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Abstract: In order to estimate the feasibility of electromagnetic casting (EMC) for different metals, a mathematical

model named the electromagnetic dimensionless number (EMDN) was presented, and its validity was proved by the

experiments of aluminum and Sn-3% Pb alloy. From the experiment and the analysis of EMDN it can be concluded

that the EMC of steel can be attained only when the magnetic flux density is larger than 0.09 T, while that required

for aluminum is only 0.04 T. The mathematical expression of the electromagnetic dimensionless number was given

oul.
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1 INTRODUCTION

Electromagnetic processing of materials is
greatly highlighted due to its outstanding
performance to enable the product quality and the
productivity to be enhanced, and its potential
application to the cost reduction through the ener-

121 " Ag one

gy saving and the stream-lined process
of such technologies, the electromagnetic casting
technology is considered a potential process to
drastically improve the surface quality of its prod-
ucts and to eventually increase the productivity of
the continuous casting process. Since early 1970s,
the electromagnetic casting has been well estab-
lished and commercially applied to the aluminum

[377]

casting process . Owing to the advantage of re-

duction of surface defects'®, refinement of solidi

9 ;
1 there are much basic research and

fied structure
development conducted in order to apply the EMC
method to different molten metals, even to the
steel.

But the distinct physical properties of different
metals, such as electric conductivity, magnetic
conductivity and density, make the difference of
the electromagnetic force imposed on the surface of
the metal and distinct distribution of the magnetic
flux in the metals even under the uniform experi-

mental parameters, so that the feasibility of the

different metal to achieve electromagnetic casting is
distinct. It is essentially difficult to apply the elec
tromagnetic casting process to steel because of its
larger density and higher casting speed''”, so that
the soft-contact continuous casting of steel be
comes one of the basic research of the continuous
casting field and many progresses have been made
in this field''" '

In order to estimate the ability and the feasi-
bility to achieve electromagnetic casting of steel
and compare the feasibility among different metals,
a mathematical model named the electromagnetic
dimensionless number ( EMDN) has been devel
oped on the basis of the principle of the electro-
magnetic casting. Some experiments have been
done using Sn~3% Pb alloy and aluminum to prove
the validity of the model. By comparing the feasi
bility of EMC between steel and Sn-3% Pb alloy,
the parameters required for steel and other metals

in EMC can be deduced.

2 ESTABLISHMENT OF ELECTROMAGNETIC
DIMENSIONLESS NUMBER

The equations describing the electromagnetic
field are the Maxwell s equations. Assuming that
the alternating electromagnetic field is a sinusoidal
time variation, the Maxwell s equations are shown
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as follows:
VxH=]
VXE=- juB
vVeB=0 (1)
B= VH
J=E
E is electric field strength, V/m; B mag-
netic flux density, T; H magnetic field intensity,

where

A/m; J induced current density, A/ m”; Hmagnet-
ic permeability, H/ m; Oelectrical conductivity, S/
m; @angular frequency of the electric current, «=
27 ; f frequency of the alternating current field,
Hz.

The electric field in Eqn. (1) can be approxi-

mately expressed as' "

E= oB§ (2)
Substituting Eqn. (2) into Eqn. (1), then the

induction current density is

J= E= 0B (3)
Then the electromagnetic force density is
F= JxB= 0B*§ (4)

The electromagnetic force density is

F= JxB= 0B’8= 2B* Tf /1 (5)

The gravity force density is

p=

In order to achieve the electromagnetic cast-
ing, it is necessary for the stability of the meniscus
that depends on the equilibrium between the elec
tromagnetic force and the static pressure of the
molten metal. As a first approximation, dynamic
pressures and surface tension effects can be neglec
ted. Assuming that the height of molten metal
confined by electromagnetic force is h, then

