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Abstract  Some recent activities, developed in the 

Department of Electrical Engineering of the Univer-

sity of Bologna with the aim to analyse different elec-

tric power applications of MHD Sciences, are re-

ported.  

 

I. INTRODUCTION 

Some new activities started in the Department of 

Electrical Engineering of the University of Bologna, with 

the aim to analyze different electric power applications of 

MHD Sciences and superconducting technologies. In this 

communication some information concerning MHD 

processing of materials and SF6 circuit breakers, are 

given. 

The “Electromagnetic Processing of Materials 

(EPM)” is based on both MHD and Process Metallurgy. 

Application of electromagnetic forces to materials proc-

essing, which constitutes EPM, has been recognized as an 

edge technology, especially in the fields of steelmaking 

and advanced materials processing. In metallurgy many 

process involve the handling of liquid metal in a techno-

logically difficult environment. It’s apparent that by use 

of the MHD effects, that is by a suitable application of 

the J×B and magnetization forces, improvements in exist-

ing processes or new solutions of old problems may be 

achieved. Examples of the successful application of the 

MHD processes in the metallurgical processing are elec-

tromagnetic stirring, braking and shaping. A new effort is 

requested to apply these technologies in steelmaking pro-

cess. 

 

II. ELECTROMAGNETIC PROCESSING 

OF MATERIALS 

A typical EPM application in metallurgical processes 

is the control of the molten steel flow in the continuous 

casting mold. In fact, the surface and internal defects in 

cast slabs are closely related to the fluid flow of the mol-

ten steel. Numerical analysis on the steel flow inside the 

mold, in presence of an external magnetic field, has been 

carried out. 

 

2.1 Numerical simulation of molten steel flow 

The present work describes the three-dimensional 

numerical simulation of the molten steel flow in continu-

ous casting mold at No. 3 caster at Chiba Works, Kawa-

saki Steel Corporation. The first objective is to study the 

influence of the imposed static magnetic field on the flow 

pattern, with the injections of Argon bubbles. The second 

aim is to find a representative diameter of the injected 

bubbles, which can simulate the surface velocity of mol-

ten steel flow by using the computational fluid dynamics 

code FLUENT™. 

 
(A) 

 
(B) 

Fig. 1 - Comparison of velocity fields and bubbles trajectories 

on the central slab face for different conditions: A) without flux 

density field, Argon bubbles diameter of 0.5 mm; B) with flux 

density field, Argon bubbles diameter of 0.5 mm. 

The governing equations for the three-dimensional in-

compressible viscous flow in a static magnetic field, are 

the Navier-Stokes equation, the Maxwell equations and 

the Ohm’s law. The calculation were performed using a 

three-dimensional Cartesian mesh with a grid number of 

134160 cells (86×13×120). Turbulence has been consid-
ered by using the k-ε standard model. To predict the tra-
jectories of the injected Argon bubbles, the Phase Dis-

persed Model was used. The external magnetic field dis-

tribution, for the MHD analysis, was calculated by J-

MAG program and fitted to only a horizontal component, 

that is the direction of mold thickness. In the design of 
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the FC Mold considered, two pairs of electric magnets, 

above and below the SEN, impose an horizontal static 

magnetic field distribution, with a maximum value of 

0.31T. Two different cases are reported with Argon bub-

ble diameter of 0.5 mm, with and without magnetic field 

imposition (Figure 1). The dimensions of the casting 

mold in this calculation are 1600 mm width and 260 mm 

thickness. The submerged entry nozzle (SEN) is two 

ports type. The throughput is 4.7 ton/min. 

The influence of the injected Argon bubbles diameter 

on the molten steel surface was calculated through the 

simulation. In the case without magnetic field imposition 

(Figure 2.A), the injection of Argon bubbles with 0.5 mm 

diameter increases the velocity, while the injections of 

Argon bubbles with 1 mm and 2 mm diameters have a 

decreasing effect. In the case with magnetic field imposi-

tion (Figure 2.B) the velocity, in case without Argon in-

jection, is negative, that is directed toward the narrow 

face. The decreasing of the diameter of the injected bub-

bles increases the change of direction of the flow. 

