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[ Abstract] The electrical parameters and power consumption in electromagnetic casting of aluminum ingots were calcu-

lated and discussed in detail. Moreover, the induced heat was calculated with the eddy current within the liquid column.

It is found that the calculated values agree with the measured results. Once the inductor current was given, the magnetic

flux density in electromagnetic casting could be calculated and the electromagnetic pressure could be obtained. The key to

the EMC is the balance between the electromagnetic pressure and the metallostatic pressure. As the liquid column, con-

trolled by the casting speed and pouring speed through a magnetic sensor, is kept away from the inductor, a gap forms lin-

ear relationship between the inductor and ingot. The bigger the current is, the smaller the ingot size is.
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1 INTRODUCTION

Electromagnetic casting (EMC) is a kind of con-
tinuous casting technique without mould '™ . It has
been widely used in Europe and America and also is
being paid great attention in China recently! " ® | be
cause its ingots have smooth surface, homogeneous
microstructure and good hot workability.

Unlike direct chill casting ( DCC), the liquid
column of aluminum ingots in EMC depends on the
support of electromagnetic forces acting on the pe
riphery of it and doesn’ t contact with the inductor.

As shown in Fig. 1, the inductor is fed with an
alternating current at medium frequency, generating
an alternating electromagnetic field. This field, in
turn, creates eddy currents in the surface layers of the
liquid metal, which interact with the magnetic field
to provide a force directed inwards towards the center
of the liquid metal pool. This force counteracts the
metallostatic head of the column of liquid metal, and
make the liquid column conform to the contour of the
inductor without touching it and be cooled and solidi-
fied by continuous water impingement.

Except the process parameters, the electric pa
rameters such as current, voltage, and power con-
sumption should be grasped for the successful opera
tion of EMC.

In this paper, an equivalent mutual inductance
model is developed to calculate the electrical parame
ters and power consumption to design the inductor
and optimize the processing parameters.

Early researchers only paid attention to the axial
distribution of electromagnetic pressure. No report on

Magnetic
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Cooling water

Fig. 1 Schematic illustration of
electromagnetic casting

the lateral electromagnetic induction was found.
Hereinafter a mathematical model is supposed in the
first time to calculate the relationship betw een current
and ingot size. In addition, the induced heat is also
calculated and verified by the experimental data.

2 CALCULATION OF ELECTRIC PARAMETERS

2.1 Current and ingot size
As shown in Fig. 1, the expression of magnetic
field caused by inductor current unit /;d/, at point A
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of cross section is

dB= W,dlsin ¥ (470) (1)
where M is the magnetic permeability, /i is the ef-
fective current in the inductor, d/ is the unit length
of conductor, dB is the magnetic flux density induced
by current unit at point A, and Pis the distance from

point A to the current unit.

“dlesin $= 6 (2)
S dB= H,d0/ (470 (3)
From the law of cosines, we know

O+ r’= 2rPcos 0= ri (4)

Substituting Eqn. (4) into Eqn. (3), there is a
relationship between magnetic flux density of point A
and the inductor current unit /d!/

W, do

dB =
4T 2
= cos 0+ !1— sin’ 0
ri ri
M
a 4T[(r%— r2)
2
L cos 0- ’1— Ssin® 0| d0 (5)
ri ri
where rqis the calculation radius of inductor, r=

61 18 the

roi+ 61/2, rop is the radius of inductor,

skin depth of copper inductor.
Integrating Eqn. (5), the magnetic flux density
of point A induced by the current /| becomes

_ P | S—
b= 2J:dB‘ 2r(1- B

1o Lppo Ll

(2n— 1)1 ,_B"

B=ro/ry, ro= (1+ a)rp— 6&/2, Gand a

are the skin depth and linear contraction rate of liquid

where

aluminum respectively, ro is the radius of ingot, r»
is the radius of liquid column.

When the pressure due to surface tension is ig-
nored, the relationship between the magnetic flux
density and the height of liquid column is'” '*!

Qh. = pr= BY(2V) = W2 (7)

Substituting Eqn. (6) into Eqn. (7), the rela
tionship between the current and the size of the ingot
for a certain inductor size can be got:

r1Bf(B
= 28 (8
: 1 1,13
F(B) = (1= B)/{1- (5)? 8~ (5 ) B~
(2n— 1)1, _B")

T [ 2 ! ]2 2n — 1} (9)

Fig. 2 shows the relationship of the current and
the size of the ingot for d0. 21 m inductor. The big-
ger the current is, the smaller the ingot size is, i.e.,
the farther the distance between the ingot and the in-
ductor is. It should be noted that the calculated cur-
rent refers to the Kaiser type inductor of no screen.
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Fig.2 Electrical intensity (/1)

versus ingot radius (r7)

2.2 Impedance and power consumption
The equivalent circuit of inductor and ingot sys-
tem is shown in Fig. 3. From the theory about hollow

.. [10
transformer, we can writel 17

(R+ iX1)I-iXuli= 0 (10)
[1 = [y (11)

Fig. 3 Equivalent circuit of inductor-ingot system
R, R, Rj—Resistance of coil, ingot and the equivalent;

X1, X, Xq—Reactance of coil, ingot and the equivalent;

X —Mutual inductive reactance of inductor and ingot

Combining these equations and solve them, we

get
2

Ui= (R + RT)_(F“’PR)+
X :
i(X= 3 ) L (12)
X2
Let k= 3 (13)
There is
Ry= R+ kR (14)
Xa= X1- kX (15)

