An attempt to model electrodechange during the ESR process
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Abstract. The electrode change technology is usegdroduce very large heavy ingots in which a
number of electrodes are remelted one after another during the ESR process. Preparing the new
electrode for remelting requires a certain peridctime when the electric current is stopped
(power off). Here, CFD simulation is used to study the behavior of a large scale ESR process
during the electrode change (pewoff). Firstly, the electromagtie, temperature, and turbulent

flow fields in the process before electrode deare modelled. Mold current and thermal effect

due to shrinkage of ingot is considered in thedel. Then, a transient simulation is performed and

the response of the system to the power off is continuously tracked. It is observed that the pool
profile of ingot is preserved before and after electrode change. Details of the flow and temperature
distributions during electrode change presented in the paper.

1. Introduction

Nowadays, the demand for very large heavy isget 100 tons) through ESR process is increased
especially in chemical, oil and gas industry. Rigdg a large ingot by ESR process is quite a long
process that might take several days. Manufamjuml large ingot requires electrode change
technology in which several smaller electrodes mmelted to produce one big ingot. Special care
must be taken to avoid internal and surface deféating electrode change due to power interruption
in the system.

The entire electrode change procedure is dividatrae steps. Firstly, within a very short time
(< 5 min), the electric power is turned off, andie@w preheated electrode is prepared to replace the
remelted last one. Secondly, the electric powexgigin turned on. Consequently, the temperature of
the new electrode rises to reach the melting teatpe. Finally, the melt rate increases until reaching
the target melt rate. As stated by Holzgruber fij,traceable change in ingot internal composition
was observed during the power interruption. HoweWwdatushkina [2] reported slight defects of
surface during electrode change. Jackson [3] mouittivermal field in mold using thermocouples to
analyze heat balances across the ingot during pmtearuption. It was observed that solidification
occurred much more rapidly at the pool periphery rathem in the ingot center. It was also found that
gross changes in structure and composition gbtirare not expected unless power interruption lasts
for too long.
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There are only few reports available on this topic. As such, further investigation is required to
clarify the influence of power interruption on the process. It is a very first attempt to model electrode
change based on CFD simulation. Here, a numestaly is conducted in which the interaction
between the turbulent flow, heat, and electromagnetism are taken into account. The model includes the
effect of interface motion between molten slag and melt pool. A short collar mold ESR process is
studied in which the system behavior is contiumlyp tracked. Formation of surface defects is not
explicity modeled. The thickness of slag skinkipt constant during the whole simulation. This
assumption is based on the industrial measurement of skin thickness in plant trial for our case study
where a uniformly thin layer is observed along the whole ingot.

Here only results including details of velodiyd temperature fields regarding to the first step of
electrode change procedure (power off) is preseiitee.melt pool profile is used as an indicator of
the internal quality of ingot. Furermore, variations in heat flax through boundaries are discussed.

2. Model

A 2D axisymmetric computational domain with short collar mold is considered [4]. The
computational domain includes electrode, mold, slag, and ingot. The Finite Volume Method (FVM) is
used to model turbulent flow, temperature, and electromagnetic fields. $Hermulation is applied

to compute the electromagnetic field in the whole domain whérehe electric scalar potential and 4

denotes the magnetic vector potentidl x4 = B). Details of A-¢ method applied to solve the
electromagnetic field for ESR process were describadhayicha [5]. Note that, the electric current is
allowed to cross the slag skin layantering into the mold before electrode change (power off) [6-9].
After computing the magnetic field), the Lorentz force and Joule heating are calculated and added
as source terms to momentum and energy equations.

The flow field in slag and melt pool is cdlted. The drag resistance of the dendritic mushy zone
to the flow is taken into account using the waibwn Blake-Kozeny permeability model [10]. Using
the previously described model for droplets as massnentum, and energy carriers, the impacts of
falling droplets are taken into accolihi]. Furthermore, the model includes the movement of slag and
melt pool interface.

The turbulence is modeled using Scale-Adaptiveution (SAS) approach. The advantage of model
is the resolution of turbulent spectrum in unstdlole conditions such as interface movement [12].
The temperature field is modeled by solving an enthalpgdnservation equation:

%(ph)w.(pah) =V-(AVT)+0+S,, 1)

Where {) is thermal conductivity,p{ is density, €) is velocity, () is temperature,d) is Joule
heating, andy ) is the source term for treating latent hed¢ased by solidification of the ingot:

Sus === (pfL) - pLiEVS @)

In Eq. 2, L) is latent heat of fusionyd) denotes the casting velocity arffi¢ the liquid fraction. A
constant thickness of slag skin (~ 5 mm) is asslfoethe whole simulation. A combined convection-
radiation condition is considered for slag freafate where the emissivity coefficient is 0.8.
Furthermore, formation of air gap between slag sayer and mold due to shrinkage of ingot is
modeled. For the latter, the contact between slagakd mold wall is empirically assumed to be lost
once the temperature at mold wall becomes 100 K |divger alloy solidus temperature. At the contact
region the heat is conducted through slag gkinthe mold. Otherwise, a combined radiation-



International Symposium on Liquid Metal Processing & Casting 2015 (LM PC2015) 10OP Publishing
IOP Conf. Series: Materials Science and Engineering 143 (2016) 012006 doi:10.1088/1757-899X/143/1/012006

convection condition is used to model heat tran#iesugh the air gap. Therefore, a fully coupled
simulation is performed including the effect of molatrent and the thermal effect of solidifying ingot
shrinkage. A summary of parameters used in the simulation is described in Table 1.

