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Modeling of velocity field for vacuum induction melting process®
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Abstract: The numerical simulation for the recirculating flow of melting of an electromagnetically stirred alloy in a

cylindrical induction furnace crucible was presented. Inductive currents and electromagnetic body forces in the alloy

under three different solenoid frequencies and three different melting powers were calculated, and then the forces

were adopted in the fluid flow equations to simulate the flow of the alloy and the behavior of the free surface. The

relationship between the height of the electromagnetic stirring meniscus, melting power, and solenoid frequency was

derived based on the law of mass conservation. The results show that the inductive currents and the electromagnetic

forces vary with the frequency, melting power, and the physical properties of metal. The velocity and the height of

the meniscus increase with the increase of the melting power and the decrease of the solenoid frequency.
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1 INTRODUCTION

The alternating magnetic field can introduce
motion in a molten metal without contacting the
metal. In the steel industry, electromagnetic( EM)
stirring is generally used to reduce inclusions,
blowholes and other surface defects, while stirring
beneath the crucible is aimed at minimizing segre-
gation and homogeneities. The principal advantage
of electromagnetic stirring is that it provides con-
trolled stirring in any specific region in billet to in-
fluence metallurgical operations, such as dispersion
and removal of inclusions and gas bubbles, in order
to achieve particular metallurgical objectives. Ex-
perimental research on these aspects is limited due
to the physical and chemical properties of the

.

melts'' Most of prior researches have studied

71 and the surface

the continuous casting systems
wave on the free surface in a low frequency mag-
netic field ™ "', However, the frequency in the
practical melting is always greater than 50 Hz, at
which the fluid motion is not influenced by the
body force oscillations due to its inertia'*, David-
son et al'™ ' examined the flow in rotary stirring
of round billets, and pointed that the induced flow
in the billet was a superposition of the rotational
flow driven by the applied rotating magnetic field
and a secondary axial flow driven by the EM force
gradient at the ends of the stirrer. Schwerdtfeger

1" " employed computational fluid dynamics

et a
techniques to investigate flow characteristics in ro-
tary and vertical EM stirring of billets. The molten

alloy has a high chemical activity and it will react
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with the stable crucible and the reaction speed
highly depends on the operating parameters, name-
ly, the frequency and magnitude of the induction
coil current and geometry of the crucible on the
flow. The impurity product will enter the molten
alloy and the reaction speed mainly depends on the
temperature and the velocity of the molten alloy,
but the speed is difficult to measure in melting con-
dition, so numerical simulation is always appealed
to get the velocity field. Clearly, a detailed analy-
sis of the flow in the EM stirred region of the mol-
ten pool is important to evaluate its effect on vari-
ous metallurgical operations.

2 MODEL AND DERIVATION

The vacuum induction melt( VIM) furnace in
the practice is schematically shown in Fig. 1. The
heart of the furnace is the lime crucible ( 160 mm X
200 mm % 260 mm) surrounded by the coil connect-
ed a power supply, as illustrated in Fig.2. The
coil, billet and crucible are all rotationally symmet-
ric and the rotational axis is y-axis, so the calculat-
ed domain is two-dimensional and half of the physi-
cal area.

The passage of AC current through the coils
generates a traveling magnetic field in the system,
which in turn induces currents in the steel billet.
The interaction of the applied magnetic field with
the induced current will give rise to an EM force
field, which may drive the recirculating flow in the
molten pool. The quantitative representation of
electromagnetically driven flow in such systems re-
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If K is taken as 316 x 10— : _L,
i P de-y
Eqn. (1) is transferred to Eqn. (2):
K-P
h = (2)
I

Fig.1 Schematic diagram of VIM
1 —Calcia crucible; 2 —Vacuum chamber; 3 —T undish;
4 —Mold; 5 —Evacuating system; 6 —Induction coil
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Fig. 2 Schematic diagram of calculated domain
1 —Induction coil; 2 —Lime crucible;
3 —Molten metal

quires the solution of Maxwell s equations to calcu-
late the electromagnetic field in the conducting re-
gion, and the solution of Navier-Stokes equation to
calculate the flow driven by the EM force field.

At the wall of the crucible, the velocity of the
molten metal is zero (v.= 0, v,= 0). The upper
surface at the metalvacuum interface is a free sur-
face, where the press is zero(p= 0). At y-axis,
the v, is zero (v.= 0).

The stirring hump is shown in Fig. 2. The
height can be calculated from Eqn. (1):
F_3l6x10® [W ,__p .
Y T Np- f d'H'Y()
where F is the magnetic force; h is the height of
the hump in centimeters; Y is the density of the

h =

molten metal, kg/cm’; W is the relative magnetic
conductivity; Pis the resistance of the alloy, </
em” ’; f is the coil frequency, Hz; P is the actual
power, kW; d is the diameter of the crucible in
centimeters; H is the height of the metal in centi-

We can get Eqn. (3) from Ref.[19]. R is the

crucible radius in centimeters, M is the mass of the

; M .
metal, kg. If m is taken as 0. TR Eqn. (3) is
transferred to Eqn. (4):

M = p'nRz'(H_%) (3)
H=24m (4)

2
Eqn. (5) is obtained by Eqns. (2) and (4).
And we can get Eqn. (6) from Eqn. (5):
hl S (5)

3 I

i 2
h = K m - m 6
P Jf—"' (6)

