, each bearing currents differing in phase and direction from
the others. Electrodynamic forces varying in proportion to the current
in each arc would cause movenent of the foot of the arc across the
liquid metal surface., Strictly based on observations made on liquid
metal movement, in which electrodynamic forces move the liguid arcund
each individual electrode, it is postulated that the foot of the arcs

also move around the electrodes twice each cycle,

5.1.3 MOTION

The motion observed can be divided into two categories =

naturally occurring and artificially produced,

Naturally Occurring Motion: This has been cbserved in 7
electric arc furnaces and in both the coreless and channel-type
induction furnaces, where it has been used to advantage, This effect
~was observed in the model of the arc furnace hearth, Here, the flow
was around each electrode, and in a direction that always matched the
phase rotation of the electrode supply. Flow velocity remained
constant at frequencies of 400 and 1000 hz for a given input current,
A similar study in modelling the channel-type induction furnace (8),
irndicated that sustaine& flow was a function of channel geometry and

frequency. Flow velocity at 1000 hz was half that at 400 hz in a
model of comparable size, disappearing completely at 3000 hz, Itlwas

also found that flow occurred only when channel width was less tham
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twice skirn depth. In the arc furnace model, the depth of the hearih
near the electredes waz ebeout twice skin depth at 400 hz, and about
three times skin depth at 1C00 hz., From this result, the ¢echanism
of flow appears different for the electric arc and channel furnaces,
This difference could not be further substantiated in the laboratory,
since equipment limitations prevented cperation of the model at a
high enough frequency, at a comparable pcwer level, to enable a study
of the effect of frequency on flow cver a sufficient frequency range., An
attempt was made to enhance metal flow in the arc furnace model by a
slight modification of flow gecmetry. Tluid path geometry was changed by
inserting vanes of insulating material in the model, This however was
not considered practical in an actval furnace, as they would affect
adversely the heating and melting pattern existing in a furnace without

significantly increasing flow,

Artificial Motion: Artificial motion was also produced in the
model, This was done with the aid of a system of auxillary electrocdes.
The effect produced using the auxillary elsctrodes is reasonably well
explained by the electrocapillary curve in Appendix B, This
electrokinetic effect is due to surface properties, and as such, it
is difficult to determine the extent to which it penetrates into the
mercury. Zven as a surface effect however, it should find application
in a real furnace, since the surface is the site of the reactions
between molten metal and slag, In fact, it is noted in industry
that the use of alternating current during electroslag remelting
(22) provides a more active refining bath., This phenomena is

considered to be due to the constant changing of polarity of ions in
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the molten metal, For some grades of steel, this process provides
the best combination of desulphurization and degree of refining,
Fig., 5.2 shows & typical electroslag remelting furnace used in the

production of large ingots from the remelting of smaller ones,

5.1.4% TWO~-PHASE SYSTEM

The two-phase (or L-phase)system may well serve as an
alternative to the present three~phase design., The possible
advantages of this system include:=
(1) A more uniform melting pattern in the furnace. Assuming a
constant power in the arc i.e. a power in each arc equal to that in
the three electrode design, the weight of steel melted per electrode
is smaller. This could produce & more even melting pattera,

(2) Decrease in meltdown time. Because of the higher power input,
the meltdown time should be reduced to about 3/4 that in the present
system,

(3) Better refining:_ With electrodes of the same phase opposite, the
stirring produced would be more intense, With electrodes of the same
phase adjacent, in addition to being more intense, the flew pattern

is such as to move fresh materials near the sidewalls into the high
temperature and reaction zones near the arec,

