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[ Abstract] Coupling the quasi-3 D numerical simulation of the electromagnetic field and the experiments with some met-

als , a series of phenomena in the processes of continuous casting with soft-contacted mould was analyzed. Some theoretical

and experimental models were presented, from which following results were obtained. 1) The electromagnetic force is re-

lated with electric conductivity of billet as a power function to 0 .4 . 2) The heat transfer bet ween billet and mould is relat-

ed with the contacting pressure, and it is a linear function for tin billet approximately . 3) The distance bet ween initial so-

lidification point and meniscus in billet is related with the surface magnetic flux density as a fourth root function. 4) The

te mperature gradient in the initial solidifying shell is reduced, which can decrease the tendency of hot tearing on the sur

face of billet , and increase the equiaxed crystal zone in billet . 5) The stronger the magnetic flux density is, the more shal-
low and the thinner the oscillation mark on the surface of billet is. 6) The depth of oscillation mark on the billet cast by

the soft-contacted mould can be reduced to about 10 % in comparison with that on the billets cast by traditional mould.

7) In nomr dimensional condition, the average depth of the oscillation marks on the billets cast by the soft-contacted mould

decreases with increasing magnetic flux density on there as a comple mentary error function .
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1 INTRODUCTION
The continuous soft-contacted

mould is a newly developing technology for steel and
-3

casting with

other heavy metals!!
quality and increase the equiaxed crystal region in bil-
let efficiently, so it was paid great attentions in the
world 47,

industrial scale in Japan and Korea

. It can improve the surface

Now experiment is carried out on a half
(61

In this paper, based on the previous workl 7> 8]
and the experiments of continuous casting with soft-
contacted mould by some metals, such as gallium,
tin, aluminum , copper and steel , following proble ms
are studied, and some theoretical and experimental
models are presented. Those proble ms are the relation
of magnetic flux density, electromagnetic force and
pressure in billet with electric property of metal, the
heat-transfer coefficient with the contacting pressure,
and the position of initial solidification point and oscil-
lation mark with magnetic flux density .

2 ELECTROCMAGNETIC FIELD (EMF) CAL-
CULATION AND CONTINUOUS CASTING EX
PERI MENT

From the previous workl 7!, the calculation of
EMF in the process of continuous casting with soft-

contacted mould results from solving a group of com-
plex linear equation :

([ RI+2A XDU L =1 W (1)
where { I} is complex current column, { U} is
complex potential column, [ R] is resistance matrix ,
and [ X] is inductance matrix. Hence the induction
eddy in billet and mould can be calculated, and then,
magnetic flux density, electromagnetic force and the
pressure can be solved sequentially .

B=j( vx J)/2mfo (2)
F=Re(Jx B")/2 (3)
pn=(B*B)/2yu (4)
where  Re is the real part of complex vector and,

mark * means the conjugate complex vector.

The experiment device of continuous casting
with soft-contacted mould is illustrated in Fig.l,
where the height of the mould is 150 mm, and both
the outer and the inner diameters are 118 mm and 94
mm, respectively . The slit numbers are 4 ~ 10 and
the length of slit is 100 mm . The inductor is 4 turns
and the frequency of current within the inductor is 20
kHz . In the experiments, the pouring te mperatures
are 280 C (for tin), 710 C ( for aluminum) ,
1150 C (for copper) and 1560 C (for steel) respec
tively , and all the drawing velocity is 100 mm/ min .
Also in the experiments, a group of thermal couples
moving with the billet measures the te mperature field
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in solidification , and a mini coil measures the local in-
duction electric potential in the system, from which
the magnetic flux density is calculated by following e-

quation from Faraday’ s lawl®7.

By=W 2T f+ w- S, (5)
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Fig .1

3 RESULTS AND DISCUSSION

3.1 Effect of electric property of billet

The electric property of billet determines the in-
duction and the coupling relation between the billet
and EMF . The results of EMF calculation and con-
tinuous casting experiment with soft-contacted mould
for tin, aluminum , copper and steel billets show that
the higher the electric conductivity of billet is, the
stronger the electromagnetic force induced in billet is,
and the weaker the induction heat source generated
is. And the varying amplitudes of previous contents
are all decreased with increasing electric conductivity
of the billets .

