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Abstract: At some stage in the production of every metal
part or product, the metal material has been melted and
solidified to form the primary or final shape as well as
the as-cast structure. Quantitative prediction and control
of solidification and melting has been, and remains, the
most critical issue in the metallurgical industry. Example
questions currently raised by the Austrian metallurgi-
cal industry, which is one of the key economic sectors
of this country, are as follows: in thin-slab casting, how
does the solid shell form and interact with turbulent
flow? How can the electro-slag-remelting (ESR) process
be better understood and controlled (stabilized)? How can
metallurgical imperfections (macrosegregation, porosity,
non-metallic inclusion, surface crack, etc.) in castings be
predicted and minimized? Therefore, a Christian-Doppler
laboratory—Advanced Process Simulation of Solidifica-
tion and Melting was established in July 2011 with the
final goal to address the questions mentioned above. This
article reports on some progresses.

Keywords: Process simulation, Solidification, Melting,
Thin slab casting, Electro-slag-remelting

Prozesssimulation von Erstarrungs- und
Umschmelzvorgangen

Zusammenfassung: So gut wie jeder metallische Werk-
stoff wurde im Laufe seines Herstellprozesses ein- oder
mehrmals er- bzw. umgeschmolzen und anschlieBend er-
starrt. Dabei bildete sich ein Gussgeflige mit charakteris-
tischen Gefligemerkmalen (KorngréRe, Textur, Lunker, Po-
ren, Seigerung, usw.), welche die Gebrauchseigenschaf-
ten des Produkts wesentlich beeinflussen. Quantitative
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Prognosen zur Kontrolle von Schmelz- und Erstarrungs-
vorgangen sind deshalb in der gesamten metallurgischen
Industrie von entscheidender Bedeutung. Beispielsweise
werden folgende Fragen von der 6sterreichischen metal-
lurgischen Industrie, welche als einer der 6konomischen
Schllsselsektoren des Landes gilt, aufgeworfen. Wie
bildet sich die Strangschale von Strangguss im Kokil-
lenbereich und wie interagiert diese mit der turbulenten
Stromung? Wie kann der Elektro-Schlacke-Umschmelzen
(ESU) Prozess besser verstanden und gesteuert (stabili-
siert) werden? Wie konnen die metallurgisch unerwiinsch-
ten Imperfektionen in den Gussteilen vorhergesagt und
minimiert werden? Zur Klarung dieser Fragen wurde im
Juli 2011 ein Christian Doppler Labor flir Prozesssimula-
tion von Erstarrungs- und Umschmelzvorgangen einge-
richtet. Uber diesbeziigliche Forschungsfortschritte wird
im Rahmen dieses Artikels berichtet.

Schliisselworter: Prozesssimulation, Erstarrung, Schmel-
zen, DinnbrammengieRen, Elektro-Schlacke-Umschmel-
zen

1. Introduction
1.1 State-of-the-Art

One of the major scientific challenges in developing a
solidification and/or melting model lies in the requirement
to bridge the length scales, i.e. to incorporate and account
for small-scale physical phenomena in large-scale models
or vice versa. This multi-scale/multi-phase/multi-physics
nature of solidification and melting can be seen schemati-
cally in Fig. 1. In the last decades, numerous numerical
models of solidification processes have been proposed
[1-6], but no single model has been able to span the entire
range of length scales from the process level of industrial
interest (~m) down to the atomic scale (~A) due to the
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Microstructure scale (~pum)

Fig. 1: Solidification—multiphase and multiple length scale problem

limitation of computational capacities. Therefore, a trend
for the process-modelling of solidification/melting is to
incorporate the interfacial phenomena occurring locally
below the micro-structural scale into the global solidifica-
tion process with a volume averaging approach [1, 2, 7].

With the volume averaging approach, a casting of
industrial interest can be divided (discretized) into the rep-
resentative volume elements (grid scale ~ mm). The mac-
roscopic transport phenomena, such as mass, enthalpy,
and species, are numerically solved based on these vol-
ume elements. All the microscopic phenomena occurring
at the interfacial scale, such as the mass transfer due to
solidification/melting, solute partitioning at the interface,
release of latent heat, momentum exchange between
phases with relative motion, will be volume-averaged in
the representative volume element. Solidification kinet-
ics and multiphase hydrodynamics will be coupled. A
series of volume-averaging solidification/melting models
have been developed by different researchers in the last
decades. Significant contributions have been made by the
current authors. Some of these models are summarized in
Table 1.

In comparison to solidification, research on melting
is relatively scarce [39]. In the past few years, remelting
technologies have played an increasingly important role
in the metallurgical industry, and the number of Electro-
Slag-Remelting (ESR) and Vacuum Arc Remelting (VAR)
units is increasing. Currently, ESR and VAR are commonly
used; however, far-reaching investigations at the industrial
scale in particular have rarely been published.There is still
a great demand for more knowledge on these processes,
and how to optimize the production processes regarding
to the alloy quality and energy efficiency is still a remain-
ing question. Some modelling efforts have also been made
[40-44]. We know that the ESR is a process which involves
two liquids: liquid steel and liquid slag. From a fluid
dynamic point of view, the ESR process is a multiphase
process, with a free interface (liquid steel/liquid slag), and
with a mixed area (slag and falling steel droplets). The
authors recently used the magneto-hydrodynamics (MHD)
method to study the ESR process with a special focus on
the multiphase flow phenomena in the slag and melt pool
[45-47]. The full coupling between the phase distribution

and the electric current gives answers to many questions
and permits modelling not only the averaged behavior of
the process but also its dynamic behavior.

