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described in this publication is to use numerical
Abstract simulation technique to overcome these high numbgrs

Electroslag remelting (ESR) and protective gas test trials. The opt_imum conditions of the promt_'gas
electroslag remelting (PESR) are standard procdeses €/€Ctroslag remelting process should be establihed
the production of high quality tool steels. A cortaom implementing a physics-based computational model to
consisting of an university department (LEOBEN), an Predict the behavior and the required melting patans
independent software vendor (ESI Group), a plant of the process. In folllowmg this way, the finaladlenge
producer (ALD), a research centre (CSM) and a steelWill be the optimization of the ESR process, legdio
producer (Bohier Edelstahl GmbH) was founded with imProvements of the quality of the produced materta
the objective to generate a computational tool txleh well as saving resources and avoiding undesirablgev
the PESR-process. To achieve this goal, three major°f €neray.

tasks were identified and distributed amongst the Tq accomplish this work program a consortium
partners of this project according to their skiled  consisting of industrial and scientific members was
expertise. One task consists in performing expertme founded. Three major tasks were identified and
on laboratory and industrial scale ESR processés. T (istributed among the partners, according to their
second task was to investigate the phenomena @ugurr different professional specialization and equipméie

in the process with a CFD tool. The aim of thikta&s  first task concerns the collection of experimerdata

to lighten some important physics such as the slagl  necessary for the validation of the numerical modtel
interface and the steel droplet distribution in #lag  contributes also with investigations and measurésnen
phase. The third task consists in building up aws®  on experimental and industrial ESR process scale.
tool which is able to simulate the full processluding Details about this experimental task are preseied
electrodynamics, fluid flow, thermal and solidifim publication [1]. The more computational part of the

phenomena. This task includes the development @f th project is represented by the second and thircstask
mathematical model and its implementation withie th

framework of ESI Group’s CALCOSOFT-2D software. 1he second task is to investigate with a CFD tbel t
During the last three years, the collaboration kemthe ~ hydrodynamics occurring in the process, in paréctie
involved partners produced a large amount of isterg ~ flow of slag and melt and the melting process itséh
results. In the present publication the outcomethgf ~ important unknown aspect is the interaction betwiéen
computational tasks 2 and 3 are summarized. liquid steel and the liquid slag phase. This intécm
occurs at the slag-liquid pool interface and arotimel
steel droplets during their falling through thegstagion.
This task was investigated with the help of the tmos
Keywords advanced numerical technique such as the VOF and

Protective gas electroslag remelting process, nigaler ~Euler-Euler methods for multiphase flow. A

process simulation, CFD analysis, software develgm  magnetohydrodynamic module was written and coupled
to the CFD software FLUENT, to compute the chanige o

the electric current path according to the phaseels
slag) distribution. Liquid steel being a much bette
conductor than the slag phase, the electric cunéiht
Protective gas electroslag remelting (PESR) is analways select the path where it encounters the oftest
advanced technology for the production of compaoment or rapidly the steel phase. The model was sucdgssfu
made of high quality steels. It provides a route tfte applied to several phenomena occurring in the ESR
production of components with enhanced properties.processAnother aspect studied here concerns the actual
Developing new steel grades with superior qualitgds = magnitude of the electric insulation of the solitif slag
improved melting technology requiring a large numbe thickness. A model coupling the electric and that Hieix

of trial ingots. As most of these trial ingots wilbt show  though the layer is presented.

the intended mechanical properties such proces
development is very costly. The approach of thgegto

Introduction

The challenge of the third task was to build upeavn
software tool which can be used for industrial nrioa
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simulations of the whole ESR process including
solidification. ESI Group’s software, CALCOSOFT-2D,
is a powerful industrial finite element tool whighable

to simulate various continuous casting processetedls
with microstructure formation, macrosegregationathe
transfer and fluid flow in solidification process#%ithin

the framework of this project a specialized new oied
for CALCOSOFT-2D has been developed which solves
the electrodynamic problem of the ESR remelting
process, coupled with fluid flow and heating in #iag
and melt pool and solidification in the cast ingot.

interaction between the slag flow and the fallinges
droplets. In the following, some typical resultstbése
two numerical models are presented.

a) The electric current distribution. The presence of
two phases in our domain makes the local valuehef t
electrical conductivity vary in time and space. The
distribution of the electric current coming frometktop
electrode is controlled by the distribution of thkase
fraction, 1 if the cell is full of steel, O if isifull of slag.
When the VOF method is used, the phase fractioievar
suddenly from 0 to 1 over a distance corresponding