 

 

(A) 

 
(B) 

Fig. 2 - Effect of Argon injection on molten steel surface veloc-

ity distribution along the slab central line: A) without magnetic 

field imposition, B) with magnetic field imposition. Positive ve-

locity is toward the nozzle. 

As can be seen from Figure 2.B, the molten steel sur-

face velocity, for the case with injected Argon bubbles 

with 0.5 mm diameter (at 3.7 m/s), is the nearest to the 

measured data of No. 3 Continuos Casting machine. 

Moreover, the imposition of the magnetic field, in the 

suitable case of 0.5 mm, gives an effect of surface veloc-

ity reduction of 22% that is similar to what was previ-

ously found by Kawasaki Steel Company researchers. 

2.2 Influence of Electro-Magnetic Stirring on the Bound-

ary Layer of a Molten Steel Pool. 

In the case of in-mold stirring, the AC field is gener-

ated by the travelling field generated by a linear motor (in 

case of slabs) or a rotational motor (in case of blooms and 

billets). The electromagnetic force is generated only by 

the electromagnetic field: the induced current and the 

magnetic field interact mutually to generate the electro-

magnetic force in the molten metal. This EM technique is 

aimed at controlling the different velocity components 

and the flow pattern is optimized to expel as much as 

possible the impurities such as non-metallic inclusions, 

CO bubbles and Argon blow-holes. Moreover, a particu-

lar attention is paid to the control of the velocity of the 

discharged flow from the nozzle. 

The behavior of the molten steel can be predicted by 

coupling Maxwell’s equations, equation of continuity and 

Navier-Stokes equation for incompressible fluids. The 

numerical simulation was carried out using the code FLU-

ENT™. As the flux pattern in the continuous casting is 

turbulent, the Large Eddy Simulation (LES), and RNG k-

ε models were considered as turbulence physical models. 
These models were tested on an illustrative case: a molten 

steel pool 10cm×10cm with a moving wall. The compari-
son among the obtained velocity distributions and the ex-

perimental data is depicted in Fig.3, where the x-axis is 

parallel to the moving wall and centered on the pool. 
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Fig. 3 – Comparison among the velocity profiles obtained con-

sidering RNGk-ε and LES as turbulence models and the ex-
perimental data for a test case (a molten steel pool with a mov-

ing wall). 

Satisfactory results have been reached with a 50×50 
mesh grid. Then the analysis of an In-mold EMS was per-

formed: a molten steel pool (simulating the mold of a 

continuous caster for billets) affected by electromagnetic 

force was considered. The velocity patterns obtained are 

shown in Fig.4. In both cases the maximum value of the 
velocity was the same. 
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(A) 

 (B) 

Fig 4 – Calculated velocity distribution inside the mold of a 

continuous caster for billets (A) when a moving wall is as-

sumed, (B) when electromagnetic force is applied. 

 

The objective of the research was the evaluation of 

the influence of electromagnetic force on the boundary 

layer of a molten steel pool. It’s known that, when a slab 

is considered, in the boundary layer EMS modifies the 

velocity distribution. In particular the molten steel veloc-

ity near the wall changes from a pseudo-linear distribu-

tion to a parabolic one. This change of the velocity gradi-

ent generates a force acting on the inclusions and parti-

cles, which are present in the molten steel. Actually such 

a force, called Saffmann force, pushing the particle to-

ward the center of the pool, depends non-linearly from 

the gradient of the velocity. Furthermore, when the Saff-

mann force passes a threshold value, the particle is re-

moved from the wall and then from the solidifying shell. 

 

2.3 Removal of SiC inclusions in molten Aluminum using 

magnetization force 

During several years, numerous results have been 

achieved regarding the separation of inclusion in a molten 

metal. However, the peculiar aspect of our work stands in 

the definition of experimental parameters to conduct the 

analysis of the obtained results. In fact, the SiC inclusions 

in the molten aluminum are rather smaller than the Al2O3 

ones in a molten steel and this fact causes a big statistical 

variations to arise in the collected data, so that their 

analysis must be carried out by the use of statistical 

methods. Under the hypothesis of homogeneous distribu-

tion of the particles, gaussian distribution and uniform 

variance of the collected data, the Student’s t-test has 

been applied to evaluate the statistical error, in order to 

affirm that the observed removal of inclusions is not due 

to it, but only to the effect of the applied magnetic field. 