J:)Fdx = f;pdy (6)
Substituting Eqn. (5) into Eqn. (6), then

J:)2B2 NI o/ Udy = J:;pdy

Assuming B is the average magnetic flux in-
tensity of the integral distance in the metal sur-
face, then make integral of Eqn. (6) and obtain the
follow ing equation:

2
2B %,lﬂzozll: -iL (7)
where ¢ represents the numerical integral region
of the electromagnetic body force, which generally
should be a small region and here it is chosen as

t= 5mm. When the skin depth of 6= J1/(7f 0L)
is smaller than 5 mm, the integral region of elec
tromagnetic force can be chosen as the skin depth.
During the EMC process the height of the molten
metal confined by electromagnetic force is general-
ly required of A> 40 = 50 mm. Here, it is consid-
ered as h= 50 mm.

Taking all assumption into consideration,
then Eqn. (7) can be expressed as

28> [ryorn ho
Q > 10
-, :
By putting Mpgn e &, then

232_%31@011> n 8)

Eqn. (8) is defined as the prerequisite of the
electromagnetic casting.

It can be noticed that & is a dimensionless
number, so that & is named the electromagnetic
casting dimensionless number or the electromag-
netic dimensionless number (EMDN) .

Considering the skin effect of the electromag-
netic field, then the magnetic flux density in the

metal can be expressed as B(x) = Boexp(— W7f 1o
*x), where B(x) is the magnetic flux density at
the x position inside of metal, Bo is the magnetic
flux density virtual value at the surface of the mol-
ten metal. The average of magnetic flux density in
the integral distance can be calculated by

= _ lB(x)dx

t
Bo*[1-— exp(= JTfOHey)]
./CITfOLl-t
By 1- exp(— JTFOUe )
- ./JTfOl-l't

Bo(1- —l—) (1 29

(1< 9

(9)
T hen substituting Eqn. (9) into Eqn. (8), the
EMDN can be expressed as follows:

2B 1— exp(— JTfole)]> "

o 10 (¢ <9
2B0(1= 1/e)® }%_Ll,;l/e 2 > 10 (t> 9
(10)

3 THEORETICAL ANALYSIS AND DISCUSSION

T he physical signification of the EMDN model
can be considered the ratio between the average e
lectromagnetic force density on the surface of mol-
ten metal and its gravity density. The ratio repre-
sents the feasibility of metal to achieve the electro-
magnetic casting. The larger the ratio, the easier
the electromagnetic casting.

By comparing the value of EMDN with the
prescribed value, the feasibility of the metal to a-
chieve EM C under the given experimental condition
can be estimated and some theoretical guidance on
the practical experiments can be offered.

T he applications of the electromagnetic dimen-
sionless number (EM DN) mainly include:

1) To estimate the feasibility of one metal to
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achieve EM C under a specific experimental condr
tion.

2) To estimate the minimum of magnetic flux
density required for electromagnetic casting of a
specific metal under a given experimental condr
tion.

3) To compare the feasibility of different met-
al to achieve EMC.

Table 1 shows the different physical parame-
ters and electromagnetic parameters of steel, Sn-
3% Pb and aluminum in the molten state.

Table 1 Physical and electromagnetic
parameters of steel, Sn~3% Pb and aluminum

M aterial 0/ = u
(1°S*m™ ") (100"H-m ") (kgem*)
Al 38.5 47 2300
Steel 7.14 47 7 400
Sir3% Ph 4. 8 47 7130

3.1 EMDN of steel, Smr3%Pb and aluminum un-
der different frequency and different magnetic
flux density

From Table 2 and Table 3 it can be noticed

that when the magnetic flux density for aluminum
reaches 0. 04 = 0. 05 T and that for steel and Sn-
3% Pb alloy reaches 0. 09 T, the EMDN becomes
larger than 10, so that it can be considered that the
electromagnetic casting can be achieved theoretical-
ly. Comparing the magnetic flux density under dif-
ferent frequency it also can be noticed that the elec
tromagnetic casting is more easier at a higher fre-
quency.

