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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
manuscript in this collection (a few were granted to present without an accompanying manuscript).

The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal

Production and NanoSim.
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ABSTRACT

The electroslag remelting (ESR) process, which is used to pro-
duce large ingots of high quality, bases on controlled solidifica-
tion and chemical refinement mechanisms and is essential for
the production of high quality steels and alloys designed for aer-
onautical, reactor chemical or nuclear applications. Due to this,
it is indispensable to enable many high technological applica-
tions. Since the spreading of the industrial application of the
ESR process in the 1960s, scientist and engineers worldwide
are trying to deepen their understanding about this process to
improve its flexibility, productivity and efficiency. Since the
process conditions are very rough and measurements are quite
costly, if possible at all, numerical simulation became the in-
vestigation tool of choice. Over the time, the models became
more detailed and more phenomena could be taken into ac-
count. Today we are able to estimate electromagnetic fields,
heat transfer, metallurgical flow and dendritic solidification in
combination with each other within a macroscopic scale, based
on actual physical models combined with the capabilities of nu-
merical computing techniques. Out of this predictions about the
influence of varied process control, or the occurring of mac-
rosegregations and other defect types, became possible. In this
paper state of the art, recent developments and critical aspects
of the modelling of the ESR process will be shown. Common
models, their strengths and weaknesses, as well as some possi-
ble approaches to presently less considered phenomena will be
presented.

Keywords: Multiphase heat and mass transfer, Solidification
modelling, Volume of Fluid, Electroslag remelting.

NOMENCLATURE

Greek Symbols

a Phase fraction, [-].

€ Electrical permittivity, [F/m].
A Heat conductivity, [W/m].

p Mass density, [kg/m®].

¢ Electrical potentiall, [V].

up Dynamic viscosity, [kg/(m s)].
U Magnetic permeability, [N/A?].
o Electrical conductivity, [S/m].
T Shear stress tensor, [Pa].

499

Latin Symbols

A Magnetic vector potential, [V s m™'].
Ay Mushy zone constant, [kg/(m® s)].

B Magnetic field, [T].

D Displacement field, [C/m?].

E Electric field, [V/m].

E Internal energy, [J].

fi Liquidus fraction, [-].

F; Lorenz force, [N/m?].

F'; Lorenz force, [N/m?].

F' 3y Mushy zone damping force, [N/m?].
F'y Volume specific force, [N/m?].
Gravitational acceleration vector, [m/s?].
Magnetic field intensity, [A/m].
Identity tensor, [-].

Electric current density, [A/m?].
Intrinsic permeability of a medium, [m?].
Pressure, [Pa].

Q, Joule heat, [W/m’].

Q. y Latent heat, [W/m?].

Qs Heat source, [W/m?].

t Time, [s].

T Temperature, [K].

u Velocity vector, [m/s].

¢ Electrical potential, [V].

ﬁpq\NmQQ

Sub/superscripts

T Transpose

ef f Effective quantities
i Index

INTRODUCTION

The electroslag remelting respectively electroslag refin-
ing or electro-flux remelting (ESR) is a method to refine
metals using a molten slag that is electrically heated up
(Hoyle, 1983). It is applicable to a broad diversity of al-
loys and steels, for example titan- or nickel based alloys
and tool steels. Hence, due to its outstanding chemical
purification capabilities, it is vital for the production of
certain kinds of highly stressed materials, especially
those with aerospace, deep sea or reactor technology ap-
plications. Like the variety of materials and applications,
several process variants based upon the ESR process ex-
ists (Nafziger, 1976, Hoyle, 1983).



In this paper, the ESR process and its common modelling
methods will be described. Furthermore, we will discuss
recent simulation approaches and their contribution to
possible enhancements of general ESR simulations.

Process description

Figure 1 shows a schematic diagram on the advanced
stage of an exemplary ESR process.

The electrode is attached to a rod by a stub, through ver-
tical movement of the rod the electrode is immersed into
the slag. With the application of an electrical current (al-
ternating or direct current) the slag, due to its high re-
sistance, heats up and gets molten. The electrode influ-
enced by the slag’s temperature and its immersion depth
begins to melt; at the bottom of the electrode a film of
molten metal collects into droplets, finally falling
through the slag layer, starting to form a liquid metal
pool. Due to the water cooled copper mould the liquid
metal starts to solidify from outside to inside, while the
liquid metal pool sustains till the process is stopped. The
zone in between the liquid metal and the already solidi-
fied metal is called mushy zone. Due to solidification and
cooling of the metal an air gap is formed between elec-
trode and mould, also a solidified slag layer is brought
from the slag area to the solidified metal surface (more
detailed shown in Figure 3), both effects have an critical
impact on the heat transfer between solidified metal and
mould (as well as on electrical conduction).