First of all, the hypothesis of spherical SiC particles 

all having the same diameter, under which several theo-

retical works have been developed, has been tested. Two 

parameters d (mean value of the particles diameter) and 

Cs (ratio between the maximum and minimum dimen-

sions of the particles) have been evaluated for a casually 

extracted section in a not-treated sample, shown in Fig. 

5.a. The result of the micrographic observation (Fig. 5.b) 

has lead to determine the error made in assuming the 

spherical shape of the particles and a constant value for 

their diameter. In fact, the mean value for Cs in the case 

of perfect identical spheres should be 1, being instead 

0.683 for the examined inclusions. On the other hand the 

ratio between the standard variation of d and its mean 

value represent an error factor for the assumption of a 

constant value for the diameter, that has be found to be 

31%. 

 (A) 

 (B) 

Fig. 5 - A) Homogeneous distribution of the inclusions, ( the 

base length is 4.6 mm); B) Geometrical shape of the particles. 

 

Under the above mentioned hypothesis the compari-

son has been carried out by the Student’s t-test using as 

analytical parameters the number of inclusions per unity 

of area of a generic section for a not-treated samples and 

the number of inclusions per unity of area in a bottom 

section for the treated ones. In order to obtain such a 

comparison, five samples have been completely melted 

and kept for 1 h at 12 T and than slowly cooled, accord-

ing to the thermal treatment shown in Fig. 6. The 12 T 

magnetic field was generated using a superconducting 
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magnet, which had a room temperature air bore of 50 mm 

in diameter. Fig. 7 shows a sharp segregation line be-

tween the zones at high and low number of inclusions. 

0

100

200

300

400

500

600

700

800

0 10 20 30 40 50 60 70

t [min]

T
 [
C
]

 
Fig. 6 – Thermal cycle for the treated samples; the magnetic 

field is applied all the period long. 

 

 
Fig. 7 – Segregation line of the treated sample  

(the base length is 4.6 mm). 

A statistical analysis on five aluminum samples has 

been conducted, from which SiC inclusions have been 

removed using a 12 T static magnetic field, and the pres-

ence of a boundary line between the pure zone and the 

segregated one has been observed. In the hypotheses of 

spherical particles and their uniform distribution, has 

been found that: 

• the segregation effect, in terms of number of inclusion 
in the bottom of the sample is not due only to a statisti-

cal variation, but has to be considered as an effect of the 

applied field; 

• the boundary line lays at a value of height proportional 
by 0.20 to the length of the sample, with a 15% error; 

• the variation distribution of the particles around the 
boundary line lays within 15%. 

 

 

III. ANALYSIS OF THE DISCHARGE IN AN SF6 CIRCUIT 

BREAKER 

A fully implicit method for the numerical solution of 

the model for the analysis of the discharge in an SF6 cir-

cuit breaker has been developed. The fluid dynamics is 

defined by the Navier Stokes equations for viscous and 

compressible flows. The continuity equations for mass, 

momentum and energy, and the state equations of gas are 

expressed as follows: 

QF
U

=⋅∇+
∂
∂
t

 (1) 
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where ρ is the specific mass and ei is the specific internal 
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Here the radiation term 
.

R , the gas and the plasma con-

ductivity σ are derived as a function of temperature and 
pressure, under the assumption of local thermal equilib-

rium. 

From the Maxwell equations and Ohm’s law, the gov-

erning equation for magnetic flux density B can be ob-

tained: 
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∂
∂
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(3) 

3.1 Numerical Method 

A two-dimensional axis-symmetrical discharge model 

has been considered. The current density J and the gas 

velocity u are assumed to lie on the r-z plane. The mag-

netic flux density B generated by J is perpendicular to 

this plane. A fully implicit method has been developed 

for the solution of the magnetohydrodynamic problem. 