(4) Lower mutual coupling between phases. For the high currents used
in electric arc furnaces (~50 to 100 kilo-amps) mutual coupling
between phases increases the reactance and limits the power input te

the furnace for a given transformer. 1If the two conductors to each



phase are placed side by side, coupling between phases would be
minimised, Further, if ccnductors to each phase ars co-axial, the

coupling should be almost entirely eliminated,

The system however, is not without its disadvantages. These
are likely to be:i=
(1) Shorter refractcry life, With four arcs in the furnace, the
refractory life should be shorter. The extent to which this is
shortened is dependent net only oa power input, but also on arc length
and arc flare, The radiant energy impinging on the furnace walls is
fairly predictable, hence the increase in heating of the walls may be
calculated,
(2) Increase-in size and number of hot spots. Since there are now
four arcs, there are now four hot spots. These may be larger since
the thermal energy reaching the walls is increased. This may require
rcducing power input to each phase or moving the electrodes closer to
the centre of the furnace,
(3) Greater initial expenditure and possibly maintenance costs. The
addition of an extra electrode would require such changes as another
hole in the roof, another electrode arm and positioning controls ete.
However, if this saves on the cost of power consumption through lower
reactances, and ir operation through shorter meltdown times and higher
output tons per hour, it may be worth the additional expense involved,
(4) Phase conversion., Since the supply to the electrodes is two=-
phase, and the commercially available supplies of electrical energy

are three-phase, a speclal furnace transformer would be needed,
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This would require‘special taps and connections to effect the three-
to two-phase conversion. As such, this transformer may be more-
expensive than the present type used. It is noted however that the
furnace transformer is normally of special design, hence it would
appear that the phase conversion may not add significantly to the

cost,

5.2 FUTURE WORK

Prediction of Current Distribution: Future work on current
distribution involved the prediction of current density for a given
hearth shape and electrode configuration, Analytical techniques
involving the use of complex-potential theory in a multipclar‘and
cylindrical co-ordinate system is capable of generating the bhasic
patterns, Extension of the method to include skin effect and boundary

conditions should yield good results.

A succ;ssful method of prediction weuld be of importance to
a study of the submerged arc or electric resistance furnace, where the
charge is heated entirely by the passagé of current, While in the
hearth of the 2lectric arc furnace this heating effect (J2/09 is

secondary, in the resistance furnace this is the source of heating.

Application of Electrocapillary Action: Future work in this
area is the test of the applicability of this method of stirring on a

scale larger thatl attempted so far, This would be done on a larger
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scale model, or an actual full size, electric arc furnace. This method
is of course not limited in application to the electric arc furnace.
Being an independent system it could be used on any type of furnace for

melting or holding metals provided that a slag cover is present.

5.3 CONCLUSICNS

This investigation was exploratory in nature with the aim
of determining current distribution and metal flow in the hearth of
an electric arc furnace, by simulation on a model, This objective

was attained in the following ways:

Known analog incdelling techniques have been successfully
applied to the development of a small scale model of a typical
electric arc furnace, using the skin depth to diameter ratio as a

main parameter,

Experimental results were obtained to demonstrate that
current distribution may be predicted for furnaces of different sizes

and ratings from measurements taken using one model only,

Natural stirring was observed in the model of the electric
arc furnace, and was found to be dependent on the phase rotation of

the supply to the elsctrodes.
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Electrokinetic stirring was produced and examined, using

auxillary low power elecstrodes,

An alternative two-phase, four-electrode design for an
elecfric arc furnace has been proposed. This is expected to improve
energy input and power distribution relative to the standard three-
phase design, A reasonable basis of this expectation has been

verified by tests on the two models,



APPENDIX A

RELATION OF CURRENT DISTRIBUTION TO INFUT CURRENT

It is pessible to relate the current distribution Jr to
the electrode current I, by applicetion of Maxwell's cquations
to the system, To do this, it is zssumed that the liquid metal
surfece is @ cylinder of radius R, and infinitely long (Fig. Al).
Sinrce the medium of isotropic and the equations are linecar, only
one electrude {or arc) is considered, and for simplicity, enly

one boundary condition,

faxwell's time varying equations are given as (17,18)

vxH = £25 P R— |
ot

vXE = - %% vossesse 2

v e E> = 0 sessecss I

v.H = 0 I

Taking the curl of both sides of equation 3.2

0H :
VX(VXE) = =X 3t oooooooo5



Fig. Al:

The Model

&
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5 & Cylinder of Infinite Length

B .
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Cn expanding and sirnplifying, equation (5) yields the wave equation

?(V . E) "VEE = £} P‘EEE eseceeey 6
ot

Since from (3)