}Rod |

[Stub |

3 b Mould |

4 } Electrode |

N - Drop formation |
0 - Slag layer |
i . z 4{ Liquid metal pool |
“ 4{ Mushy zone |
|
|
|

4{ Alr gap

Ingot

Bottom plate

Figure 1: Schematic diagram showing an advanced
stage during the ESR process.

Generally, the ESR process should reach some kind of
stationary state, where the influence of the lower ingot
can be neglected over the time. During these stationary
phase many process parameter of the process are held
constant, for example the electrode is generally con-
trolled to hold a constant immersion depth into the slag.
Due to the more or less stable conditions and its critical
implication to the quality of the most of the ingot, this
phase is the subject of the many ESR simulations.

MODELLING

Numerical methods became a main tool to investigate the
physical behavior of remelting processes, due to the
rough process conditions, which hinder detailed experi-
mental investigations.
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However caused by the many mutual coupled physical,
chemical and metallurgical phenomena it is not that triv-
ial to build a viable model, making the right simplifica-
tions, choosing adequate boundary conditions and bring-
ing it all together using an efficient computational
method. While the first ESR computational modelling
approaches were mostly based on handwritten finite dif-
ference codes, for example the model of Dilawari and
Szekely (1977), today modern finite volume (FV) or fi-
nite element (FE) solvers are being used.

In the following, we will describe the present, most com-
mon modelling approaches regarding the ESR process
and point out various modelling challenges.

The simulated area is typically reduced to the areas de-
scribed by Figure 2. Where the one zone model is proba-
bly more physical, for example including the actual be-
havior of the slag / liquid metal pool interface (Riickert
and Pfeifer, 2009, Kharicha et al., 2010), the two zone
model can be way faster, especially regarding industrial
size process geometries (Giesselmann et al., 2015).

Figure 2: Common choices for computational domains
within the ESR process, left side: one zone model ap-
proach and on the right side: two zone model approach

Usually a 2D axisymmetric simulation approach is used
to model the ESR process, but especially in the region of
the slag (see upper rectangle on the right side of Fig-
ure 2), according to Riickert (2012), Giesselmann (2014)
or Karimi-Sibaki et al. (2016) this approach is only valid
for the droplet behaviour in small lab scale size elec-
trodes. It is not valid for industrial scale sized processes,
as demonstrated by the non-axisymmetric dripping off
behaviour, shown by the results from Kharicha et al.
(2011) for full 3D models of industrial scale ESR plants.
However according to Karimi-Sibaki et al. (2016) a 2D
axisymmetric approach will be sufficient to model the so-
lidification of larger ingot sizes. These findings are quite
important since a 3D simulation of the whole process,
speaking of real process times greater than a few seconds,
will be quite unrealistic for the coming years, even utiliz-
ing the power of many core CPU clusters. So working out
the right simplifications will still have a lot of impact on
future simulations.

Multiphase fluid flow

The most common modelling assumption for modeling
the fluid flow inside the slag and liquid metal will be
shown. Therefore, the Navier-Stokes equations consist-
ing of continuity equation (1) and momentum equa-
tion (2) for incompressible fluid flow will be used.
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Different volume specific force vectors account for the
induced Lorentz forces, Mushy zone damping forces and
other possible volume specific forces. The shear stress
tensor T can be described according to equation (3) using
the dynamic viscosity up and the velocity field u
(Giesselmann et al., 2015).

2
T=p ((Vu + vu®) — §V “(u- I)) 3)

To describe the behavior of the liquid metal within the
slag phase (see Figure 2) multiphase modelling ap-
proaches have to be used. Typically the volume of fluid
(VOF) method is used for these kind of problems within
FV methods (Kharicha et al., 2016, Wang et al., 2017).
The VOF technique uses a single momentum equation,
but solves these for each phase’s volume fraction of the
adapted continuity equation (4), while the sum of all vol-
ume fractions must be equal to unity as shown by equa-
tion (5).

