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Kurzfassung 

Ein grundlegendes Verständnis des Ers1tarrungsprozesses von großen Gussteilen 

hinsichtlich der Ausbildung der Gussgefüge und der Makroseigerung ist von entscheidender 

Bedeutung, insbesondere um den hohen Qualitätsansprüchen mit einer steigenden Nachfrage 

an hochwertigen Gusskomponenten in der Schwerindustrie gerecht zu werden. Die 

bestehenden Gießtechnologien können die hohen Anforderungen an diese Gusskomponenten 

nur teilweise erfüllen. Der herkömmliche Blockguss (IC) ist durch die Höhe des Blocks 

begrenzt und hat eine geringere Ausbringung, was zu höheren Produktionskosten führt. Der 

Strangguss (CC) ist durch den begrenzten Querschnitt des Strangs eingeschränkt. Daher wurde 

kürzlich ein neues Gießkonzept, das sogenannte semi-continuous casting (SCC), 

vorgeschlagen. SCC versucht, die Vorteile von IC und CC zu kombinieren. Obwohl ein 

ähnliches Gießverfahren (DC casting) bei der Herstellung von Nichteisenlegierungen etabliert 

ist, stellt das SCC-Verfahren für Stahl, aufgrund seiner geringen Wärmeleitfähigkeit und hohen 

Gießtemperatur, eine Herausforderung dar. In dieser Arbeit wurde ein dreiphasiges „mixed 

columnar-equiaxed“ Erstarrungsmodell, das von Wu und Ludwig vorgeschlagen wurde, 

erweitert und verwendet, um die Bildung des Gussgefüges und der Makroseigerung während 

des SCC-Prozesses von Stahl zu untersuchen.  

Zunächst wurde das dreiphasige Erstarrungsmodell erweitert: 1) Die Kristall-

Fragmentation, die als Hauptquelle der äquiaxialen Kristalle dient, wird berücksichtigt; 2) ein 

Kopplungsschema zwischen der Strömung und dem elektromagnetischen Feld wird 

eingerichtet; 3) Phänomene des Umschmelzens und der Zerstörung der äquiaxialen Kristalle 

werden berücksichtigt. 

Das neu entwickelte Modell wurde validiert, indem die Simulationsergebnisse mit 

Benchmark-Experimenten im Labormaßstab und dem Strangguss im industriellen Maßstab 

verglichen wurden. 1) Die Bildung des Gussgefüges und der Makroseigerung einer SnPb-

Legierung unter dem Einfluss verschiedener Arten erzwungener Konvektion, die durch ein 

magnetisches Feld (TMF) angetrieben wird, wurde von Hachani et al. 2015 am SIMAP-Labor 

in Grenoble, Frankreich, systematisch untersucht. Vier Experimente wurden durchgeführt: i) 

ohne TMF; ii) TMF in der gleichen Richtung wie natürliche Konvektion; iii) TMF in 

entgegengesetzter Richtung wie natürliche Konvektion; iv) TMF in Bezug auf natürliche 
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Konvektion periodisch umgekehrt. Es wurde festgestellt, dass das TMF eine wichtige Rolle 

bei der Homogenisierung der Temperatur und der Erhöhung der Makrosegregationsintensität 

spielt. Es wurde eine gute Simulation-Experiment-Übereinstimmung hinsichtlich 

Temperaturfeld, Gussgefüge und Makroseigerung erzielt. 2) Der Einfluss des 

elektromagnetischen Rührens (M-EMS) auf die Bildung des Gussgefüges und der 

Makroseigerung eines Billet-Stranggusses (195 mm × 195 mm) wurde untersucht. Das M-EMS 

neigt dazu, die Dissipation der Überhitzung der Stahlschmelze im Formbereich zu 

beschleunigen, wodurch die Schmelze aus dem Formbereich weitgehend unterkühlt bleibt. 

Außerdem ist die Rate der Kristall-Fragmentation von der M-EMS-Intensität abhängig. Das 

rechnerisch vorhergesagte Gussgefüge zeigte auch eine gute Übereinstimmung mit dem 

Experiment. 

Abschließend wurde das erweiterte und validierte dreiphasiges Erstarrungsmodell  

verwendet, um den Erstarrungsprozess von SCC mit der Wirkung von EMS zu simulieren. Das 

Erstarrungsprinzip während des SCC-Prozesses wurde eingehend untersucht. In Zukunft kann 

das Modell verwendet werden, um systematische Parameterstudien anstelle von kostspieligen 

Pilot-/Gießversuchen im Feld zur Optimierung des SCC-Prozesses durchzuführen. Die 

Rechnerkapazität (Hardware) ist dabei immer noch ein begrenzender Faktor.  
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Abstract 

The surging demand for high-quality rotor shafts or similar components with large 

format in heavy industries poses new challenges to steelmakers. Due to the inherent 

shortcomings and limitations of the existing technologies, they do not work properly for these 

components. For example, the conventional ingot casting (IC) technology is limited by the 

ingot height and has lower yield and higher operational costs; the developed continuous 

casting (CC) technology is restricted by the cross-section of the strand. Therefore, a new 

casting concept, semi-continuous casting (SCC), which attempts to combine the advantages 

of IC and CC, is recently proposed for steel production. Although a similar casting process, 

i.e., direct-chill casting, is mature in producing non-ferrous alloys, the application of the SCC 

in the production of quality steel requires addressing certain challenges due to the low 

thermal conductivity and high pouring temperature of steel. Additionally, the understanding 

of the solidification process regarding the formation of the as-cast structure and 

macrosegregation during the SCC process is still unknown. In this thesis, a three-phase 

columnar-equiaxed solidification model, which was previously proposed by Wu and Ludwig, 

was extended and used to investigate the formation of the as-cast structure and 

macrosegregation during the SCC process of steel.  

Firstly, the three-phase multiphase solidification model was extended: 1) the 

fragmentation of columnar equiaxed, which serves as a main source of the equiaxed grains, is 

considered; 2) a coupling scheme between the flow field and electromagnetic field is 

established; 3) phenomena of remelting and destruction of the equiaxed grains are considered 

when the grains are exposed to the superheated region. 

Secondly, the well-established model was validated by comparing the simulation results 

with the benchmark experiments at the laboratory scale and the continuous casting of steel 

billet at the industrial scale. 1) The evolutions of the as-cast structure and macrosegregation 

of Sn-10wt.% Pb alloy under the effect of different types of forced convection, which is 

powered by a travelling magnetic field (TMF), were systematically studied by Hachani et al., 

in 2015 at the SIMAP Laboratory in Grenoble, France. Four different experiments were 

investigated: (i) without TMF; (ii) TMF in the same direction as natural convection; (iii) 

TMF in the opposite direction as natural convection; (iv) TMF periodically reversed with 

respect to natural convection. The TMF is found to play an important role in homogenizing 
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the temperature and increasing the macrosegregation intensity. Good simulation-experiment 

agreements in terms of temperature field, as-cast structure and macrosegregation were 

obtained. 2) The effect of the mold electromagnetic stirring (M-EMS) on the formation of as-

cast structure and macrosegregation of a steel billet (195 mm × 195 mm) was investigated. 

The M-EMS tends to accelerate the superheat dissipation in the mold region, leaving the 

liquid core out of the mold region largely undercooled. Additionally, the fragmentation rate is 

sensitive to the M-EMS implementation. The calculated macrostructure showed a satisfactory 

agreement with the as-cast structure.  

Finally, the extended three-phase model was used to simulate the solidification process 

of the SCC under the effect of EMS. The solidification principle during the SCC process was 

deeply investigated. As an outlook, the model can be used to perform systematic parameter 

studies, instead of costly pilot/field-casting trials, towards the optimization of the SCC 

process. The computational capacity (hardware) is still a limiting factor for this purpose.  
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Thesis structure 

 

This thesis consists of two main parts. Part I is the executive summary, which includes 

the background and motivation of this work, state of the art, executive summary and main 

conclusions of the Ph.D work. Part II contains the collection of the 5 peer reviewed journal 

articles of the candidate, among which 3 have been published, 1 has been accepted for 

publication, and 1 is under review.  
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Nomenclature 

kA  the total k-j interface area enclosed in the volume element m2 

B , 0B , b  combined, external, and induced magnetic field T 

B  conjugate magnetic field T 

c , ec , cc  species concentration wt.% 

0c , refc  initial and reference concentration of the alloy  wt.% 

c , ec , *
cc  equilibrium concentration wt.% 

eC , cC , ceC  species exchange between phases kg m-3 s-1 

pc , e
pc , c

pc  specific heat J kg-1 K-1 

ed , cd  grain diameter  m 

0
e,fragd  initial fragment size in diameter m 

ed̂  geometric mean of the equiaxed grains size m 

D , eD , cD  diffusion coefficient m-2 s-1 

e  unit vector - 

E  electric field V m-1 

f , ef , cf  volume fraction for different phases - 

kf , jf  volume fraction for phase-k and phase-j - 

env
ef  volume fraction of equiaxed grain envelop - 

sif  fraction solid in equiaxed grain envelop - 

f , efff  original and effective magnetic field frequency Hz 

F , LF , LF   Lorentz force, original and modified time-averaged Lorentz force N m-3 

rF , θF  Lorentz forces in the radius and azimuthal directions N m-3 

g , g   gravity and deduced gravity m s-2 

h , eh , ch  enthalpy  J kg-1 
refh , ref

eh , ref
ch  reference enthalpy J kg-1 

H   volume heat transfer coefficient between phases W m-3 K-1 

J  electric current density A m-2 

k  solute partitioning coefficient at the solid/liquid interface - 

k , ek , ck  thermal conductivity W m-1 K-1 

K  permeability of liquid in porous medium m2 
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eK , cK , ceK  drag coefficient between phases  kg m-3 s-1 

l  actual columnar length in tip cell m 

m  slope of liquidus in phase diagram K 

eM , cM , ceM  net mass transfer rate between phases kg m-3 s-1 

en , cn , inn  number density (equiaxed, columnar, inoculant) m-3 

desN  destruction rate of the equiaxed grains m-3 s-1 

fragN  fragmentation rate  m-3 s-1 

nuN  heterogeneous nucleation rate m-3 s-1 

p  pressure N m-2 
q  electric charge density  C m-3 

M
eQ , M

cQ  energy exchange due to phase change J m-3 s-1 

D
eQ , D

cQ , D
ceQ  energy transfer between phases J m-3 s-1 

r  radial coordinate m 

R  radius of the sample (Cu, Al, and AlSi7) m 

eqR , cR  grain radius (equiaxed, columnar) m 

f,eR , f,cR  maximal radius of the grain  m 

tipR  tip radius of columnar primary dendrite m 

eR  real part of a complex number - 

Re  Reynolds number - 

Sc  Schmidt number - 

t  time s 

T , eT , cT  temperature K 

refT  reference temperature K 

T  constitutional undercooling K 

NT  undercooling for maximum grain production rate K 

σT  Gaussian distribution width of nucleation law K 

u , eu , cu  velocity for different phases m s-1 

θu  azimuthal velocity magnitude m s-1 

int int
k k k( )u u v= +  velocity of the k-j interface m s-1 

ku , int
kv ,  moving velocity and growth velocity of the k-j interface m s-1 

eU , cU , ceU  total momentum exchange rate between phases kg m-2 s-2 

Reqv , Rcv  growth speed in radius direction (equiaxed, columnar) m s-1 
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tipv  grain growth speed in tip direction m s-1 

0V  volume of the representative volume element  m3 

kV , jV  volumes of phase-k and phase-j in V0 m3 

x  equiaxed grains diameter of different size classes m 

B  angular speed of the magnetic field Rad s-1 

  average fluid angular speed Rad s-1 

T  thermal expansion coefficient  K-1 

C  solutal expansion coefficient wt.%-1 

 , 
e , c  density for different phase kg m-3 

ref  reference density kg m-3 

b  density for buoyancy force kg m-3 

  torque N m 

 , e  stress-strain tensors kg m-1 s-1 

 , 0 , r  combined, vacuum, and relative magnetic permeability H m-1 

 , e  viscosity  kg m-1 s-1 

1 , 2  primary and secondary dendrite arm spacing m 

  fragmentation coefficient - 
e
imp , c

imp  growth impingement factor  - 

  electromagnetic conductivity of the conductive material S m-1 

g  geometric standard deviation of the lognormal distribution - 

0  vacuum permittivity F m-1 

* Subscripts ℓ, e, c, indicate the liquid melt, equiaxed grain, and columnar dendrite. 

Auxiliary equations: 

Mixture concentration: e e e c c c
mix

e e c c

f c f c f cc
f f f
  

  

+ +
=

+ +
. 

Macrosegregation index: index mix 0
mix

0

100%c cc
c
−

=  . 

Global macrosegregation index: index
mixvol

GMI c dv=  . 
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1. Introduction 

1.1 Background 

A rising demand for the high-quality rotor shafts or similar components with large 

format in heavy industries poses new challenges to steelmakers. The initial form of these 

components is usually made by casting, but the solidification of steel (inherently low thermal 

conductivity) takes an extremely long time, especially with the increased product section. It 

consequently leads to internal quality problems such as macrosegregation and centerline 

shrinkage porosity [1–2]. The existing casting technologies do not work properly for these 

components. For example, the conventional ingot casting (IC) technology can produce 

components of large section, but it is limited by the ingot height and has lower yield and 

higher operational costs. The developed continuous casting (CC) technology has higher 

productivity and lower operational costs, however, the cross section of the strand is limited. 

Therefore, a concept of semi-continuous casting (SCC), attempting to combine certain 

advantages of CC and IC and eliminate their corresponding limitations, is proposed as an 

alternative technique to produce steel with large format, especially rounds from ϕ 300 mm up 

to ϕ 1500 mm at a length of up to 12 m [3].  

Principally, the SCC process consists of two main procedures, casting, and solidification. 

Following the CC technology, the casting procedure is conducted at CC machines. The 

casting process can be well controlled by the implementation of a submerged entry nozzle 

(SEN) for mold filling, water-cooled mold with oscillating technology, and secondary 

cooling system for self-carrying strand shell formation, and mold electromagnetic stirring 

(M-EMS) for flow control and superheat dissipation. Following the IC technology, when the 

as-filled and partially solidified casting is put aside for the remaining solidification, further 

additional measures can be applied, i.e., the hot-topping and static or dynamic shielding for 

the controlled cooling. This keeps the inner melt for a long time in the strand, which is 

similar to IC. The strand electromagnetic stirring (S-EMS) can even be performed to promote 

the formation of equiaxed grains, hence, improving the inner quality of the strand.  

Owing to the harsh environment and high costs, it is impossible to observe and analyze 

the solidification phenomena during the casting processes with field experiments. The 
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numerical modelling, which are of obvious advantage for their high flexibility and low costs, 

has become an alternative and effective tool for this purpose. Numerous numerical methods , 

e.g., mixture continuum model [4–10], cellular automata finite elements (CAFE) method 

[11–15], cellular automata – finite volume method (CA-FVM) [16] and volume averaged 

(VA) method [17–24], have been used to simulate the solidification process and try to give a 

better understanding for the accompanying phenomena. The VA method stands out among 

these methods due to its compatibility to consider most of the key features occurred during 

the solidification process, i.e., growth of the columnar dendrites with the explicit tracking of 

the dendritic tip, nucleation and growth of the equiaxed grains, interdendritic flow and grain 

sedimentation, interaction between the columnar dendrites and equiaxed grains (CET & 

ECT). Additionally, the macroscopic transport phenomena (i.e., the transport of mass, 

momentum, enthalpy, and species) and the microscopic physical phenomena occurring at the 

interfacial scale (i.e., the mass transfer due to solidification, solute partitioning at the 

interface, release of latent heat, momentum exchange between phases) can be coupled [25]. 