1.2 Faced Challenges and Planned Modules

Quantitative prediction and control of solidification/melt-
ing has been, and remains, the most critical issue in the
metallurgical industry.This Christian-Doppler laboratory is
going to apply the solidification models mentioned above
to investigate the solidification/melting related issues
raised from industry. Examples of questions from the met-
allurgy industry are as follows: in thin-slab casting, how
does the solid shell form and interact with turbulent flow?
How can the electro-slag-remelting (ESR) process be bet-
ter understood and controlled (stabilized)? How can met-
allurgical imperfections (macrosegregation, non-metallic
inclusion, surface crack, etc.) in castings be predicted and
minimized? Following the priority of the industry demands,
two projects, here called ‘Modules’, are initially run.

Module I: Hydrodynamics in thin slab casting. Thin slab
casting (TSC) has a great potential to replace the conven-
tional slab casting for producing flat/strip products. The
industry practices, however, have shown some drawbacks:
sensitivity to breakout, edge cracks, and so on. The goals
of this module are to refine and apply a mixture solidifica-
tion model to predict the shell formation in the thin slab
casting, with a focus on the turbulent flow and its impact
on the two-phase mushy zone; to use this model to study
the interaction between the melt flow and surface slag,
including the transport phenomenon of the torn slag in
the melt; and finally to assist the industry in optimization
of the submerged entry nozzle (SEN) and mold design.The
industry partner of this module is RHI AG.

Module II: Electromagnetic processing of dual-phase
fluids. Electro-slag-remelting (ESR) is an advanced tech-
nique for producing high quality steel ingots. Understand-
ing of the remelting process and the ability to model it,
including the complicated interaction between the molten
steel and liquid slag, is critical for controlling the ESR pro-
cess. In the early stage, a previously developed numerical
model will be evaluated with experimental data. In the late
stage process, simulations will be performed to aid indus-
try in optimization of the remelting process with respect
to both energy efficiency and ingot quality. The industry
partner of this module is INTECO special melting technolo-
gies GmbH.

2. Progress of the CD Laboratory: Selected
Simulation Examples

2.1 Solidification of Thin Slab Casting (TSC)

A key issue for modelling the thin slab casting (TSC) is to
consider the evolution of the solid shell, which strongly
interacts with the turbulent flow and, in the meantime,
is subject to continuous deformation due to the funnel-
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TABLE 1:

Overview of volume-averaging solidification models

Models Short descriptions of key features Origins  Authors’ contributions

Mixture solidification ~ Enthalpy-based model; [8-14] [15, 16]

model Mixture continuum for the mushy zone; Application in CC slab and TSC slab;
A predefined solidification path; Model evaluations;
Turbulence effect Extension for the motion of solid phase

Globular equiaxed Two phase: liquid and solid; [2,17] [18-20]

solidification model Spherical crystal morphology; Further refinements and extensions;
Diffusion governed crystal growth; Model evaluations
Flotation and sedimentation of solid

Cylindrical columnar Two phases: liquid and solid; [21,22]  [23,24]

solidification model Cylindrical crystal morphology; Model development;
Diffusion governed crystal growth; Functionality examination;
Interdendritic flow; Mechanisms of channel segregation;
Channel segregation; Application in continuous castings
Bulging and softreduction in CC

Mixed columnar- Three phases: liquid, equiaxed and columnar; [25-30]

equiaxed solidification  Cylindrical crystal morphology for columnar, and spherical for Model development;

model (non-dendritic)  equiaxed; Functionality examination;
Columnar tip tracking; Mechanisms of segregation;
Diffusion governed crystal growth; Model evaluation;
Interdendritic flow and grain sedimentation; Application in steel ingots
Columnar-to-equiaxed transition (CET);
Different segregation phenomena in steel ingot

Dendritic equiaxed Three phases: solid dendrites, interdendritic and extradendritic melts; [31,32]  [33, 34]

solidification model

Dendritic crystal morphology;

Shape factors for the grain envelope;

Growth of envelope according to Lipton-Glicksman-Kurz model;
Solidification of interdendritic melt according to diffusion

Further refinements and extensions;
Functionality examination;
Model evaluation

Dendritic mixed
columnar-equiaxed

Five phases: extradendritic melt, interdendritic melts in columnar and
equiaxed grains, solid dendrites in columnar and equiaxed grains;

[35-38]
Model development;

solidification model Dendritic crystal morphology;

Shape factors for the grain envelope;

Functionality examination;
Model evaluation

Growth of columnar primary dendrite tips (Kurz-Giovanola-Trivedi
model); Growth of grain envelope (Lipton-Glicksman-Kurz model);
Solidification of interdendritic melt according to diffusion;

Columnar-to-equiaxed transition (CET)

type mold. Here an enthalpy-based mixture solidification
model that considers turbulent flow [12-14] is employed.
This model is extended to include the motion of the
solidifying and deforming solid shell [48]. The motion of
the solid phase (u, ) in the fully-solidified strand and par-
tially-solidified mushy zone is estimated with a simplified
volume-conserved Laplace’s equation. A proper boundary
condition is required, representing solid shell sliding along
mold surface. The slab surface velocity is calculated with
the assumption of a constant tangential moving velocity
equal to casting velocity [49].