Fig .2 shows the comparison of electromagnetic
pressure on aluminum billet with that on steel one.
The result of EMF computation shows that the elec
tromagnetic pressure on the surface of steel billet is
decreased by 58 % compared with that on aluminum
billet . And the electromagnetic force in alu minum bil-
let is concentrated in the surface layer, whose gradi
ent is 2 .14 times higher than that in steel billet .

To take the point C on the surface of billet cor
responding to the center point of inductor shown in
Fig .1 as a reference point, the calculated and experi-
mented results are described as following . For the bil-
let with electric conductivity within 0.5 ~5.0S/ m,
such as iron, titanium, nickel, copper, aluminum,
zinc, tin and their alloys, the electromagnetic force
Fc at the point Cand the average one F, on the sur

S00Pa 500 Pa
— — m
= P "

I
atttiih

(a) (b

Fig 2
aluminum billet and steel billet
(a) —Al; (b) —Steel

Electromagnetic pressure on

face of billet in the inductor region can be written as
Fo=22.840 373 (6)
F,=8.387 &4 (7)
Therefore in continuous casting with soft-con-
tacted mould, the electromagnetic force on the surface
of billet is related with the electric conductivity as a
power function with a power of 0 .4 approximately .
Take the experiment process of continuous cast-
ing with soft-contacted mould by tin metal as an ex-
ample , in which the topside of inductor is at the same
location ( height) with the contacting point of menis-
cus and the mould, and inductor current is 1 .18 kA .
The E MF numerical simulation result shows, in Fig.
3, that at point C, electromagnetic pressure balances
the static one of molten metal in the initiaksolidifying
shell by about 30 % . Also from Fig.3, it can be seen
that the nearer the position to meniscus is, the larger
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Fig.3 Distributions of static, electromagnetic and

contacting pressure , and frictiom reducing ratio ( 7)
(coordinate Zis downward from edge of meniscus)
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the amplitude of the static pressure balanced out by
the electromagnetic one is. And up to the edge of
meniscus, the friction between the billet and the
mould disappears completely . Therefore in the initial
solidification period, the contacting pressure and the
oscillation friction between the billet and the mould is
reduced by EMF, which makes the slag permeating
be unobstructed and the surface quality of billet be
improved (the oscillation marks on the surface of bil-
let disappeared in the main) .

3.2 Effect of contacting pressure on heat-transfer
coefficient
In the process of continuous casting with soft-
contacted mould, the contacting state between billet
and the mould will influence the heat-transfer condi-
tions . In this paper an experiment shown in Fig .4 is
used to study the relation of heat-transfer coefficient
between billets and the mould with the contacting
pressure . In the experiment, the depth H of molten
metal to © mould’ (copper) surface is changed to pre-
sent the different contacting pressure between
‘ mould” and molten metal, and the te mperatures at
some points are measured by thermal couples continu-
ously . The numbers in Fig.4 are the positions of the
points of measuring te mperature . From heat conduc
tion equation the heat-transfer coefficient a between
molten metal and * mould” can be calculated by fol-
lowing equation :

al (e i = MO - 0)/L(O - ) (8)
Cu mould
- (\
Water C : R3K y Water
. Refractory
-] ek
o [
=
(o] —?'3‘ ]
o
O 0O © o) o 1%

Heating elements

Fig .4 Sketch of experiment apparatus of
heat-transfer between molten metal and mould

where A is conductivity of ‘ mould” and L is the
distance between thermal couples No.l and 2.

The results measured from both metals gallium
and tin are shown in Fig .5 . It is shown that the big-
ger the contacting pressure between mould and
molten metal is, the higher the heat-transfer coeffi-

cient is . This is the result of the liquid metal to over

come the surface tension and contact with the mould
closely , which can decrease the thermal resistance be-
tween the billet and the mould effectively . And for
the same reason, the balance of electromagnetic pres-
sure against the static one on the surface of billet will
reduce the heat-transfer coefficient between the billet
and the mould.