Nevertheless, to make the model be applicable for the SCC process, some modifications and 

extensions to the model are also needed. 

1.2 Objectives 

The target of this thesis is to simulate and analyze the formation mechanism of as-cast 

structure and the accompanying macrosegregation in SCC of steel. A three-phase mixed 

columnar-equiaxed solidification model was used for this purpose. To allow the model to 

capture some important/key features of the SCC process, extensions and validations of the 

model are necessary. 

(1) Firstly, the multiphase model is extended to consider the following features: (a) 

fragmentation of the columnar dendrites, which served as one of the origins of the equiaxed 

grains; (b) remelting and destruction of the equiaxed grains; (c) coupling between the flow 

field and electromagnetic field.  

(2) Secondly, the extended model is validated by making the comparisons with the Sn-Pb 

experiments at the laboratory scale and the CC of billet strand at the industrial scale. 

(3) Finally, the well-developed numerical model is used to simulate the SCC of steel. 

Parameter studies are performed toward the optimization of the SCC process.  
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2. State of the art  

2.1 Conventional steel casting technologies 

2.1.1 Ingot casting (IC) 

The ingot casting (IC) route dominated the entire steel production until 1970s. The 

schematic of the typical IC process at Ovako Steel [26–27] is shown in Figure 2.1. The scrap 

is charged and melted in an electric arc furnace (EAF). The slag is then skimmed, and the 

produced melt is tapped into a ladle. After the procedures of deoxidation and alloying, the 

melt is poured into the vacuum degasser. After a time of heating and stirring, the steel is cast 

using uphill teeming. Actually, two ways of pouring methods can be performed in the mold 

filling, i.e., top pouring and bottom pouring (uphill teeming). However, the melt splash to the 

mold walls and produces surface defects on the ingot skin during the top pouring process, and 

the reoxidation products and mold power can be entrapped into the bulk. It makes the top 

pouring method unable to reach the requirements of high-quality steel production. Hence, the 

bottom pouring method, which can reduce the exposure of melt to air and entrapment of mold 

power, is preferred [28].  

 
Figure 2.1. Schematic of the steelmaking process through IC route [26–27]. 
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Since the CC method was proposed and fully developed in 1940s, the share of the steel 

production in the world through IC route has decreased to only 3.5 % in 2017 (Figure 2.2). 

The production of steel ingots was about 2.0 million metric tonnes in German, 10.0 million 

metric tonnes in China, 0.3 million metric tonnes in United States, and 59.0 million metric 

tonnes in the world [29]. However, for some low-alloy steel grade and steel for special 

applications with large format, i.e., shafts for engines and drives, turbine blades, bearing steel 

and heavy forging [30–31], they can currently just be produced via IC route.  

 
Figure 2.2. Production of steel ingots (in percentage) in German, China, USA, and in the world 

[29] from 2008 to 2017.  

When the hot melt is poured into the casting mold, the chilling effect of the mold 

produces a solidified shell (chill zone) with the refined grains. The mold temperature is 

increased during the pouring process, which will decrease the cooling effect consequently. 

The orientation of the temperature gradient causes the grains to grow perpendicularly to the 

mold wall. The columnar zone is then formed. Under the effect of the interdendritic flow, 

fragmentation could be generated and grow to the equiaxed grains in the mushy zone. On the 

other hand, the inoculants entrapped in the bulk provide the nucleation site for the equiaxed 

grains. Once the undercooled condition is reached, the inoculants will be activated as nuclei 

of the equiaxed grains. Due to the density difference between the equiaxed grains and melt, 

the grains tend to sediment to the ingot bottom. The appearance of the columnar-to-equiaxed 

transient (CET) could happen under two different mechanisms: 1) hard blocking [32], i.e., the 

volume fraction of the equiaxed grains ahead of the columnar dendrites is large enough to 

inhibit the growth of the columnar dendrites; 2) soft blocking [33], i.e., the solute rejected 
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during the solidification of equiaxed grains is sufficiently enriched to stop the growth of the 

columnar tip front. The schematic pattern of the as-cast structure of a 65-ton ingot [34] is 

shown in Figure 2.3(a). The columnar dendrites distribute in the outer side near the surface, 

and globular equiaxed grains accumulate in the center from the bottom up to 75% of the ingot 

height. On the top of the ingot, the equiaxed grains revealed in the form of dendrite. Different 

types of macrosegregation in the ingot are displayed in Figure 2.3(a). In the columnar zone, 

the distribution of the composition is relatively uniform (nearly equal to nominal 

concentration). The negative segregation is observed in the lower part of the ingot due to the 

accumulation of the equiaxed grains, and serious positive segregation is found in the upper 

dendritic equiaxed zone. Additionally, two types of channel segregations (A-segregation and 

V-segregation) are also found in the ingot and will impair the quality of the products (Figure 

2.3(b)).  

 
Figure 2.3. Structural and compositional analysis on the longitudinal section of a 65-ton steel 

ingot: (a) various type of the macrostructure as well as the carbon macrosegregation; (b) sulphur 

print [34]. 

In addition to the macrosegregation, the shrinkage defects also impair the ingot quality. 

Two main shrinkage defects are confirmed, i.e., macroscopic shrinkage cavity, and micro 

porosity [35]. The former one is mainly formed in the top ingot region during the late stage of 

the solidification. Due to the increase of the melt density with the decrease of the temperature, 

the accumulated volume solidification shrinkage and the shrinkage causes the sink of the 

melt level, which causes the macroscopic shrinkage cavity. The micro porosity is usually 
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observed in the center of the ingot, the insufficient feeding flow together with the so-called 

“bridging” phenomenon will create the micro porosity. The thermal-field based criterion, i.e., 

Niyama criterion [36], is a well-known effective method to predict such micro porosity. 

Based on this criterion and its extensions, two common commercial software, i.e., ProCAST 

[37–42] and MAGMASOFT [43–45], are widely used to predict the appearance of the 

porosity. With the extension of this criterion by considering the morphology of the mush 

zone and its permeability, the Carlson-Beckermann-Niyama (CBN) criterion [46] is used to 

qualitatively evaluate the micro shrinkage porosity. The main limitation of the method is that 

it can only predict the occurrence possibility of the porosity in the columnar zone, and might 

not apply for those in the equiaxed zone.  

To reduce or eliminate the porosity defect of the ingot, the liquid melt in the top region 

should maintain a good fluidity to feed the shrinkage during the solidification process. It can 

be realized by using the insulation powder covering and/or hot top. Specially, the hot top 

should be reasonably designed. The height and shape of the hot top impact the solidification 

characteristics significantly [47–50]. One example of a 100-ton 30Cr2Ni4MoV forging ingot 

[47–48] is displayed in Figure 2.4. The shrinkage porosities can be greatly reduced after 

improving the ingot design.  

 
Figure 2.4. Comparisons of the quality of a 30Cr2Ni4MoV forging ingot between two different 

designs [47–48]. (a) Primary and improved designs; (b) metallographic analyses.  
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2.1.2 Continuous casting (CC) 

The idea of the CC of lead and other soft metals can date back to 1843. Laing [51] 

invented an apparatus that can continuously produce lead pipe. Then, the trial manufacture of 

iron sheets was proposed by Bessemer [52] in 1846. But until the 1930s, the CC just became 

a common method for the production of nonferrous metals. Since the relatively lower thermal 

conductivity and higher casting (pouring) temperature of the steel, many accompanying 

problems needed to be solved during the CC of steel. It was not until the 1960s that the CC 

method rapidly developed in the process of steel production [53–54]. From the 1970s, the CC 

has obtained undisputed dominance over the IC and became the most popular casting method. 

It has the advantage of high productivity and strand quality. In 2017, about 96.2 % of the 

total crude steel in the world (Figure 2.2) is made through the CC route [29].  

 
Figure 2.5. Schematic of the continuous casting process [55]. 

Schematic of the CC process is shown in Figure 2.5 [55]. After the primary and 

secondary steelmaking processes, a ladle which contains the steel melt is transferred to the 

CC machine. When the operation starts, the melt flows to the tundish from bottom of the 

ladle. The impurities and slag are filtered in the tundish before they flow into the mold. 

Through the submerged entry nozzle, the melt is poured into one mold or several molds. The 
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mold is usually made of the copper (high heat conductivity) and accompanied by the water-

cooled and oscillating systems. Under the intensive cooling effect of mold, a solidified shell 

first forms in the melt and mold interface and progressively develops during the later 

withdrawing process. To avoid the breakout, the solidified shell at the mold exit must be 

strong/thick enough to hold the liquid melt (ferrostatic pressure). Below the mold, the strand 

is continuously cooled by the spray water (secondary cooling) and spray air [56–57]. 

Additionally, the semi-solid strand is supported by many rolls to reduce the bulging effect of 

the shell. At the end of the machine, the strand is cut off by the oxyacetylene torch. 

2.1.2.1 Types of continuous casting 

According to the types of casters, the CC machine is normally divided into the following 

four different casters (Figure 2.6): 1) vertical caster; 2) vertical-bending caster; 3) bow-type 

caster and 4) horizontal caster. The first industrial CC caster for the production of steel was a 

simply vertical type. A relatively symmetric macrostructure and good surface quality could 

be obtained through this method. However, the productivity or yield is severely limited by 

the machine height. Additionally, the risk of bulging increases as the machine height 

increases. Thus, the vertical-bending caster and bow-type caster were proposed to reduce the 

investment cost. The objective of these two casters is to conduct the CC machine with a less 

space. The casting speed could also be increased correspondingly. However, the non-metallic 

inclusions are easily entrapped into the inner arc of the solidified shell when they are floating 

up. In addition, it is also possible to cause inner and surface cracks during the bending and 

straightening processes. The horizontal caster has a lower investment cost because all the 

machines are on the same level, and they have good conjunction with some other 

manufacturing processes. But this type of caster is mainly used to produce the nonferrous 

alloy, and it is not widely used for steel. Although the bow-type caster with curved mold is 

the most widely used machine today, the strands with large format, especially the slabs, are 

normally produced via vertical-bending caster due to the growing need for the cleanness [54]. 

According to the cross-section format of the products, the CC strand is divided to billet, 

bloom and slab. The product which has a smaller dimension (< 200 × 200 mm2) is normally 

called billet, and the product which has a big rectangular section (width 1000–2000 mm, 

thickness 100–200 mm) is called slab. The product between them is named as bloom.  
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Figure 2.6. Schematic of the four different casters. (a) Vertical caster; (b) vertical-bending caster; 

(c) bow-type caster; (d) horizontal caster.  

2.1.2.2 Electromagnetic stirring for CC 

It is acknowledged that the fluid flow and movement of the solid grains play an 

important role in the formation of the as-cast structure and macrosegregation. A well-

controlled flow field is confirmed to greatly improve the strand quality of the continuous 

casting. Electromagnetic stirring (EMS) serves as a nonintrusive stirring manner, and it has 

been widely used to control the fluid flow, impede the growth of the columnar dendrites, 

promote the formation of equiaxed grains, improve the surface and subsurface quality, and 

reduce or even eliminate the centerline segregation and porosity [58-70].  

The principle of the EMS is simple, when an alternating magnetic field ( B ) is applied to 

a conductive material, an electric current ( J ) is induced in the conductor. The interaction of 

the magnetic field and induced electric current produces the Lorentz force ( F ) in the 

conductor, and if the conductor is a fluid, it will be forced to move in response to the Lorentz 

force imposed in its body [71].  

According to the manner of the Lorentz force, the EMS can be categorized as the 

rotational stirrer and linear stirrer (Figure 2.7), the former one (Figure 2.7(a)) applies mostly 

to the billet and bloom strand [58–59, 62, 64, 72], while the later one (Figure 2.7(b)) is 

normally implemented in the slab [60, 73]. The rotational stirrer is more likely to be the stator 

of an electric motor, while the liquid pool inside of the solidified shell is similar to the rotor 
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of the motor [74]. It is usually powered by a three-phase or sometimes a two-phase 

alternating current. The generated alternating magnetic field rotates around the strand with a 

specific frequency (f). The melt inside of the solidified shell rotates consequently and the 

main component of the liquid velocity locates in the azimuthal direction. A so-called primary 

flow is formed. The maximal liquid velocity appears at the center of the stirrer due to the 

biggest Lorentz force being applied there. A vertical pressure gradient is then formed, and the 

melt will be forced to flow upward (and downward) along the solidification front and returns 

to the stirrer along the center of the strand. A so-called secondary flow is formed, and it plays 

an important role in the heat and mass transfer processes.  

 
Figure 2.7. Types of EMS based on the manner of Lorentz force. (a) Rotational stirrer [64]; (b) 

linear stirrer [73]. 

The linear stirrer is principally similar to the linear motor, and it is always placed in the 

wide wall of the strand or mold [75–80]. According to the arrangement direction of the 

current coils, the stirrer can create the Lorentz force in the horizontal or vertical direction. A 

so-called “butterfly” flow pattern is formed in the melt when the horizontal Lorentz force is 

applied [75], and the extension of this flow is mainly limited by the strand width. Thus, to 

increase the extension of this type of flow, multi-stage EMS is normally used.  
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Specifically, three different moving fields can be generated in the mold region by a 

couple of linear stirrers [79]. As shown in Figure 2.8, four stirrers are installed in the mold 

region with two on each wide face (Figure 2.8(a)). When the magnetic field travels in the 

same direction as the jet flow (Figure 2.8(b)), the flow velocity will be accelerated, and this 

type of magnetic mode is referred to as Electromagnetic Level Accelerator (EMLA). When 

the magnetic field travels in the opposite direction as the jet flow (Figure 2.8(c)), the flow 

velocity will be slowed, and this type of magnetic mode is referred to as Electromagnetic 

Level Stabilizer (EMLS). For the last one (Figure 2.8(d)), the magnetic field travels in the 

same direction over one wide face but in opposite direction on the other wide face. The melt 

then rotates in the horizontal section under the effect of Electromagnetic Rotating Stirrer 

(EMRS). Although the flow pattern in the melt is similar to the primary flow generated by 

the rotational stirrer (Figure 2.7(a)), the extension of this flow is limited and mainly 

distributed in the stirrer region [75].  

 
Figure 2.8. Types of moving magnetic fields with linear stirrer [79]. (a) Schematic of the 

installation of the magnetic field generator. (b) Electromagnetic Level Accelerator (EMLA); (c) 

Electromagnetic Level Stabilizer (EMLS); (d) Electromagnetic Rotating Stirrer (EMRS).  

According to the installation position of the stirrer (Figure 2.9), the EMS is categorized 

as the mold-EMS (M-EMS), strand-EMS (S-EMS) and final-EMS (F-EMS). As its name 

implies, M-EMS is normally installed in the mold region, S-EMS is implemented in the 

secondary cooling zone, and F-EMS is applied in the final solidification region of the strand 

[62].  



