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Shape and stability of the slag/melt interface in a small dc ESR process
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Abstract

The electro-slag remelting (ESR) process has been used effectively to produce large ingots of high quality based on the controlled solidifica
that can be achieved. Despite numerous simulations, it is still challenging to predict important operating details of the process, such as the e
of the electrode immersion and, more importantly, the results of instabilities in the melting system (electrode, slag, pool). In order to have a be
understanding of the process, the present work aims to verify the validity of two assumptions which were widely used in previous simulatiot
First is the flatness of the slag/steel interface, and second concerns the verticality and the stationarity of the density of the electric ¢herent ove
entire domain. In the present paper, a mathematical model of the magneto-hydrodynamic (MHD) phenomena occurring during ESR, modell
more rigorously the closure of the electric current at the mould is presented. At the present stage, the model does not include any buoyanc
solidification effects. The multiphase aspect of the problem is solved by using a VOF model, the domain is divided in two sub-domains (steel ¢
slag) separated by a free interface. The effect of the imposed dc current and the mould diameter on the initial interface was investigated. We s
that except if the mould is insulating, the interface is never flat. In some cases the interface even becomes unstable leading to an electric shol
© 2005 Elsevier B.V. All rights reserved.

Keywords: Steel; Slag; Free interface; DC electric current; MHD; Thin wall boundary condition; Turbulence; Stability; VOF, CFD

1. Introduction be found in literature, but due to the complexity of the system
and due to the computational restrictions, several assumptions
Electro-slag remelting (ESR) is an advanced technology foand simplifications were necessary. Although the ESR processes
production of components of e.g. high quality steels. An alterusually utilize ac fields, dc fields were also used for scientific
nating (ac) or direct current (dc) is passed from a conventionallynvestigationg6—9]. Here, we have chosen to simulate the case
melted and cast solid electrode through a layer of molten slagf a small dc ESR system using a relatively high current den-
to the baseplatd-{g. 1a). Because of the electrical resistivity of sity. This dc model constitutes the first step toward building a
the slag, Joule heating is generated and the slag transfers thisiltiphase model with free interface coupled with MHD forces
energy to both ingot and mould surfaces and to the melting elecreated by an ac current. The present work aims to verify two
trode tip. The molten metal produced in the form of dropletsgenerally admitted assumptions, first that the slag/liquid steel
or a continuous stream passes through the slag and feeds a ligterface is often assumed to be flat, and second that the density
uid pool which then solidifies directionally. The slag and theof the electric current is constant in time and vertical over the
ingot are contained in a water-cooled copper mould. As alsentire domain. At the present stage does not include the heat
the baseplate is water cooled, a heat flow regime is imposegeneration, and so the buoyancy and solidification effects. The
that gives controlled solidification, and this results in improvedprediction of a realistic shape of the steel/slag interface and a
structure characteristic of ESR ingots. The present investigatiorealistic electric current distribution can better the estimation of
aims to create a numerical model that can predict all these fe@he Joule heating.
tures with a minimum of assumptions. In terms of modelling,
the ESR process is a multiphase magnetohydrodynamic (MHD)
system with heat and mass transfer. Early simulatjipa§]can 2. The numerical model

The calculation domain is presentedHigy. 1b. An electrode
* Corresponding author. Tel.; +43 3842 402 2225. ofradiusk1 =75 mmis putin contact with a cylindrical container
E-mail address: abdellah.Kharicha@notes.unileoben.ac.at (A. Kharicha). Of radiusR2 and height: = R; filled with a layer of liquid steel
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Fig. 1. (a) Schematic representation of an ESR system. (b) Geometry of calculation domain and flow boundary conditions. Atiihe @4ll$: At the slag/gas
interface:dii/dz = 0 (2). At the axis of symmetry, =0 and Qu./3;) =0 (3).

and a layer of liquid slag. The properties of both steel and slag ashere i = (u,, ug = 0, u;) is the velocity of the flowp the

the density ), dynamical viscosity), and electrical conduc- pressurep the induced magnetic field, ano= V x b/uo the

tivity ((r) are assumed to be constant. The magnetic permeabilitylectric current density. The turbulent viscosity is computed

((0) is the same everywhere and equal to the vacuum magnetigith the help of & — ¢ model. The velocity respects the bound-
permeability. The lateral wall, i.e. the mould has a thicknegs (  ary conditions described igig. 1b.