1 (9(p; a;) _
p_l< T +V'(piaiu)>_0 (4)
MPhases
Z a =1 (5)
i=1

The interface between the different phases of the VOF
cells can be tracked via interface reconstruction schemes
(Hyman, 1984).

Short notice on turbulence modelling

A turbulence model should be used to account for the
spatially nonuniform mixing in the molten pool (Kelkar
et al., 2016) or the wake flow of liquid metal droplets in-
side the slag area. Often the standard k-epsilon model is
used for describing the turbulent phenomena in ESR
flows. However, with regard to Dong et al. (2016) using
the RNG k-epsilon model may be more appropriate, due
to the lower Reynolds number flow. While Giesselmann
et al. (2015) is using the realizable k-epsilon model. As
the realizable k-epsilon model, according to the ANSYS
Theory Guide (ANSYS, 2017), has shown the best per-
formance of all the model versions for several validations
studies of separated flows and flows with complex sec-
ondary flow features.

Details about the above mentioned models can be found
in the ANSYS Theory Guide (ANSYS, 2017). Depend-
ing on whichever turbulence model is chosen, equa-
tion (1) to (6) may vary.

Energy equation

With the use of a RANS turbulence model the energy
conservation can be described via equation (6) addition-
ally defining the Joule heating Q; as well as the latent
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heat Q,y, taking care of solidification and melting heat,
and possible other volumetric specific source terms Q.

a(gtE)+V-(u-(pE+p))

+ Qs

(6)

MHD equations

The electromagnetic field occurring during the ESR pro-
cess can be described using the macroscopic Maxwell’s
equations (7)-(10), neglecting the occurrence of displace-
ment currents (0D /dt = 0).

oD
VXH:]-I-E (7)

oB
VXEz—E (®
V-B=0 9)
V-D=0 (10)

Furthermore, neglecting magnetization and polarization
effects and assuming isotropic material behavior, the
Maxwell equations can collectively be applied with the
following material equations (11)-(13).

B = uH (11)
D =¢E (12)
J=0(E+uxB) (13)

Depending on the process geometry, the electrodynamic
calculation should include the mold walls as well, to en-
sure a more accurate prediction of current flow and heat
distribution in case’s currents entering the mould
(Kharicha et al., 2008). To describe the electrodynamic
behavior various formulations can be used, for example
the induction equation including various simplifications
may be applied, but using the magnetic vector potential
(A — ¢) method seems to be the method of choice regard-
ing more complex simulations. The A — ¢ method states
that due to equation (9) the magnetic field can be de-
scribed with the rotation of an vector potential A (equa-
tion (14)). Introducing this approach leads to another de-
gree of freedom, which can be dealt with introducing the
gradient of a scalar function ¢, which allows the electric
field E to be described by equation (15).

B=VXxA (14)
dA
E=-——-V¢ (15)

By using these equations, the Maxwell and material
equations are put to one equation (16). As described by
Kost (1994), the Maxwell equations can then be solved
numerically utilizing a suitable gauge condition for the
divergence of A.
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Since the time step size for the calculation of changing
electromagnetic fields is usually significantly smaller
than the time step size used for the solution of the multi-
phase flow, the magnetic vector potential equation should
further be simplified for stationary DC current or be
solved in harmonic manner for the application of sinus-
oidal time varying currents.

The resulting quantities of the Lorentz force F; used in
the momentum equation as well as the Joule heating Q,
term used in the energy conservation equation can be de-
rived using the general equations (17) and (18).

F,=]JxB 17)
1

g

Q (18)

Solidification

According to literature, a frequently used approach to
model the macroscopic behavior of the solidifying metal
during the ESR process is an enthalpy porosity technique
introduced by Voller et al. (1990), assuming a dendritical
solidification, where the interdendritic flow follows
Darcy’s law (equation (19)).

_bp

Vp =
p Ku

(19)

Here the so called mushy zone constant A4, is used to de-
scribe the ratio between viscosity and permeability, as
shown by equation (20). The function to calculate the lig-
uids fraction f; from the current temperature of the metal
should be chosen in good agreement to the material be-
havior, for example the Scheil equation might be applied
to various alloys.

HUp 1-f
= Ay
K  f7+0.001

(20
As a result, velocity and turbulence quantities are low-
ered significantly in the mushy region. To determine the
mushy zone constant the flow around the dendrites may
be calculated, for example using the Lattice Boltzmann
technique as shown by Bottger et al. (2016). However
usually more simple approaches, for example the
Kozeny—Carman equation, are used to approximate the
permeability K over different liquidus fraction ranges
(Singh et al., 2006).