 

- 14 - 
 

 
Figure 2.9. Types of the EMS based on the installation position [62]. 

Although the invention and implementation of the M-EMS is later than the S-EMS, the 

high efficiency of this technique in improving the surface and inner quality, and promoting 

the formation of equiaxed grains attracted more attentions on itself. It is acknowledged that 

the M-EMS plays an important role in promoting the superheat dissipation in the strand [62, 

67, 81–86] through the M-EMS-induced primary and secondary flows. As shown in Figure 

2.10, the superheated zone coming from the SEN is shifted upward significantly as increasing 

the current intensity of the M-EMS [18]. In addition to being a cooler, another important role 

of M-EMS is to promote the formation of equiaxed grains through the fragmentation 

mechanism [87]. The fragments tend to grow and convert to the equiaxed grains in the 

undercooled melt. Thus, the central equiaxed grain zone can be increased evidently with the 

application of M-EMS [62, 88–92]. As shown in Figure 2.11, the developed equiaxed grains 

in the center of the strand is beneficial to decrease or eliminate the central porosity and 

reduce the center segregation [66, 81, 90–91, 93–94]. However, it was also reported that the 

M-EMS alone cannot efficiently reduce the mean value of the center segregation [62], 

especially for the low and high carbon steel, thus, a combined stirring mode, i.e., M+F-EMS 

or M+S+F-EMS, is preferred.  
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Figure 2.10. Influence of the M-EMS current intensity on the temperature distribution of a steel 

billet (195 mm × 195 mm). The liquidus isoline (1688.15 K) is overlaid with the temperature 

contour on the vertical symmetry planes [18].  

 

 
Figure 2.11. Effect of current intensity of M-EMS on the as-cast structure (a), and center 

segregation (b) of the steel bloom (260 mm × 300 mm) [82]. 

A primary magnetic field is generated in the space by activating the alternating current 

(AC) in the stirrer. When the alternating primary magnetic field penetrates into the copper 

mold, the eddy current is generated, and it mostly distributes in the outer side of the 

electrically conductive material (“skin effect”). A secondary magnetic field is then created by 

the eddy current and has the opposite direction with the changing direction of the primary 

magnetic field (Figure 2.12(a)). The efficiency of the M-EMS in rotating the melt is then 

reduced somehow. To weaken the shielding effect of the copper mold, the frequency of the 

AC should be determined reasonably. There is an optimum frequency to get the maximal 
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torque or force ( 2F B f ), and it has a correlation with the copper mold thickness and the 

strand section size. As shown in Figure 2.12(b), the optimum frequency is decreased as 

increasing the mold thickness and the section size of the strand [75]. Recently, a new method 

to reduce the shielding effect of the copper mold of the steel bloom was proposed by placing 

the insulating layers in the mold [95]. It was reported that the combined (vertical and dual 

transverse) insulating layers can effectively weaken the shielding effect of copper mold.  

 
Figure 2.12. Shielding effect of copper mold. (a) Schematic of the skin effect generated in the 

electrically conductive material (copper mold); (b) relation of the torque at mold inner wall with 

the billet section and mold thickness [75].   

S-EMS was initially invented to improve the as-cast structure of the strand by inhibiting 

the growth of columnar dendrites and promoting the formation of equiaxed grains [62, 96–

97]. However, the negative segregation (“white band”) formed in the S-EMS operating area 

[59, 97–98] inhibits the further development of this technique. As shown in Figure 2.13, the 

effect of S-EMS on the formation of the “white band” of a steel billet (127 mm × 127 mm) 

under different shell thickness at the stirrer position are experimentally studied [98]. 

Compared to the casting without S-EMS, the “white band” defects are obviously observed on 

the cross-section of the strand once the stirrer is applied, and the position of the “white band” 

is closely depended on the shell thickness at the stirrer position. Additionally, the efficiency 

in promoting the generation of equiaxed grains and decreasing the center porosity of S-EMS 

is far behind M-EMS (Figure 2.14) [62]. Thus, the S-EMS is normally used as combined 

stirring mode.  
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Figure 2.13. Sulfur prints showing the effect of S-EMS on the formation of the “white band” of a 

steel billet (127 mm × 127 mm) under different shell thickness at the stirrer [98]. (a) Without 

stirrer; (b) stirrer at the position when the shell thickness is 18 mm; (c) stirrer at the position when 

the shell thickness is 36 mm.  

 
Figure 2.14. Comparisons of the efficiencies of creating the equiaxed zone and decreasing the 

central porosity between M-EMS and S-EMS of a steel billet (125 mm × 125 mm) [62].  

F-EMS is usually placed at the final solidification area of the strand to eliminate the 

center porosity problem and reduce the ratio of the center carbon segregation [99–101]. Due 

to the well-developed solid shell and its self-shielding effect on the magnetic field, the 

current intensity and frequency of F-EMS is generally larger than that of M-EMS. However, 

the equiaxed zone is found to be less sensitive to the F-EMS intensity. As displayed in Figure 

2.15, the effects of F-EMS intensity on equiaxed zone and central porosity of a steel bloom 

(510 mm × 390 mm) were experimentally investigated. The equiaxed zone ratio just stays in 

the range of 25.3% – 25.8% with different current intensity. Nevertheless, the central 

porosity defect could be significantly reduced by the F-EMS, i.e., the large central porosities 

are replaced by numerous of fined spots [91].  
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Figure 2.15. Effect of F-EMS intensity on the equiaxed zone (a), and central porosity (b) of a steel 

bloom (510 mm × 390 mm) [91].  

As shown in Table 1, the effect of EMS systems on the quality of continuous casting 

billets are compared in terms of surface cracks, center porosity, center segregation and so on. 

The full combined mode, M+S+F-EMS, is found to be most powerful to improve the quality 

of the billets [102]. 

Table 1. Summary of the effect of EMS systems on the surface and macrostructure quality of steel billet [102]. 

 
 

 
 

Summary: The two conventional technologies (IC and CC) are mature in producing steel. 

However, they still don’t work properly for high-quality rotor shafts or similar components of 

large formats because of their own limitations. New ideas or concepts are still demanded for 

producing high-quality steel components of large format.  
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2.2 Large vertical steel casting 

Several new process concepts have been proposed to produce the steel components with 

large format, including vertical continuous casting (VCC), large ingot casting caster (LICC), 

segment casting (SC) and semi-continuous casting (SCC).  

2.2.1 Vertical continuous casting (VCC) 

Since the vertical continuous casting (VCC) is free from bending and straightening 

procedures, a relatively symmetric macrostructure and good surface quality could be obtained 

through this method. A VCC machine was built by Zhong Yuan Special Steel in 2015 to 

produce the steel strands with large format [11, 103]. As shown in Figure 2.16, the machine 

is constructed of concrete, the total height is 52 m with ground height 25 m and underground 

height 27 m. It is used to produce the heavy round blooms with diameters of 400 mm, 600 

mm and even 800 mm. The height of the products ranges from 2.5 m to 6.0 m. The maximum 

casting speed is set as 0.4 m/min for the small bloom, and 0.1m/s for the large bloom, 

respectively. Multi-stage stirring (M-EMS, S-EMS, F-EMS) can be implemented along the 

strand to improve the inner and surface quality of the products [104–108].  

 
Figure 2.16. Schematic of the large vertical continuous casting [11, 103]. 

Typical as-cast structure of the steel for different formats and alloys through the 

procedure of VCC are shown in Figure 2.17. A good inner structure was obtained for the 

small-section low-alloy steel (Figure 2.17(a)), but the central porosity is still an annoying 

problem that needs to be solved. The grain structures have been improved for large sections 

and higher alloy steel (Figure 2.17(b)–(c)). However, some parameter studies need to be 
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further conducted to reduce the surface cracks, central segregation and central cracks for the 

medium-high-alloy steel. 

 
Figure 2.17. Typical as-cast structure of the steel for different sections and alloys through the 

procedure of vertical continuous casting [11]. 

2.2.2 Large ingot casting caster (LICC) 

To obtain higher yield/productivity and improve the quality of extra-large sections and 

high alloy steel strand, a concept of large ingot casting caster (LICC) was proposed by 

POSCO in 2007 [109–110]. Schematic views of the LICC pilot caster and casting process are 

shown in Figure 2.18. The LICC process is divided into three stages, i.e., casting, 

solidification and finishing. The first stage is similar to that of CC, the casting is withdrawn 

vertically from the water-cooled copper mold. The solid shell is formed, and the semi-solid 

strand is run out of the mold along with the dummy bar. Then, at the end of the withdrawing 

process (the target height of the strand is achieved), no more fresh melt is poured into the 

mold through the SEN, and the strand moves downwards and stops at a certain distance 

below the mold. It then stands vertically till the end of the solidification. The top heating and 

stirrer techniques could be applied during this period to improve the quality of the strand. 

When the strand is fully solidified, it is then placed horizontally to the tilter for the later 

procedures. Since the procedure of the LICC is actually semi-continuous, the yield of the 

strand is relatively lower than that of the CC, which should be improved consequently.  
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Figure 2.18. Schematic of the LICC pilot caster (a) [109] and casting process (b) [110]. 

Compared to the ingot casting, the strand produced through the LICC process have a 

better inner as-cast structure. As shown in Figure 2.19(a), the refined global equiaxed grains 

is observed in the inner part of the LICC bloom [109]. Additionally, the equiaxed zone is 

enlarged compared to that of the IC. During the casting process, M-EMS is applied to 

promote the formation of equiaxed grains and accelerate the superheat dissipation. Near the 

end of the casting process, the M-EMS moves with the strand and keeps its position at the 

upper part of the strand till the end of the solidification. Together with the top heating 

technique, the shrinkage pipe at the top of the strand is effectively reduced (Figure 2.19(b)), 

i.e., the length of the pipe is decreased by 77%.  

 
Figure 2.19. (a) Comparison of the as-cast structure between the LICC bloom (700 mm × 700 mm) 

and ingot (6-ton). (b) Effect of the EMS and top heating techniques on the formation of the 

shrinkage pipe at the top region of the LICC strand [109].  
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The central porosity, central segregation and channel segregations (A-segregation and 

V-segregation) are the defects which is harmful to the strand quality. It is found that the EMS 

in one direction tends to deteriorate the internal soundness of the LICC strand. Thus, a 

periodically alternating stirring is proposed. As shown in Figure 2.20, this type of the stirring 

mode is proved to significantly reduce the central porosity (or mini-ingots) and the 

macrosegregation. 

 
Figure 2.20. Effect of the stirring manner on the formation of the macrosegregation and central 

porosity of the LICC strand [109]. 

2.2.3 Segment casting (SC) 

A concept of segment casting (SC) was proposed by INTECO Melting and Casting 

Technologies GmbH [2, 111] to produce the medium and high-alloyed steel grades with large 

formats. Schematic views of the caster layout and casting process are displayed in Figure 

2.21. The whole process is divided into two phases, casting and solidification. The casting 

process is similar to the standard continuous casting process, and the strand is withdrawn in a 

fully vertical manner. M-EMS is applied to promote the formation of equiaxed grains and 

reduce the central porosity/segregation. When the strand is withdrawn to the target length (7 

~ 14 m), the casting phase is terminated, which marks the start of the solidification phase. 

During this period, the strand will not be moved any further, and M-EMS and S-EMS are 

applied. Additionally, the hot-topping powered by a patented induction heating technology is 
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arranged at the top region of the strand to reduce shrinkage pipe. The format of the strand can 

reach 1500 mm in diameter and 14 m in height.  

 
Figure 2.21. Schematic views of the segment casting (SC) caster layout (a) [111] and casting 

process (b) [2]. 

Compared to the IC, the SC is also a more promising technique in producing the 

electrode for the electroslag remelting (ESR) process. As shown in Table 2, the ingot length, 

quality, and yield are greatly improved by the SC procedure. Beneficial from the lower cost 

and shorter mould, the investment in the SC process could also be reduced remarkably.  

Table 2. Comparison between conventional IC and SC for electroslag remelting (ESR) electrode 

production [111]. 

 

2.2.4 Semi-continuous casting (SCC) 

Semi-continuous casting (SCC), which intend to combine the advantages of IC and CC, 

has been widely used to produce the non-ferrous alloys (e.g., copper and aluminum) [112–

120]. However, due to the low thermal conductivity and high pouring temperature of the steel, 
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it is still challenging to apply this technology to produce the steel strand. Recently, a new 

SCC technology was proposed by Primetals Technologies Austria GmbH [1, 3] to produce 

the steel strand with large section. Schematic views of the caster and SCC process are shown 

in Figure 2.22. Two steps are included in the process, i.e., casting and final cooling. First, the 

casting is withdrawn downwards, and the solid shell, which is sufficient to withstand the 

inner ferrostatic pressure, is quickly formed in the water-cooled copper mold and secondary 

cooling zone. Below the secondary cooling zone, a static or dynamic shielding system is 

arranged to slow down the solidification speed of the inner strand. When the casting is 

withdrawn to an expected length, the stand, together with the shielding system, is moved 

aside for the final solidification, and the mold is ready for producing the next bloom, which 

guarantee the high yield. Hot-topping is then arranged at the top of the strand to reduce the 

defect of shrinkage porosity. In addition, the S-EMS could be also applied to promote the 

formation of the equiaxed grains and reduce the central segregation. This new technology can 

be used to produce the single blooms, especially rounds from ϕ 300 mm to ϕ 1500 mm at a 

length up to 12 m [1].  

 
Figure 2.22. Design of a SCC caster (a) and schematic of the SCC process (b) [1]. 

 

 

Summary: Due to the critical process parameters are yet determined, none of the proposed 

new processes for large vertical steel casting (VCC, LICC, SC and SCC) are optimally put in 

operation. They are still in their trial period. Thus, it is particularly necessary to optimize the 

process parameters with the aid of numerical models.  



 

- 25 - 
 

2.3 Modelling  

2.3.1 Multiphase solidification model 

Due to the harsh environment of the field trials, it is difficult to observe the solidification 

process and get a better understanding of the fundamental behaviours during the casting 

process. Therefore, the numerical modelling, which has been significantly developed in 

recent years, could be treated as an alternative and effective tool for this purpose owing to 

their obvious advantages of high flexibility and low costs. Numerous numerical models were 

proposed and utilized to investigate the solidification phenomena during the casting process, 

i.e., mixture continuum model [4–10], cellular automata finite elements (CAFE) method [11–

15], cellular automata – finite volume method (CA-FVM) [16] etc. However, one must be 

conscious of the inherently multiphase and multiscale nature of the solidification phenomena. 

Most such models are limited by the computational capacity (hardware), so that they can only 

be applied to investigate the solidification process of the limited length scale. The volume-

averaged (VA) method, which is based on the Euler-Euler approach, has been proposed 

[121–123] and been greatly developed [124–140]. It is now becoming one of the most 

promising models for simulation of the solidification process of the engineering scale.  

Principally, the macroscopic conservation equations of each phase (melt, equiaxed 

grains, columnar dendrites, gas, etc.) can be derived by averaging the microscopic equations 

over a specific volume V0. This volume must be smaller than the system domain and larger 

than the characteristic size of the interfacial structures [121]. A representative volume 

including two phases (k and j) is shown in Figure 2.23. The volumes of both phases are Vk 

and Vj, and their volume fractions are kf  and jf , with k j 1.0f f+ = . It is assumed that the 

solid phase (k) is treated as a pseudo-fluid. The velocities of both phases are ku  and ju . 