3 RESUTS AND DISCUSSION

It can be seen that if the solenoid frequency is
decreased when melting a giving alloy, the induc
and the
magnetic stirring will perfect. Fig. 3 shows the
magnetic forces of the molten metal on three differ-
ent frequencies, namely 1.5, 2.5 and 4. 0kHz. the
inductive current gets its max at the position of
metal-crucible interface, and it attenuates rapidly

tive current can reach deeper position,

in an exponential index with the depth increasing.
The magnetic force gets its max at the same post
tion as the place of current, and also attenuates
rapidly also. The penetrating depth increases with
the decreasing frequency. At 50 kW, when the fre
quency increases from 1.5kHz to 4.0kHz, the
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Fig. 3 Magnetic force distribution at 50 kW

(x-axis is distance to point C along line CD)
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penetrated depth decreases to 60%. At 4.0kHz,
the skin effect is obvious and the penetrating depth
is 1. 0 cm, and the penetrating depths are respec
tively 1.3 ¢cm and 1. 6 cm when frequencies are 2. 5
kHz and 1. 5 kHz. The max inductive current is
1.3x10" A at 1.5kHz, and 9. 0% 10° A at 4.0
kHz under 50 kW.

3.1 Effect of frequency

The magnetic force stirring at three different
frequencies are calculated using the building mod-
el. The results are shown in Fig. 4. It is indicated
that the velocity fields at three different frequen-
cies are similar. There are two major circulation
flow loops, and the upper is clockwise, another
one is anticlockwise. The differences are the height
of the meniscus and the speed of the velocity. The
maximum speed flow is in the right-up position,
which decreases from 0.59 m/s to 0.22 m/s as the
frequency increases from 1. 5kHz to 4. 0kHz at 50
kW. Not only the velocity but also the height of
the meniscus in the molten metal become smaller
when the solenoid frequency increases from 1. 5
kHz to 4. 0 kHz.

The crucible is still and the velocity of the
metal near the metal-crucible wall is assumed to be
zero, but the magnetic force gets its max at the in-
terface, so at a little distance away from the inter-
face the metal is flowing. The reaction products
between the alloy and the crucible can be trans-
ferred easily at the high velocity, which can cause
severe erosion of the crucible. The velocity is dif-
ferent at different frequencies and different pow-
ers. It can be seen from the results that the melt-
ing power and solenoid frequency affect the velocr

.....
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0.596287
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ty field. The lower the solenoid frequency is, the
higher the velocity and meniscus height are. If ve
locity is 0. 2 = 0. 3 m/s, the reaction speed, the
erodibility and the homogenization are all accepta

ble.

3.2 Effect of melting power

Similar to the effect of the frequency on veloc
ity pattern, the higher the melting power is, the
higher the computed velocity and meniscus height
are. The magnetic force, the velocity and meniscus
height are all increased with the increasing melting
power. The flow patterns at different frequencies
are computed. The result can be explained easily
because the increasing power, the intensity mag-
netic field and the magnetic force all increase. Fig.
5 shows the velocity pattern at different melting
powers. The highest speed is 0. 25 m/s at 30 kW
while it is 0. 38 m/s at 70 kW under 2. 5 kHz.
From the simulation, the suitable velocity is ob-
tained, i.e. 0.2~ 0.3 m/s. At this suitable velocr
ty, we can get the homogenized alloy, and at the
same time the crucible will erode only to a relative-
ly slight extent. And we can get the suitable power
and the suitable frequency through the suitable ve-
locity.

3.3 Height of meniscus

From Eqn. (6), it can be seen that the height
of the meniscus at the molten alloy surface varies
with the solenoid frequencies, the melting powers,
and the physical properties of the metal. From the
simulated results the height of the meniscus at dif-
ferent frequencies and different melting powers
are obtained. Fig. 6 shows the relationship be
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Fig. 4 Fields of velocity evolution at 50 kW
(a) —1.5kHz; (b) —2.5kHz; (¢) —4.0kHz
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Fig. 5 Fields of velocity evolution at 2. 5 kHz
(a) =30 kW; (b) —50 kW; (c) —70 kW
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Fig. 6 Calculated height of meniscus and fitted curve
(K= 15, m=5)

tween P/J7 and the height. The x-axis in the fig-
ure is P/J]T and y-axis is the height of the menis-

cus. Each dot in the figure represents one height at
a frequency and a melting power. Fit the dots u-
sing Eqn. (6), then get the expression of Eqn. (7).
The parameters in the function are K= 15 and m=
5. The expression is shown as follows:

il
h 0 Jf_+ 25-5 (7)
Eqn. (7) shows that the height increases with

the increase of the melting power and with the de-

crease of the solenoid frequency.

4 CONCLUSIONS

1) A mathematical model is built to simulate
the electromagnetic field and velocity field in the
melting metal. The surface behavior is also de
scribed.

2) The magnetic force increases with the in-
creasing melting power and the decreasing solenoid
frequency. The intensity and depth exponential at-
tenuate with the increasing distance away from the
surface.

3) There are two major circulations flow
loops. The melting power and frequency affect the
speed of flow and the height of surface meniscus.
The higher power (or lower frequency) is, the
higher the computed velocity and height are.

4) The height of surface meniscus is the func
tion of the melting power and frequency, and it can

be expressed as h =

{;O'ﬂ+ 25- 5.
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