Table 1. A summary of parameters used in the simulation.

Mater. properties Slag Steel Operation parameters
Density (kg.n) 2440 7000 Ingot diam. (m) 1.979
Viscosity (Pa.s) 0.01 0.0062 Elec. diam. (m) 1.1
Specific heat (J.K§ 1255 500-800 Ingot length (m) 1.245
Lig. therm. cond. (W.mk™) 1.5-5 25-40 Slag height (m) 0.307
Sol. ther. cond. (W.fhk™) 0.5 16 Melt rate (kg.ht) 2200
Ther. exp. Coeff. (K) 0.0001 0.00011 RMS current (kA) 46
Liquidus temp. (K) 1715 1773 Freq. (Hz) 0.2
Solidus temp. (K) 1598 1668 Power (MW) 2.407
Lig. e. cond. (ohm.m™) 180 8.8x10 Elec. change time (s) 175
Sol. e. cond. (ohthm™) 15 8.8x10

First, the process is simulated befoetectrode change, and temperature, velocity, and
electromagnetic fields are obtained. Afterwartie following conditions are imposed on the system
during the first step of electrode change (pow€x. @he electric current is stopped flowing through
the system, thus the Lorentz force and Joule hgatie vanished. The electrode melting is ceased (no
droplets), and subsequently the casting velocitghanged to zero. Additionally, the whole slag
surface is considered to be exposed to the air.

3. Results and discussions

Figure 1 shows the modeling results of process before electrode change (power interruption) including
magnetic flux density, current density, velocity, tenapere, turbulence kinetic energy, and turbulence
effective thermal conductivity. The generated powethe process is slightly oscillating around the
average value (~ 2.4 MW) due to interface movement. As shown in Figure 1(a), a portion of electric
current (~ 5%) enters to the mold in slag zorentheturns to ingot through the contact region (mold

and melt pool). The standing height (liquid metal iredi contact to mold) is influenced by the mold
current [11, 13]. The flow and temperature distridng are shown in Figure 1(b). The flow is rotating
clock-wisely (converging flow) under the edge of eled# in the slag zone that indicates the Lorentz
force is dominant. However, the flow is governedtogrmal buoyancy and droplets impact in the bulk

of liquid melt pool. Stronger flow under the shadow of electrode is due to the effect of droplets that
bring momentum and thermal energy to melt pool. Furthermore, the movement of slag-melt pool
interface certainly intensifies the flow in the liquid melt pool [14]. The maximum elevation of
interface is observed to be around 7 mm in the simulation. Kharicha [15] reported a maximum
elevation of 30 mm for a smaller scale ESR system (Diam. ~ 0.6 m). Nevertheless, with the increase of
system size, the current density which is proportional to the inverse of square of diameter decreases in
the domain. As such, a smoother movement tdriace is expected. Additionally, the temperature
distribution and isolines of solid fraction (inditcay pool profile) are shown in Figure 1(b). The
temperature field is relatively uniform in the melt pool and slag indicating rigorous mixing in the
system. The slag is very hot under the shadowesitrelde where the current density and subsequently
released Joule heating is high. The distributionsidfulence kinetic energy and turbulence effective
thermal conductivity are shown in Figure 1 (c). Thebulence kinetic energy is as notably strong in
melt pool as in the slag region. Strong turbakenn liquid melt pool has been also reported by
Kharicha [16-17] after simulation of the electrodelting in a fully coupled 3D simulation. It must be

noted that a region of intense turbulence is createdpper part of melt pool because of interface



International Symposium on Liquid Metal Processing & Casting 2015 (LM PC2015) 10OP Publishing
IOP Conf. Series: Materials Science and Engineering 143 (2016) 012006 doi:10.1088/1757-899X/143/1/012006

movement. As shown in Figure 1 (c), the effegtithermal conductivity of slag can dramatically
increase (~ 150 W.mK™) in the bulk due to strong turbulence. Therefore, the energy transfer is
efficiently increased, and it leads to relativalpiform temperature in the slag. However, the
turbulence is damped near the walls and slai-mool interface wherdhe effective thermal
conductivity of slag is in the same magnitwdehe molecular thermal conductivity (~ 5 W-rK™).
Snapshots of flow, temperature, and solidificatiorirduthe first step of electrode change (power off)
are illustrated in Figure. 2. The pool profile is slighnfluenced near the mold wall where the cooling
rate is large. However, the flow distributiontagally altered. The clock-wise rotating vortex under the
edge of electrode (converging flpwlisappears in slag zone. During power interruption, the flow is
completely driven by buoyance force results in caualeck wise rotation of flow (diverging flow) in
the slag. Furthermore, the magnitude of velodiégreases in the bulk as the time proceeds whereas
the flow is still strong near the mold wall due to thermal buoyancy. The temperature response is
observed to be much slower than flow response to the power interruption. Based on the simulation
result, a minor impact on the pool profile is observed during power interruption.