Specially, the velocity of k-j interface ( int
ku ) is a sum of two parts, i.e., int int

k k ku v u= + , where 

int
kv  is the growth velocity of the k-j interface due to solidification or remelting, and ku  is the 

moving velocity of the k-interface [131].  
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Figure 2.23. A representative volume V0, which includes two phases, k and j. The velocity of each 

phase is ku and ju , respectively. The volumes of both phases are kV  and 
jV , and their volume 

fractions are fk and fj, with fk + fj =1.0. The total k-j interface area being enclosed in the volume 

element is Ak, while the k-phase border area being enveloped by the volume element (red) is Ak 

[131]. 

The transport equations for mass, momentum, energy, species, etc., at the microscopic 

scale can be expressed by a general form 

( )( )u
t
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where   is the volume-weighted quality, u  is the velocity,   is the diffusive flux terms,   

is the source term. By making the volume averaging operation 0V  of Equation (1) over the 

representation volume V0, the transport equations at the macroscopic scale can be derived as 
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It is noted that the volume average of a variable k  of the phase k over the volume V0 is 
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The relation between these two quantities is k0
kkk

VV f  = . Thus, the macroscopic 

transport equation of the phase k can be written as 
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,  (3) 

where kd
k

V
  is the dispersive flux term, M

k  is the exchange term due to the phase 

transition, and D
k  is the exchange term due to the diffusive/viscous stress transfer.  

Specially, the physical quantities ( ) are normally defined as mass-weighted ones, i.e., 

 = . Therefore, the Equation (3) can be simplified and written as 

( ) ( ) ( )( )d M D
k k k k k k k k k k k k k kf f u f f

t
        


+ = − + + + +

   (4) 

As a reference, a three-phase volume-average solidification model, which was proposed 

by Wu et al. [126–127], are presented here. Some necessary extensions are considered. Three 

phases are included: liquid melt (ℓ), equiaxed grains (e) and columnar dendrites (c). Both the 

liquid melt and equiaxed grains are treated as moving phases, for which the macroscopic 

transport equations are solved to obtain the liquid velocity ( u ) and equiaxed velocity ( eu ). 

Simple morphologies are assumed for the two solid phases: stepwise cylinders for columnar 

trunks and spheres for equiaxed grains. To address the drag force and other hydrodynamic 

interactions between phases, an equiaxed grain envelop ( env
ef ) is considered for equiaxed 

grains. The volume ratio of the solid “dendrite” to the dendritic envelop is defined as sif

( env
e e/f f= ). The solidification of both solid phases is based on a diffusion-governed growth 

kinetic. A so-called effective equiaxed viscosity ( e ), is used to treat the interaction between 

the equiaxed grains [124]. The heterogeneous nucleation [124, 141] and fragmentation [142–

143] are considered as the origin of the equiaxed grains. When the grains are exposed into the 

superheated region, they will be remelted and further destroyed [144]. The position of the 

columnar tip front is traced dynamically based on the Lipton-Glicksman-Kurz (LGK) model 

[145]. The macroscopic conservation equations about the transport of the mass, momentum, 

heat, and species can be seen in Table 3. The corresponding source terms of the interphase 

transfer are listed in Table 4. 

 

 



 

- 28 - 
 

Table 3. Macroscopic transport equations of the three-phase solidification model. 

1. Mass conservations: 

e c( ) ( )f f u M M
t

 


+ = − −


                                                                                                             (5) 

e e e e cee e( ) ( )f f u M +M
t

 


+ =


                                                                                                                 (6) 

( )c c cecf M M
t




= −


                                                                                                                                       (7) 

2. Momentum conservations: 

( ) ( ) L e cf u f u u f p f g f F U U
t

   
  + = −  + + + − −


                                                        (8) 

with ( ( ) )Tf u u =  +  ,
b ref

b ref ref ref
T Cref

( , )
,  ( , ) (1 ( ) ( ))

T c
g g T c T T c c

 
   



−
 = = +  − +  −  

( ) ( ) L eee e e e e e e e e e e cef u f u u f p f g f F U U
t

   
 + = −  + + + + +


                                                         (9) 

with e e e e e( ( ) )Tf u u =  +   

3. Enthalpy conservations: 

( ) ( ) ( ) M M D D
e c e c( )f h f u h f k T + f Q Q Q Q

t
 


+ =   + − −


                                                        (10) 

( ) ( ) ( ) M M D D
e e e c e cee e e e e e e e e ( )f h f u h f k T f Q Q Q Q

t
  +


+ =   + + +


                                                         (11) 

( ) ( ) M M D D
c e c c cec c c c c c ( )f h f k T f Q Q Q Q

t



=   + + + −


                                                                  (12) 

4. Species conservations: 

( ) ( ) ( ) e cf c f u c f D c C C
t

  


+ =   − −


                                                                            (13) 

( ) ( ) ( )ee e e e e e e e e e e cef c f u c f D c C C
t

  


+ =   + +


                                                                              (14) 

( ) ( )c c c c c c c c cef c f D c C C
t

 


=   + −


                                                                                            (15) 

5. Equiaxed grains and inoculant  

e e nu frag des( )en u n N N N
t


+ = + +


                                                                                                     (16) 

in in nu des( )n u n N N
t


+ = − −


                                                                                                              (17) 
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Table 4. Interphase transfer terms and source terms of the macroscopic transport equations. 

1. Mass transfer 

( )2 e
e Req e e e impM v n d =                                                                                                                           (18) 

( )

( )

*
ee e e

Req imp*
eq eq f,e eqe e

Req e1/3 1/ 2
eq e

2
,                                             

(1 / ) ( )
with 

,Sc = / D , Re = 
/ (1 0.6 Sc Re ) ( )

for solidification
c c D c cD

v f
R R R Rc c c c

c cD
v d

R c c
 



  





− −
=  +   =

− − −

−
= 

+   −

e
e imp/ , 1  for re-meltingu u −  =









 

2 c
Rc c 1 c imp

c 2 c
Rc c tip tip c c imp

( / )                           for columnar trunk without primary tips

[ ( ) ( )]  for columnar trunk with primary tips

v d
M

v d l v R n

  

  

   
= 

  +    

                          (19) 

with 
*

f,c1 c c c
Rc * *

c c cc c

2
ln ( )

R D c cD c cv
R R Rc c c c



−

 

−−
=   + 

− −
, c 1c

imp
c 1

1                     
 

4 / (4 )   
d

f d


 


 = 

− 
 

ce c e( )   fragmentationM u u c = −  −                                                                                              (20) 

2. Momentum transfer 

e e e
e

e e e e

( ) for solidification
( ) for re-melting

u M K u u
U

u M K u u
 + −

= 
 + −

                                                                                           (21) 

with 

2
e

e2
e

e 2 2 3
e

e2
e

180               ( 0.637)

,  =  ( 0.637)
180

f
f

f d
K

f d f
K f

K f









= 
  



 

c c c
c

c c c c

( ) for solidification
( ) for re-melting

u M K u u
U

u M K u u
 + −

= 
 + −

                                                                                           (22) 

with 
3

4 2
c 1 26 10

(1 )
f

K
f

−= 
−

 

ce c ce ce c e( ) fragmentationU u M K u u=  + −                                                                                        (23) 

with c
ce

c

 ( 0.2)
0  ( < 0.2)

f
K

f
 

= 


 

3. Energy transfer 
M
e e e( )Q h h M= −                                                                                                                                           (24) 

D
e e( )Q H T T= −                                                                                                                                             (25) 

M
c c c( )Q h h M= −                                                                                                                                           (26) 

D
c c( )Q H T T= −                                                                                                                                             (27) 

D
ce c e( )Q H T T= −                                                                                                                                             (28) 
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with 
ref

ref
p

T

T

h c dT h= + , 
e

ref

e ref
e p e

T

T

h c dT h= + , 
c

ref

c ref
c p c

T

T

h c dT h= + , 9 -3 110  W mH K −=   . 

4. Species transfer 

e
e

e e

 solidification
      re-melting

k c M
C

c M

  
= 


                                                                                                                     (29) 

c
c

c c

 solidification
      re-melting

k c M
C

c M

  
= 


                                                                                                                     (30) 

ce c ce   fragmentationC c M=                                                                                                                           (31) 

5. Source and sink terms for equiaxed grains and inoculants 

e
nu

( )
( )
dnD TN

Dt d T


= 


                                                                                                                                  (32) 

with 
( ) ( )D T T m u c u T
Dt t
  

= +   − 


,

2
N

σ

1
2e in

σ( ) 2

T T
Tdn n e

d T T

  −
−    = 

 
. 

ce
frag

0 3
e e,frag( )

6

M
N

d


=



                                                                                                                                     (33) 

with 0
e,frag 2 cd f=  . 

e,critical

e
des Req

( )
( ) x d

d n
N v

d x
=

=                                                                                                                                  (34) 

with 

2
e

ˆln( ) ln( )1
2e e( )

( ) 2

x d
d n n

e
d x x



 

 −
 − 
 
 = 

 
. 

 

2.3.2 Computational magnetohydrodynamic methods 

In order to study and understand the effect of the electromagnetic field during 

solidification, many computational magnetohydrodynamic (MHD) methods was proposed. 

Three different methods are described in this section and the characteristics of each method 

are discussed.  

2.3.2.1 Analytical (theoretical) approach 

With the assumptions that: 1) the electromagnetic field is in its steady state, and 2) the 

solid shell thickness is negligible. The electromagnetic force (Lorentz force) in the radius 

direction ( rF ) is expressed as [64, 146–149] 
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2 3 2 2 2θ
0 B 0

B

1 (1 )
8r

uF r B e
r

  


= − −

,    (35) 

where  is the electromagnetic conductivity of the melt, r  is the radial coordinate, 0B  is the 

external magnetic field intensity, B  is the angular speed of the magnetic field, 0  is the 

vacuum magnetic permeability, θu  is the azimuthal velocity magnitude of the melt, and e  is 

the unit vector.  

The Lorentz force in the azimuthal direction is written as 

2 θ
θ 0 B

B

1 (1 )
2

uF rB e
r

 


= −

.     (36) 

In this method, the 0B  and B  must be known in advance, and the relative motion 

between the magnetic field and liquid melt is considered by using a factor of θ

B

(1 )u
r

− . 

However, due to the ignorance of the eddy effect of this simplified approach, it is not adapted 

to the situation of high frequency magnetic fields. Additionally, this method can only be used 

for axis symmetrical system.  

2.3.2.2 CFD (Computational fluid dynamic)-MHD coupled method 

Rigorously, the electromagnetic field and fluid field should be well coupled to precisely 

calculate the solidification process. ANSYS Fluent commercial software provides an add-on 

MHD module [150–152] to consider the interaction between the magnetic field and flow 

field. The coupling scheme is on the basis of two fundamental effects: a) the induction of 

electric current due to the movement of the magnetic field in the conducting materials; 2) the 

effect of the Lorentz force caused by the interaction of the induced current and the magnetic 

field. Generally, the Maxwell’s equations can be written as 

0

qE


  =

,      (37) 

0B = ,      (38) 
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BE
t


 = −

 ,      (39) 

0
EB J
t

 
 

 = + 
  ,    (40) 

where E  is the electric field, q  is the electric charge density, 0  is the vacuum permittivity, 

B  is the magnetic field, t is the time,   ( 0 r = ) is the magnetic permeability, r  is the 

relative magnetic permeability, J  is the current density. For some sufficiently conducting 

materials (i.e., metals), the q  and the displacement current 0
E
t





 can be neglected. Based on 

the Ohm’s law, the J  is a function of  

J E= .      (41) 

If the materials (melt) flow in a velocity of u , the Equation (41) can be adapted as 

( )J E u B= +       (42) 

By converging the Equation (40) and Equation (42) for the sufficiently conducting 

materials, the induction equation can be written as 

21 ( )B B u B
t 


=  + 

 ,    (43) 

or in the form of  

( ) ( )21B u B B B u
t 


+  =  + 

 .   (44) 

It is noted that the B  is composed of two terms, 0B B b= + . Similar to the analytical 

method, the external magnetic field 0B  should be given through the measurement data or by 

some other electromagnetic solver, e.g., ANSYS Maxwell. While the induced magnetic field 

b  can be calculated by solving User-Defined-Scalar (UDS) equations. Thus, the induction 

equation is adapted as 
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( ) ( )( ) ( )2
0 0

1b u b b B b u u B
t 


+  =  + +  − 


, (45) 

The current density J  is given by 

( )0
1J B b


=  +

.     (46) 

Finally, the Lorentz force is calculated by 

F J B=        (47) 

Together with the generated Joule heat ( 21

vol

Q J dV


=  ), these two terms served as one 

of the source terms in the momentum and energy conservation equations, respectively. The 

liquid melt will be driven to flow under the effect of Lorentz force. In turn, the b  is updated 

by the flow field ( u ). The coupling between B , u  and the temperature (T) is automatically 

solved in the MHD solver. Therefore, a full coupling scheme between the magnetic field and 

flow field is achieved. However, due to the calculation is transient, thus, the time step must 

be small enough to resolve the rotation of the magnetic field. Additionally, this method is 

incompatible with the Euler-Euler multiphase approach. Therefore, the usage of this method 

is limited to single-phase flow. 

2.3.2.3 Electromagnetic field – computational fluid dynamic (EM–CFD) iteration scheme 

Instead of obtaining the Lorentz force by analytical solutions or by CFD solvers, some 

EM solvers (i.e., ANSYS Maxwell) is more capable and specially used for the calculation of 

the electromagnetic field. The time-averaged Lorentz force LF  is written as 

( )L e
1
2

F R J B= 
,     (48) 

where eR  means the real part of a complex number, B  is the conjugate magnetic field. The 

LF  is exported from the EM solves and then interpolate into the CFD solvers (i.e., ANSYS 

Fluent) for the later solidification calculations. Three different strategies are normally used 

for EM-CFD iteration scheme.  

a. EM-CFD coupling scheme without any modification and iteration 
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Without any treatment of the time averaged Lorentz force, the LF  is then directly added 

as a source term to the momentum conservation equation. The effect of flow field on the LF  

is ignored. Most recent studies on the continuous casting process adopted this method [153–

159]. However, one must be aware of the LF  decreases with the induced flow field, and the 

ignorance of this effect is only valid when the fluid angular speed (ωℓ) is much smaller than 

the angular speed of the magnetic field (ωB). Otherwise, it would lead to an overestimation of 

the flow field. 

b. One-way EM-CFD coupling scheme with modification 

Different from the first method, to consider the relative motion between the magnetic 

field and fluid flow, a modification of LF  is made by considering a factor of θ

B

(1 )u
r

− , the 

modified Lorentz force ( LF ) is written as 

θ
L L

B

1 uF F
r

 
 = − 

  .     (49) 

The LF   is then weighted by the corresponding phase volume fraction ( f , ef ) and then 

added as a source term to the momentum conservation equation for each phase (Equation (8), 

Equation (9)). Although the effect of flow field on the LF  is considered, the full coupled 

scheme between the EM field and flow field is not realized. Thus, it is still treated as a de-

coupled method.  

c. EM-CFD iteration scheme 

To realize the full-coupling scheme, an iteration method is proposed to consider the 

flow-electromagnetic interaction. On the basis of method (b), after the fluid is induced to 

rotate under the effect of LF  , the averaged fluid rotating angular speed ( ) is calculated 

2
θ

0

/
R

u dr R
 

=  
 


,     (50) 

where R is the radius of the sample. The effective frequency of the magnetic field ( efff ) is 

derived as 
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( )eff B / 2f f  = − ,    (51) 

where f  is the original magnetic field frequency. The LF  is then updated based on the efff  

in the next EM-CFD iteration procedure. The numbers of the iterations can be adjusted based 

on the accuracy requirements. However, the iteration procedure must be performed manually, 

and the fluid rotating angular speed ( ) is normally not uniform along the axis direction of 

the SCC strand. Thus, this EM-CFD iteration procedure cannot be fully applied in the SCC 

process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary: The solidification model proposed by Wu et al. [126–127] is efficient in 

simulating the growth of the columnar dendrite, nucleation and growth of the equiaxed grains, 

movement of the equiaxed grains and their interaction with the columnar dendrites, etc. 