For the above two metals, through mathe matical
regression and calculation of the data resulted from
the experiment, the relation of heat-transfer coeffi-
cients with the contacting pressure bet ween billet and
the mould can be written as following :

a=1.35p"-0.01 p+0.75

( For gallium) (9)

a=5.797p+17.5 ( For tin) (10)

Therefore in design of continuous casting with
soft-contacted mould, from the calculation of E MF ,
the increasing amplitude of te mperature in billet and
mould from induction, the electromagnetic pressure
induced on the surface of billet, and the contacting
pressure between the billet and the mould were got-
ten. Then coupling the conditions of flowing and so
lidifying of liquid metal, and the water cooling of the
mould, the real heat-transfer coefficient bet ween bil-
let and mould can be analyzed and determined. Up to
now, It can be obtained that in continuous casting
with soft-contacted mould the electromagnetic pres-
sure on the surface of billet reduces the heat-transfer
coefficient to mould in the region of initial solidifying
shell as linear or parabolic functions. It also reduces
the billet te mperature gradient. These make the e-
quiaxed crystal zone increase , and the hot tearing ten-
dency on the surface of billet decrease .

3.3 Effect of EMF on initial solidification position
of billet

In continuous casting with soft-contacted mould,
electromagnetic field reduces the heat-transfer coeffi-
cient between the initial solidifying shell and the
mould, and in the same time it heats the billet induc
tively . These result in the initial solidification position
of billet in the mould to be down, and the amplitude
is related with the magnetic flux density on the sur
face of billet .

In the experiments of continuous casting with
soft-contacted mould, some thermal couples are in-
serted to molten metal ( billet) at different positions
and moved down with the billet to measure the solidi-
fication process. Also in the experiments, some steel
needles are inserted along the edge of meniscus to
measure the location of initial solidification point of
billet . Both above methods can be applied to correct
each other for the initial solidification point of billet .
The results from the measurements are shown in
Figs .6 and 7. In Fig .6 the te mperature curves from
low to high are corresponding to the positions at the
surface , 0.87 R, 0.57 R and the center of billet re-
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Fig .5 Effect of contacting pressure on heat-transfer coefficient
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Fig.6 Temperature curves of tin billet in solidification with and without E MF
(a) —Bc=0;(b) —B-=40 mT
lidifying shell to be slowed in the region covered by
9 inductor. Also the te mperature gradient is reduced,
and a solidification terrace in the surface te mperature
curve is generated. But at the center of billet, the
6} te mperature is the same as that one without EMF,
E and when the billet is out off the region covered by
- = inductor, the te mperature falling at the surface is the
3 same as that in traditional continuous casting . These
indicate that the influence of E MF on the billet is to
. \ . , decrease the growing velocity of the initial solidifying
0 10 20 30 40 50

B./mT

Fig.7 Effect of magnetic flux density on
initial solidification position of tin billet

spectively , where R is the radius of billet .

In Fig .6 it is shown that comparing with the
continuous casting of tin billet without EMF, the
electromagnetic one with magnetic flux density 40 m T
results in the te mperature falling velocity in initial so-

shell , and to homogenize the te mperature distribution
in liquid metal comparably in the domain covered by
the inductor. These are benificial to decrease the ten-
dency of hot tearing on the surface, and to increase
the equiaxed crystal zone in the billet .

In Fig .7 it can also be shown that the position of
initial solidification point in billet is going down with
the increase of magnetic flux density on the surface of
billet . This is the result of both the soft contact be-
tween billet and the mould, and the induction heat-
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ing . This makes the influence of meniscus undulation
on the initial solidifying shell being decreased, for this
reason, the depth of oscillation mark on the surface of
billet can be more shallow .

Coupling the measure ments of both the te mpera-
ture changing and the liquid metal depth in the billet
with thermal couples and steel needles separately , and
the calculations of E MF with finite ele ments , the ini-
tial solidification position at the edge of meniscus for
tin billet is related with the surface magnetic flux

density Bcas follows :

h=2.431 B2 +3 (11)

On the other hand, coupling the calculations of
both the induction heating in billet by E MF theoreti-
cal solution in 1-D''°! and the electromagnetic pres-
sure on the surface of billet by numerical one in quasi
3D, the result shows that, the contributions of the
induction heating in billet and mould and the decrease
of contacting pressure between billet and mould on
the declining distance h of initial solidification point
in the mould, are respectively to be 10.5 %, 63 .2 %
and 26 .3 % of the total one . Hence , the main factors
of affecting the solidification processes of the billet
cast by the soft-contacted mould are both the induc
tion heating in the mould and the electromagnetic
pressure on the surface of billet .