As an example, simulation results of aTSC of low alloy
are shown in Fig. 2. With the four-port SEN design, 4-con-
vection-roll flow pattern is developed. Roll A continuously
transports superheat into the meniscus region to maintain
a sufficiently high temperature and avoid premature solid-
ification of the meniscus. Roll B is assumed to facilitate
the penetration of liquid slag (dragged by the liquid melt)
into the gap to form a slag film between the strand and the
mold. Rolls C and D promote the mixing of superheat in
the wide face region, hence enhancing uniformity of the
shell in the wide face region. It is worth mentioning that a
good resolution of the solidifying mushy zone is ensured

with the help of developed numerical mesh adaptation
algorithm. In the vicinity of the side jet impingement point,
there are still about six grid points in the mushy zone
(Fig. 2b, c). Shell formation is strongly influenced by the
flow-solidification interactions. These interactions include
the resistance of the solid dendrites to the interdendritic
flow as well as the transport of the sensible and latent heat
of the liquid phase by the interdendritic flow. The moving
solid phase in mushy zone impedes the bulk flow, slow-
ing down the bulk flow gradually through the mushy zone
to the shell moving velocity. The strong impingement of
the side jet on the solidification front would significantly
reduce the growth rate of the solidification front, or cause
remelting locally. The predicted shell thickness is validated
against the experimental data from literature [50].

2.2 Calculation of Floatation of Particles in
Tundish

A discrete phase model (DPM) coupled with the turbulent
flow was applied to track the motion of particles in lig-
uid melt. The solver includes two-way coupling between
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Fig. 2: Simulation result of aTSC
[48]. a 3D distribution of the veloc-
ity field; b zoomed velocity field in
the central plane near the narrow
face; ¢ detailed velocity profile and
solid volume fraction along two
paths across the mushy zone at
the narrow face

Fig. 3: Wooden frames were
mounted on the tundish top sur-
face of the water model to capture
the float particles (/eft). The top
surface of the calculation domain
is also divided into the same
number of patches, conforming
the areas of the grid of the wooden
frame (right)

continuous and discrete phases, particle/wall interaction,
influence of turbulence on the particles, and a wide range
of the injection sub-models.

To verify the DPM solver, a water modeling experiment
on a model tundish (voestalpine Stahl, Linz) was carried
out. Plastic particles ($3.5 mm) were injected through the
nozzle. As particles are lighter (density: 950 kg/m?3) than
water, they tend to rise and finally reach the water/air sur-
face. Transparent walls of the tundish permitted to cap-
ture the particle motion during the experiment with the
speed camera. Wooden frames (Fig. 3) were mounted on
the top water surface to capture the rest particles at the
end of experiment. The captured particles by each frame
were dried and weighted. In the meantime a numeri-
cal simulation was performed. The top surface (bound-
ary) was also divided into the corresponding number of
patches, conforming the locations and areas of the grid of
the wooden frame. The comparison between experiment
and simulation is shown in Fig. 4. The model prediction
showed good agreement with the experiment along the
tundish walls.

2.3 Modelling the Transient Slag/Melt/Air
Interfaces

A volume of fluid (VOF) model is applied to track the mov-
ing interfaces. Typically for the continuous casting, three
fluid phases are involved: liquid melt, covering slag, and
air. A demonstrative simulation result of the VOF model
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is shown in Fig. 5, presenting the transient behavior of
the moving interfaces between the melt, slag and air, and
the flow pattern in the meniscus region around SEN. The
risk of entrapment of torn slag (in form of droplet) by the
bulk melt, one of the concerns of the industry process, is
found to be highly dependent on the flow pattern at the
meniscus. Therefore, it is necessary to perform such kind
of calculations to investigate the flow pattern and the pos-
sible slag entrapment. Additionally, the flow results pro-
vide valuable information to analyze the chemical erosion
of the SEN. Industry practice has indicated that the chemi-
cal erosion by the molten slag at the SEN-slag-melt triple
junction point is strongly influenced by the flow around
the SEN.

To verify the VOF model a water-oil-air modelling
experiment is performed. The water represents the liquid
steel, and the natural oil is used to mimic the slag layer.
The experimental set-up represents an under-scaled (1/3)
conventional slab casting system. A series of experiment
conditions was investigated for two different SEN designs
and six casting speeds in the range from the lowest to the
highest possible one. Figure 6 shows a preliminary simu-
lation result with the default VOF settings typically used for
solidification modelling, and a comparison with an experi-
mental result. It shows a promising agreement. Although
most physical properties of the water and oil are available,
there are still some properties which need to be deter-
mined experimentally: contact angles with the SEN wall,
surface tensions (interface energies between phases).
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Fig. 4: Comparison of the particle distribution (wt% of particles being captured by each frame) between experiment and simulation: a experimen-
tally captured particles; b numerically predicted; ¢ deviation of the predicted result from the experiment
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Fig. 5: AVOF simulation shows the flow pattern and dynamics of
melt-slag-air interfaces

2.4 Magneto Hydrodynamics (MHD) in Electric
Current Induced Flow

Electric current induced flows are present in many indus-
trial processes, such as electro slag remelting, vacuum
arc remelting, electrolyzes, DC arc furnaces, smelting,
aluminum reduction cells, and more. Studying the mecha-
nism of generation and development of the flows within a
current carrying fluid due to the interaction of an electric
current with a self-magnetic field is important in order to
improve understanding of these engineering processes. In
spite of the practical significance, some essential features
of these flows have not yet been explored.