The heat loss through the slag free surface and mold normalized by their magnitudes before power
interruption is plotted against time as shown in Feg3: The amount of heat loss through the mold (~
0.9 MW) remains almost constant since the thicknestagfskin is invariablédowever, the heat loss
through slag free surface (slag-air interface) duriegtebde change is notably larger compared to the
value before power interruption (~ 0.8 MW). The hieats through slag free surface is intensified at
the beginning of power interruption due to increase in contact area between slag and air. As time
proceeds, the temperature of slag at free surfi@oeeases. Consequenttiie convective-radiative
heat loss at slag free surface is decreasingrwdigs, increase in heat loss through slag-air interface
is observed once again. Because of thermal buoyareyalder liquid slag on the slag-air interface
sinks whereas hot liquid slag moves toward the fsarface. This behavior of flow is clearly
demonstrated in Figure 2(e-f).

According to our investigation, it is evenspible to solidify slag at the free surface. Nevertheless,
it is highly unlikely that solidified slag layersofit on the surface because of having higher density
compared to the liquid slag. Most probably, theafing solidified slag pieces sink into the hot slag
bath where they remelt once again.

Note that the entire electrode change proceduret only the first step (power off). The procedure
also includes heating of the new electrode until reaching melting temperature (second step) and
remelting of the electrode until reaching the targelt mae (third step). Generally, those steps take
much longer time (~ 30 min) compared to the fatgp (power off). During second and third steps,
operation conditions of process such as input pawemelt rate are dynamically changing. Further
investigations are required to explore the areof the process during second and third steps.



International Symposium on Liquid Metal Processing & Casting 2015 (LMPC2015) 1OP Publishing
IOP Conf. Series. Materials Science and Engineering 143 (2016) 012006 doi:10.1088/1757-899X/143/1/012006

- H _
<l
: |

Magfd. (Tesh '~ C-den. (A/f)
[ R | H T |
0.0001 0.016 1 8.7x10

Temp. (K) Turb.-kin.-ene.(#/s?) N Eff.-ther.-cond.(W/m. K)
14 cmi's - - - [ R - wm E
800 1920  1x107 0.0012 3 300
(b) (c)

Figure 1. (a) Left: contour of magnetic flux densiBight: contour of electric current density (red
arrows show direction of electric current), (b) t_efectors of velocity, Right: contour of temperature
overlaid with isolines of solid fraction, (c) Leftontour of turbulence kinetic energy, Right: contour
of turbulence effective thermal conductivity in slag and melt pool.
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Figure 2. Snapshots of dynamic change of thermadleelocity fields at different times during power
off: (@) =10s, (b)x 40 s, (cy=80s, (d)x 120 s, (ey= 150 s, (f)i= 175 s, Left: vectors of velocity,
Right: contour of temperature ovedaith isolines of solid fraction.
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Figure 3. Normalized heat loss through slag-air interface and mold wall is plotted versus time during
the first step of electrode change (power off).

4. Summary

Producing a large ingot by ESR process requirestrelde change technology in which a number of
smaller electrodes are remelted one after anotherel€orode change procedure is divided into three
steps. Firstly, the electric powertigned off (power off), and the end of remelted electrode is replaced
by a new preheated electrode. Secondly, the electriepevurned on again, and the new electrode is
heated to its melting temperature. Finally, thes idectrode is continuously remelted until reaching
target melt rate. Here, the influence of powerritngation on a large scale ESR process during the first
step of electrode change (power off) is studied using CFD simulation tool. A 2D axisymmetric
computational domain is considered where the slag-melt pool interface is allowed to move. The
interactions between turbulent flow, electromagnetic, and temperature fields are considered. The
current is allowed to flow through the short collar mold used in the pro&ddgionally, the thermal

effect of shrinkage of ingot is taken into account in the model. The behavior of system during
electrode change including details of flow, anchperature distributions as well as heat loss through
boundaries are discussed. Generally, the pool profilséd as an indication of ingot internal quality.
Therefore, preserving the original pool profile bef@and after power interruption is a symptom of
maintaining ingot quality. According to simulation results, changes in pool profile of ingot are
insignificant during the short period of electroderay (power off). The current study included only

the first step of electrode change procedure. Fuitvestigations are required to explore the behavior

of process during second and third step of electrode change procedure.
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