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ABSTRACT The lateral stability of alternative horizontal levitation electromagnetic continuous casting pro-
cess of aluminium sheet was analyzed by correlating the lateral eleciromagnetic force on the aluminium sheet to
the lateral position disturbance of the sheet which was set betw een the side blocks. The results show that when
a small disturbance occurs to the lateral position of the sheet, the unbalanced lateral force caused by disturbance
will make it greater. Therefore, the lateral position of the sheet is an unstable balanced position, which ex-

plains the observation of instability in experiment. Based on the analyses, an explanation for the formation of
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rod after the appearance of the instability in the casting process of aluminium sheet was given.
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1 INTRODUCTION

Alternative electromagnetic continuous cast-
ing is a highlighted new technique. In this tech-
nique the electromagnetic force produced by the
interaction hetween the electromagnetic field and
the induced eddy current in the molten metal can
levitate and constrain the metal into certain

shape[ 2- ¢l

or partly compensate the hydrody-
namic pressure acting on the mold and realizes
the soft contact between the metal and the
mold' " ¥,

role in high speed and near net shape casting

This technique plays an important

with high ingot surface quality. Also, the ac
companying stirring effect of the interaction can
refine the grains and avoid shrinkage'”'.

The alternative horizontal levitation electro-
magnetic continuous casting of aluminium sheet
which was put forward several years ago takes
the obvious advantages of no contact with the

mold and horizontal shaping'*'. But, it brings
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about the problem of stability in continuous cast-
ing process. In the experiment of horizontal elec
tromagnetic continuous casting of aluminium
sheet, it was observed that the continuous cast-
ing process can bhe maintained only under very
critical condition and very small disturbance can
result in its collapse. Ref.[3] made some inves
tigations on the characteristics of both the vertr
cal and lateral forces acting on the aluminium
sheet, but did not relate the experiment results
to the stability. The numerical computation in
Ref.[ 8, 10] just emphasized the maximization
of levitation force. Ref. [ 10] only made the
qualitative analysis on the stability of the vertical
position disturbance of the aluminium sheet and
concluded that the process was self-stable which
could not explain the instability in experimental
observation. As the disturbance is arbitrary, it is
necessary to consider the lateral position distur-
bance.

In present paper, the stability of lateral po-
sition disturbance of the aluminium sheet was in-
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vestigated by both the theoretical computation _h VA= - J (9)

with finite element method and the analysis on
the experimental results in Ref. [ 3]. The results
show that the balanced position of aluminium
sheet is an unstable one. Hence, any small later
al disturbance occuring in the position of the
sheet will result in an unbalanced force which
tends to make it larger and finally the continuous
casting collapses. The research also explains the
reason why rod shaped ingot is often cast after
the happening of instability.”

2 MODEL OF ELECTROMAGNETIC FIELD

The apparatus of alternative horizontal levr
tation electromagnetic continuous casting of alu-
minium sheet was introduced in Ref. [ 3]. To
make an analysis on the stability of above horr-
zontal alternative electromagnetic continuous
casting process, the electromagnetic field of the
apparatus disturbance appearing must be calcu-
lated. Therefore, the mathematical model for
the electromagnetic field should be set up first.
Here, the assumptions adopted in Ref. [ 10] is
still valid and the mathematical model is written
as follows.

The Maxwell” s equation system of the

steady electromagnetic field is

VXE= - jwB

(Farady’ s law) (1)
vxH=]J

(Ampere’ s law) (2)
Ve B=0

( Magnetic flux law continuity) (3)
J=
(Ohm’ s law) (4)
B= 1H
( M agnetic constitutive property) (95)
where top marks represent complex variables.

A magnetic vector potential is introduced as

B= VA (6)
and specify

vVeA=0 (7)

Then, following eqn. is obtained.

E=-j A+ V& (8)
where  ?is a complex scaler electrical poten-

tial. If the permeability of media is constant,
eqn. 2 becomes

According to the assumptions in Ref. [ 10],
simplification can be made to eqns. 8, 9 and fol
lowing eqn. can be derived

1

uvaz—jQ‘lZ:—]Z (10)
and boundary conditions are
F].‘ AZ = A 0
0A . 11
I 8_Z - W, (11)
n
where Az or J; are Z-component of A or J,

respectively, A ¢ is the known value of A 7 at the
boundary I'y, and H, is the known value of tan
gential component of magnetic intensity at the
boundary I',. Due to the lateral disturbance oc
curring to a position of the sheet, the electro-
magnetic field is not a symmetry one. There
fore, the entire field should be taken as calculat-
ing region. Here, the finite element method is
used to solve the eqn. 10 with respect to the first
kind boundary condition in eqn. 11. The other
related variables are calculated from the solution
of A 7 by following eqns.
J= — j oA 4k
(Induced eddy current) (12)
T oyt ot
( Magnetic flux density) (13)
TR
> )
( Electromagnetic force) ( 14)
pop
Pw=""y4p
( Electromagnetic pressure)  ( 15)

F= Re(

where mark * represents the conjugated com-

plex variable.
3 STABILITY ANALYSES

It is obvious that the electromagnetic con-
tinuous casting of aluminium sheet can be real
ized only when the summation of the hydrody-
namic pressure and the mass of sheet is balanced
by the vertical component of total electromagnet-
ic force and also the lateral component of the to-
tal force must be zero or self-balanced. Other-
wise, it will become unstable and collapse. In
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previous work, only the first aspect of the prob-

: : 8. 10
lem was investigated ® '

This paper empha
sized the stability problem caused by the unbal-
anced lateral component of the electromagnetic
force.