A VOF approach is coupled with MHD to study the for-
mation and departure of a droplet beneath the melting
electrode during ESR process [51]. As shown in Fig. 7,
the electric current is strongly influenced by the phase
distribution (shape of the departure droplet). In turn, the
induced Lorentz force and Joule heat will influence the
remelting and the motion of the droplet which will further
adjust the electric current. With these interactions, two
phenomena can be anticipated: one is the fluctuation of
the electric resistance (voltage swing), and the other is the
horizontal motion of the droplet. Actually both phenom-
ena have been observed indirectly during operation of
industry processes.

2.5 Importance of Interdendritic Flow in the
Formation of ESR Melt Pool

Industry practise indicates that the crystal morphology
during solidification of the big ESR ingot is dominantly
columnar and dendritic. Here an enthalpy-based mixture
solidification model [8-14] is used for modelling the solidi-
fication of the big ESR ingot. The two-phase mushy zone is
treated as a porous media, within which the interdendritic
flow is calculated according to the permeability. The per-
meability of the solidifying mushy zone has been the topic
of many researchers. A literature survey of the mush per-
meability suitable for solidification of steel was made [52].
Some representative models are summarized in Fig. 8a.
The models can be categorized in two different groups.
Isotropic models (e.g. Blake-Kozeny model) assume that
the permeability is independent of flow direction. In con-
trast, anisotropic models (e.g. Schneider-Beckermann and
Heinrich-Poirier models) take into account anisotropy of
the permeability.

Recently, we have refined the ESR solidification model
to consider the anisotropic behavior of the flow in the
mushy zone using Heinrich-Poirier model. It is observed
that the newly implemented model can significantly
improve the prediction of the distribution of mushy zone
and pool depth, as shown in Fig. 8b.

2.6 Influence of Electric Conductivity of Slag on
the Solidification of ESR Ingot

The literature survey has raised a question about the
uncertainty of the electric conductivity of the molten slag
and solidified slag skin. The reported electric conductivity
of molten slag (o, ...) varies from 100 to 300 O'm~"; the
exact variation range of the electric conductivity of solid
slag skin (o) is not clear. Some people believe that the
solid slag skin behaves as isolation material, and some
evidence does show a significant portion of electric cur-
rent across the slag skin entering into mold. The question
above cannot be answered by the numerical model itself,
but we can address the importance of these properties in
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Fig. 6: A preliminary simulation
result of the water-oil-air interfaces
(a) and comparison with the ex-
periment (b)

Fig. 7: Calculated electric current
(left) and Lorentz force (right) dis-
tribution on the surface of a depar-
ture droplet beneath the melting
electrode during ESR process
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Fig. 8: Numerical study of the influence of the permeability models on
the predicted melt pool. a A literature survey of the mushy permeability
[52]. b Comparison of the predicted melt pools by using two differ-

the operation of the ESR process, hence to draw attention
to this issue for future study.

By altering the electric conductivity of the molten slag
and solid slag skin, the electric current will choose differ-
ent current paths. On the one hand, it modifies the dis-
tribution of Joule heat release in the slag layer, hence
influences the temperature field and solidification of the
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ent models of permeability: Case |—Blake-Kozeny isotropic permeabil-
ity model (/eft half), Case Il—Heinrich-Poirier anisotropic permeability
model (right half)

ingot. On the other hand, the distribution of Lorentz force
is strongly dependent on the electric current path, which
will modify the flow pattern in both slag layer and melt
pool, and consequently influence the solidification of the
ingot. As an example, two extreme cases are compared
in Fig. 9. Obviously, the shape of the final melt pool and
solidifying mushy zone depend strongly on whether the
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Fig. 9: Influence of the electric con-
ductivities of the molten and solid
slags on the electric current distri-
bution (a), magnetic field (b) and
temperature field and mushy zone
(c). Here the electric conductivity
of the molten slag is assumed to
be constant (5, ,..=100 Q7'm™),
but two extreme cases for the solid
slag skin are compared: Case | (left
half) with ¢_,,=0.001 Q"'m~"; Case
Il (right half) with 6_ =48 Q"'m™!

Casel 1 Casell
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electric current is ‘allowed’ to enter into the mold across
the solid slag skin.

2.7 Influence of Frequency of the Applied AC
Current

Not only the electric conductivity but also the power sup-
ply, the frequency of the applied AC current, can affect the
electric current path. At high frequency, due to the so-called
skin effect, the electric current tends to go near the extrem-
ity of the electrode and along the ingot surface. Figure 10
illustrates the effect of the frequency of the applied AC cur-
rent on the current path and the final melt pool shape and
mushy zone of the ingot. The most significant difference is
the pool depth and the standing height (distance from the
slag-pool interface to the start of solidification at the ingot
surface). Part of this study was published elsewhere [53].