However, some further extensions, i.e., fragmentation, remelting/destruction of the equiaxed 

grains, CFD-MHD coupling, are still necessary to allow the model to capture some 

important/key features of the SCC process.  
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3. Summary of the Ph.D works 

3.1 Modeling mixed columnar-equiaxed solidification of Sn-10wt.% Pb 

alloy under different types of forced convection 

To validate the three-phase solidification model [126–127], one benchmark experiment 

of Sn-10wt.% Pb alloy at the laboratory scale is selected. Based on the previously proposed 

solidification model, further extensions with improved approaches for fragmentation [142] 

and remelting/destruction [144] of equiaxed grains, were considered in this study. Detailed 

information refers to Paper 3 of Part II.  

Followed by the experiments conducted by Hebditch [160], serious of experiments [161] 

on laboratory scale have been performed to investigate the formation of the as-cast structure 

and macrosegregation under different types of forced convection at the SIMAP Laboratory in 

Grenoble France. Schematic view of the experimental facility is shown in Figure 3.1(a), the 

experiment consists in solidifying a rectangular ingot (100 mm × 60  mm × 10 mm) of Sn-10 

wt.% Pb alloy by using two lateral heat exchangers. The heating and cooling history of the 

two exchangers is demonstrated in Figure 3.1(b). A linear motor used to generate the 

travelling magnetic force (TMF) is placed 5 mm beneath the bottom wall of the sample. The 

current intensity of the three-phase alternative current (AC) is 8.5 A with a frequency of 50 

Hz. Four different cases were conducted (Figure 3.1 (c)): without TMF (Case I); TMF in the 

same direction as natural convection (Case II); TMF in the opposite direction as natural 

convection (Case III); and TMF periodically reversed with respect to natural convection 

(Case IV). 

 
Figure 3.1 (a) Schematic view of the experimental facility; (b) heating and cooling history of the 

two exchangers; (c) four different stirring modes.  
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The as-solidified sample was analyzed metallurgically and the as-cast structure of the 

four cases are displayed in Figures 3.2(a.x). The calculated distributions of fc and fe are shown 

in Figures 3.2(b.x) and Figures 3.2(c.x), respectively. Satisfactory simulation-experiment 

agreements are obtained for Case I, II, and IV, but not for Case III. The mismatch for Case III 

will be discussed later. For Case I, the upwind tilting of the columnar dendrites dominates the 

as-cast structure, and the equiaxed grains are mainly distributed in the left-top part of the 

sample. The enhanced flow convection (Case II) promotes the formation of the equiaxed 

grains (Figure 3.2(c.2)), and the growth of the columnar dendrites is inhibited (Figure 

3.2(b.2)). For Case IV, the periodically reversed flow pattern further extends the equiaxed 

zone (Figure 3.2(c.4)), and the columnar dendrites are facilitated in the two right-hand corners 

(Figure 3.2(b.4)). 

 

Figure 3.2. Comparison of the as-cast structure for the four cases (I - IV) based on metallographic 

analysis (a.x) in laboratory experiments [161] and the simulated volume fraction of columnar 

dendrites (b.x) and equiaxed grains (c.x). 

The experimentally measured macrosegregation profiles obtained by X-radiography and 

digital processing methods are shown in Figures 3.3(a.x) and Figures 3.3(b.x), respectively. 

The calculated segregation profiles obtained by averaging the Pb concentrations for ten cross-

section planes along the thickness direction are presented in Figure 3.3(c.x). Good agreements 

are achieved between the simulation results and experimental measurements except for Case 

III. Under the effect of natural convection (Case I), the positive segregation is formed in the 



 

- 39 - 
 

left-bottom region, and the negative segregation is mainly observed in the upper-right region 

(Figure 3.3(a.1) – (c.1)). Additionally, several channel segregations are found in the right part 

of the sample. The enhanced flow convection (Case II) pushes the serious positive segregation 

to the left-bottom corner (Figure 3.3(a.2) – (c.2)), while the periodically reversed convection 

(Case IV) is observed to shift this positive segregation to the central-bottom area (Figures 

3.3(a.4) – (c.4)). On the other hand, the numbers of the channel segregation are increased 

under TMF. By integrating the macrosegregation index in the calculation domain, the global 

macrosegregation index ( index
mixGMI= vol c dv ) is determined to be 38.17% for Case I. By 

applying the TMF, the GMI is increased to 39.45% for Case II and 39.77% for Case IV. It is 

found that macrosegregation is generally intensified by the TMF. 

 

Figure 3.3. Macrosegregation maps obtained for the sample under the effect of different 

electromagnetic stirring modes: (a.x) X-radiography of the as-solidified ingot [161]; (b.x) Pb 

concentration map digitally processed from (a.x) [161]; (c.x) simulated mean Pb concentration 

through the thickness direction.  

For Case III, one reason for the simulation-experiment mismatch could be the avalanche 

phenomenon [162], which probably occurs when the columnar dendrites solidify from the 

upper-right corner of the ingot in the early stage of solidification. The evolution of the 

columnar structure, which is represented by the isosurface of fc = 0.05, is shown in Figure 

3.4(a) – (b). The temperature field overlaid with the liquid velocity in vector is displayed on 
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the central vertical plane. As shown in Figure 3.4(a), at 50 s, the lowest temperature (Tlow = 

490.49 K) of the melt appears at the upper-right corner of the sample, and the associated 

solidification of the columnar structure should also start from this area. At 100 s (Figure 

3.4(b)), the columnar tip front continually grows and extends downwards along the cold wall. 

A zoomed view of the distribution of u c  near the upper-right corner (Zone A marked in 

Figure 3.4(b)) on the central vertical plane is shown in Figure 3.4(c). The interdendritic flow 

( u ) in the direction opposite to the liquid concentration gradient ( c ) leads to local 

remelting. The ‘blue’ region with a negative value of u c , where the angle between u  

and c  is larger than 90°, is observed near the right wall. If the remelting of columnar 

dendrite roots causes massive dendrites to fall off from the right wall, as schematically shown 

in Figure 3.4(d), the avalanche phenomenon is likely to occur. However, this phenomenon is 

still far more complex for the recent model. According to the current model, the growth of 

the columnar dendrites in the upper-right part is further promoted during the later 

solidification stage. Finally, the as-solidified columnar dendrites capture the upper-right part 

of the sample in Case III (Figure 3.2(b.3)), leading to a mismatch to the measurement result 

(Figure 3.2(a.3)). 

 

Figure 3.4.  Solidification sequence of the columnar dendrites (iso-surface of fc = 0.05) for Case 

III: (a) t = 50 s; (b) t = 100 s; (c) zoom view of the u c  distribution in Zone A shown in (b). 

Temperature field overlaid with liquid velocity vector is shown on the central vertical plane; (d) 

schematic view of the avalanche phenomenon. 



 

- 41 - 
 

3.2 Numerical study of the as-cast structure and macrosegregation in the 

continuous casting of a steel billet 

The main purpose of this study is to further validate the numerical model and prove its 

capability in simulating the casting process at the industrial scale. The proposed model is 

extended, i.e., in addition to the fragmentation mechanism, the heterogeneous nucleation is 

considered as another source of the equiaxed grains. Detailed information refers to Paper 1-2 

of Part II.  

Schematic of the continuous casting of a steel billet under the effect of M-EMS is shown 

in Figure 3.5. The composition of the steel billet is simplified as a binary alloy, i.e., Fe-

0.53wt.%C, and the casting geometry (195 mm × 195mm) correspondeds to that of an 

industrial process. The simulation was performed from the start stage (Figure 3.5(a)) till the 

quasi-steady stage of the casting (Figure 3.5(b)). The calculation domain is limited to only 12 

m from the meniscus, which covers the mold region and three subsequent secondary cooling 

zones (Z1 - Z3). The flow field, temperature field, concentration field and solidificaiton 

phenomena are analyzed in the  upper quasi-steady state region, and the as-cast structure and 

macrosegregation are analyzed in the lower as-solidified region.  

 
Figure 3.5. Schematic of continuous casting process under the effect of M-EMS. (a) Start stage of 

the casting with the zoom-in view of mixed columnar-equiaxed solidifications; (b) quasi-steady 

stage of the casting.  

The transient solidification process together with the temperature/velocity fields for the 

case with M-EMS are shown in Figure 3.6(a) – (c). For comparison, the temperature field for 
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the case without M-EMS is depicted in Figure 3.6(d). As shown in Figure 3.6(a), one 

important role of the M-EMS is to confine the superheat area to the mold region, leaving the 

liquid core out of the mold region undercooled. In contrast to the case with M-EMS, the 

superheated region in the case without M-EMS can extend through the liquid core of the 

strand far below the mold region (Figure 3.6(d)).  

 
Figure 3.6. Solidification process in the upper part of the strand with M-EMS. (a) Temperature 

field overlaid with the liquidus isotherm (1688.15 K), indicating the superheated zone; (b) volume 

fraction of the columnar phase (fc) overlaid with u  vectors (grey) and streamlines (red) 

schematically highlighting the flow direction; (c) volume fraction of the equiaxed phase (fe) 

overlaid with eu  vectors (grey) and streamlines (red) schematically highlighting the direction of 

motion of the equiaxed phase; (d) for comparison, the temperature field for the case without M-

EMS is shown. 
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Contour of the volume fraction of columnar dendrites (fc) overlaid with the liquid 

velocity ( u ) is shown in Figure 3.6(b), and contour of the volume fraction of equiaxed grains 

(fe) overlaid with the equiaxed velocity ( eu ) is shown in Figure 3.6(c). Two iso-lines are used 

in Figure 3.6(b) to define the solid shell (fℓ = 0.3) and the position of the columnar tip front (fℓ 

= 0.95). Near the middle height of the stirrer (Zone B), the M-EMS-induced swirling flow is 

confined by the solidified shell. In the mold region (Zone A), the downward jet flow coming 

from the bottom exit of the submerged entry nozzle (SEN) is brought back to the upper part of 

the mold region along the solidification front by the M-EMS-induced secondary flow Figure 

3.6(b). A small portion of equiaxed grains could also be carried to the upper mold region by 

this secondary flow and partially remelts in the superheated zone (Figure 3.6(c)). In the 

secondary cooling zone, most equiaxed grains settle down and continue to grow during 

settling (Zone C in Figure 3.6(c)).  

 
Figure 3.7. Evolution of the equiaxed grains in the upper part of the strand. (a) Heterogeneous 

nucleation rate Nnu; (b) crystal fragmentation rate Nfrag; (c) – (d) net mass transfer rate (Mℓe) 

between the melt and equiaxed grains for solidification (c) and remelting (d); (e) destruction rate 

of the equiaxed grains Ndes.  

The evolution of the equiaxed grains in the upper part of the strand is shown in Figure 

3.7. On the one hand, when the necessary conditions are achieved in the undercooled region, 

the inoculants are activated as equiaxed grains (Figure 3.7 (a)). On the other hand, the 
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fragments generated in the mushy zone near the columnar tip front provide the source of 

equiaxed grains (Figure 3.7(b)). Analysis of the results showed that the M-EMS-induced flow 

appeared to impact crystal fragmentation very effectively. The created equiaxed grains will 

continue to grow in the undercooled region (Figure 3.7(c)) or be remelted in the superheated 

zone (Figure 3.7(d)). The remelting process is accompanied by a reduction in grain size. 

Once the grain size is reduced to a critical value (dcrital), the equiaxed grain will be destructed 

(Figure 3.7(e)). 

The experimental macrograph of the as-cast structure is shown in Figure 3.8(a), and the 

simulated macrostructure is displayed in Figure 3.8(b). The profile of the columnar zone 

shows a satisfactory agreement with the one of the as-cast structure, while the equiaxed zone 

is somehow underestimated by the simulation. Contour of the macrosegregation index ( index
mixc ) 

is exhibited in Figure 3.8(c). Because of the accumulation of the equiaxed grains, negative 

segregation is observed in the central equiaxed zone. Positive segregation occurs at the 

border of the columnar zone, and a trail of negative segregation (so-called ‘white band’) is 

found in the subsurface region of the billet.  

 
Figure 3.8. (a) Macrograph of the as-cast structure; (b) simulated macrostructure; (c) simulated 

macrosegregation index index
mixc . 
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3.3 Evaluation of the coupling schemes between the flow field and 

electromagnetic field 

The purpose of this study is to validate the computational magnetohydrodynamic (MHD) 

methods that are typically employed for the steel CC process and evaluate the coupling 

schemes between the flow field and electromagnetic (EM) field. Detailed information refers 

to Paper 5 of Part II. 

Three different MHD calculation methods and coupling schemes are shown in Figure 

3.9. Instead of directly solving Maxwell’s equations, the analytical equations [64, 146–149], 

as shown in Figure 3.9(a), are employed to calculate the Lorentz force LF  (composed of θF  

and rF ). Specifically, the external magnetic field 0B  and its distribution f(z) should be 

known in advance. The relative motion between the liquid and magnetic field has been 

considered by a factor of B(1 / ) − . 

 
Figure 3.9. Sketch of different MHD calculation methods and coupling schemes: (a) Analytical 

solution; (b) Coupled simulation via ANSYS Fluent addon MHD module; and (c) Iteration scheme 

between EM and CFD solvers. 

As depicted in Figure 3.9(b), the ANSYS Fluent add-on MHD module provides one 

coupled method for MHD calculations, but 0B  should be measured or calculated via ANSYS 
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Maxwell software in advance. The electrical conductivity of the liquid melt is dependent on 

the local temperature T. The combined magnetic field B  is a sum of external magnetic field 

0B and induced magnetic field b , i.e., 0B B b= + . The b  will be undated by the forced flow 

( u ). The coupling between B , u , and T is automatically solved in ANSYS Fluent. An 

iteration scheme between the EM and computational fluid dynamic (CFD) solvers as shown 

in Figure 3.9(c). According to Roplekar and Dantzig [147], LF  was modified by multiplying 

B(1 ) −  before applying it as a source term for the Navier–Stokes equation. Then, the 

calculated averaged liquid rotating angular velocity, 2
θ

0

/
R

u dr R
 

=  
 
 , was used to modify 

the effective frequency of the magnetic field, ( )eff B 2f   = − .  