V e E = o eveenacae 3

= pE"‘*'E seee00o0o 7

If cylindrical coordinates are used then

13 (0 , 1 3%, & _ _ % 8
r or ar 2 602 azz atz

The eolutior of this equation is of the general fora
E = (O) R(r) Z(Z) T(t) cvovocee 9

If as a sizmple solution only the Z(z) and T(t) components are

considered, then

Er = Z(Z) T(t) eesccecne ]D
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One solution of this equation is

E = Ero‘exp(-anqu) cos( t =z/nfpo) cussanmes L1

or substituting for the skin depth

5/1

Er = Ero exp("Z/g) COS(wt -2/6‘) eccoccvove 13

L N 12

where Ero is zn arbitrary amplitude factor, evaluated at 2 = 0, t = O,

This field in the conductor may now be related to the
external field at the surface of the conductor, If the origin of
the ccordinates is placed at the surface, then in the region z>0, the
medium is a perfect conductor, and for z<0, the medium is a perfect

dielectric.
At the boundary surface, z = 0, and
E = E cos (.Lt ceosseecs 14
™

This is now considered as the scurce field which establishes the

fields within the coniucter.

Since in a good conductor the displacement current is

negligible, then
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J = OE escevesse 15

and the conducticn current density at any point withia the

conductor is given by

J = OE
r r
= O Ere exp(-2/5) cos(uwt - z/5) sEesswdle 1D

1

The time averzge power density into the cornductor, as given by the

Poynting theorem is P,

EZ
1l ro 2
pz = 2 ‘d/"‘l e v evoce 17

where 7 is the intrinsic impedance of the conducter

R T

Since for a good conductor G>>we

7 =

(1+3

UNY @
R\
+&

secocoos 18
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Hence
, B
P, = 3° = exp(-22/5) cos w/k
2
1

exp(-ZZ/S) w/ma enevsevse 19

m

The total power loss, P, in the direcction of the current,
in a cylinder of radius R is the power crossing the conductor

surface which is given by

2
. R o E2
P = __EEE exp(=22/8) r dr 4o watts

A '}O _!Z:O
2
E
. nOS“m re
2
J
= uos—h—gg Ra evsovece a

(Since J = oE )
ro ro

If the total current were distributed uniformly in one skin depth,
then the current I is the integral of Jr over the entire depth of

the conductor

I = Jr dr dz “oeoco0se0 21
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and since Jr is the same form as Er then

Joo= J exp(-z/§) cos(ut - z/8)

In complex exponential form,

| .= I exp(~2/56) . exp(-3z/8)

= Jm exp(-Z(l + j)/a) l ecoevcoe 22
Therefore
=4} 27T
I = ~I S- Jro exp(-z(1+j)/6)R @6 dz
[s) o)
@
= xJ exp(-z(1 + 3)/8) T3
o
ZnRSJrO ok
m e0cencv e 2
Hence
ZKRSJro
I @ -72"""- Cos(wt - W/Ll‘) R EXEEES 24

Equation 24 establishes the relationship beiween I and Jr'

—_ : 2 5
Now ohmic power loss per unit volume is J°/0, aud the time

eversge power less in a cylindrical slab of radius R and thickness € is



13

R 2T AE 5
Lo cosz(wt - 5/4) r dr 40 dz

i
o
vl &~
Q

= w— KRZS watts eeecocoe 25

This power loss is the same as that in équation 20 and the current
density may be considered to exist only in the first skin depth,

and to be uniform throughout that region.