MODELLING CONSIDERATIONS

Even if the general modelling approaches are quite clear
regarding the main fields and phenomena occurring in-
side the ESR process, there are still some difficulties to
deal with. In this section, we will describe some of the
recent problems which emerged out of past modelling ap-
proaches.
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Material data and electro chemical behavior

As often in CFD simulations appropriate material data is
crucial for the calculation of plausible results. Since the
thermal conditions inside the ESR process are very rough
accurate measurements of density, viscosity, surface ten-
sions and diverse electrical or thermal properties are not
that easy, if possible at all. Therefore, often Computer
Coupling of Phase Diagrams and Thermochemistry
(CALPHAD) methods are being used to predict the high
temperature material properties. Of course, using calcu-
lated material data brings another kind of uncertainty to
every simulation, which generally requires some more ef-
fort in form of extensive sensitivity studies on these prop-
erties. Therefore, the research on high temperature mate-
rial property measurement is an indispensable condition
for the enhancement of ESR simulations.

Further problems are for example that in DC operating
ESR processes the slag might undergo some electrolysis
reactions, inhomogeneously influencing material proper-
ties and chemical purification reactions, but accounting
for these kind of phenomena within a simulation will be
quite costly speaking of modelling effort and computa-
tional expense.

Electrode melting

The actual and changing shape of the electrode during the
ESR process is of high interest, because of its influence
to the film thickness and the actual dropping behavior of
the liquid metal, which are a main indicator for the puri-
fication potential during the process.

Karimi-Sibaki et al. (2015) have shown a first dynamic
mesh based approach to model the shape of the electrode
during a ESR process, but it is still missing some essen-
tial aspects already implemented into the most other ESR
models.

Solidification phenomena

Due to solidification of the slag near the mold a thin slag
skin layer is formed, which can be observed after the
mould is removed from the ingot. This slag layer influ-
ences the heat- and electrical conductivity between
mould and slag/ingot. Furthermore, with beginning of the
solidification an air gap is formed between mould and in-
got caused by thermal shrinkage and thermally induced
stresses inside the ingot; also influencing the heat flux
between ingot and mould.
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Figure 3: More detailed view of the computational re-
gion of the 1 zone model approach (Giesselmann et al.,
2011) (modified)

Eickhoff et al. (2014) described an air gap developing
model for the improved estimation of the air gap caused
by thermally induced shrinkage, to improve the predic-
tion of heat transfer between ingot and mould.

In many ESR simulations the slag skin is typically incor-
porated using a constant assumed slag skin thickness, in
the best cases based on physical investigations of the rep-
resented process. Often these slag skin layer is assumed
to electrically insulate the ingot area against the mould.
However results of Kharicha et al. (2008), Kharicha et al.
(2013) and Hugo et al. (2013) indicate that these assump-
tion may not be right in many cases, which is essential
for heat distribution and the simulated electromagnetic
field and therefore probably should be context of further
investigations.

Furthermore Yanke et al. (2015) incorporated the slag de-
velopment of the slag skin into their ESR model, using
the VOF technique, achieving quite accurate results.

Mushy zone

As mentioned in the previous section the solidification is
modeled via the enthalpy-porosity approach, which can
be applied assuming only dendritically solidification in
the mushy zone area. Nevertheless it should be men-
tioned that according to Sinha et al. (1992) an anisotropic
approach may be more appropriate than the isotropic ap-
proach described above in some cases.

Another problem is the that according to Giesselmann
(2014) equiaxed crystal growth may occur in small sized
laboratory ESR plants, in which case the aforementioned
approaches are unsuitable. In the future other models
available, see Wu et al. (2014), that also account for pos-
sible equiaxed crystal growth could be used.

Solidification Defects

The simulations of fluid flow, temperature and solidifi-
cation are essential for understanding of the physical be-
havior during the ESR process. Nevertheless, the most
relevant findings, at least for the industrial application of
the numerical models, are the investigation or prediction
of possible material defects, which might been intro-
duced into the remolten ingot by using bad process pa-
rameters. As most solidification defects are introduced in
the solidification area, for example the mushy zone, their
simulative prediction strongly relies on the accurate mod-
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elling of the solidifying area. Since the methods for pre-
diction of certain defects, for example freckles or mac-
rosegregations, are strongly related to the used metal or
alloy, they will not be further covered within this paper.
Nevertheless, it is important to notice that all the results
of the possible defect prediction methods depend on the
aforementioned problems settings.