3 .4 Effect of magnetic flux density on depth of os-

cillation marks

Applying the tolerance method, the depth of os-
cillation marks on the surface of billet cast by soft
contacted mould with different EMF intensity can be
measured and studied . The result of coupling the ma-
terial measure ment of billets and the E MF calculation
of the continuous casting processes is shown in Fig .8
that the average depth of oscillation marks in the con-
tinuous casting with soft-contacted mould is about one
tenth of that in traditional continuous casting. It is
also shown that the stronger the EMF is, the more
shallow the oscillation mark is, and the smaller the
fluctuating amplitude of the depth is. These indicate

0.75F

Jo.50

0.25

0 4 8 12 16 20
B./mT

Fig .8 Effect of magnetic flux density at
point C on oscillation mark depth

again that continuous casting with soft-contacted
mould is of good effectiveness for improving the quali-
ty of billet .

Fig .8 illustrates the relation of the oscillation
mark depth with magnetic flux density at the point
C. Applying the nomr dimensional mathe matical treat-
ment, the average depth of oscillation marks on the
billets cast by the soft-contacted mould is approxi
mately related with the magnetic flux density at the
point C as a comple mentary error function .

A Apgx =erfe( B/ Be, max) (12)

4 CONCLUSIONS

1) In the process of continuous casting with soft-
contacted mould, the electromagnetic force generated
in the billet increases with increasing electric conduc
tivity of billet , but its amplitude decreases. And also,
the electromagnetic penetration is decreased and the
gradient of electromagnetic force is increased with in-
creasing electric conductivity of billet. In the experi
ments , electromagnetic force is approximately related
with electric conductivity of billet as a power function
to0.4.

2) The heat-transfer coefficient between the bil-
let and the mould is related with the contacting pres-
sure . The results of the experiment and the measure-
ment for both billets of gallium and tin indicate that
the heat-transfer coefficients of above metals to the
mould are related with contacting pressure as a
parabolic and a linear function respectively. In con-
tinuous casting with soft-contacted mould, the heat
transfer coefficient between the billet and the mould
is declining compared with that in traditional continu-
ous casting , which results in both the temperature
and its gradient in initial solidifying shell decreasing .
These are helpful to increase the zone of equiaxed
crystal in the billet and to decrease the tendency of
hot tearing on the surface of billet .

3) The position of initial solidification point of
the billet is decreased on the effect of E MF, and the
falling distance of that position is related with the
magnetic flux density at the point C as a fourth root
function. This makes the position be apart from the
meniscus , thus initial solidifying shell of the billet is
seldom influenced by undulation of the meniscus .

4) In continuous casting with soft-contacted
mould the main factors of influence of EMF on the
process of billet solidification are both the induction
heating to the mould and the decrease of contacting
pressure between the billet and the mould.

5) The experiments and the measure ment show
that the depth of oscillation mark on the billets is ap-
proximately decreased by 90 % compared with that in
traditional continuous casting , which apparently im-
proves the surface quality of the billet. And the aver
age depth of oscillation mark on the billet cast by con-
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tinuous casting with soft-contacted mould is related
with the magnetic flux density at the point C as a
comple mentary error function .

Signs and units
B: magnetic flux density, T;
B(: magnetic flux density at point C, mT;
By : local magnetic flux density, T;
E: electric field intensity , V/ m;
U: induction voltage measured by minrcoil,
nv;
F: electromagnetic force , N/ m? ;
f: electromagnetic field frequency , Hz;
F,: average electromagnetic force on surface of
billet covered by inductor, kN/ m’ R
Fc: electromagnetic force at point C on surface
of billet, kN/ m*;
h : initial solidification position, mm;
I: current, kA;
J : current density, A/ m?;
j i unity complex ;
p : contacting pressure , kPa;
ps : static pressure , kPa;
pu:clectromagnetic pressure , Pa;
L : distance of thermal couples, m;
Sc: cross section area of minicoil , mm? ;
t:time, s;
w: turn number of coil ;
: heattransfer coefficient , k W/ ( m* C) ;
: depth of oscillation mark, mm ;

: heat conductance , k W/ ( m* C) ;

a

A

0: temperature, C;

A

u: magnetic permeability , H/ m;

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

0: electric conductivity , S/ m ;
T: frictiorr reducing ratio, 7= p,/ ps.
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