If the aluminium sheet is always kept strict-
ly at the center between the side blocks, the to-
tal lateral force is zero. But in practice, there are
always some disturbances which cause it deviate
If the unbalanced

forces caused by these disturbances make the

from the central position.

sheet to restore its original balanced central posr
tion, the process is stable and the continuous
casting of aluminium sheet can be realized. Oth-
erwise, the tendency of disturbance will be am-
plified by the unbalanced force and the continu-
ous casting collapses.

Now the problem is whether the unbalanced
forces make the disturbance greater. To get the
answer the unbalanced lateral component of elec
tromagnetic force acting on the aluminium sheet
must be calculated under different value of the
lateral displacement of the sheet. Here, it is
done numerically by finite element method as
above mentioned and by calculation from the ex-
perimental results in Ref. [ 3].

According to eqns. 12~ 14, the X and Y
components of total electromagnetic force are
calculated from the solution of A 7 by follow ing e

fo= - jeo] oLy
/h [[ )

foe meg- o] [, Btavay
oo (17)

h and w are half thickness and half

width of aluminium sheet respectively, and Al is

where

the lateral displacement of the sheet caused by
disturbance (see Fig. 1). Then, the stability crr
teria with respect to lateral disturbance for the
alternative horizontal levitation electromagnetic
continuous casting of aluminium sheet can be ex-
pressed as: For any small disturbance Al, if [
< Owhen Al > Oandfy > Owhen Al< 0, the
continuous casting process is laterally stable,
otherwise, it is unstable.

In Ref. [ 3], the experimental results of lat-
eral force acting on a segment of aluminium at
different lateral position were provided. The to-
tal lateral force acting on aluminium sheet can be
calculated by the integration of the measured lat-
eral force F' acting on the segment over the later-
al space occupied by the sheet under the assump-
tion of neglecting the mutual induction between
the segments’ induced eddy currents, that is,

h 1w+ WM h 10+ Wl
fXZh_L erx: h_L[erx+ erx]
i L Y

w

+ Al 0
h t— A i+ A
= h—L[— _er“ _erx]
w 0 0
h w+ gl
=L
= Fdx
w— Al
(18)
Aluminum sheet
Yoke Sx— a
SR lusssserssriiiln
2w

Fig. 1 Definition of geometry parameters and
positive direction of total lateral force

For different width of aluminium sheet,
Fig. 2 shows the correlation between the total
lateral force fy acting on the aluminium sheet
and the lateral disturbance Al which is computed
from both the finite element computational re
sults by eqn. 16 and the experiment results in
Ref. [ 3] by eqn. 18 for the case of 1. 7 A coil
current. It can be seen from Fig. 2 that f > 0O1s
always the case for Al> 0 andf < Ofor Al< O.
Then, according to above lateral stability criterr
a, the continuous casting of aluminium sheet is
unstable. Therefore, from the view of lateral
disturbance stability, the continuous casting pro-
cess can only be maintained under the condition
of no disturbance which is impossible for pract
cal application. It is necessary to improve the
structure of apparatus to achieve lateral stability
to apply the technique. The results in Fig. 2 also
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show that the smaller the width of aluminium
sheet is, the smaller the unbalanced lateral force
is, and then, the more stable the casting process
is. But smaller width will result in smaller levi
tation force. If the levitation should be main-
tained, the shape of the ingot will be changed to
reach a bhalance between the stability and levita
tion. This is the reason why rod shape ingot is
often obtained if the levitation is continued after
lateral instability. The analyses of the entire pro-
cess of this instability and the determination of
final ingot shape should consider the interaction
between electromagnetic field and the flow of the
molten metal with free-surface.

4
2
*
A
7 0 <
~ -
& :
- 2 oUW = 4(Experiment)
@ w = 3(Experiment)
x A w = 2(Experiment)
-4 — w = 4(FEM computation
~ w =3(FEM computation)
6 ---w = 2(FEM computation)
~0.03 =0.01 0.01 0.03

Al/m

Fig.2 Correlation between total
lateral force and lateral disturbance
for different width of aluminium sheet

4 CONCLUSION

The results show that the continuous cast-
ing process is laterally unstable. Besides which,
they can also partly explain the reason why the
apparatus has the tendency of casting rod shape
ingot after instability. The analyses of entire
process of instability needs to consider the inter
action between electromagnetic field and flow of

molten metal with free surface. What the most

important is the structure of the apparatus
should be improved to prevent the instability and
realized the no mold continuous casting of alu-
minium sheet.

SYMBOLS
B —M agnetic flux density; H —Intensity of
magnetic field; E —Intensity of electrical field;

J —Current density; A —Vector magnetic po-
tential; ©@—Angular frequency; j —J - 1; i —
Unit vector in X direction; j —Unit vector in Y
direction; k —Unit vector in Z direction; f —
P —Electromagnetic

Electromagnetic  force;

pressure; h, —Width of aluminium segment in
experiment; h, —T hickness of aluminium sheet;
0 —Conductivity; H—Permeability; Al —Later
al disturbance displacement; h —Half thickness
of aluminium sheet; w —Half width of aluminr
um sheet; F —T he measured lateral force on alu-
minium segment in experiment.
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