APPENDIX B
THEORY OF ELECTROKINETIC EFFECTS

In electrokinetics, the electric charges on two surfaces
in contact determine their relative motion in an electric field,
The effects produced in the model may be<x§lained on the basis of
electrocapillary action, which is the change in surface tension cf
the interface between two liquids, due to the application of an
electrical potential, The simple theory of electrocapillarity is
as follows (20, 21). The superficial electronic cherge density on
the mercury interface is q. This is a positive charge since
thernmodynamically, a metal in contact with an agueous solution
loses electrons. Because of the presence of an electrical double
layer, the interface is analagous to a parallel plate condenser,
with a potential difference v betweesn the plates. The work
required to increase the charge on the plates by 4Q is v.dQ. Work
is also required to increase the area; due to surface tension forces,

hence the totsl work dW (reversible) is
dw = TdA + VQdQ semeseve 1

Since dW is a ccaplete differential, then
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| v
interfacial
surface tension
Yo
! | i
-2 -1 0 +1
v volts

(a) The Electrocapillary Curve

N=—- electrode

dilute \&i_
nitric ~—--—*’j" S ) ,'“ _‘j_"' .".f." ‘7 :— N ."" e
acid - -

b of ___.'_/.;/ / ///
mercury [/, / / / /// /////,

(b) Production of the Electrocapillery Curve

Fiz. Bl: The Flectrocapiliary Curve
~ - v
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&l - |8 . »
[av] - laA} q sr s too 0 2
A v

This is the fundamental equation of electrocapillarity,
and i3 rpamed the Lippmann equation, in honour of its discoverer.
It infers also that if the expansion or contraction of a surface
causes a flow of electric charge towards or away from it, then the
interfacial tension is dependent on the applied voltage. The
relationship applies equally well to any two liquid media, The
grarh of this relationship, termed the electrocapilliary curve, is
shown in Fig. Bi. It may be noted that the slcpe of the curve is
numerically equél to the surface charge density, q. Experimentally,
it has been.ahown that the shape of the curve is a function of the
nature of the metal phase and the concentration of the aqueous
solution, but is independent of the absolute value of potential or

the nature of the electrode.

Action of the mercury surface beneath an electrode, may be
deduced from the electrocapillary curve. Fig. B2 shows the
development of oscillatory forces in the surface of the mercury,
leading to the production of standing waves if an alternating current
is applied between the electrode and the mercury., Fig. B3 shows the

possibtle action on the application of direct current to the system.
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" F(y,t) is surface force due to change in y

ig. B2: Production of Surface Oscillations by Alternating Current
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Fig. B3: Movenmants of Mercury Surface by Electrocapillary Action

Using Direct Current
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APPENDIX C
RECORD OF CURRENT DENSITY MEASUREMENTS

This appendix lists the current density measurements taken

on the mcdel,
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CURRENT DENSITY MEASUREMENTS

Model = 2-phase; Electrode Current = 100 A/phase; Frequency = 400 hz;

Probe used = N2 2; Phase Sequence = ADBC; Phase angle with respect to

©

Vs Y, =V 0% V_ = V 90°; Electrodes 'A' at © = 0°; '0' at © = 90

AD B
r = 0 inch r = 1.0 inch

®  Tam® p° ® Jam® £ B°
x BD“ x 10“

45° 0.006 0 10 5.35 -45 180° 1ead
2.54 30 45° lead 30  5.13 -8k 200
.16 k5 50 ks 4.8 =90 200
3.50 60 50 60 4.8 -102 200
h.25 %0 0 8% 4.9 =135 200
3.84 120 L5 350 4,58 0 18
3.16 135 4g 33 4,0 30 180
22 150 45 315 3.3 %0 110
0.013 180 - 300 3.9 150 75
2.47 210 135 12g 280 5.0 180 70

3.43 225 135
L,12 240 135
k.53 270 135
3.8 300 135
2.26 320 135



Model = 2-phase; f = 400 hz; Phase Sequence = ADBC

3

3 8

110
120
135
150
160
200
210

225

315
340

r = 2,0 inches

J A/m2
x 10“

7.68
5.49
Lok
5.49
7.54
7.41
3.77
2.74
377

7.96 |

6.58

5.01

L.66
1’.12

.26

[R\]

.5

1

#°

180
170 lag
160
170
180

&

120
65 lead
65
65
45 lag
45
45

135
150
18
200
225
2ko
270
200
315
320

r = 3,0 inches

J A/m2
x 10“

2.26

2.74

2.81
3.02
1.74
1.37
1.51
3.07
2.74
2.40
2.61
2.95
1.37
1.10

1.17

#°

72

108

72

114

121

70
120
135
165



135
150
180

225
2o

200
315
330

r = 4,0 inches

£°

J A/m2
x lOu
1.1
1.71
1.85
1.85
1.%7
0.96
0.96
0.96
1.03
1.51
1.65
1.65
& % 4
6.82
0.82

