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Abstract: The electromagnetic, thermal and fluid fields during ISM (Induction Skull Melting)of TiAl alloy are simulated. The ef-

fects of ampere-turn, frequency and relative position between crucible and coil on the distribution of thermal and flow fields are nu-

merically studied. The simulation model is verified by experiments and the simulation results are discussed in detail.
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Induction Skull Melting (ISM) is used to melt high melting 

point, high purity and very active metals. During ISM, the 

charge is heated with high frequency magnetic field. After 

melting, the melt is suspended by the electromagnetic force 

avoiding to be polluted. Many physical phenomena are in-

volved in ISM, such as induction heating, electromagnetic stir-

ring, electromagnetic suspending etc 

[1]

. Usually We need to 

spend much time and money on ISM parameter study by ex-

periments.

Simulation work on ISM was started in the middle of 1990s.

Most of researchers simulated the simplex temperature field 

using their own programs

[2]

. Recently, researchers simulate 

two or more physics fields using commercial simulation 

soft

[3,4]

. Bojarevics and Pericleous used an axisymmetric 

pseudo-spectral representation model to solve the thermal and 

flow fields

[5,6]

. But the model relied on the finite volume and 

integral equation to represent particular details of the problem. 

Baake and Umbrashko et al. used commercial software to 

simulate the process of ISM. They got the optimal degree of 

superheat, improved total efficiency, induced energy dissipa-

tion, controlled alloy component and induced skull thickness

[7]

. 

Song et al. simulated the electromagnetic field, heat transfer 

and fluid flow in a water cold crucible which was a mixture of 

UO

2 

and ZrO

2

[8]

.

1  Simulation Model

The Maxwell equations are solved to get the data of elec-

tromagnetic field such as electromagnetic force, magnetic 

field intensity and Joule heat etc.

[9,10]

. Afterwards, the elec-

tromagnetic force is introduced into the momentum equations 

to consider the effect of electromagnetic stirring. The Joule 

heat is introduced into the energy equations to consider the 

effect of induction heat. For the flow within the crucible is a 

typical turbulent flow, the k-ε turbulent flow model is 

adopted.

The suspending hump in ISM process plays an important 

role for melting quality. In the view of simulation, the sus-

pending hump is not only the pressure boundary but also the 

heat radiation boundary. The suspending hump height can be 

calculated based on the balance of electromagnetic force and 

metal static pressure. The relationship between magnetic in-

tensity and hump height is expressed as below

[11]

:

ghB µρ2=

(1) 

Where B is magnetic intensity, µ is permeability, ρ is den-

sity, g is gravity acceleration and h is hump height.

When the metal melted completely, a layer of skull formed 

between the metal liquid and skull, so the thermal boundary 

condition between the metal liquid and skull is mixture 

boundary condition of radiation and thermal conductivity. It 

can be expressed as follows:

 [3]

ch W

( )q H T T= −

(2)
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Where q is heat flux, T

W

the wall temperature (in this case 

fixed to the average temperature of the cooling liquid inside 

the copper wall), H 

ch

is an empirical heat transfer coefficient 

and can be obtained from comparisons with the experimentally 

measured heat losses at the water-cooled walls. It depends on 

the metal temperature T at the wall contact position:

ch s

ch s s

1 5 0                                 if

1 5 0 ( ) 2 0 0        if

H T T

H T T T T

= <

= + − × �

     (3)

Where T

s

is metal melting point, and T is metal temperature 

at the skull inside wall.

In the surface of suspending hump, the radiation condition is 

used

[8]

:

4 4

B W

( )q T Tεσ= −

                           (4)

Where the emissivity ε is set to 0.3 and σ

B

 is 

Stefan-Boltzman constant.

2  Simulation Procedure and Experiment Validation

It is assumed that: (1) The magnetic field is harmonic. (2) 

The flow is incompressible flow. (3) The suspending hump is 

supposed to be paraboloid. (4) The simulation starts from the 

moment of hump formation.

The geometry and enmeshed models are shown in Fig.1. 

The charge is Ti6Al4V, whose property parameters are widely 

known. The electromagnetic field was solved using ANSYS

TM

. 

The simulated Lorenz force and Joule heat are shown in Fig.2 

and Fig.3, respectively. The momentum and energy equations 

were solved using FLUENT

TM

. In order to consider the elec-

tromagnetic effects in thermal and flow calculations, the Lo-

renz force and Joule heat were transferred from ANSYS

TM

 to 

FLUENT

TM

 by a special-user-defined subroutine coded by C 

language. 