Three different laboratory experiments were conducted on an upward Bridgman furnace 

equipped with a rotating magnetic field (RMF). The RMF was generated by a two-pole 

inductor charged by a three-phase alternating current (AC). Detailed information on the 

furnace is available in the Reference [163]. As shown in Figure 3.10(a), the diameter of the 

iron-core of the inductor is 230 mm, and its height is equal to 300 mm. The first experiment 

was performed without loading any sample, the B  field along the axis and in the azimuthal 

directions was measured with GM08 Gaussmeter (Hirts Magnetics). As schematically shown 

in Figure 3.10(b), the solid samples (Cu, Al, and AlSi7) in the second experiment are 

suspended in the inductor and fixed by an insulated organic sample holder (PA6 polyamide). 

With the RMF load, the induced Lorentz force on the sample is transported to a digital 

dynamometer via the sample holder. The pull (force) exerted on the sample under different 

values of B  were measured. Hence, the Pull is calculated as Pull = Friction(0.34 N) + Force. 

The torque *Pull R = , where R denotes the radius of the sample. To measure the flow 

velocity, a so-called pressure compensation method is applied to measure the RMF-induced 

rotating angular speed [164]. This experiment was performed at room temperature with cold 

alloy Ga75In25 (Figure 3.10(c)). The inner diameter of the tank was 25 mm, and its height 

was 100 mm. By measuring the level-difference (ΔH) after loading the RMF, the rotating 

angular liquid velocity ( ) can be calculated.  
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Figure 3.10. Schematic of experiment setup. (a) Layout of the inductor and sample position; (b) 

sketch of torque measurement; (c) sketch of liquid velocity measurement.  

As shown in Figure 3.11(a), the calculated B  along the axis of the inductor for the case 

without sample loading matches the experimental measurements quite well. When a copper 

sample (H =150 mm, R = 10 mm) is loaded, the B  field in the sample is subject to the skin 

effect, and the calculated B  along the axis of the sample should be reduced by 

approximately 13 mT. The calculated   for solid samples of three metal/alloys (Cu, Al, and 

AlSi7) as a function of B  is compared with those obtained via experiments as shown in 

Figure 3.11(b). For all samples,   increases exponentially with B . The simulation results are 

in excellent agreement with the measurements. 

 
Figure 3.11. Experiment–simulation comparison of B  (f = 50 Hz, I = 5700 A) and  . (a) B  

along the axis of the inductor. (b)   for solid samples of three metal/alloys (Cu, Al, and AlSi7).  

The calculated   as a function of B  with different MHD methods and modification 

strategies is shown in Figure 3.12. With the analytical solution (Figure 3.9(a)), the calculated 
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  is overestimated by ca. 34.4 %. With the ANSYS Fluent addon MHD module, (Figure 

3.9(b)),   shows good agreement with the experimental measurements. With the iteration 

scheme between EM and CFD solvers (Figure 3.9(c)), different modification strategies were 

performed to check their effect on the calculation accuracy. Evidently,   differs 

significantly if modification strategies of LF  are varied. The calculated   is overestimated 

by ca. 66.2 % without any modification and iteration. If LF  is solely modified by a factor of 

B(1 ) − ,   is overestimated by ca. 29.6 %. Hence, only when the modification and 

iteration are conducted,   can reproduce the experimental results. 

 
Figure 3.12. Comparisons of the angular velocities  between experiment and different MHD 

methods and coupling schemes.  

The analytical solution for the LF  corresponds to easy-to-implement method with highest 

computation efficiency, but it is limited to the low-frequency cases. The ANSYS Fluent add-

on MHD module provides the highest calculation accuracy, but there are drawbacks of 

excessively high computation cost, incompatibility for multiphase solidification problem, and 

the external magnetic field should be measured or calculated elsewhere. To ensure the 

calculation accuracy, an iteration scheme is proposed in the third method. Given that  is 

not uniform along the axis direction of the CC strand, and that the iteration procedure must 

be conducted manually. Thus, it is not recommended to use the iteration scheme in the 

simulation of CC process. The necessary calculation accuracy can still be realized (Figure 3.8) 

by the scheme without iteration but considering the modification to LF , '
L L B(1 )F F  = − . 
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3.4 Solidification principle of the SCC 

The extended three-phase mixed columnar-equiaxed solidification model has been 

verified by making the comparisons with the laboratory experiments and the real industrial 

scale billet continuous casting. Additionally, the accuracy of the coupling scheme between 

the fluid field and electromagnetic field has been addressed in §3.3. The main purpose of this 

study is to understand the solidification principle of the SCC using the extended numerical 

model. Detailed information refers to Paper 4 of Part II. 

As schematically shown in Figure 3.13, SCC includes two stages: withdrawing and 

solidification. Following the CC technique, the withdrawing (pouring) process can be 

efficiently controlled by the implementation of a SEN for mold filling, water-cooled mold 

and secondary cooling (air or water spray) for shell formation, and EMS for flow and 

superheat dissipation. Following the IC technique, when the as-filled and partially solidified 

casting is put aside for the remaining solidification, further measures can be implemented, 

e.g., thermal or electric hot topping, shielding or isolating, and even EMS, to control the 

shrinkage porosity, potential cracks, as-cast structure and macrosegregation.  

 

Figure 3.13. Schematic of processes for large vertical steel casting. 
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The typical 3D flow pattern and solidification results under the effect of M-EMS at the 

early stage of withdrawing (1500 s) are shown in Figure 3.14. A streamline is shown in 

Figure 3.14(a) to demonstrate the complexity of the flow pattern of the liquid melt. The jet 

flow coming from the bottom port of the SEN was reversed and returned to the upper mold 

region. It then rotated and flowed downward along the columnar solidification front. Finally, 

it returned to the M-EMS region along the center of the casting. Under the effect of such a 

forced flow, crystal fragments were generated in the mushy zone, especially in the area where 

M-EMS is operative (Figure 3.14(b)). The simultaneous solidification/remelting phenomenon 

of equiaxed grains at different positions inside the casting was observed (Figure 3.14(c)). As 

shown in Figure 3.14(d), the remelting of the columnar dendrites was negligible, whereas the 

solidification rate of the columnar dendrites was much larger than that of the equiaxed grains. 

 
Figure 3.14. 3D flow pattern and solidification results of the casting during withdrawing at 1500 s. 

(a) A streamline of the liquid melt to demonstrate the flow pattern, the iso-surface of fc = 0.7 is 

drawn to show the shape of the solid shell; (b) one iso-surface of Nfrag = 2×105 [1/m3/s] to show the 

distribution of the created fragments in the mushy zone; (c) net mass transfer rate between liquid 

melt and equiaxed grains (Mℓe) with positive for solidification and negative for remelting; (d) net 

mass transfer rate between liquid melt and columnar dendrites (Mℓc); 

During the late stage of withdrawing (at 3000 s), the M-EMS was turned off, followed 

by the activation of the S-EMS. The S-EMS is installed at a start position of 0.5 m above the 

casting bottom, but it moves upward at a predefined speed of 7.9 × 10-4 m/s relative to the 

casting. The solidification results at the late stage of the withdrawing (t = 5500 s), when the 

strand was withdrawn to a length of 8.25 m, are depicted in Figure 3.15. The S-EMS-driven 

primary rotating flow induces a secondary flow (Figure 3.15(a)). The maximal u  
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( max 1.96 m/s− =u ) appears at the solidification front near the center of the stirrer (Figure 

3.15(c)). Under the effect of S-EMS, columnar dendrites were fragmented near the front of 

the mushy zone (Figure 3.15(d)). Given birth by these fragments, the equiaxed grains grew 

and sedimented to the casting bottom along the solidification front (Figure 3.15(e)). Some 

equiaxed grains could also be brought back to the S-EMS region along the middle-radius 

region of the casting by the lower recirculation loop. Additionally, the superheated region 

was extended to the stirred area under the effect of the upper recirculation loop. Some 

equiaxed grains exposed in the superheated region were re-melted (Figure 3.15(f)) and 

further destroyed (Figure 3.15(g)), while others continued to solidify and accumulated in the 

undercooled liquid (Figure 3.15(h)). As depicted in Figure 3.15(i), a slight negative 

macrosegregation ( index
mixc = – 6 %) was formed in the as-solidified shell, and the liquid in the 

center was enriched with solute. 

 
Figure 3.15. Solidification results during the late stage of withdrawing of a SCC at t = 5500 s. (a) 

Contour of cf  overlaid by vectors of u . Two isolines are drawn for c 0.01f =  and c 0.7f = . 

The solidification results in the S-EMS stirred area, as marked by the red rectangle A in (a) are 

shown in (b)-(i); (b) cM ; (c) contour of u ; (d) fragN ; (e) contour of ne overlaid by vectors of eu ; 

(f) eM , and the isoline of 0T =  is drawn to distinguish the superheated and undercooled regions; 

(g) desN ; (h) ef ; (i) index
mixc . 
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After the termination of the withdrawing process, the partially solidified casting was put 

aside for the remaining solidification. In addition to the S-EMS, hot-topping and shielding 

were applied to decrease the solidification rate of the casting, especially in the top region. 

With the upward movement of the S-EMS, the upper recirculation loop is compressed 

(shortened), whereas the lower recirculation loop is elongated (Figure 3.16(a)). The solid 

shell grew gradually towards the casting center (Figure 3.16(b)). Because of the increase in 

the shell thickness, the maximal u  ( max 1.0 m / su − = ) is decreased by 48.9 % (Figure 

3.16(c)) compared to the result at 5500 s (Figure 3.15(c)). The fragmentation rate also 

decreased (Figure 3.16(d)). As the superheat has been fully dissipated in the liquid core 

(Figure 3.16(g)), no remelting and destruction of the equiaxed grains occurs. The equiaxed 

grains transported from the lower part of the casting (Figure 3.16(e)) will survive (Figure 

3.16(h)) and solidify (Figure 3.16(f)) in the central liquid pool. Mixing the solute-enriched 

melt with the solute-depleted equiaxed grains (from the lower part of the casting) by the S-

EMS-induced flow is beneficial for homogenizing the solute element in the casting center 

(Figure 3.16(i)).  

 
Figure 3.16. Solidification results during solidification stage of a SCC at t = 9500 s. (a) Contour of 

cf  overlaid by  vectors of u , and two isolines are drawn for c 0.01f =  and c 0.7f = . Zoom-in 

views of the solidification results in the S-EMS stirred area, as marked by the red rectangle B in 

(a), are shown in (b)-(i). (b) cM ; (c) contour of u ; (d) fragN ; (e) contour of ne overlaid by 

vectors of eu ; (f) eM ; (g) temperature field T; (h) ef ; (i) index
mixc . 
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4. Main conclusions of the Ph.D works  

A previously proposed three-phase mixed columnar-equiaxed solidification model was 

extended and used to investigate the formation mechanism of the as-cast structure and 

macrosegregation in semi-continuous casting (SCC) of steel. The model was validated with the 

Sn-Pb benchmark casting experiments at the laboratory scale and the continuous casting (CC) 

of a steel billet at the industrial scale. Then, different EM-CFD coupling schemes between the 

flow field and the electromagnetic field were also evaluated by comparing the experimental and 

simulation results. Finally, the refined model was used to study the solidification principle of 

SCC in a large format (ϕ1 m × 10 m). The main conclusions are drawn as follows.    

1. To ‘reproduce’ the experimental results of the laboratory benchmark casting (Sn-Pb) and the 

continuous casting of steel billet, it is found to be essential to include following key features 

in the solidification model:  

− three phases which include liquid melt, equiaxed and columnar; 

− fragmentation of the columnar dendrites, which give birth to the equiaxed grains; 

− transport of the equiaxed grains; 

− growth and remelting/destruction of the equiaxed grains; 

− a proper coupling scheme between the electromagnetic field and multiphase flow. 

2. Simulations of both laboratory casting of Sn-Pb and continuous casting of steel billet have 

shown that the forced flow induced by the electromagnetic stirring plays an important role 

in homogenizing the temperature field and promoting the equiaxed grains formation through 

the fragmentation mechanism, and consequently, facilitates the columnar-to-equiaxed 

transition. 

3. Simultaneous solidification, transport, and remelting phenomena of equiaxed grains 

represent an important species/energy transport mechanism during solidification. For 

example, in the Sn-Pb laboratory benchmark casting, equiaxed grains grow in the 

undercooled melt, while some equiaxed grains are brought by the TMF-induced flow to the 

superheated region and re-melted. In the steel billet strand (195 mm × 195 mm), some 

equiaxed grains are brought by the M-EMS-induced swirling flow into the central 

superheated zone and re-melted. It is verified that ignoring the remelting of equiaxed grains 

in the superheated region in the solidification model will lead to an overestimation of the 
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temperature in the liquid melt, and it will cause an error in the calculation of the as-cast 

structure and macrosegregation. 

4. Through the parameter studies of the CC of the steel billet (195 mm × 195 mm), it is found 

that the shielding effect of the copper mold, electrical isolation at the strand-mold interface, 

and relatively high electrical conductivity of the strand shell affect the M-EMS efficiency. 

Especially, the electric current path through the strand-mold interface is found to be more 

important. Considering that: 1) the slag layer in the strand-mold gap is mostly in the solid 

state, which has a relatively lower conductivity, and 2) an air gap may occasionally form 

between the strand and mold, the strand-mold interface should be treated as an electrically 

isolating wall. 

5. By evaluating different EM–CFD coupling schemes, it is found that 1) the analytical solution 

corresponds to easy-to-implement method, but it cannot account for the eddy effect, hence, 

it is limited to the low-frequency cases; 2) the ANSYS Fluent add-on MHD module provides 

the highest calculation accuracy, but it is incompatible with the Eulerian–Eulerian 

multiphase approach; 3) the iteration scheme between EM and CFD solvers considers the 

eddy current and flow effect on the EM field, and the necessary calculation accuracy can 

still be realized without iteration in the CC or SCC processes. 
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A B S T R A C T

Mold electromagnetic stirring (M-EMS) has been introduced into the continuous casting of steel billets to pro
mote the formation of a central equiaxed zone; however, the formation mechanism of the equiaxed crystals and 
the effect of M-EMS on crystal transport are not fully understood. Currently, a three-phase volume average model 
was used to study the solidification in a billet continuous casting (195 mm × 195 mm). The modeling results 
showed that the main function of M-EMS in this type of billet casting is to promote superheat dissipation in the 
mold region, leaving the liquid core out of the mold region undercooled. Although both, heterogeneous nucle
ation and crystal fragmentation, are considered to be the origins of equiaxed crystals, M-EMS appeared to impact 
crystal fragmentation more effectively. A small portion of equiaxed crystals could be brought by the M-EMS 
induced swirling flow into the superheated zone (upper mold region) and remelted; most equiaxed crystals 
settled in the lower undercooled zone, where they continued to grow and form a central equiaxed zone. These 
simultaneous phenomena represent an important species/energy transport mechanism, influencing the as-cast 
structure and macrosegregation. Negative segregation occurred in the central equiaxed zone, positive segrega
tion occurred at the border of the columnar zone, and a trail of negative segregation occurred in the subsurface 
region of the billet. Finally, parameter studies were performed, and it was found that the shielding effect of the 
copper mold, electrical isolation at the strand-mold interface, and relatively high electrical conductivity of the 
strand shell affect the M-EMS efficiency.   