To our knowledge, the new software tool is thetfirs one grid size. This leads to the presence of exlem
industrial software enabling the simulation of ESR strong electric conductivity gradients at the ifaee. A
processes, from macroscopic aspects such aspecial treatment is applied at the interface toicv
magnetohydrodynamics, electromagnetic, convectionnumerical problems. The ability of the model todice
and heating phenomena. The software developmenthe change in direction of a current across a /stagl

enhances the ESR industry’s ability to understamal t
influence and interaction of complex process cooi
with production issues such as quality and proditgti
requirements. The recent developments
contribute to the specific tools and methods needed
keep the ESR industry at the leading edge.

CFD analysis

The Electro-Slag-Remelting (ESR) is a process whi
involves two liquids, liquid steel and liquid slagnd
each liquid is subject to a phase change due ttngeir
freezing. The steel phase is first solid, thersitrielted
when the electrode is in contact with hot slag. $tezl
is melting in the form of small droplets which thedl
down through the slag to the liquid pool, where steel
is finally re-solidified by the mould cooling. THiguid
slag becomes also solid at the vicinity of the tapl
mould, this is called the solidified slag layerstag skin.
From a fluid dynamic point of view, the ESR procéss
then clearly a multiphase process, with a freeriate
(liquid steel/liquid slag), and with a mixed arataf and
falling steel droplets). Nevertheless, we are neare
about any work using a multiphase approach to sitaul
the ESR process in the literature. Often the slaglian
and the liquid pool are studied independently [2-3]

Some recent simulations couple both media through a

fixed flat interface [4-5].

Our approach consists in applying modern CFD
techniques to predict realistic phase distributionghis
complicated process. But the presence of the watrtic
electric current brings an additional difficulty tie
problem. The difficulty comes from the fact thateth
electric current distribution is highly coupled tbe
phase (steel/slag) distribution. Liquid steel begnguch
better conductor than the slag phase, the elextrient
will always select the path where it encountersrtiuest
often or rapidly the steel phase. The phase digtab is

in turn influenced by the electric current disttibn
through the induced Lorentz force. In the present
investigation, two kind of multiphase models wesed.
The first is the VOF model dedicated to problemssegh

interface is illustrated in figure 1. This spediadatment
allows to study the exact shape of the slag/pdelfiace.

therefore
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F|gure 1: Electric current distribution in response the
steel/slag electric conductivity ratio.

b) The slag-pool interface.The VOF model was applied
to an experimental ESR process scale to checkeif th
slag-pool interface is flat or not. The flow, the
temperature and solidification field were computébe
electric current distribution was coupled to theapsh
change of the steel-slag interface. Initially flahe
interface was curved by the strong slag flow, witloén
leads to a modification of the electric currenthpathe
results are summarized in Figure 2, where it can be
observed that the interface at its equilibriumesiatnot
flat. The solidification characteristics of the aig were

the two phases are separated by an interface to béound to be very different from the ones obtaindthw

tracked, it has been applied to studies on thd-skag
interface. The second is the Euler-Euler model cdd
to interpenetrating phases which was applied tdyste

the assumption of flat slag-pool interface. Details
calculations and results can be found in [6].
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Figure 3: Electric current paths and velocity fisld
around a 1 cm diameter droplet submitted.
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Figure 2: Results for ESR process when the slag/poo
interface is left free to move
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c) Droplets-slag interaction. The slag region has been Figure 4: Exact current distribution in a ESR regiand
studied with the help of the Euler-Euler multiphase heat flux at the mould..

model. The primary phase, the slag is totally cedpl
with the steel droplets phase through specific diamg.
The interaction between the two phases is donaigfro
the modification of the electric current paths doghe
presence of the steel droplets. An important outoin
this model is the radial distribution of the drdplevhen
they enter the liquid pool. This distribution ispexted to
CALCOSOFT-2D to model the momentum and the heat
flux entering the liquid pool (see next section @BSR
process simulation software). The results of thadeh
are presented in another parallel paper [7].