and an electrical conductivityy(). The electrode suppliesatotal We can show that only the tangential component of the
dc current of 2500 A. As the calculation domain involves a freeinduced magnetic fieldy is relevant to the description of the
interface, a numerical technique is required to capture its evgaroblem. The Lorentz force acts then only in thendz direc-
lution. The volume of fluid (VOF) method presents in ‘fluent’ tions, thus only the radial and the axial components of the
is used since it is a robust, powerful, extensively applied techNavier—Stokes equation are solved. The tangential component
nique. The surface tension is supposed to play a role on muabf the induced magnetic field can be deduced from the linearized
smaller scales than the dimensions of the present geometry. Tireduction equation written to the first order as:

density p, the viscosityu and the electrical conductivity at (

any cell vary according to the respective fraction of the steel,
F, and slag, 1- F, existing in the cell. For example, the elec- #09
tric conductivity is estimated as=o01 + F(o2 — 01), Whereo; It is known that the shape of the melting electrode depends
ando, respectively, the electric conductivity of liquid slag and strongly on both the imposed current and the descend velocity
steel. Since the liquid steel is about*Ifore conducting than of the electrodd6]. Here, we study the case corresponding to
the liquid slag, we expect an influence of the slag/liquid poola relatively small descend velocity, so that the electrode keeps
interface on the electric current distribution. In addition, the lig-a flat shape. With this assumption the density of the dc electric
uid steel and slag have very different heat properties, a non-flaurrent at the cathode is uniform. According to the Ampere’s
steel/slag interface will therefore have a significant influence oaw, the boundary condition at the cathode is:
the solidification process. wolor

The problem is expressed in cylindrical coordinates, (z) by = o 3)
under the hypothesis of axial symmet§/a( =0). The MHD (2RY)
effect leads to an additional force (Lorentz force) in the momen- We assume the bottom wall (baseplate) to be perfectly con-
tum equation. In the present model, the MHD Lorentz fofGe ( ducting, i.e,j, =0, so according t§' =V x I;/MO the magnetic
Fy=0, F;) caused by the interaction of imposed electric currenfield should verifydby/dz = 0.
and the induced magnetic field, is derived from the Ampere’slaw |t is generally assumefd—5] that even near the mould the
by solving the induced magnetic field. The problem considere@lectric current density is vertical, so that the mould behaves
here is governed by the classical Navier—Stokes equation:  as it is insulating. This hypothesis is based on the fact that a
solidified slag layer is usually present at the mould. Depending
on the chemical composition of the slag, the ratio between lig-
uid and solid slag-skin electric conductivity is believed to be of
(1) order 10-10(Q7,8]. This ratio depends strongly on the actual

b
Abg — ;) =0 )

dpit .o . - - =
%—FV(pu-u): —Vp+p+V(ur(Vi+ Vi) + j®0b,
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temperature of the slag-skin layer. Nevertheless, the thickness
of the solidified slag being smalkd~ 0.1-5mm), the radial
resistance of this layer{es/os) is still smaller or of same order
than the vertical resistance of liquid slagH/oT). In addition,

if we consider that the mould material is generally a metal, and
the fact that the electric current chooses the less resistive way,
one can think that an important part of electric intensity can
circulate through the lateral wall to reach the baseplate. In the
present study, the temperature distribution is not predicted, we
consider only the case of an isothermal and liquid domain in
perfect electric contact with the mould. So, here the closure
of the electric current depends strongly on the mould electri-
cal properties (thickness and conductivity). Consequently, the
Lorentz force, the Joule heating and the velocity distribution
are governed by these parameters. In order to model the palfntg 2. The velocity field at the equilibrium state in the: plane fork=0 and
of the current that can circulates through the walls, we use g . _ ; 5
“thin wall” boundary condition which avoids having to solve

the induction equation (E¢2)) in the solid media, by assum- in the slag layer. In the following only the detailed results for

ing that the electric potential does not vary across the wall. | . Y
S e - . ._the phase and the electric current distributions are presented for
is justified by the fact that the variation of the electric potential . . .

each case. Then an attempt of explanation will be given.

across the thickness of the wall is much smaller than the varia:
tion across the fluid, which is true only fey,/R <0.3. The “thin
wall” boundary condition is modelling technique that has beer?-/- Case where Ry = 1.3R;

recently extended to axis-symmetrical MHD problems with suc-

cessful resultgL0]. Using this assumption, it can be shown that  Here, thereisalarge gap between the electrode and the mould.

the boundary condition at the mould is: This gap is the slag-free surface in contact with an electrically
non-conducting gas, i.e. the electric current lines are then tan-

by (Molo B (1_ k) b ) Rz @) gential to this surface. If the mould is electrically insulating the

or  \27R» R3 ) % distribution of the electric current is almost vertical, except at the

upper slag/gas interface where the current is horizohtgl @).

The significant parameter is the conductance ratioThe initially flat interface oscillates until it reaches a stable pro-
k= (wewl/(R1, whereo,, ando are the conductivity of the wall file, convex in the centre and nearly flat at its highest level near
and the fluid, respectively, arg, is the wall depth. Depending the lateral wall. The flow system reaches then a steady state. For
on the volume of fluid fraction of steel and slag in a cell adja-a perfectly conducting mould the result is similar than for the
cent to the mould, the value ofvaries by a factor of 10 So,  insulating case, but the shape of the interface is not flat at the
depending on which phase is in contact with the mould, the contateral wall Eig. 4). We can notice that almost one-third of the
ductance ratio can also vary by a factor of 1 what follows,  current released from the electrode penetrates the mould. The
k will indicate the conductance ratio between the steel phasease ok = 0.1 was found to be very different from previous cases
and the mould, the corresponding conductance ratio for the sla@ig. 5). In the final state, the liquid steel recover the total surface
phase is, = 10%. of the mould, and the interface reaches the gas level. The part of