2.8 Modelling of Macrostructure and
Macrosegregation

One ambitious goal of applying the solidification models
(Table 1) is to analyse or predict the macrostructure and
macrosegregation of engineering castings, but this still
relies on future enhancement of the hardware resource.
The computational expense increases relative to the
increasing number of phases. On the other hand, the
newly developed models need sufficient laboratory vali-
dations before they are implemented for applications in
engineering processes. Here two examples are shown to
illustrate some potential of those models.

A 5-phase mixed columnar-equiaxed solidification
model [35, 36] was proposed. Evaluations [38] were per-
formed by comparison with laboratory castings. Some
classical experiments of the Al-Cu ingots were conducted
and the as-cast structural information including distinct
columnar and equiaxed zones, macrosegregation, and
grain size distribution were analyzed. The final simulation
results exhibited good agreement with experiments in the
case of high pouring temperature, as shown in Fig. 11. It
was also found that the predicted as-cast structure for the
casting poured at low temperature was somehow different
from the experimental one.The casting is small (¢75x 135).

Casel

Mag-Flux-Den
(Tesla)

I 0.01

Temp (K)

I 2020

11 Casell

Casel 1, Casell

0.005 1160

0.0 303

The premature solidification during mold filling plays sig-
nificant role in the subsequent solidification. The igno-
rance of this premature solidification during mold filling
is believed to be mainly responsible for the disagreement
between prediction and experiment for the casting poured
at low temperature.

A three-phase mixed columnar-equiaxed solidification
model [28-30] was used to calculate the macrosegregation
in an engineering ingot (2.45 ton), as shown in Fig. 12.The
main features of mixed columnar-equiaxed solidification
in such an ingot were quantitatively modelled: growth of
columnar dendrite trunks; nucleation, growth, and sedimen-
tation of equiaxed crystals; thermosolutal convection of the
melt; solute transport by both convection and crystal sedi-
mentation; and the columnar-to-equiaxed transition (CET).
The predicted as-cast macrostructure and the segregation
pattern were in qualitative agreement with the reported
experimental results. Some segregation mechanisms were
numerically analyzed. Discontinued positive-negative seg-
regation just below the hot top was predicted because of
the formation of a local mini-ingot and the subsequent sedi-
mentation of equiaxed grain within the mini-ingot. Quasi
A-segregates in the middle radius region between the cast-
ing outer surface and the centerline were also found. The
quasi A-segregates were predicted to originate from the
flow instability, but both the appearance of equiaxed crys-
tals and their interaction with the growing columnar den-
drite tips significantly strengthened the segregates.

3. Summary Discussions

A trend for the process modelling of solidification/melt-
ing is to incorporate the interfacial phenomena occur-
ring locally below the micro-structural scale into the
macroscopic transport system with a volume averaging
approach. In the last decades, a series of volume-averag-
ing solidification/melting models has been developed by
different researchers including significant contributions
of the authors. This article reported briefly on the current
activities in the CD-Lab—“Advanced Process Simulation of
Solidification and Melting” The main goal of this CD-lab is
to apply the previous models with necessary extensions/
modifications to address engineering problems being
raised from (Austrian) metallurgy industry.
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Fig. 10: Influence of the AC current
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Fig. 11: As-cast macrostructure and macrosegregation of an Al-4 wt.%
Cu casting ($75x135), poured at 800°C in a graphite mold. a Macro-
structure, mixed columnar, and equiaxed regions separated by CET;

Significant progresses were made as demonstrated by
the selected simulation examples:

= Full 3D flow-solidification simulation of thin slab cast-
ing (TSC), targeted at optimization of the submerged
entry nozzle (SEN) design.

2300

1300

303

Measured Calculated

T (3.87-4.31) %Cu

417

410
403

3.97

4.180 4115 4175

4.310 ’: ' 390

| 4.200 4120

383

4015 4.130

376

b Predicted macrostructure, distribution of volume fraction of colum-
nar crystals (left-half) and volume fraction of equiaxed crystals (right-
half). ¢ Measured (left-half) and calculated (right-half) Cu-segregation

= 2D axisymmetric calculation of electro-slag remelting
(ESR) process, targeted at the optimization of the ESR
operation parameters.

= Analysis of the coupled MHD-CFD phenomena (3D) to
gain knowledge about the complicated physics embed-
ded in engineering processes.
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Fig. 12: Macrosegregation pat-
tern in an engineering steel ingot
(2.45 ton). a Sulphur print of the
as-cast ingot, b schematic of the
typical macrosegregation pattern
in steel ingots, and ¢ predicted ma-
crosegregation pattern (black for
the positive segregation and white
for the negative segregation) over-
lapped with isolines. The segrega-
tion is quantified by a segregation

quasi
A-segregates

Seg. index
0.2

4

index: (Cmix - CO) / Co

Laboratory evaluations of some advanced modelling
features for calculation of the particle motion in tundish,
dynamics of air/slag/melt interfaces of continuous cast-
ing of slab, macrostructure and macrosegregation in
ingot casting.