e) Importance of the mould current. It is generally
assumed [1-6] that due to its very low electric
conductivity, the solidified slag layer insulatesrfectly

the slag from the cooper mould Depending on the
chemical composition of the slag, the ratio between
liquid and solid slag-skin electric conductivityasorder
10-100 This ratio depends strongly on the actual
temperature of the slag-skin layer. Neverthelebg, t
thickness of the solidified slag being smadk 0.1-
5mnj, the radial resistance of this layere{os) is still
smaller or of the same order than the verticalstasce

d) Microscale study. The VOF model was also applied of liquid slag (H/ ¢7). In addition, if we consider that

at the scale of a spherical steel droplet of diant It
was shown that an isolated steel droplet surroutgea

the mould material is generally a metal, and tlot flaat
the electric current chooses the less resistive, wag

slag media, deviates the current over a domaincan think that an important part of electric inignsan

corresponding to a cylinder with a diameted and

circulate through the lateral wall to reach theebplsite.

height 2. The density of current is much higher in the
droplet than in the surrounding slag. The presefithe
droplet creates an additional Joule heating region
(resistance) at the extremities where the curretgrs
and leaves the droplet. It is surprising, that ewdth a
small current density (30 Amps over a droplet ofm
diameter) the flow resulting from the deviation akes
already a magnitude similar to that found in sirtiata

of the macroscale flow in the slag region(~0.1 mr$jis
probably means that the steel droplets have anrianmo
interaction with the surrounding slag turbulence.

In order to model correctly the part of the currémt
might circulate through the walls, it is necessaoy
measure experimentally the electric conductivitythod
slag from solid temperatures (~500 K) up to liquid
temperatures (~1800 K). In the present model the
solidified slag layer is fully resolved with a grid
providing about 10 to 50 nodes within the layer. A
constant heat transfer coefficient of about 350n@/is
used at the mould. It was found that in some gencaét
configuration up to 90 % of the total current cessshe
solidified slag layer. Due to the occurrence ofhhigule
heating, the mould current together with the htat &t

the mould control the thickness of the slag layére
presence of heat flux pike at the top slag surtacealso

be explained by the presence of the mould current
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(Figure 4). Details about this model will be soon by prescribing a Gaussian shaped profile of vejpcit

published in a journal paper. depending on the droplet distribution on the irgteef
between the slag and the pool, taken from outcoofies
task 2 described above. This velocity profile iredily

ESR Process Simulation Software applied on the top surface of the pool.

b) Slag-pool interface model.As the molten metal is
assumed to be incompressible, an outlet linkedhto t
melt rate and equal to the solid transport velodcgty
Sprescribed on the bottom section of the ingot,Fgare

'5. On the other hand, to avoid mixing of the slag a
pool fluids, no inlet and no outlet have to be dedi for

the slag domain. Thus, in the numerical model, the
vertical components of the velocity vector haveb®
discontinuous across the interface between the atag
r{he pool. Actually, on the side of the slag, thetical
component is fixed to zero, because fluids arerasdu
to be immiscible, while the velocity profile modwdj the
mass transfer from the electrode to the pool haketo
defined on the pool side, see Figure 6.

A

The simulation approach includes the current input, ;
thermal and fluid flow in the slag and the pool doe ELECTRODE
buoyancy and Lorentz forces, Ohm’s heating, solid
transport of the ingot due to the melt rate ofeélextrode

and an implicit description of the passage of metal Bl
droplets (velocity, temperature) through the liqsidg
layer determined by the Euler-Euler model of theosel
task.

Nowadays metallurgical industries search for irdtige
physics-based numerical software tools covering all
aspects of manufacturing processes with the dbgeof
better understanding and controlling the processe
further cost reduction and production quality aaaae.

In a previous project [8][9], a model to simulateet
Vacuum Arc Remelting (VAR) process had been
developed and implemented into CALCOSOFT-2D, a
commercial software package of ESI Group for
modelling on continuous casting processes. Based o
these experiences involving direct electrical auisen
metallurgical processes, the scope of CALCOSOFT-2D
was extended to cover also the ESR production pspce
taking alternating currents into account [10][11].