The discretization in the space and time is performed 

separately. In order to generate the mesh, an automatic 

procedure computing the Dirichlet tessellation of the cal-

culation domain has been adopted. Joining contiguous 

points P by edges, a triangulation of the plane is obtained. 

It can be demonstrated that the triangulation is the Delau-

nay triangulation of the plane. 

 

3.1.1 Fluid dynamic problem discretization 

A cell-centered finite volume formulation is adopted 

for the spatial discretization of the fluid dynamics. The 

control volume for each point Pi is constituted by its Vo-

ronoi polygon. Integrating (1) over the control volume Ωi, 

the following relation is obtained: 

[ ] ∫∑∫ ΩΓΩ
=Φ+

∂
∂

ii

dVdV
t

i QFU  (4) 

where ΦΓi[F] is the flux of F across the side of the control 

volume. 

In order to avoid discretization inconsistencies, fluxes 

through sides are evaluated once at the beginning of each 

time step. A flux is constituted of a convection and a dif-

fusion component, except the mass flux, where the diffu-

sive term is not present. Convective fluxes are evaluated 

with reference to the velocity of the upwind point. Thus, 

when evaluating the flux through the edge between the Pi 

and Pk tiles shown in Fig. 8, the velocity normal compo-

nents iiinu nu ⋅=,  and kkknu nu ⋅=,  are evaluated. Af-

terward convective fluxes are computed utilizing the 

positive normal component of the velocity.  

In order to calculate the diffusive fluxes, the spatial 

first derivatives on each edge are to be evaluated. The de-

rivatives on the edge are calculated as the mean value of 



ILG-MHD - Moscow (Russia) - April 27
th
, 2001  

 

 5 

the derivatives in the two triangles with Pi and Pk as ver-

tex (see Fig. 8). Over the triangles the unknown quantities 

are assumed to be linear. This procedure yields the de-

rivatives in the normal and tangential direction to the 

edge considered. The latter is necessary in evaluating the 

viscous term in the momentum equation only. Pressure 

on the edges between the Pi and Pk tiles is calculated as 

the mean value of the pressure in Pi and Pk. 

Pi

Pk

nk

ni

 

Fig. 8 - Control volumes for the fluid dynamics  

discretization. 

 

 

3.1.2 Electrodynamic problem formulation 

The discretization in space of the electrodynamic 

problem expressed by (3) has been carried out by means 

of a finite element method based on the weighted residual 

approach. The matrix relation obtained is: 

Kφ
φ

=
∂
∂
t

 (5) 

where ϕϕϕϕ is the vector of the nodal values of the unknown 
rBϕ. In order to evaluate the electromagnetic source terms 

in momentum and energy equation of fluid dynamics, the 

current density has to be evaluated. This is done utilizing 

the Ampere law: 

( )
z

rB

r

1
J

0
r ∂

∂
µ

−= ϕ
 (6.a) 

( )
r

rB

r

1
J

0
z ∂

∂
µ

= ϕ
 (6.b) 

The coefficient matrix K is the sum of Kdiff and Kconv, de-

rived from the discretization of the diffusive term 

∇×[∇×B/(µ0σ)] and the convective term ∇×(u×B) of (3) 
respectively. The expressions of Kdiff and Kconv are: 

∫
Ω

Ω∇
σ

∇
µ

= d
r

11 T

0
diff NWK  (7.a) 

∫
Ω

Ω∇= d
r

1 T
conv NuWK  (7.b) 

where N and W are the shape function and the weighting 

function vector respectively. An asymmetric function is 

chosen to increase the residual weighting in the upstream 

region and to reduce it in the downstream region. For a 

generic triangular element with vertexes i, j, k, the 

weighting function Wi assumes the following form:  

kiikjiijii NN4NN4NW α+α+=  (8) 

The parameter αij and αik are calculated as follows: 

αij = coth(Rem∆ij/2) − 2/Rem∆ij Rem∆ij = µ0σuij∆ij 
αik = coth(Rem∆ik/2) − 2/Rem∆ik Rem∆ik = µ0σuik∆ik 
where ∆ij, ∆ik are the lengths of the sides i-j and i-k of the 
triangle. uij, uik are the flow velocity components along 

the iij and iik directions, as shown in Fig. 9. 

k 
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i ij 

ik i 

 
Fig. 9 - Triangular grid element. 