1. Introduction

The solidification of continuous casting is governed by extremely
complex and co-related phenomena, including melt flow, heat transfer, 
species transport, formation of the initial strand shell in the mold region, 
formation of equiaxed crystals by nucleation and/or crystal fragmen
tation, and transport of the equiaxed crystals. According to Du et al. 
(2021), the solidification in the continuous casting also affects the 
strand-mold interfacial condition (friction state), which in turn in
fluences the heat transfer and the build-up of stress and strain in the 
casting. A comprehensive review on the modeling and simulation of 
continuous casting was made by Thomas (2018). Mold electromagnetic 
stirring (M-EMS) has been introduced into continuous casting to opti
mize fluid flow and heat transfer, to obtain the desired strand quality. As 
early as 1980s, Ayata et al. (1984) performed series of field experiments 
to investigate the effect of electromagnetic stirring (EMS) on the 

macrosegregation in continuously cast bloom and billet. A wider central 
equiaxed crystal zone with less negative segregation was obtained with 
the implementation of M-EMS. Kunstreich (2003a) presented a histori
cal review of EMS in billet, bloom and slab casters as well as some 
physical mechanisms of electromagnetism and fluid flow. Meanwhile, 
the metallurgical principles (the stirring intensity, white band and 
center segregation) and a review of the industrial applications and re
sults were presented by Kunstreich (2003b). However, theoretical in
terpretations to the early industry practice (plant trials and field 
experiments), regarding the functionalities of M-EMS in billet/bloom 
castings, sometimes led to confusion, because some casting results from 
the industry practice seemed contradictory. For example, Wang et al. 
(2014), based on a billet casting (185 mm × 185 mm) found that M-EMS 
alone could sufficiently increase the central equiaxed zone from 10 to 15 
% in the non-stirring case to over 45 % with the M-EMS. Wu et al. 
(2011), based on a billet casting (160 mm × 200 mm) with M-EMS 
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alone, found that primary and secondary dendrite arm spacings 
decreased greatly as increasing the electromagnetic torque, which was 
beneficial to the columnar -to-equiaxed transition (CET). The center 
segregation and porosity of billets were reduced correspondingly. 
However, Ayata et al. (1984), based on another billet (125 mm × 125 
mm), found that M-EMS alone could only work for middle carbon steel, 
and for the low and high carbon steels the M-EMS has to be combined 
with final electromagnetic stirring (F-EMS) to achieve the desired so
lidification result in the central equiaxed zone. Li et al. (2006), based on 
a bloom casting (380 mm × 280 mm) of high carbon steel, confirmed 
that M-EMS worked only in combination with F-EMS. There were even 
rare cases where M-EMS was not recommended. Wang et al. (2021), 
based on a bloom casting (510 mm × 390 mm) of 20CrMnTi steel, found 
that F-EMS alone (without M-EMS) was sufficient to achieve optimal 
casting result. Interestingly, a study of An et al. (2019), based on a bloom 
casting (220 mm × 260 mm), shown that in addition to the combination 
of M-EMS and F-EMS, a so-called mechanical soft reduction (MSR) had 
to be implemented to get desired quality in the central region of the 
bloom. Li et al. (2020) also suggested a hot-core heavy reduction rolling 
(HHR2) technology could be implemented during the continuous casting 
process. They found that both the microstructure homogeneity and 
uniformity of mechanical properties along the thickness of the plate 
were obviously improved by using the HHR2 process. Du et al. (2008), 
based on a bloom casting (220 mm × 260 mm), found that the central 
segregation of blooms with the special combined electromagnetic stir
ring mode (i.e., M-EMS and F-EMS with alternating rotation direction) 
could be significantly reduced. A primary reason for the above contra
dictory results regarding M-EMS is as follows. For the commercial in
terest, some sensitive details about the casting process were protected 
from publications such as the casting format (dimensions and section 
geometry), M-EMS operation parameters, alloy details, and even casting 
parameters (temperature and speed). This missing information is critical 
for understanding this process. The main reason for the above contra
dictory results is that the formation mechanism of the equiaxed crystals 
and the effect of M-EMS on crystal transport are not fully understood. 

It is not possible to observe the solidification process during 
continuous casting with field experiments owing to the harsh environ
ment and high cost. Therefore, numerical modeling has become an 
effective tool for this purpose. The first numerical model, which com
bines the solutions of the Maxwell, Navier-Stokes, and k–ε turbulence 
equations, was introduced by Spitzer et al. (1986). This early model 
provides valuable information for the initial stirrer design. Follow-up 
numerical studies focused on parameter optimization of the M-EMS 
process. An et al. (2018) used a three-dimensional mathematic model to 
investigate the effect of the applied electrical current density and fre
quency on melt flow. The inner quality of as-cast billet (180 mm × 180 
mm) was significantly improved under the optimal parameter of 320 A 
and 3 Hz. Wang et al. (2020a) developed a coupled model to study the 
effect of stirrer position on electromagnetic field distribution, fluid flow, 
temperature distribution, inclusion removal and mold-level fluctuation 
in billet (180 mm × 220 mm) continuous casting. They found that the 
lower stirrer position could promote the superheat dissipation, reduce 
the probability of slag entrapment, and increase the removal ratio of 
inclusions. Trindade et al. (2002) investigated the shielding effect of 
copper mold based on a finite-element model, and found the increase of 
operating copper temperature gave rise to a magnetic field increase. 
Unfortunately, the above studies ignored solidification, which should be 
included in the solution. 

The importance of considering solidification in numerical models for 
continuous casting has been addressed recently. Janik and Dyja (2004) 
used an enthalpy-based mixture model to analyze the temperature field 
and the growth of solid shell. They found that a three-dimensional nu
merical analysis is necessary because the heat flux density is not equal to 
zero in the casting direction. A coupled magnetohydrodynamic (MHD) 
model was used by Li et al. (2018) to study the characteristics of the 
electromagnetic field, turbulent flow, and solidification in the mold, and 

it was demonstrated that the area of flow field influenced by M-EMS 
decreased remarkably when solidification was considered. Trindade 
et al. (2017) used a numerical model based on finite volume element 
method to investigate the fluid flow and temperature distribution. They 
found that M-EMS decreased the temperature in the strand center and 
locally reduced the shell thickness due to the increase of tangential ve
locity close to the walls. Zhang et al. (2019) used a multi-physical 
mathematical model to investigate the macro transport phenomena in 
a billet continuous casting. They found that the high-temperature zone 
shifted upward with increasing M-EMS current density, and the sub
surface negative segregation due to the intensive wash effects of the flow 
on the initially solidified shell became more severe. Fang et al. (2017) 
used a multiphysics numerical model to study the effect of M-EMS on 
flow, temperature field, solidification behavior and solute concentration 
field in bloom casting (380 mm × 280 mm). They found that the dis
tribution of temperature, solute, and solidified shell was more uniform 
in the M-EMS effective region. However, they did not find the 
improvement of the centerline segregation by the M-EMS in this bloom 
casting. Zappulla et al. (2020) used a multiphysics model to determine 
the realistic temperature and stress distributions in the solidifying shell 
of stainless steel. They found that the stresses arising during solidifica
tion of the stainless steel include a second subsurface compression peak 
through the shell thickness. A common drawback of previous models is 
that the multiphase nature of solidification was simplified. Only the 
formation of the strand shell was considered, while the formation of 
equiaxed crystals and their transport by the M-EMS-induced flow were 
ignored. 

The importance of the proper implementation of M-EMS in solidifi
cation models was also numerically studied. For example, the copper 
mold has a lower electrical conductivity at the operating temperature (~ 
150 ◦C) than at room temperature. This implies that the shielding effect 
of the copper mold on M-EMS could be overestimated by considering the 
electrical conductivity of the mold at room temperature. Sun and Zhang 
(2014) used a coupled mathematical model to study the macro
segregation and macroscale transport phenomena in the bloom contin
uous casting of high-carbon GCr 15 bearing steel. They found that the 
mold temperature should be set as 423 K to meet the real continuous 
casting condition. Thomas et al. (2015) performed several laboratory 
experiments, in combined with large eddy simulations (LESs) to inves
tigate the effect of ruler electromagnetic braking (EMBr) on transient 
flow phenomena. They found that the flow stability problems with 
realistic conducting walls were lessened greatly compared to insulated 
walls. Wang et al. (2020b) observed that if the strand mold gap were 
ignored (i.e., ideal conductivity was assumed for the strand mold 
interface) in the bloom continuous casting with M-EMS, an unrealistic 
distribution (double peaks) of the electromagnetic force would be pre
dicted along the casting direction. 

In this study, a three-phase volume average model was used to study 
the mixed columnar-equiaxed solidification during the continuous 
casting of a billet. This study focused on the effect of M-EMS on the melt 
flow, heat and mass transfer, formation of the strand shell, and forma
tion and transport of equiaxed crystals. The ultimate goal is to develop 
and validate a numerical tool that can predict the as-cast structure and 
macrosegregation in continuously cast steel billets. 

2. Mathematical model 

The industry process of continuous casting referred to a continuous 
production procedure for steel by solidification, but the formation of the 
as-cast structure and macrosegregation is by no means a steady state 
process, especially when complex melt flow under the effect of M-EMS is 
involved. Some early modeling approaches were based on the calcula
tion of steady state thermal field to project the as-cast structural infor
mation in the strand, e.g., Peel and Pengelly (1968) predicted the 
solidification and temperature profile in the continuous casting of 
aluminium by solving the steady conduction equation, Laitinen and 
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Neittaanmäki (1988) used a steady-state nonlinear parabolic-type model 
to simulate the multiphase heat transfer during solidification in 
continuous cating of steel. A thin horizontal slice model based on the 
steady state thermal field was also recently used to study the mold 
transient heat transfer behavior, which was reported by Wang et al. 
(2012). However, when the dynamics of flow and solidification are of 
primary interest, the continuous casting process must be considered 
transiently. Thomas (2018) made a review of the state of the art in 
modeling these phenomena. And further emphasized the transient 
character in nature of the continuous casting process. 

Schematic of continuous casting under the effect of M-EMS is shown 
in Fig.1: (a) the start stage of casting with the zoom-in view of the mixed 
columnar-equiaxed solidficiation, (b) the quasi-steady stage of casting. 
Considering the transient nature of multiphase flow and structure for
mation, the solidification process must be modelled transiently, and the 
numerical calculation must be performed from the start stage until the 
quasi-steady state of the casting, i.e. when the casting is withdrawn till 
sufficient length (> 10.75 m for the current casting format). When the 
process approaches quasi-steady state, the modeling results of the 
casting domain are analyzed with highlight. 

2.1. Solidification model 

A three-phase volume average model (Fig. 1 (a)), which was devel
oped by Wu and Ludwig (2006), was used in this study. The governing 
equations of the solidification model, are summarized in Table 1, but 
descriptions of the source terms and exchange terms are presented by 
Wu and Ludwig (2006) in detail elsewhere. Main features/assumptions 
are as follows. 

(1) The three phases are the steel melt (fℓ), the columnar phase (fc) 
from which the strand shell is built, and the equiaxed crystal grains, 
which are treated as an additional disperse continuum phase (fe). Their 
volume fractions sum up to one. 

(2) The columnar phase is assumed to develop directly from the 
strand surface. The position of the columnar tip front is traced dynam
ically according to the Lipton-Glicksman-Kurz model reported by Lipton 
et al. (1984). The columnar phase moves at a predefined casting 
velocity. 

(3) The equiaxed grains originate from two mechanisms: heteroge
neous nucleation and crystal fragmentation. The former occurs by 
activating the existing nucleation seeds (inoculants) with the necessary 

undercooling, and the latter described by Zheng et al. (2018) is based on 
the flow-enhanced remelting of dendrites near the columnar tip front. 

(4) A simplified envelope scheme described by Wu et al. (2019) is 
used to treat the dendrite morphology of the equiaxed grains. The vol
ume ratio of the solid dendrite to the equiaxed grain envelope (fsi) is set 
to 0.3. Remelting of equiaxed grains is considered. According to Zhang 
et al. (2021), only the diffusion-controlled dissolution is considered in 
the current study, the thermally-controlled melting process described by 
Han and Hellawell (1997) is ignored due to the relatively lower super
heat in the current casting process. 

(5) The CET occurs when the volume fraction of the equiaxed grain 
envelope reaches the criterion (feenv = fe/fsi = 0.49) at the columnar tip 
front. 

(6) Solidification shrinkage is ignored, and the thermosolutal con
vection is modelled using the Boussinesq approach. 

(7) Volume-averaged concentrations of the melt (cℓ), equiaxed grains 
(ce), and columnar dendrites (cc) are calculated. The macrosegregation is 
characterized by the segregation index cindex

mix = (cmix - c0) × 100/c0, 
where c0 is the initial concentration and cmix is the mixture concentra
tion, cmix = (fℓ ρℓ cℓ + fe ρe ce + fc ρc cc)/(fℓ ρℓ + fe ρe+ fc ρc). 

(8) The M-EMS-induced Lorentz force is calculated based on the 
Maxwell equations and added to the momentum equations of both, 
liquid melt and equiaxed phase. Due to the electromagnetic field period 
being much shorter than the momentum response time of the liquid/ 
equiaxed phases, the Lorentz force (Eq. (26)) is time-averaged, which 
was described in detail by Li et al. (2019). In addition, to consider the 
effect of fluid flow on the electromagnetic field, the Lorentz force is 
modified by considering a factor that is related to the relative velocity 
between the rotational magnetic field and the tangential velocity of the 
melt/equiaxed phase, Eq. (7) in Table 1. 

2.2. Model implementation of billet casting 

A schematic of billet continuous casting with M-EMS is shown in 
Fig. 2. The steel composition was Fe-C-Cr-Mn, but was simplified as a 
binary alloy with a nominal carbon concentration of 0.53 wt.%. The 
material properties and operational parameters are listed in Table 2. The 
casting geometry (195 mm × 195 mm) corresponded to that of an in
dustrial process. The calculation domain was limited to only 12 m from 
the meniscus, which covers the mold region and three subsequent sec
ondary cooling zones (Z1 - Z3). A five-port submerged entry nozzle 

Fig. 1. Schematic of continuous casting process under the effect of M-EMS: (a) Start state of the casting with the zoom-in view of mixed columnar-equiaxed so
lidification; (b) Quasi-steady stage of the casting. 
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Table 1 
Governing equations of the three-phase solidification model.  