USER DEFINED VELOCITY
PROFILE MODELING THE
MELT OF THE ELECTRODE

O0L

SOLID TRANSPORT

a) General model description A macroscopic physical D ooTET

model for the simulation of the ESR process hasibee

derived and implemented as a new specific modute in OLIDIFIED
CALCOSOFT-2D. The physical model is based on i
magnetohydrodynamic (MHD) equations and proper
assumptions. The mathematical solver uses a sthndar
Finite Element Method to find the solution of the
coupling of quasi steady-state Maxwell's equatiaith

the conservation equations of mass, momentum and
enthalpy on a level which enables a macroscopicqa®

Figure 5: Fluid Flow situation for the ESR model

description. Outcomes are results such as elekfiidd SLAG
and current density in the slag, melt pool and tagit,
magnetic induction, Lorentz forces and associ&tgdd e, . -

convection in the slag and in the melt pool, Ohheat
dissipation and associated heating in the slagirarnke .
ingot. The modelling is done on 2-dimensional axis- o ———_PoOL

symmetrical geometrical domains consisting of Figure 6: Slag-pool interface velocity and doubteas.
quadrilateral or triangular finite elements in firesence
of alternating currents passing through the eléetro
slag, ingot and mould.

VYV VY

The prescription of the vertical velocity comporent
described above, requires the doubling of nodetheat
interface, which consequently removes completely th
During ESR, the consumable electrode is dipped anto interaction by momentum transfer between the two
pool of slag in a water-cooled mould. An electricrent fluids. This creates a situation corresponding telip
passes through the slag, between the electrodahand condition between the two fluids. However, we buijd
ingot being formed, and superheats the slag sadtlagis a new numerical technique enabling also the treaitimie

of metal are melted from the electrode. They travel no-slip conditions between the two immiscible fkiid
through the slag to the bottom of the water-cootexdild For no-slip conditions the radial components of the
where they solidify. The interface between the slad velocity on each side of the interface have toibked,

the pool is the location of mass transfer due te th i.e. they have to be continuous across the interfaor
passage of the droplets, created by the melt of thethis purpose, the implemented double nodes can be
electrode, from the slag to the metal liquid pdolthe removed for the radial components, while they dile s
numerical approach implemented here, this interiace kept for the vertical components. This particular
assumed to be fixed and horizontal. The modelinthef ~ boundary condition for the slag-pool interface, idgo
mass transfer from the electrode to the pool wakzesl any prescription (to zero) of the radial velocity



components as it was done by previous modelingpén t
past. Two test examples, a simple natural conuectio
flow and a ‘Couette’ flow with assumed fixed cortac

surfaces, were used to demonstrate that the flow

behavior at the slag-pool interface is well treabgdour
numerical technique.

¢) Boundary conditions.Besides the implementation of
the implicit macroscopic modeling of the dropleteda
the associating interface condition described aboxe
focused on the boundary conditions dedicated
respectively to the three sets of equations, dasgi
heat transfer, fluid flow and the electromagnetiahem

of the ESR process. This important ongoing discussi
of boundary conditions should be taken as a evglvin
basis for upcoming simulations of the ESR process.

Figure 7 illustrates the geometrical domains, the
boundaries and interfaces of the ESR model whieh ar
used to apply initial or boundary conditions to fit
precisely the physics of the metallurgical procegs.
give examples, the thermal conditions model thet hea
transfer by convection and radiation between the
electrode and the protective surrounding gas, @ h
exchange across the interface between the electnodle
the slag, the heat exchange between the slag ot amgl

the mould through an interface defined by heat-link
elements. An air gap due to shrinkage of the dJadili
ingot and solidified slag layer creation are taketo
account, leading to altered boundary conditionsvbeh

the slag and the mould or ingot and the mould,
respectively. On the free surface of the slag, the
boundary condition models heat transfer by conweecti
and radiation. At the tip of the electrode, whdre melt

of the electrode takes place, the temperature risas
the melting point of the metal. In practice, a tengture
slightly above the liquidus line may be imposed.tii¢
interface between the two fluids slag and pool, the
temperature can be assumed almost continuous. &hus,
huge heat transfer coefficient and heat-link elesane
used. The heat extraction from the bottom of ttgoin
and from the mould by the water cooled jacket, af w
as the heat exchange by convection and radiatidheof
mould with the air or protective gas is prescriloedthe
associated boundaries. Additionally, the heat tfsthe
slag while cleaning the droplets as well as thet hea
transfer from the droplets to the liquid metal paoé
modeled by applying adequate heat sink and heatasou
functions imposed on the slag and ingot domains,
respectively.

wall of the mould can be detected, modifying tlomflof
the current through the ingot.