In the meanwhile we still face challenges:

Numerical models intended for engineering application
need further validations, preferably against engineer-
ing processes directly. The pilot or plant trials, in addi-
tion to laboratory experiments, for both TSC and ESR
with available operation parameters and intermediate
or final casting results are desired.

Computational expenses increase with the process
scale (size) and the complexity (number of phases in-
volved) of the model. A suitable model for a certain en-
gineering process is often chosen (Table 1) by making
a compromise between the model complexity and the
calculation cost. Ongoing efforts are (i) the enhance-
ment of the hardware capacity and parallel computing
efficiency, (ii) the optimization of algorithms, (iii) the
simplification of the numerical model.

+
+4

¥

+
e

+:'I-

ad

44*1-4-»..‘
&+
Ty e Ny
+
*,1-1-"‘

€

AR & e ah i d

—

Tt

T ¥

*

cone of negative
segregation

b

4. Acknowledgments

The financial support by RHI AG, INTECO Special Melt-
ing Technologies GmbH, the Austrian Federal Ministry of
Economy, Family and Youth and the National Foundation
for Research, Technology and Development within the
framework of the Christian Doppler Lab for Advanced Pro-
cess Simulation of Solidification and Melting is gratefully
acknowledged.

References

1. Rappaz, M.: Modelling of microstructure formation in solidification
processes, Int. Met. Rev., 34 (1989), pp. 93-123

2. Beckermann, C.; Viskanta, R.: Mathematical modeling of transport
phenomena during alloy solidification, Appl. Mech. Rev., 46 (1993),
pp. 1-27

3. Boettinger, W.; Coriell, S.; Greer, A.; Karma, A.; Kurz, W.; Rappaz,
M.; Trivedi, R.: Solidification microstructures: recent developments,
future directions, Acta Mater., 48 (2000), pp. 43-70

4. Haxhimali,T.; Karma, A.; Gonzales, F; Rappaz, M.: Orientation selec-
tion in dendritic evolution, Nature Mater., 5 (2006), pp. 660-664

5. Tan, L.; Zabaras, N.: A level set simulation of dendritic solidification
of multi-component alloys, J. Computational Physics, 221 (2007),
pp. 9-40

6. Harding, J.; Duffy, D.: The challenge of biominerals to simulations,
J. Mater. Chem., 16 (2006), pp. 1105-1112

7. Voller, V.; Porte-Agel, F: Moore’s law and numerical modeling, J.
Computational Physics, 179 (2002), pp. 698-703

Wu et al.

© Springer-Verlag Wien

BHM, 159. Jg. (2014), Heft 1



inalarbeit

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

. Bennon, W.; Incropera, F: A continuum model for momentum,

heat and species transport in binary solid-liquid phase change sys-
tems—I. Model formulation, Int. J. Heat Mass Transfer, 30 (1987),
pp. 2161-2170

. Vreeman, C.; Krane, M.; Incropera, F: The effect of free-floating

dendrites and convection on macrosegragation in direct chill cast
aluminum alloys, Part I: Model development, Int. J. Heat Mass
Transfer, 43 (2000), pp. 677-686

Voller, V.; Prakash, C.: A fixed grid numerical modelling method-
ology for convection-diffusion mushy region phase-change prob-
lems, Int. J. Heat MassTransfer, 30 (1987), pp. 1709-1719

Voller, V.; Brent, A.; Prakash, C.: The modelling of heat, mass and
solute transport in solidification systems, Int. J. Heat MassTransfer,
32 (1989), pp. 1719-1731

Prescott, P; Incropera, F: Convective transport phenomena and
macrosegregation during solidification of a binary metal alloy: |—
Numerical predictions, J. HeatTransfer, 116 (1994), pp. 735-741
Prescott, P; Incropera, F; Gaskell, D.: Convective transport phenom-
ena and macrosegregation during solidification of a binary metal
alloy: Il—Experiments and comparisons with numerical predic-
tions, Trans. ASME, 116 (1994), pp. 742-749

Prescott, P; Incropera, F: Effect of turbulence on solidification of a
binary metal alloy with electromagnetic stirring, Trans. ASME, 117
(1995), pp. 716-724

Pfeiler, C.; Wu, M.; Ludwig, A.: Influence of argon gas bubbles and
non-metallic inclusions on the flow behavior in steel continuous
casting, Mater. Sci. Eng. A, 413-414 (2005), pp. 115-120

Pfeiler, C.; Thomas, B.; Wu, M.; Ludwig, A.; Kharicha, A.: Solidifica-
tion and particle entrapment during continuous casting of steel,
Steel Res. Int., 79(8) (2008), pp. 599-607

Ni, J.; Beckermann, C.: A volume-averaged two-phase model for
solidification transport phenomena, Metall. Mater. Trans. B, 22
(1991), pp. 349-361

Ludwig, A.; Wu, M.: Modeling of globular equiaxed solidification
with a two-phase approach, Metall. Mater. Trans. A, 33 (2002), pp.
3673-3683

Wu, M.; Ludwig, A.; Blhrig-Polaczek, A.; Fehlbier, M.; Sahm, P:
Influence of convection and grain movement on globular equiaxed
solidification, Int. J. Heat Mass Transfer, 46 (2003), pp. 2819-2832
Wu, M.; Ludwig, A.; Luo, J.: Numerical study of the thermal-solu-
tal convection and grain sedimentation during globular equiaxed
solidification, Mater. Sci. Forum, 475-479 (2005), pp. 2725-2730
Miyazawa, K.; Schwerdtfeger, K.: Macrosegregation in continu-
ously cast steel slabs: preliminary theoretical investigation on the
effect of steady state bulging, Arch. Eisenhittenwes, 52 (1981), pp.
415-422