0.82

42
78

96
126
-48

-48
-1k

=120

B° o
30° lead O
0 %0
20 ks
0 60
20 90

120° 1ag 120
90 135
%0 150
€0 lead 180
€0 200
€0 225
(4] 240
0" lag 270
90 300
8o 315

120 320

r = 5,0 inches

J A/in2 £
4

x 10

0.82
1,44
1.58
1.58
0.96
0.48
0.55
0.55
1.17
1.65
1.85
1.78
1d

0.55
0.55
0.55

»> 8 8 8 8 8 8 8 F

8 8 8 8 8 8 8

122

k5° lead

3 B

100
135
170
135
120

lag

120
155
135
160° 1ead

135

110 lezad



120
135
150
180

225
240

270

315
330

J A/'m2
x 10

1.1

1.71
1.85
1.85
1.37
0.96
0.96
0.96
1.03
1.51
1.65
1,65
1.1

0.82
0.82

0.82

48
-1k

=120

-90

-180

-144

=135

300

20

20

20

20

120°

90

90

60°

60
€0
60

9c®

90
80

120

lead 0

lag 120
135
150
lead 180
200
225
240
lag 270

300

J A/m2
x 104

0.82
144
1.58
1.58

' 0.96

0,48
0.55
0.55
1.17
1.65
1.85
1.78
1.1

0.55
0.55
0.55

72

123

45° 1ead

30

100
135
170
135° lag
120
120
135
135
160° 1ead
135

110° 1ead
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‘Model = 2-phase; f = 400 hz; Input current = 100 A/phase; Probe used =

N2 2; Phase B in position

45

r = 0.0 inch
J A A
x 104
3.56 )
3.64 30
3.91 60
k.11 90
4,11 120
3.84 150
3.77 180
3.97 210
4,18 240
4,25 270
4,05 300

3.77

330

5% lead
30
63
90
120
150
190
145° 1ag
120
90
65
36

10

b5

80

280
300
315
330
350

r = 1,0 inch
J /e 4
x 104
6,17 - =43
5.35 =72
5.08 -30
5.21 -114
6.17  -150
5.76 -
6.04 0
5.01 48
L, 46 90
4.53 138
5.76 168

85° 1ag
90
100

110

135

65
45
0]
20° 1ead

30



Model = 2-phase; f = 400 hz; phase sequence = ABDC

20
30
ks
60
70
290
300
315
330
340

r = 2,0 inches

J A/m2 _

x 101+

10,29
5.49
4,0
k.0
4.7

12.3
5.8
3.91
k.60
5.76

£°

84

100° 1lead
90
%0
80
65
20
10
0
20° 1ag

45

0

20

45
60

70

270
290
300
315
330
340

r=73.0 inches

£

J A/m2
x 104

2.6
2.4
2.3
2:2
Ll
2,26
2.26
2.7
2.3

2.2

2.26

78

102
114
180
~180
=120
=102

=90

-60

125

120° 1ead
100

100

80

45

135° lag
190° lead
185

180
170

155



20

45

70

270
290

315
330

r = 4,0 inches
J A/u° £°
x.loh
1.37 72
1,37 78
137 90
1.51 90
1.51 90
1.51 90
1.3 1k
L.%7 =72
1.4 -78
1.51 -90
1.58 -90
1.51 =90
1.58 -66

80° 1ead
80
90
90
100
100
120
110
150
160
170
180

180

0

r = 5,0 inches

J A/m2

x 10

0.96
1.1

1.23

1.23
1.17
1.1
1.23
1.37
1.4
1.51
1.4
1.37

4

£°

90

126

10° 1ead
36
45
54
63
20
9%
90
110
125
135
150
160
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VARIATION OF CURRENT DENSITY J with Depth z Below Surface of Model