An experiment was done for verifying the simulation model. 

The molten melt was poured into a mould (232 mm×232 

mm×58 mm) which was surrounded by a five-turn coil sup-

porting a 777 Hz and 4036 ampere-turn alternative current. 

The magnetic intensity at the predefined line was measured 

and compared with the simulation result obtained under the 

same conditions. Basically, the simulated results are consistent 

with the experimental results as shown in Fig.4. The simulated 

suspending hump is also compared with that from experiment. 

The good agreement is obtained for both shape and height of 

the suspending hump as shown in Fig.5 and Fig.6.

3  Results and Discussion

3.1  Suspending hump analysis 

Fig.7 shows the influence of the input ampere-turn on the 

hump height. The hump height increases with increasing of 

ampere-turn. Averagely the height of the suspending hump in-

creases by 4 mm per 1000 ampere-turn increment.

Fig.8 shows the influence of the relative position between 

crucible and coil on the hump height. The relative position 

denoted by h means the distance from the bottom coil to the 

Fig.1  Geometry (a) and enmeshed models (b)

Fig.2 Lorenz force distribution

Fig.3 Joule heat distribution

bottom of the crucible. It is noted that the hump height in-

creases with decreasing of the relative position. The hump 

height has a jump increase when the relative position is ap-

proaching zero.

3.2  Thermal field analysis

Fig.9 shows the change of the maximal temperature of mol-

ten metal with different ampere-turn when the melting time is 

211 s. It is noted that the relation between the maximal 

temperature and ampere-turn is almost linear. Averagely, the 
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maximal temperature increases by 20 K per 1000 ampere-turn 

increment.

Fig.10 shows the temperature distribution of molten metal 

(t=451 s), and Fig.11 shows the temperature distribution at 

A-A cross section. It can be seen from the both figures that the 

temperature difference inside the molten melt is very small. 

The maximum difference is less than 5 K. 

 

Fig.4  Comparison between experiment results and simulation results

Fig.5  Side view of ingot

Fig.6  Simulated suspending hump

Fig.7  Influence of ampere-turn on suspending hump

Fig.8 Influence of the relative position between crucible and coil on 

the suspending hump

Fig.9  The change of the maximal temperature of molten metal with

different ampere-turn (t=211s)

Fig.12 shows the change of the maximal temperatures of the 

molten metal with different frequencies when the melting time 

is 211 s. It is noted that the maximal temperature increases with 

increasing of frequency (200 K/1000 Hz) before 5000 Hz and 

the maximal temperature increases slightly after 5000 Hz.
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Fig.10  The temperature distribution of molten metal (t= 

451s the end of melting)

Fig.11  The temperature distribution at A-A cross section

Fig.12 Influence of the frequency on thermal field when t=211s

3.3  Flow field analysis

There are three typical flow patterns as shown in Fig.13. 

The flows start from the area near the crucible towards the 

center forming two or more turbulent swirls. The swirls dy-

namically change with the increase of the melting time due to 

the dynamic balance of the two flow streams coming from two 

sides of the crucible.

Fig.13 Three typical flow patterns during ISM: (a) flow pattern 1, 

(b) flow pattern 2, and (c) flow pattern 3

Fig.14 Influence of ampere-turn on the maximal fluid velocity

Fig.15 Influence of frequency on the maximal flow velocity

As can be seen in Fig.14, the maximal fluid velocity of the 

molten metal increases approximately with the increase of

ampere-turn. The maximal fluid velocity increases by about 

0.075 m/s per 1000 ampere-turn increment.

It can be seen from Fig.15 that the maximal fluid velocity

increases with the increase of frequency before 3000 Hz, i.e. 

increases by about 0.4 m/s per 1000 Hz increment. But there 

is no obvious increment after 3000 Hz.

4  Conclusion

1) The simulation method for ISM process including the 

treatments of suspending hump, induction heating and elec-
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tromagnetic stirring can be realized. It is in good agreement 

with experimental results.

2) For the present simulation study, the hump height in-

creases by 4.2 mm. the maximal temperature increases by 20

K; the maximal fluid velocity increases by 0.075 m/s per 1000 

ampere-turn increment.

3) For the present simulation study, the maximal tempera-

ture increases by 200 K per 1000Hz increment before 5000 Hz 

but has no distinct increment after 5000 Hz; the maximal fluid 

velocity increases by 0.4 m/s per 1000 Hz increment before

3000 Hz but has no distinct increment after 3000 Hz.
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