Kajitani, T.; Drezet, J.; Rappaz, M.: Numerical simulation of defor-
mation-induced segregation in continuous casting of steel, Metall.
Mater. Trans. A, 32 (2001), pp. 1479-1491

Ludwig, A.; Gruber-Pretzler, M.; Wu, M.; Kuhn, A.; Riedle, J.: About
the formation of macrosegregation in continuous casting of Sn-
bronze, Fluid Dyn. Mater. Proc., 1 (2006), pp. 285-300

Mayer, F; Wu, M.; Ludwig, A.: Formation of centreline segregation
in continuous slab casting of steel due to bulging and/or feeding,
Steel Res. Int., 81 (8) (2010), pp. 660-667

Li, J.; Wu, M.; Hao, J.; Ludwig, A.: Simulation of channel segrega-
tion using a two-phase columnar solidification model, Part I: Model
description and verification, Comp. Mater. Sci., 55 (2012), pp.
407-418

Li, J.; Wu, M.; Hao, J.; Kharicha, A.; Ludwig, A.: Simulation of chan-
nel segregation using a two-phase columnar solidification model,
Part Il: Mechanism and parameter study, Comp. Mater. Sci., 55
(2012), pp. 419-429

Ludwig, A.; Wu, M.: Study of spatial phase separation during
solidification and its impact on the formation of macrosegregation,
Mater. Sci. Eng. A, 413-414 (2005), pp. 192-199

Wu, M.; Ludwig, A.: A 3-phase model for mixed columnar-equiaxed
solidification, Metall. Mater.Trans. A, 37 (2006), pp. 1613-1631

Wu, M.; Ludwig, A.: Using a three-phase deterministic model for
the columnar-to-equiaxed transition (CET), Metall. Mater. Trans. A,
38 (2007), pp. 1465-1475

30.

31

32.

33.

34.

35.

36.

37

38.

39.

40.

a1,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Li, J.; Wu, M.; Kharicha, A.; Ludwig, A.: The predication of macrose-
gregation in a 2.45 ton steel ingot with a mixed columnar-equiaxed
three phases model, Int. J. Heat and Mass Transfer, 2013, in press,
DOI: 10.1016/j.ijheatmasstransfer.2013.08.079

Rappaz, M.; Thévoz, Ph.: Solute diffusion model for equiaxed den-
dritic growth, Acta Metall., 35(1987), pp. 1478-1497

Wang, C.; Beckermann, C.: A multiphase solute diffusion model
for dendritic alloy solidification, Metall. Trans. A, 24 (1993), pp.
2787-2802

Wu, M.; Ludwig, A.: Modeling equiaxed dendritic solidification with
melt convection and grain sedimentation, Part I: The model, Acta
Mater., 57 (2009), pp. 5621-5631

Wu, M.; Ludwig, A.: Modeling equiaxed dendritic solidification with
melt convection and grain sedimentation, Part II: The results and
verifications, Acta Mater., 57 (2009), pp. 5632-5644

Wu, M.; Fjeld, A.; Ludwig, A.: Modeling mixed columnar-equiaxed
solidification with melt convection and grain sedimentation—Part
I: Model description, Comp. Mater. Sci., 50 (2010), pp. 32-42

Wu, M.; Ludwig, A.; Fjeld, A.: Modeling mixed columnar-equiaxed
solidification with melt convection and grain sedimentation—Part
Il: Illustrative modeling results and parameter studies, Comp.
Mater. Sci., 50 (2010), pp. 43-58

Wu, M.; Ludwig, A.: An idea to treat the dendritic morphology in
the mixed columnar-equiaxed solidification, Int. J. Cast Metals
Research., 22 (2009), pp. 323-327

Ahmadein, M.; Wu, M,; Li, J.; Schumacher, P; Ludwig, A.: Predic-
tion of the As-cast structure of Al-4.0 wt.% Cu ingots, Metall. Mater.
Trans. A, 44 (2013), pp. 2895-2903

Rettenmayr, M.: Melting and remelting phenomena, Int. Mater.
Rev., 54 (2009), pp. 1-17

Mitchell, A.; Joshi, S.; Cameron, J.: Electrode temperature gradi-
ents in the electroslag process, Metall.Trans., 2(1971), pp. 561-567
Hoyle, G.: Electroslag Processes, Principles and Practice, Elservier
Sci. Ltd (ISBN 0-85334-164-8), 1983

Choudhary, M.; Szekely, J.:The modeling of pool profiles, tempera-
ture profiles and velocity fields in ESR systems, Metall. Trans. B, 11
(1980), pp. 439-453

Jardy, A.; Ablitzer, D.; Wadier, J.: Magnetohydronamic and thermal
behavior of electroslag remelting slags, Metall. Trans. B, 22 (1991),
pp. 111-120

Hernandez-Morales, B.; Mitchell, A.: Review of mathematical mod-
els of fluid flow, heat transfer, and mass transfer in electroslag
remelting process, ironmaking and steelmaking, 26 (1999), pp.
423-438