Probe =

Ne 3; Input Current = 100 A/phase

3-electrode model @ = 60%; 6 = 90%; r = 2.0 inches

inches

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

2.1
(=max)

frequency = 60 hz

J A/u 8° J Afu®
x 10“ x 10“
1.44 45° lead 2,58
1.44 45 . 2,15
1.44 Ls 1.87
1.29 45 1.51
1.29 4o 1.29
1.15 30 1.00
1.15 27 0.93
1.08 27 0.79
1.0 27 0.79
1.0 27 0.72
1.0 27 0.72
0.93 27 0.72

frequency = 1000 hz

J A/'m2

x 10“

37° 1ead 4.80

18
0
12° 1ag
23
36
5S4
63
72
75

75

3.55
2.70
1.90
1.40
1.10
0.90
0.80
0.70
0.62
0.55
0.59

B

18° 1ag

Sk
72

99
108
120
124

126
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Model = 3-phase; Electrode Current = 100 A/phase; Frequency = 60 hz;

Probe used = N2 1; Phase B in position @ = 0°

Phase angle B with respect to Voltage V.

r = 0.0 inch

Jame A 8°

x 104

1.6 0 135° lead
1.6 30 120

1.6 69 85

1.6 90 60

1.6 120 23

1.6 144 0

1.6 150 20° 1ag
1.6 180 45

1.6 210 75

1.6 2o 100

1.6 270 130

1.6 300 160

1.6 330 190

BN

20

g &

70
80
)
100

110

.

Phase Sequence ABC;

r = 1.0 inch
J A/a° £°
x 104

3.5 174
3.2 156
2.8 138
2.5 120
2.4 108
2.4 90
2.4 78
2.7 72
3.0 60
3.5 48
3.9 24

9° lead
18

36
45

54
54
60
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Model = 3-phase; Electrode Current = 100 A/phase; Frequency = 60 hz;

Probe used = N2 1; Phase B is position; 6 = Oo; Phase Sequence AEC;

Phase angle B with respect to voltage V

r = 2,0 inches

e° J A/a®
x 104
6 -
10
20 7.0
30 3.3
Lo Ba
50 1.8
60 1.8
70 1.9
80 2.3
90 SeD
100 7.5
110
120

50

103
102
102

102

&

g0
102

102

108

90 lead
18

27

r = 3,0 inches

J A/'m2

x 104

2.8
2.5
1.8
1.4
1.3
1.2
1.1
1.2
1.2
1.4
1.8
2.k
2.8

£°

24
42

78

102
114
120
144
162

180

9° lead

27

3 3

36
36

5k
60



& ¥ &§ ¥ 8 o

& 3

8

100

110

120

r = 4,0 inches

J A/m2

x 10

0.5
0.6
0.6
0.7
0.7
0.7
0.75
0.7
0.7
0.7
0.7
0.6

0.5

£°

z 8

8 8 8 8 8

132

150
180

'+5° lead

130

r = 4,5 inches

J Afa® 22
x 104

0.3 0
0.4 90
0.45 90
0.6 90
0.6 90
0.6 90
0.6 90
0.6 90
0.6 90
0.6 0
0.45 90
0.4 120
0.3 138

60° 1ead



131

Model = 3-phase; Electrode current = 100 A/phase; Frequency = 400 hz;

Probe used = N2 1; Phase B in position 6 = 0°

Phase angle R with respect to VB

10

20

&

60
70

&

1060

110

120

r = 4,0 inches

J A

X 104

1.1
1.2
1.4
1.45
1:5
1.5
1.4
1.4
1.3
1.2
1.1
1.0

0.8

‘o

42
66
8l

8

102
108
120
132
150
180

N

Phase sequence ABC

r = 5,0 inches

J A/hl2
x 101+

0.6
1.0
1.2
1.2
1.4
1.4
1.4
1.35
1.25
1.15
1.0
0.8

0.8

#° 8°
0 0
60° 1ead 60° lead
84 5S4
0 45
90 45
90 4o
90 4o
90 36
96 36
114 36
114 36
9% 0
72% 1a¢ 45° 1ag