EXEMPLARY RESULTS

To facilitate some more insight into the process’s simu-
lation some results from the least year’s research on ESR
modelling at the Department for Industrial Furnaces and
Heat Engineering (IOB) of the RWTH Aachen Univer-
sity will be shown. In Figure 4 some exemplary pictures
for the slag area of a 2D axisymmetric ESR simulation
are shown. The results are computed via coupling of sim-
ulations utilizing ANSYS Fluent and ANSYS EMAG. A
regular sized rectangular mesh with a mesh size of around
0.5 mm is being used for the CFD and the electromag-
netic simulation as well. The general simulation strategy
is described in Giesselmann et al. (2011). It can be seen
that the phase distribution has direct impact on the cur-
rent distribution, which directly influences the joule heat
generation shown in Figure 4, as you would aspect.

Joule heat in W/m*

35EH9
30E+09
2.5EH9
20E+09
1.5E+09
1.OE+09
S.0E+08
0.0E+HD

Figure 4: Exemplary view of 2D asymmetrical ESR
simulation of small size ESR plant, diameter ~11 cm,
metal phase is drawn in black, black line in Joule heat
contour plot represents the liquid metal isosurface line,
vectors representing the velocity inside the slag phase

In Figure 5 the results in the metal zone/ingot of an ESR
simulation with not appropriate parametrisation can be
seen. The simulation strategy of these “second zone”
within a two zone modelling approach is shown in
Giesselmann (2014) or Giesselmann et al. (2015).

The illustrated results (Figure 5) were generated during a
parameter study investigating the impact of different slag
layer heat conductivities, mushy zone constants and air
gap thicknesses. Obviously, the cooling effect of the
mould is excessively low in this simulation, which leads
to a deep liquid metal bath, and no solidification at the



mould walls in the recirculation area. This behaviour is
not expected in a real ESR process.

Temperature: 400 800 1200 1600 2000

-0.05
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Figure 5: Contour of metal phase area of an inappropri-
ate parametrized ESR simulation

At last, some notice should be given to the common val-
idation method regarding ESR simulations. Since meas-
urements at ESR plants are difficult to make during the
stage of operation, typically the solidification line is de-
termined out of the primary growth direction of the me-
tallic grains/dendrites, extracted from prepared cross sec-
tions of a remolten ingot, as shown in Figure 6. This so-
lidification line is taken as validation criteria by many au-
thors.

Figure 6: Cross section of etched ESR ingot with plot-
ted solidification line (Giesselmann, 2014)

However, due to the many influencing factors to the so-
lidification area combined with the many uncertainties in
boundary conditions, material data etc., it cannot be guar-
anteed that a matching solidus line is sufficient to vali-
date the whole process simulation.

CONCLUSION AND OUTLOOK

In this paper, we gave a short comprehension of the ESR
process and its current modelling approaches.

Even if the general modelling strategies and necessary
field equations are sufficiently elaborated at the current
time. There are several insufficient investigated phenom-
ena, whose impact on the simulation accuracy are quite
uncertain, for example the slag behavior in DC operation
or the changing of the shape of the electrode during the
process.
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Further progress could be gained by improved under-
standing of the processed materials properties at high
temperatures, since they are also a subject of uncertainty
for many simulations.

Furthermore, new experiments investigating and validat-
ing boundary conditions would improve current models,
for example, heat flow measurements through the mould
wall may give further conclusions about the right treat-
ment of boundary conditions and thereby strengthen the
solidus line validation criteria/method.

To sum it up, it will still need quite some time to figure
out a commonly efficient and consistent solution strategy
for the ESR process simulation, also including important
phenomena like the electrode shape simulation, slag
layer- /air gap formation, defect occurrences and ac-
counting for relevant 3D flow phenomena. As transient
full 3D simulations of the whole process will not be a
feasible option during the next years, due to the required
computing power.

Furthermore, this will be difficult since it should be gen-
erally possible to simulate a decent range of real process
time, to allow some phenomena to actually affect the so-
lidification area and therefore the simulated solidus line,
which is an import criterion for many investigations.

At last, it should be mentioned that due to the variety of
problems and phenomena in the ESR process, simulative
solutions or solution approaches might also influence the
research on other more or less related (metallurgical) pro-
cesses.
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