The model presented in this paper intends to predict the flowhe electric current closing through the mould is less important
velocity, the interface evolution, and the electric current distri-than for the perfectly conducting wall.
bution, but at the present stage it does not include the prediction
of the temperature, the buoyancy effects, and the phase change; 4 jicoretical case with Ry=R;

3. Results In here there is no gap between the mould and the elec-
trode, but with theoretically no electrical contact between the
Two mould diameters were studied, a first case withtwo elements. If the mould is insulating, the electric currents
Ro=1.3R1 (=97.5mm) corresponding to an industrial size, andwere found to be strictly vertical over the entire domdiig( 6).
a second case WitR, =R;1. For both cases, three values of the The oscillations of the initially flat interface decreased in ampli-
mould conductance ratio were investigated, an insulating moultude leading to a flat interface. If the lateral wall is partially
(k=0), a perfectly conducting mould € +c0), and an interme- (k=0.1) or perfectly conducting the interface is unstable. At
diary case withk=0.1. All the results have shown that the flow the vicinity of the mould, the level of the liquid steel increases
is organised into two main vortices, one in the slag and one imintil it reaches the electrod€if. 7). This creates an electrical
the steel layerKig. 2). The Lorentz force has almost the same shortcut that invalidates our hypothesis of uniformly distributed
magnitude in the steel and slag layer, but since the slag densigfectric current at the electrode. Physically all the current should
is smaller, the magnitude of the flow velocity is much higherpenetrate the domain at the shortcut location. The boundary
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Fig. 6. The initial (a) and final (b) phase and electric current distributions for the case bfah®2/R1 =1 andH/R; = 1.
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Fig. 7. The phase and electric current distributions just at the moment when the interface reaches the electrode leading to an electrical-sko(&@wndc = 0.1
(b) (Rz/R]_ =1landH/R; = 1).

condition (Eq(3)) is then no more valid, and the computation is is present in the insulating caseéiq. 3), but is stronger if the

stopped. lateral wall is conducting. The magnitude of the electric current
density decreases with mould radiu&)(nRg). So, the magni-
4. Comments and discussions tude of the Lorentz force is then smaller ®f=1.3R1 than for

R>=R1. This is at the origin of the stability of the interface for
All previous (known) simulations assume a fixed flat the larger domain.

slag/steel interface. Our investigation has shown that this inter- Some bubbles of slag remain clustered at the mould dur-
face is flat only forR,=R; andk=0. For all other cases the ing the elevation of the liquid steeFigs. 5 and 7} perturbing
interface is far to be flat. The explanation is given by the facthe electric current distribution (see the electric vortexes at the
that the dynamic of the interface is controlled by the equilib-mould). Although the slag density is smaller than the melt den-
rium between the gravity, the shear stress and the Lorentz forceity, these droplets are moving dowfig. 5), probably pushed
The gravity force tends to put the heavy steel under the liquidy the downward directed steel flow at the mould.
slag. And due to relative difference of steel and slag motion,
and to the relative value of the dynamical viscosity, the |nter
face is submitted to a shear stress force. But the most orlglnal'
part the explanation can be found in the discrete change of
the Lorentz force through the slag/steel interface. Due to th

Summary and outlook

The studied examples demonstrate that a special care should
| lectrical ductivit of the bath and the hiah electri If)e given to the electric properties of the mould wall. The clo-
ow electrical conductivity ot the bath and he high €lectricaly, .o of the electric current occurring either through the fluid or

conductivity of the molten metal, there is a jump of the electri- through the mould modifies considerably the distribution of the
cal field at the metal/slag interface. In the centre, whereas thforentz force, and so the hydrodynamic. In the present condi-
currents in the slag are mainly vertically directed, addltlonaltlon’ the inter%ace between the slag and steel phase was found
horizontal currents appear in the metal lay€igé. 3-3. This to be flat only if the electrode has the same diameter than the
gives nse_to a dlsc_o ntinuous force at the metal/slag Interfac‘?ﬁould and if the electric current density is strictly vertical. This
When the interface is crossed, the vertical Lorentz force changes§tuatlon is unlikely to appear in an industrial process since the

by: electric current density will have a horizontal component, due
32 to the difference between the mould and electrode radius, and to
AF; = (jr(slag)— jr(steel)py o (o1 — Gz)ﬁ (5)  the factthat the metallic mould is always much more conducting

2 than the slag phase. In some cases, we have shown that the lig-

This difference of Lorentz force pushes the interface downid steel can possibly reaches the upper electrode, leading to an
ward in the centre. In fact as soon as the electric current haselectrical shortcut. These conclusions are valid only for systems
horizontal component, the interface is no more flat. This effectnainly driven by electromagnetic forces created by a dc field.
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