132

Model = 3 phase; Electrcde current = 100 A/phase; Frequency = 400 hz;

o

Probe used = N2 1; Phase B in position € = O ; Phase sequence ABC;

Phase angle B with respect te VBN

r = 0,0 inch

e° J A/ha ﬁo
x IOA

60° 3.4 0
3.4 30
3.4 60
3.4 90
3.4 120
3.4 150
3.4 180
3.4 210
3.4 240
3.4 270
3.4 300
3.k 320

3.4 360

150° lead
125
100

70

50

0

350 lag

10

20

8

50
60
70
80
90
100

110

r = 1.0 inch
Jame A
x 10
6.5 168
5.5 150
b,7 138
b b4 126
4.2 108
4,1 S0
4,3 90
4.6 8k
5.2 72
6.2 66
7.0 48

9° lead



10

5 8

60
70
80

100
110

120

r = 2,0 inches

J A/in2
x 1oh

£°

96

8 8

90

90

5° lead

36
45
45

r = 3,0 inches

J A/m2

x 104

2.7
2.65
2.4
2.2
2.0
1.9
1.9
1.9
1.9
2.0
2.3
2.6
2.8

£°

54
72
84

8

108
120
138
162

180

135

18° 1ead
24
36

ko
45
50
54
54

63

(Model = 3 phase; Electrode current = 100 A/phase; Frequency = 400 hz.)



134

Variation of current density J with Input current I and frequency f.

3=electrode model

r = 3,0 inches; 6 = 0%; g =0

4 4 " 4 4

I Amps J x 10 J x 10 J x 10 J x 10 J x 10
60 hz 400 hz 1000 hz 2000 hz 4000 hz

40 0.8 1.0 1.6 2.6 5.0

60 . 1.2 1.6 2.6 3.8

80 1.6 2.1 3.5 5.0

100 1.8 2.4 3.8 6.25

120 2.2 2.9 4.5

140 2.6 3.4 5:2

160 3.0 3.9

200 3.6 4.8
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Variation of current demsity J with Input current I and frequency f.

L-electrode model

r = 1,0 inch; © = 20°

b i Iy 4 b

IAmps J x 10" Jx10 J x 10 J x 10 J x 10 J x 10
60 hz 100 hz 400 hz 1000 hz 2000 hz 3000 hz

Lo 1,58 1,51 2.33 3.7 5.76 8.23
60 2.13 2.2 3.43 5.42 8.5

80 2.74 2.9 4.4 7:13 11.11

100 35 2,57 5.49 8.78

120 4,11 k.32 7.27 10.42

140 4,8 L, ok 7.68 12,34

180 6.17 6.51 10,01
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GLOSSARY OF MAIN TERMS

NAME

Surface Area

Flux Density

Current Scaling Factor
Current Density Scaling Factor
Size Scaling Factor
Electric Flux Density
Electric Field Intensity
Frequency

Force

Acceleration duz to Gravity
Magnetic Field Intensity
Current

Current Density

Length

Reynolds Number

Froude Number

Power

Instantaneous Powsr
Surface Charge Density

Charga
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UNIT

Hetre2

Heber/metre2

Coulom’q/metre2
Volts/metre

Hertz

Newton

Hetra/sec2
Amperes/metre
Amperes

2
Amperes/metre

Metre

Vatts
Watts
3. 7L 2
Coulomb/uetre

Coulonb



SYMBOL

ﬂ’*ﬂ.';dow

<

<

Q X ¥ © o

w

NAME

Radius of-Electrode Circle
Radius of Furnace
Temperature

Time

Voltage

Velocity

Work

Temperature Coefficient of
Conductivity

Phase Angle

Surface Tension

Skin Depth
Permittivity
Cylindrical Co-ordinste
Permneability

Viscosity

Electrical Corductivity
Angular Position
Angular Velocity

Intrinsic Iupedance
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UNIT

Metre
Metre
°c
Second
Volts
Metre/sec
Joule

oc-l

Degrees
Newtor/metre
Metre
Farads/uetre
Radians
Henry/metre
Newton-sec/metrez
Mho/metre
Radians
Radians/sec

Ohm
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