Kharicha, A.; Ludwig, A.; Wu, M.: Shape and stability of the slag/
melt interface in a small dc ESR process, Mater. Sci. Eng. A, 413.414
(2005), pp. 129-134

Kharicha, A.; Schitzenhofer, W.; Ludwig, A.; Tanzer, R.; Wu, M.: On
the importance of electric currents flowing directly into the mould
during an ESR process, Steel Res. Int., 79 (8) (2008), pp. 632-636
Kharicha, A., Schitzenhofer, W.; Ludwig, A.; Tanzer, R.; Wu, M.:
Reformulation of the time averaged Joule heating in the presence
of temperature fluctuations, Int. J. Cast Metals Res., 22 (2008), pp.
155-159

Vakhrushev, A.; Wu, M.; Ludwig, A.; Tang, Y.; Hackl, G.; Nitzl, G.:
Modeling of the flow-solidification interaction in thin slab casting,
Proc. McWASP XIlI, in: Ludwig, A; Wu, M.; Kharicha, A. (eds.), IOP
Conf. Series: Mater. Sci. Eng., 33 (2012), 012014

Liu, H.;Yang, C.; Zhang, H.; Zhai, Q.; Gan, Y.: Numerical simulation
of fluid flow and thermal characteristics of thin slab in the funnel-
type molds of two casters, ISIJ Int., 51 (2011), pp. 392-401
Camporredondo-S, J.; Castillejos-E, A.; Acosta-G, F; Gutierrez-M,
E.; Herrera-G, M.: Analysis of thin-slab casting by the compact-strip
process: Part . Heat extraction and solidification, Metall. Mater.
Trans. B, 35 (2004), pp. 541-560

Kharicha, A.; Wu, M.; Ludwig, A.; Ramprecht, M.; Holzgruber, H.;
Doppler, C.: Influence of the frequency of the applied AC current
on the electroslag remelting process, Proc. CFD Model. & Simul. in
Mater. Processing (TMS Annual Meeting and Exhibition, Orlando,
FL, 11-15 March 2012), Nastac, L.; Zhang, L.; Thomas, B.; Sabau,
A.; El-Kaddah, N.; Powell, A.; Combeau, H. (eds.), TMS Publication,
John Wiley & Sons, Inc. (2012), pp. 139-146

BHM, 159. Jg. (2014), Heft 1

© Springer-Verlag Wien

Wau et al.

39



Originalarbeit

52. Domitner, J.; Hélzl, C.; Kharicha, A.; Wu, M.; Ludwig, A.; Kéhler, 53. Karimi Sibaki, E.; Kharicha, A.; Wu, M.; Ludwig, A.; Holzgruber, H.;

M.; Ratke, L.: 3D simulation of interdendritic flow through a Al- Ofner, B.; Ramprecht, M.: A numerical study on the influence of the
18wt.%Cu structure captured with X-ray microtomography, Proc. frequency of the applied AC current on the electroslag remelting
ICASP Il (3rd International Conference on Advances in Solidifica- proceses, Proc. LMPC (Liquid Metal Processing & Casting Confer-
tion Processes, Rolduc Abbey/Aachen, Germany, June 7-10, 2011), ence, Sept. 12-25, 2013, Austin, Lexas, USA), in: Krane, M.; Jardy,
in: Ratke, L.; Zimmermann, G. (eds.), IOP Conf. Series: Mater. Sci. A.; Williamson, R.; Beaman, J. (eds.), TMS Publications, John Wiley
Eng., 27 (2011), 012016 & Sons, Inc, Hoboken, New Jersey (2013) pp. 13-19

40 Wu et al. © Springer-Verlag Wien BHM, 159. Jg. (2014), Heft 1



	﻿Advanced Process Simulation of Solidification and Melting
	﻿Abstract
	﻿Zusammenfassung
	﻿1.﻿ ﻿﻿﻿Introduction
	﻿1.1﻿ ﻿﻿﻿State-of-the-Art
	﻿1.2﻿ ﻿﻿﻿Faced Challenges and Planned Modules

	﻿2.﻿ ﻿﻿﻿Progress of the CD Laboratory: Selected Simulation Examples
	﻿2.1﻿ ﻿﻿﻿Solidification of Thin Slab Casting (TSC)
	﻿2.2﻿ ﻿﻿﻿Calculation of Floatation of Particles in Tundish
	﻿2.3﻿ ﻿﻿﻿Modelling the Transient Slag/Melt/Air Interfaces
	﻿2.4﻿ ﻿﻿﻿Magneto Hydrodynamics (MHD) in Electric Current Induced Flow
	﻿2.5﻿ ﻿﻿﻿Importance of Interdendritic Flow in the Formation of ESR Melt Pool
	﻿2.6﻿ ﻿﻿﻿Influence of Electric Conductivity of Slag on the Solidification of ESR Ingot
	﻿2.7﻿ ﻿﻿﻿Influence of Frequency of the Applied AC Current
	﻿2.8﻿ ﻿﻿﻿Modelling of Macrostructure and Macrosegregation

	﻿3.﻿ ﻿﻿﻿Summary Discussions
	4. Acknowledgments 
	﻿References