 

The boundary conditions needed to solve (3) can be 

obtained from the Ampere law. Defining I as the total 

current flowing in the discharge, in a cylindrical symme-

try boundary they are:  

π
µ==ϕ ϕ
2

I
rB 0  (9) 

on the external surface of the discharge. 

Time integration is performed by means of a two-time 

step algorithm. Different approaches have been utilised to 

couple the fluid dynamics with the electrodynamics. A 

first way to perform the coupling is to solve the non-

linear system obtained at each time step: 
( )( ) 0n =fF  (10) 

where the vector f
(n)
 is formed by the nodal values of the 

two velocity component ur and uz, the pressure p, the 

temperature T and the azimuthal component of the mag-

netic flux density rBϕ. An inexact Newton method is util-

ized to solve the system. Alternatively, at each time step 

fluid dynamics and electrodynamics can be solved sepa-

rately and iteratively coupled until convergence is 

reached. The second approach has proved to be more ef-

ficient in terms of computing time. Diagonal, ILU and 

approximate inverse preconditioner have been utilised to 

enhance the convergence rate of the solution.  

 

3.2 Applications 

An arc discharge during the high current phase in an 

SF6 circuit breaker has been analysed. A scheme of the 

contact region of the device is depicted in fig. 10. During 

a current interruption an arc develops between the two 

contacts when they are opened. In a typical SF6 discharge 

in a circuit breaker, conductivity ranges between 0 and 

15000 S/m, and the gas velocity can easily exceed 1000 

m/s. A sinusoidal time varying current with an amplitude 

of 5⋅103 A and a frequency of 50 Hz is taken as source of 
the electrodynamic problem. The gas flow is caused by a 

pressure difference of 3 bar between the initial and the 

final section. The grid consists of 5096 nodes and 9682 

triangles. The velocity, temperature and pressure distribu-

tions in the discharge are shown in Figs. 11(a), 11(b) and 

11(c) respectively. Current lines are plotted in Fig. 11(d). 
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Fig. 10 – Scheme of the contact region in an SF6 circuit breaker.  

 

(a) 

(b) 

(c) 

(d) 

Fig. 11 – (a) Velocity distribution; (b) Temperature distribu-

tion: Temperature ranges between 300 and 27500 K; (c) Pres-

sure distribution; (d) Current lines. 

 

 

IV. RESISTIVITY EFFECTS IN A FUSION PLASMA LIN-

EARIZED MODEL 

In the framework of a research project on fusion 

plasma control, supported by the Ministry of Education 

of Italy, a research activity was started with the main goal 

of introducing a resistive plasma equation into the linear 

model of the CREATE_L code. This code, which was 

developed by the CREATE Consortium for utilization in 

the design of the controller of a Tokamak machine is ac-

tually based on an ideal non-resistive plasma model. The 

code has been validated with experimental results with 

reference to many Tokamak machines (TCV, FTU, JET). 

The obtained results were satisfactory but evidence was 

demonstrated that resistive effects are important. 

A plasma current equation based on generalized 

Ohm's law, averaged on the discharge volume consis-

tently with the assumptions of the CREATE_L model has 

been implemented into the CREATE_L code. The nu-

merical results have been compared with experimental 

data obtained in TCV and FTU tokamak machines and 

qualitative agreement has been obtained. The research 

activity is still going on. 

 

V. CONCLUSIONS 

Some new activities which started in the Department 

of Electrical Engineering of the University of Bologna, 

with the aim to analyse different electric power applica-

tions of MHD Sciences and superconducting technolo-

gies, are reported. 

Numerous other activities regarding MHD have been 

carried out during 1998/2001 resulting in the papers that 

are reported in the references. 
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