Ze= JR3+ X3 (16)

The eddy current usually drops with exponential
function. That is to say, the current is concentrated
in the skin depth. For the convenience of calculation,
we regard the ingot as a tube with the thickness of
skin depth and assume the current is approximately
uniform in the skin depth!'”. Then the electrical re-
sistance of ingot is

R= @/S=2/a+ b= 28)/(h.6 (17)
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The electrical reactance of ingot is

X = SHK{/h,

= 2K (a- §)(b- 8)/h, (18)
P= 26x 10" % Qe m, is the electrical resistivi-
ty of the liquid aluminum, @ and b are the length and
width of cross section respectively, K1 is the modr
fied factor of the self-induction and can be reckoned

from Fig. 4 according to A= (D- 8)/h. , here D=

2 dab/ T

where
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Fig. 4 Modified factor of coil length

Similarly, the electrical resistance of inductor is
Ri= BL/S,
= 2p1(a1+ b1+ 261)/(h161)

The reactance of the inductor is

(19)

Xi= &S,/ h
= 23Tfl-l((11+ 61)([)1+ 61)'KL1/h1 (20)
where = 2.0x 10" g Qem, is the electrical resis

tivity of pure copper inductor.
The mutual inductance of the inductor-ingot sys-
tem is

Xm = (*)SLKm/(zhz)
= 2l a- §)(b- 8)K./(2h.) (21)
where K, is the modified factor of mutual induction

and its value can be estimated from Fig. 5.
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Fig. 5 Modified factor of mutual inductance

After such parameters as Ry, Z4 and X4 have
been calculated according to Eqns. (14), (15) and
(16), the voltage of the inductor can be written as

Uj= 14°Z4 (22)

The power consumption of the inductor is

Py= I13*Rq (23)
For the 0. 52 m x 0. 13 m pure aluminum ingots,
the calculated results are shown in Table 1.

Table 1 Calculated electric parameters for
EM C pure aluminum ingots

R/10°°Q RJ/100%°Q X/107°%@Q

Electric parameters

Calculated values 1.67 4.96 8.39
Electric parameters X /10~ ) X /107 3 k
Calculated values 9.92 5.29 0.38

RJ107°Q X/100°Q ZJ107°Q

Electric parameters

Calculated values 1.13 6.73 6.82
Electric parameters Ud V Py kW I,/ A
Calculated values 33 27 4 643

It is noted that the voltage is 34 V, the current
is 4 643 A, and the power consumption is 27 kW
when the height of liquid column is 0. 04 m. The cal-
culated results agree well with the practical experi
mental data.

Table 2 gives the calculated energy consumption
per unit length or unit mass for three kinds of EMC
ingots. It can be seen that with the increase of ingot
size, the power consumption of unit length increases,
while the power consumption of unit mass decreases
remarkably.

Table 2 Calculated energy consumption of ingots
per unit length or unit mass

Energy consumption, Energy consumption

Wi/ (kWhem™ ") Wo/ (kWhekg ")

Ingot sizes

d0.1m 3 0.160
0.52mx0.13m 11 0.060
1.28 mx 0.34 m 17 0.014

2.3 Induced heat
According to the Faraday’ s electromagnetic field

theory of alternating current, the electromagnetic

force acted on the liquid metal is' '

Pg = Z_JTE ﬁﬁ'Bcos‘PdV

_L 'R
= RIOJ-BCOS ®e rdr= By/(2V1) (24)

Noting that both the current density and the
magnetic flux density distribute as exponential func
tion due to the skin effect

J= Jocexp/[(r— R)/§] (25)

B= Bo*exp/(r— R)/§ (26)

Substituting Eqns. (25) and ( 26) into Eqn.
(24), then

Jo= Boff Doeos 9 = -ﬁg Jixh (27
Here Bo= N 2HEh, P= 450 a phase difference

between the current density and the transverse mag-
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netic field penetrating into a plane!'"'. Thus the eddy
current intensity is

'R
I= #]ds = hLJo “exp/(r- R)/&dr
= 24, (28)
The induced heat power is
I .,
= f[#odvz 20 hoTR (29)

According to Eqn. (29), the temperature incre-
ment of the skin depth per unit time is

AL pricpmran) (30)
where ¢= 899 J/ (kg*K), P= 2700kg/ m".

The actual measured temperature increment of
d0.2 m ingot is 3 K/s, which was obtained by five
concentric aluminum circles of 1. 9 mm thickness and
10 mm height''?!. The measured value is lower than
the theoretical result of 3.5 K/s because of the heat
exchange loss of air convection.

Table 3 shows the calculated results of induced
heat, induced current, electromagnetic pressure and
temperature increment, when the current is 4 300 A,
the liquid column height is 0. 045 m.

Table 3 Calculated induced heat etc
for d0. 164 m ingot

AT

Parameters P/W  pg/(Nem~ 2) T /(Kes™h
Calculated values 1000 1058 3.5

Parameters I/A Jo/ (A*m”™ 2)
Calculated values 1 740 1.16x 10’

3 CONCLUSIONS

1) A linear relationship between the inductor
current and ingot size was found.

2) The calculated induced heat agrees well with
the measured one.

3) The electrical parameters and power con-
sumption used in electromagnetic casting of aluminum
ingots were calculated and discussed in detail.
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