Table 2 EMDN of three metals under
middle frequency (f = 2 500 H z)

B/T
M aterial
0.04 0. 05 0.09 0.1
Al 8.31 12.98 — —
Steel — 3.03 9. 81 12. 11
Smr3% Pb — 2.78 9.00 11.11

Table 3 EMDN of three metals under
high frequency (£ = 30 000 H z)

B/T
M aterial
0.04 0. 05 0.07 0.08
Al 8.31 12.99 — —
Steel — 4. 04 7.91 10. 33
Smr3% Pb — 4.19 8.21 10. 72

3.2 Effect of experimental parameters on EMDN
of metals

Fig. 1 shows the effect of frequency on EM DN
of steel and Snr3% Pb alloy while B= 0.09 T. It
can be noticed that the value of EMDN increases
with the increase of frequency. When the frequen-
cy reaches to some value, the effect on EMDN be-
comes little.

12
10F
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» — Sn-3%Pb
2F
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f110°Hz

Fig.1 Effect of frequency on EMDN of
steel and Sn=3% Pb alloy (B= 0.09T)

Fig. 2 shows the effect of magnetic flux densi-
ty on EMDN of steel, Snrr3% Pb and aluminum
when f= 2500 Hz. It can be noticed that the feasi-
bility of metal also increases with the increase of
magnetic flux density.

140
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Fig.2 Effect of magnetic flux density on
EMDN of aluminum, steel and
Sn=3% Pb alloy (f= 2500 Hz)

Table 4 lists the minimum of magnetic flux
density for different metals to achieve EMC when
f=2500Hz.

From Fig. 2 and Table 4 it can be noticed that
the feasibility of EMC of aluminum is larger than
that of steel and Snm3% Pb, while steel has an
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Table 4 Comparison of magnetic flux
density required for EMC of different metals
(f=2500Hz, A= 50 mm)

M aterial EMDN B/T
Al 10. 05 0.044(1)
Steel 10. 03 0.091(2.07)
Smr3% Pb 10. 03 0.095(2. 16)

1) The magnetic flux density is the minimum to achieve
EMC for the specific metals calculated by the EMDN;

2) The number in the parenthesis is the specific value on
basis of the value of aluminum.

approximately same feasibility as Sn-3% Pb alloy.
Under the middle frequency when f = 2 500 Hz,
the magnetic flux density for EMC of aluminum is
0.044 T while that for EMC of steel and Su-3% Pb
alloy is 0.091 T and 0. 095 T.

3.3 Discussion and summarization

1) The feasibility of metal in EMC can be im-
proved with a higher magnetic flux density and fre-
quency. The effect of the magnetic flux density is
larger than that of the frequency, and when the
frequency is larger than some value, the effect of it
on the feasibility of EMC becomes very little.

2) Under the different frequency the magnetic
flux density for one metal to attain EMC will ap-
proximately maintain at the same level. Because of
the lower electric conductivity, the EMC of steel
and Sn-3% Pb can be attained under a relative high-
er frequency and the magnetic flux density should
reach 0. 09 T or so. While the magnetic flux densr
ty for EMC of aluminum only needs about 0. 04 T.

3) From the analysis above it can be consid-
ered that steel and Sn3% Pb have an approximate-
ly uniform feasibility to attain EM C.

4 EXPERIMENTS AND RESULTS ANALYSIS

In order to testify the veracity of the EMDN
mathematical model, some experiments on alumi
num and Sn-3%Pb alloy have been taken for
example.

4.1 Experimental method and experimental appa
ratus

The experimental power was the middle fre-
quency power apparatus, and the frequency is
2500 Hz. The current imposed on the coil can be
controlled and it also can be measured by the
DT266 Clamp Amperemeter. The magnetic flux
density induced on the coil was measured by a self-
made smallinduction coil and calculated by the e

quation as follows:

B= E/(4.44fNS)
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where N is the coil quantity; S is the coilFsection
area, m>. In this experiment, N= 10, S= 3. 14 x
107 ° m”’.

