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Eddy Current Losses in Cylindrical Arc Furnace Shells
PETER F. RYFF, SENIOR MEMBER, IEEE

Abstract-A method is presented to determine the eddy current
power losses in the shell of a three-phase cylindrical arc furnace. The
effect of electrode phase rotation with unbalanced electrode currents
on the induced losses is shown. This study indicates the direct
similarity between the induced loss distribution and the nonlinear
refractory wear pattern in a furnace. Experimental results on a
furnace model are included to support the theoretical work. The
measured wear pattern of a section of the refractory lining in a
furnace is included to illustrate the corresponding qualitative dis-
tributions.

INTRODUCTION
BECAUSE of substantial increases in power input with

the development of ultra high power (UHP) electric arc
furnaces, some of the inherited classic arc furnace operating
problems such as electromagnetically induced heat losses and
thermal stresses in the refractory lining are also upgraded.
New developments in the arc furnace industry are constantly
made to combat these problems, in view of the importance of
refractory life. Understanding the phenomena is important
with regard to lining wear, which is a particular major com-
ponent in the economy of UHP furnaces. In extending lin-
ing wear, even moderate amounts of heat can represent a
considerable saving in furnace operation. One of the latest
developments is the application of water-cooled panels in-
stalled in the refractory wall above the slag line. With this
innovation refractory life is greatly extended. Panel life is now
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measured in the thousands of heats instead of hundreds,
which is more common for refractory brick [1]. With the
application of water-cooled panels and greatly increased
electrode currents (80-100 kA becoming standard) in UHP
furnaces, an investigation was made to determine the induced
power losses in the furnace shell and forces exerted on the
panels, where used. Due to the electrode arrangement being
supplied with three-phase power in an electric arc furnace, as
schematically illustrated in Fig. 1, a revolving magnetic field
component is set up. This field will penetrate structural
members that are electrically conductive and induce eddy
currents with subsequent ohmic losses. Due to its revolving
nature, it will exert a torque or peripheral force on those
members, similar to the induction motor principle. The torque
so created will be in the direction of the magnetic field. The
initial investigation centered on ascertaining the magnitude of
this force on the water-cooled panels with reference to the
minimum mechanical securing force required. It was felt that
due to the nature of the arc in the furnace, the exerted im-
pulse forces on the panels may well become a factor to be
considered.

Subsequent to the force calculations, obtained from the
eddy current losses, experimental data are presented to verify
the theoretical model. The effect of electrode current un-
balance on the induced losses is then shown. From this it
became evident, especially in view of related work carried out
[2], [31, that the direction of the arcs in the furnace is in-
fluenced by this current unbalance. This of course is not
entirely surprising, since an arc constitutes a "flexible" con-
ductor on which electromagnetic forces can be exerted. How-
ever, it is interesting that the calculated eddy current loss
distribution in the shell of a furnace coincides with the meas-
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Fig. 1. Electric arc furnace with water-cooled panels.

ured nonlinear refractory wear in that same furnace to the
extent that the apparent shift of the hot spot locations are
identical.

THEORY

The electric arc furnace may be represented as a cylindrical
shell having a radius a containing the three electrodes as illus-
trated in Fig. 2. When water-cooled panels are installed above
the slag line but covering the entire circumference, they also
form a shell. The electrodes are located on the corners of an
equilateral triangle, circumscribed by the electrode pitch circle
of radius b. Because of the prevailing symmetry, cylindrical
coordinates are used and the superposition theorem applied
to the fields. This means that in the derivation for the vector
potential in Regions 1 and 2, only one electrode (say A) is
considered. The resulting expression is then extended to
include electrodes B and C, considering their proper space
location and electrical phase sequence.

In the derivation it is assumed that the shell thickness is
such that the field is contained within it. This assumption
closely resembles practical experience because of the heavy
shell. Therefore, the space occupied by the furnace can be
thought of as two regions. In Region 1, the air space with
permeability g0 = 47r X 10-7 H/m, the differential equation
describing the vector potential A I is

V21f = 0. (1)

The differential equation describing the vector potential A2
in Region 2, the shell material with permeability P = pop,
(Pr being the relative permeability) is

V212 = k2A2

Fig. 2. Simplified arrangement of three-phase arc furnace with car-
bon steel shell.

with k2 = ixcu, being a complex quantity. w is the radial
frequency of the supply, i = -1 and a the conductivity of
the shell material. The solution of (1) is given by the series
[4]