The boundary conditions for the electromagnetic
problem involves functions depending on the input
current and distance to the symmetry axis, whiah ar
derived with the help of Ampere’s theorem and ax@la
wire model, prescribing the magnetic induction be t
interfaces electrode-protective gas, slag-moulgotiair
gap, air gap-mould, the free surface of the slad) the
outside of the mould. On the cut sections of thgoin
the electrode and the mould so called natural ¢iomdi
prescribing an induction flux of zero are appliémh the
interfaces between the two domains electrode-skag o
slag-pool, the continuity of the magnetic inductiand
the continuity of the normal component of the eiect
field are used to define the boundary conditionilgVv
the nodes are doubled on this interface for the thea,

the double nodes are removed for the magnetic tiatuc
problem. On this kind of boundary, the user of the
software has nothing to prescribe.

*

AXIS OF SYMMETRY —— 5 CUT SECTION

COOLING WATER

/ MOULD

\
SLAG/POOL
INTERFACE
12

SOLIDIFIED
SLAG LAYER

INGOT

CUT SECTION T
Figure 7: Main boundary conditions for ESR process.

d) ESR process simulations.Numerical experiments

demonstrating the full coupling of the updated
electromagnetic solver with the heat and fluid flow
solvers of CALCOSOFT were performed. The samples
included a comparison of VAR process simulation
results as well as examples with ESR process gepmet
The influence of the electrode immersion into tlag ®n

the fluid flow motion pattern and temperature
distribution inside the slag and pool as well as
modifications of the electric current flow from tiséag

During the start up phase of the ESR process, theyng ingot to the mould were examined. The studies

immersion depth of the electrode tip and the electr
power of the furnace are controlled in order toagbta
constant melt rate. The electric power, the curaemd
the resistance of the whole system are computethdy
control system. The current intensity is given agut
data. A thin layer of solidified slag is spread aildng
the walls of the mould, isolating the slag and itigot
from the mould. The alternating current passesutino
the electrode, the slag and the ingot to the basearel
then returns to the electric system through the lchou
However, sometimes during short time intervals, a
contact between the slag or top of the liquid poal the

showed that the new PESR module in combination with
appropriate boundary conditions is able to produce
reasonable simulation results describing the psoces

Moreover, we made numerical simulations on the PESR
process using a complete geometry, i.e. surrountiag
slag and ingot with a water-cooled copper moulthe&a
than using an implicit mould only. The latter
computations were performed in close cooperation
between ESI Group SA and Béhler Edelstahl GmbH,
utilizing the project partner’'s practical techndlsj
expertise in the field of modern steel making psses.
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The physical and chemical data of the slag, thetrelde On the left side of Figure 8 the temperature distion
and copper mould are derived from ESR furnace is shown, whereas on the right side the fractidid s;d
installations and other process equipment in theirthe liquid convection in the slag and in the me&lblpare
Austrian production plants. visible. The liquid convection patterns are deteexi by
the competition between the electromagnetic Lorentz

An electrical alternating current of 9000 Amperes a forces and bouyancy driven fluid flow.

frequency of 50 Hertz is passing through the whole
system. An air gap and a slag skin of variablenesd Figure 9 shows the electrical current flow isoline
size surrounding the ingot and the slag pool akerta mapping with associated skin effect (left side) dne
into account to define the boundary conditions tfoe Ohm’s heat dissipation with the associated heating
magnetic induction on the ingot and slag side & th mainly concentrated inside the upper slag domain.
interfaces ingot-mould and slag-mould, respectively
Macroscopic stationary simulation results are presk

in Figure 8 and Figure 9.
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Figure 8: PESR process simulation with CALCOSOFT: Conclusion

temperature, velocity profile and solid fractionn (i

cooperation ESI Group and Bshler Edelstahl GmbH) The use of advanced CFD techniques has revealed the

occurrence of so far unknown physical phenomena
during ESR processes. These phenomena are abdelat



to the sensibility of the electric current distrilom with

the presence of droplets and the possibility oba fhat

slag-pool interface. It is also shown that the wde
electric insulating boundary conditions at the ndoid

questionable.

At the same time, a physics-based ESR simulatioh to
was developed and implemented into CALCOSOFT-2D,
a commercially available software package of EQIUpr
dedicated to continuous casting process simulation.
Together with an extensive suite of specific and
advanced modules for pre- and postprocessing,
CALCOSOFT-2D can now be tailored to fit various
particular needs in the field of macroscopic ESBcpss
analysis, providing in-depth understanding of the
influence of interacting process conditions and
parameters to decrease the industrial process
development costs and cycle time, validate a new
process design or to find an optimum process window
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