4.2 Experimental results and analysis

Fig. 3 and Fig. 4 illustrate the meniscus shape
and column height of aluminum and Sn-3% Pb alloy
under different magnetic flux density.

Fig. 3 Effect of current on meniscus shape and
height of aluminum
(a) —f= 2500 Hz, I= 2200 A, h= 35 mm;
(b) —f=2500Hz, I=2500 A, h= 40 mm;
(¢) —f= 2500 Hz, I= 3200 A, h= 48 mm

Table 5 represents the experiment results of
the output current and the measured magnetic flux
density of Sn=3% Pb and aluminum respectively.

Table 5 Experimental results

Output current/ M agnetic flux

Metal A density/ T
Al 2200~ 2500 0.036
Sn-3% Pb 3400 ~ 4 000 0.087

From Fig. 3 and Fig. 4 it can be noticed that
when the magnetic flux density is 0. 036 = 0.04 T,
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the electromagnetic shaping of aluminum can be
approximately achieved, but only when the mag-
netic flux density reaches 0. 09 T or even larger,
the electromagnetic shaping of Sm3% Pb alloy
could be attained approximately.

There is a good agreement betw een the experi-
ment results and the calculated results by EMDN.
Then the validity of the EMDN model in analyzing
and estimating the feasibility of EMC for metals is
proved.

Owning to the uniform feasibility between Sn-

3% Pb alloy and steel as the EMDN model repre-
—

Fig. 4

(a) (b

sents, it is practicable to substitute Sn-3% Pb alloy
for steel to estimate the feasibility of EMC.

Fig. 5 shows the meniscus shape of Sn-3% Pb
alloy under the different magnetic flux density.

By the experiments of Sn-3% Pb alloy substi-
tuted for steel, it can be deduced that the magnetic
flux density required for EMC of steel is approxi-
mate 0. 09 T, which is much larger than that of a-
luminum (0. 04 T). Only when the magnetic flux
density is larger than 0. 09 T can the electromag-
netic casting of steel be achieved as far as the elec
tromagnetic shaping is concerned.

Effect of current on meniscus shape and height of Sn-3% Pb
(a) =I=0A, h= Omm; (b) —I/= 3000 A, h= 35 mm;
(o) —T= 3600 A, h= 40 mmy; (d) —I= 4400 A, k= 45 mm

(c)

Fig. 5 Relationship between magnetic flux density and meniscus shape of Sn-3% Pb alloy
(a) =0T, I= 0 A, h= Omm; (b) —0.078 T, I= 3000 A, h= 35 mm;
(¢) —0.088 T, I= 3600 A, h= 40 mm
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S CONCLUSIONS

1) The model of electromagnetic dimension-
less number (EMDN) used to estimate the feasibil-
ity of EMC for metals was presented, and the va-
lidity of the model was proved by the experiments
using examples of aluminum and Sn-3% Pb alloy.

2) The feasibility of EMC for metals can be
improved under a larger magnetic flux density and
a higher frequency. The effect of magnetic flux
density on the feasibility of EM C for metals is lar-
ger than that of frequency, and when the frequency
is lager than some value the feasibility of EMC be-
comes independent of frequency.

3) From the application of EMDN in the feasi-
bility analysis of EMC for aluminum, steel and Sn-
3% Pb alloy, it can be summarized that, aluminum
has the best feasibility to achieve EMC among
these metals and the required magnetic flux density
is 0.0470.05T; steel and Sn-3% Pb alloy has ap~
proximately uniform feasibility to attain EMC and
the required magnetic flux density is 0.08 ~0. 1 T
owing to the specific physical parameters.

4) By the experiments of Sn3% Pb alloy sub-
stituted for steel, it can be deduced that only when
the magnetic flux density is larger than 0.08~
0.9T can the electromagnetic casting of steel be
achieved.
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