1 = ° lnr+p/ Bnpn cos n
2 r n=l

(3)

where the first term is the potential due to the electrode
carrying a current I, in which

r = (p2 + b2 -2bp COS O)' /2

and represents the radial distance from the electrode axis to
the point P(p, 0) where the field is calculated. The second
term, which must be finite at the origin (positive exponent of
n only) is due to the magnetization of the shell material.
Bn is a constant yet to be determined. The solution of (2)
may be taken of the form

00

A2 = ,2 DnKn(kp) cos n(;
n=l

(4)

which must vanish at p = oo. Kn is the modified Bessel func-
tion of order n and argument kp. Dn is the second constant to
be determined. To evaluate the unknown constants Bn and
Dn, the boundary problem on the shell's inner surface (p = a)
is solved. Here the known equations for the refraction of lines
of force holds. The tangential component of the magnetic
field is continuous and given by

HIO-H20, p=a (5)

and the normal component of the magnetic flux density is
also continuous and must satisfy the condition

poH1p =IW2p, p =a. (6)

Carrying out the called for derivations, equating components
for each value of n and realizing that

1 aA
Ho = -- p=a

A, ap
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and

ab sin _5 n

r2 n- a

the following two equations (after making some simplifi-
cations) result, namely

-{- (k)n+ nBnan = DnkaKn' (7)
27T a

and

° b-) - npoB an = -nPDnK (8)
2ir \a/n

where the Bessel functions have the argument ka and the
prime indicates its derivative. Solving (7) and (8) simultane-
ously for Bn and Dn and using the following recurrence
formula for the modified Bessel function [5], namely

n
-Kn'=Kn+l + -Kn

ka

which will eliminate the derivative term in the final expression;
the constants Bn and Dn are then determined.

Substituting the result for Dn into (4) yields

,11 °° /b n Kn(kP)
A2----J Q ~cosn4iT2 f- (9)

where

VI =kaKn+I (ka) + n(1r -l )Kn(ka).

Thus the fields are determined in both regions although the
expression for the field in Region 2 only is of immediate
interest here. Equation (9) can now be applied to the three-
phase arrangement as shown in Fig. 2 by applying the super-
position theorem and extending the above analysis. Assuming
a balanced three-phase supply of RST sequence supplied to
electrodes A, B, and C, respectively, and noting that in the
direction of (F, electrode A is 120 degrees ahead of electrode
B but behind electrode C by that same angle, the vector
potential at any point within the shell due to all three elec-
trodes becomes

- p1 oo(b\n Kn(kP)
A2 _ [cos n + a2 cos n(±+ 1200)

7r n=1 a x

+ a cos n(q5- 1200)] (10)

where the operator a satisfies the relations

ct = ei2nr/3 =-1/2 + i-N3

a 2-e=ei 3-1l±/2 2
2

and

1 +±f +± 2 = 0.

For an unbalanced supply current, the operators are simply
altered to comply with the unbalance in question. In addition,
each term must now be multiplied by its respective electrode
current, since the current I is different for each electrode.
Finally, the desired quantity, namely, the power loss per unit
volume (P,) at any point throughout the shell material, can
now be determined from

Pu = aE2 = ao I-i' 12 = a;IA;2 (11)

where AlA is the magnitude of the magnetic vector potential
as determined by (10).

THEORETICAL RESULTS-FURNACE MODEL
Using the method outlined, the induced voltages were

calculated in test coils assumed to be located at 20 degree
intervals along the shell perimeter of a model furnace, having
the dimensions illustrated in Fig. 3. The test points shown in
this figure are located just outside the shell, i.e., at p = a, to
assimilate the physical situation where test coils are placed on
its surface. Hence, they would measure voltages which are
proportional to the magnetic field in Region I at these loca-
tions. The voltages were calculated from

E = 4.44 fNVBm axA

where A represents the area of the test coil having N number
of turns. Bmax is the magnitude of the magnetic flux density
B, perpendicular to the coil cross section. In other words,
it is the normal component of B at the position in question,
identical to that implied by (6) and obtained from

aA1
B(p, 0) =- qaf p =a.

In the computer calculations the additional needed data were
taken as

shell material: ,r = 10, a = 5 X 106,
test coil: A = 1 in X 4 in,N=25,
balanced three-phase supply: I= 20 A,
frequency: 60 Hz.

Results of these calculations are given in Fig. 4.

EXPERIMENTAL RESULTS-FURNACE MODEL
To verify the theoretical predicted voltages, an experi-

mental model was built according to the dimensions indi-
cated in Fig. 3. The shell material constants were estimated
and given above. Test coils were wound having the area and
number of turns used in the calculations. With the electrode
currents held at 20 A, the voltages were measured with an
oscilloscope and are also represented in Fig. 4. As can be seen,
the agreement is excellent. The discrepancies that do exist are
expected to be caused by inaccuracies in determining the
material constants of the shell material and the assumption in
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t Test Points

1ig. 3. Furnace model indicating dimensions and test coil locations.
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Fig. 5. Power loss density along surface of furnace shell.
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Fig. 4. Induced voltages in test coils placed as shown in Fig. 3. Solid
lines are theoretical results, circles indicate experimental values.

the calculations, where the field is taken constant over the
coil cross section.

THEORETICAL RESULTS-ARC FURNACE
The power losses were calculated in the shell of an electric

arc furnace and the results, for the power densities along the
surface, represented in Fig. 5. The specific furnace parameters
are

shell diameter: 23 ft, 6 in,
electrode pitch circle diameter: 5 ft, 6 in,
electrode current: 60 kA,
frequency: 60 Hz,
electrode diameter: 24 in.

The shell material (low carbon steel) constants were taken
as a = 5.6 X 106 and pr = 100. It was assumed that all three
phases and subsequently all three arcs perform identically,
resulting in a symmetrical power loss density distribution
along the circumference of the shell. However, it is well-
known in practice that one phase melts faster than another
and therefore radiates more heat onto the sidewall refractory.
This unbalance, caused by the differences in the ballasts of the
three phases, is due mainly to variations in secondary circuit
impedances. Although efforts are made to rectify this by
transposing the heavy cur-rent conductors in an equilateral
triangle, this desired condition can seldomii be maintained

I-,
0 60 120 160 240 300 DEGREES

Fig. 6. Shel surface power loss density distribution for unbalanced
electrode currentsABC (I) and CBA (II) sequence.

during furnace operation. Expressing this into a slight current
unbalance (5 percent) and recalculating the power losses,
curve I in Fig. 6 is obtained. Reversing the phase sequence
produces curve II.

It is interesting to observe the effect on the power loss
density distribution caused by this current unbalance. As
expected, the largest losses occur in the regions opposite the
electrodes. However, compared to a balanced supply the ratio
of maximum to minimum induced loss becomes larger, the
distribution asymmetrical, and there is also a noticeable shift
in the locations where the maxima occur. It can be shown that
the corresponding electromagnetic force on the arc in a
horizontal direction, hence, the direction of the arc flame to
the refractory is similarly affected [3] . In additioni, the
resulting arc flames are changed, resulting in three different
flare-out patterns. The effect of this is an underpowering of
phase A (ABC sequence), the so-called cold phase, or that of
phase C. in the event where the polarities of electrodes A and
C are reversed, see Fig. 7. The hot spot region under electrode
B (center phase), which is most severe, cannot be so influ-
enced in this manner.
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Fig. 7. Dissimilar hot spots on refractory due to electrode current
unbalances.

Knowing the power loss density throughout the furnace
shell material, it is relatively simple to obtain the total elec-
tromagnetic torque acting on the shell or on the water-cooled
panels. For this, the total power loss in the material must be
calculated and from this the torque is obtained [61, namely

Pto tal
T=

Applying this to the furnace considered, the force acting along
the circumference of the shell was calculated to be 120N per
unit length of panel. Even considering the largest size water
cooling panel (with a length of approximately 3 m), this force
was not considered to be of any consequence in the instal-
lation. This was further substantiated by calculations on
mechanical constraints and observations in the field on many
installations.

EXPERIMENTAL RESULTS-ARC FURNACE
To illustrate the effect of the unequal arc flame patterns

and directions, as well as to support the theoretical notation of
the shifted hot spot on the refractory lining, Fig. 8 is included.
It shows the measured refractory wear along the circumference
of a section above the slag line [7] . It is evident that the wear
pattern corresponds to that as predicted by the theory pre-
sented in this paper.

Remaining Portion
of Refractory Lining

Fig. 8. Measured refractory wear pattern in cylindrical arc furnace
shell.

SUMMARY
This article describes a method to calculate the eddy

current losses and from those the mechanical forces acting on
structural members (such as water-cooled panels), located
along the circumference of an electric arc furnace shell. It
also attempts to correlate some of the observed (and meas-
ured) refractory wear patterns with electromagnetic phenom-
ena. Although the power loss distribution is not identical with
the temperature distribution, there is a qualitative agreement,
as shown. However, in relation to the arc heat radiation on
the furnace side walls, the eddy current losses are relatively
small. What is important is the corresponding thermal and
electromagnetic phenomena and their seemingly interde-
pendence. More work is being done to determine the electro-
magnetic forces acting on the arc column. As a result, it will
be possible to predict the directionality and flare out of the
arc flame with respect to the refractory wall. Results of this
study will be reported at a later date.
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