Governing equations Symbols 

1. Mass conservations: 
∂
∂t

(fℓρℓ) + ∇⋅(fℓρℓ u⇀ℓ) = −Mℓe − Mℓc (1) 

∂
∂t

(

feρe

)

+ ∇⋅
(

feρe u⇀ e

)

= Mℓe + Mce (2) 

∂
∂t

(
fcρc

)
= Mℓc − Mce (3) 

fℓ + fe + fc = 1 (4)  

fℓ,fe,fc, volume fraction of different phase [-] 
ρℓ,ρe,ρc, density [kg m−3] 
u⇀ℓ,u⇀ e, velocity vector [m s−1] 
Mℓe,Mℓc, net mass transfer rate (solidification) [kg m−3 s-1] 
Mce, net mass transfer rate (fragmentation) [kg m−3 s-1]  

2. Momentum conservations: 
∂
∂t

(fℓρℓ u⇀ℓ) + ∇⋅(fℓρℓ u⇀ℓ ⊗ u⇀ℓ) =

−fℓ∇p + ∇⋅τℓ

+ fℓρℓ g⇀
′

ℓ + fℓ F
⇀′

L − U
⇀

ℓe − U
⇀

ℓc (5) 

∂
∂t

(
feρe u⇀e

)
+ ∇⋅

(
feρe u⇀e ⊗ u⇀e

)
=

−fe∇p + ∇⋅τe

+ feρe g⇀ + fe F
⇀′

L + U
⇀

ℓe + U
⇀

ce (6) 

F
⇀′

L = F
⇀

L(1 −
u⇀θ

2πf⋅r
) (7)  

τℓ,τe, stress-strain tensors [kg m−1 s−1] 
p, pressure [N m−2] 

g⇀, gravity [m s−2];g⇀
′

ℓ, deduced gravity [m s−2] 

F
⇀

L,F
⇀′

L, Lorentz force and modified Lorentz force [N m−3] 

U
⇀

ℓe,U
⇀

ℓc,U
⇀

ce, momentum exchange rate [kg m−2 s−2] 
u⇀θ, tangential velocity [m s-1] 
f, frequency of the applied current [Hz] 
r, radial coordinate [m]  

3. Species conservations: 
∂
∂t

(fℓρℓcℓ) + ∇⋅
(

fℓρℓ u⇀ ℓcℓ

)

=

∇⋅(fℓρℓDℓ∇cℓ) − Cℓe − Cℓc 

(8) 

∂
∂t

(
feρece

)
+ ∇⋅

(

feρe u⇀ ece

)

=

∇⋅
(
feρeDe∇ce

)
+ Cℓe + Cce 

(9) 

∂
∂t

(
fcρccc

)
= ∇⋅

(
fcρcDc∇cc

)
+ Cℓc − Cce (10)  

cℓ,ce,cc, species concentration [-] 
Dℓ,De,Dc, diffusion coefficient [m2 s−1] 
Cℓe,Cℓc,Cce, species exchange rate [kg m−3 s-1]  

4. Enthalpy conservations: 
∂
∂t

(fℓρℓhℓ) + ∇⋅
(

fℓρℓ u⇀ ℓhℓ

)

=

∇⋅(fℓkℓ∇⋅Tℓ) − Qℓe − Qℓc 

(11) 

∂
∂t

(
feρehe

)
+ ∇⋅

(

feρe u⇀ ehe

)

=

∇⋅
(
feke∇⋅Te

)
+ Qℓe + Qce 

(12) 

∂
∂t

(
fcρchc

)
= ∇⋅

(
fckc∇⋅Tc

)
+ Qℓc − Qce (13)  

hℓ,he,hc, enthalpy [J kg−1] 
kℓ,ke,kc, thermal conductivity [W m−1 K−1] 
Qℓe,Qℓc,Qce, energy exchange rate [J m−3 s-1]  

5. Formation/transport of the equiaxed grains 
∂
∂t

neq + ∇⋅
(

u⇀ eneq

)

= Nnu + Nfrag + Ndes (14) 

∂
∂t

nin + ∇⋅
(

u⇀ ℓnin

)

= −Nnu − Ndes (15) 

5.1 Heterogeneous nucleation 

Nnu =
D(ΔT)

Dt
⋅

dneq

d(ΔT)
(16) 

D(ΔT)

Dt
=

∂(ΔT)

∂t
+ m⋅u⇀ ℓ⋅∇cℓ − u⇀ ℓ⋅∇Tℓ (17) 

dneq

d(ΔT)
=

nin
̅̅̅̅̅̅
2π

√
⋅ΔTσ

⋅e
−
1
2

⋅
(

ΔT − ΔTN

ΔTσ

)
2 

(18) 

5.2 Crystals fragmentation 

Nfrag =

−γ⋅
(

u⇀ ℓ − u⇀ c

)

⋅∇cℓ

π
6

(
λ2⋅fc

)3 
(19) 

5.3 Remelting/grain-destruction 

Ndes = vRe
dneq

dx
⃒
⃒x=de,critical (20) 

dneq

dx
=

neq
̅̅̅̅̅̅
2π

√
⋅σg⋅x

⋅e
−
1
2

⋅
(

ln(x) − ln(d̂e)

σ

)
2 

(21) 

vRe =
Dℓ
Re

⋅
(
c∗

ℓ − cℓ
)

(1 − k)c∗
ℓ 

(22)  

neq , equiaxed number density [m−3] 
nin, inoculant number density [m−3] 
Nnu, heterogeneous nucleation rate [m−3 s-1] 
Nfrag, crystals fragmentation rate [m−3 s-1] 
Ndes, equiaxed crystals destruction rate [m−3 s-1] 
m, slope of liquidus in phase diagram [K (wt.%)-1] 
ΔT, constitutional undercooling [K] 
ΔTN, undercooling for maximum equiaxed nucleation rate [K] 
ΔTσ, Gaussian distribution width of nucleation law [K] 
γ, fragmentation coefficient [-] 
λ2, secondary dendritic arm spacing [m] 
vRe, grain grow speed (negative value during remelting)[m s−1] 
σg , geometric standard deviation of the lognormal distribution [-] 
x, grain diameter of different size classed [m] 
d̂e, geometric mean of the grain size [m]  

6. Electromagnetic field: 

B
⇀

= μ0μrH
⇀ 

(23) 

∇ × E
⇀

= −
∂B

⇀

∂t 
(24) 

J
⇀

= σE
⇀ 

(25) 

F
⇀

L =
1
2
Re

(
J
⇀

× B
⇀*)

(26)  

B
⇀

, magnetic flux density [T] 

B
⇀*

, conjugate magnetic flux density [T] 

H
⇀

, magnetic field intensity [A m−1] 
μ0, magnetic permeability in vacuum [T m A−1] 
μr, relative magnetic permeability [-] 

E
⇀

, electric field intensity [V m−1] 

J
⇀

, induced current density [A m−2] 
σ, electrical conductivity [Ω−1 m−1] 

F
⇀

L, time-averaged Lorentz force [N m−3] 
Re, the real part of a complex number [-]   
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(SEN) was used. On-site measurement of the magnetic flux density along 
the axis (Line 1) of the continuous casting machine with an empty mold 
at room temperature was performed to validate the configuration of the 
M-EMS stirrer. The numerically calculated electromagnetic field agreed 
satisfactorily with the measurements (Fig. 2(c)). A convective heat 
transfer thermal boundary condition was used in the mold region, and 
heat flux thermal boundary conditions were used in the secondary 
cooling zones (Z1 – Z3) and for commercial reasons, the values are 
omitted. No-slip flow boundary conditions were employed for the melt 
and equiaxed phase along the mold walls. The strand mold interface was 
treated electrically isolating. 

2.3. Numerical procedure 

The calculation is performed from the start of the casting. The casting 
is withdrawn downward vertically with a casting speed of 0.8 m/min, 
and the casting bending is ignored. In the current casting format, the 
metallurgical length, the as-cast structure and macrosegregation on 
cross-section (2 m above the casting bottom by considering the end ef
fect of continuous casting) are unchanged after the casting has been 
withdrawn to a length of 10.75 m. It means the casting has reached a 
quasi-steady state afterwards. To ensure this point, the casting continues 
to be withdrawn to 12 m in length. All the modeling results of the casting 
domain are analyzed at this moment. 

The M-EMS and flow solidification calculations were decoupled. 
First, the electromagnetic field was calculated using ANSYS Electronics. 
By solving the Maxwell equations, the magnetic flux density, electric 
current density, and time-averaged Lorentz force were obtained, but 
only the Lorentz force was exported for the subsequent flow solidifica
tion calculation, which was performed using ANSYS Fluent. The field of 
the Lorentz force was first interpolated into the mesh system of ANSYS 
Fluent, then weighted by the corresponding phase volume fraction 
(melt, equiaxed or columnar), and finally added as a source term to the 
momentum conservation equation of each phase via User-Defined 
Functions (UDF). To consider the effect of the motion of metal phases 
on the induced Lorentz force, a simple modification was made by 
considering a factor that is related to the relative velocity between the 
rotational magnetic field and the tangential velocity of the corre
sponding phase (Eq. (7)). For each time step (0.005 s), 20 iterations were 
conducted to decrease the normalized residuals of the continuity, mo
mentum conservation, volume fraction, species transport, and user- 
defined scalar conservation equations to values below the convergence 
limit of 10−4 and those of the enthalpy conservation equations to below 
10-7. Local mesh refinements were performed near the strand wall and 
strand center. The minimum mesh size was set to 5 mm. The total 
number of finite volume elements was 529200. The eighteen “transport” 

quantities, fℓ, fe, fc, uℓ,x , uℓ,y , uℓ,z , ue,x , ue,y , ue,z , cℓ, ce, cc, Tℓ, Te, Tc, neq, nin 

and pressure p, are obtained by solving the eighteen conservation 
equations, which are summarized in Table 1. All phases share a single 
pressure field, The pressure correction equation is obtained by using the 
“Phase Coupled SIMPLE” algorithm. To solve these multiphase coupled 
equations, one three-dimensional (3D) calculation (withdrawal of the 
casting of 12 m) required 45 days on a high-performance cluster (2.6 
GHz, 28 cores). 

3. Results 

3.1. Flow field 

The typical transient flow pattern of the steel melt inside the strand 
with M-EMS is shown in Fig. 3. The time-averaged Lorentz force is 
shown in Fig. 3(a). A symmetric Lorentz force distribution in the vertical 
section was obtained. The maximum force occurred near the strand 
surface, and decreased exponentially toward the strand center. Section 
views of the Lorentz force at the middle of the M-EMS system (Fig. 3 
(a.2)-(a.3)) show nearly (but not perfect) axis symmetry. This deviation 
from perfect axis symmetry was due to the configuration of the stirrer, 
whose six poles were not geometrically consistent with the four corners 
of the strand section. Fig. 3(b) shows the complexity of the 3D flow 
pattern using streamlines. Four representative streamlines were 
analyzed in detail (Fig. 3(c)). Type A/B: The melt coming from the 
bottom and one side port of the SEN went directly downward. After one 
or two cycles of circulation in the M-EMS region, the melt continued to 
flow downward along the solidification front. Type C: The melt coming 
from one side port of the SEN impinged on the strand shell and turned 
upward toward the meniscus. Because it was confined by the meniscus, 
the melt turned back to the M-EMS region and underwent several ro
tations; then, it flowed spirally upward. Mainly restricted by the M-EMS, 
the melt could only flow back to the position near the bottom of the SEN 
and then flow downward to the M-EMS region. A so called “upper sec
ondary spiral-shaped recirculation loop” was formed. This type of flow 
pattern was also reported by Natarajan and El-Kaddah (2004). They 
used a finite element analysis to investigate the electromagnetic and 
fluid flow phenomena in rotary electromagnetic stirring of steel. They 
found that the secondary flow promoted mixing beyond the region 
confined by the stirrer, and the extent of mixing depended on the fre
quency of the applied rotating magnetic field. Type D: The melt coming 
from one side port of the SEN flowed downward into the M-EMS region 
and underwent several rotations. It then flowed spirally downward 
along the solidification front and returned to the M-EMS region along 
the strand core. A so called “lower secondary spiral-shaped recirculation 
loop” was formed. Note that the above typical streamlines developed 

Fig. 2. (a) Schematic of billet continuous casting with M-EMS; (b) Dimensions and relative positions between the mold and M-EMS system; (c) Distribution of the 
measured and simulated magnetic flux densities along Line 1. 
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transiently, and could change from one type to another dynamically. 
Further, the velocity (motion) of the equiaxed phase was not identical to 
that of the melt flow (Section 3.2). 

For comparison, the flow pattern for the case without M-EMS is 
shown in Fig. 3 (d). The jet from the bottom port of the SEN flowed 
downward directly. Meanwhile, the melt from the side ports of the SEN 
impinged on the strand shell first and then split into two streams: one 
turned upward toward the meniscus, forming vortices below the 
meniscus, and the other turned downward along the solidification front. 
The downward flow along the solidification front drove an upward flow 
in the strand center. 

3.2. Temperature field and solidification 

The transient solidification process together with the temperature/ 
velocity fields for the case with M-EMS are shown in Fig. 4. For 

comparison, the temperature field for the case without M-EMS is shown 
in Fig. 4(d). The analysis area was limited to 2 m from the meniscus, 
covering the mold region and two secondary cooling zones (Z1 and Z2). 

As shown in Fig. 4(a), one important role of the M-EMS is to confine 
the superheated region to the mold region, leaving the liquid core below 
the mold undercooled. The superheated region is indicated by the 
enclosed liquidus isotherm (1688.15 K). Owing to the rotational elec
tromagnetic force, the downward jet flow coming from the bottom exit 
of the SEN was brought back to the upper part of the mold region along 
the solidification front (Fig. 4(a), Zoom A). In contrast to the case with 
M-EMS, the superheated region in the case without M-EMS can extend 
through the liquid core of the strand far below the mold region (Fig. 4 
(d)). Similar phenomenon was also observed in direct chill casting of 
aluminium by Jia et al. (2020). They found that the melt temperature 
decreased rapidly in the presence of electromagnetic field (EMF). Thus, 
a shallower depth of the liquid sump was obtained. 

Fig. 4(b) shows the contour of the volume fraction of the columnar 
phase (fc) overlaid with the melt velocity (u⇀ℓ). An isoline (fℓ = 0.3) was 
used to approximate the shell thickness, and another isoline (fℓ = 0.95) 
was used to define the columnar solidification front. Therefore, the 
mushy zone thickness is the distance between the two isolines. Near the 
middle height of the M-EMS system, the swirling flow was confined by 
the solidified shell (Fig. 4(b), Zoom B). The high-temperature melt 
coming from the side ports of the SEN impinged on the strand shell and 
split into two opposite streams: one upward and one downward. The 
upward stream was confined between the strand shell, meniscus, and 
SEN, forming an upper vortex. The upper vortex played an important 
role in preventing the solidification of the meniscus. The downward 
stream was blocked by the upper recirculation loop generated by the M- 
EMS, and thus, a small lower vortex was formed (Fig. 4(b), Zoom A). In 
the secondary cooling zone, the lower recirculation loop generated by 
the M-EMS accelerated the downward flow along the solidification 
front, which in turn drove the melt backward into the mold region along 
the strand center (Fig. 4(b), Zoom C). After encountering the jet flow 
from the bottom exit of the SEN, the two parts of the melt joined together 
and were conducted toward the solidification front by the upper/lower 
recirculation loops (Fig. 4(b), Zoom A). 

Fig. 4(c) shows the contour of the volume fraction of the equiaxed 
phase (fe) overlaid with the velocity vector of the equiaxed phase (u⇀e). A 
small portion of equiaxed crystals, which were generated by heteroge
neous nucleation/crystal fragmentation near the columnar solidification 
front, was carried to the upper mold region by the upper recirculation 
loop (Fig. 4(c), Zoom A) and partially remelted in the superheated zone. 
At approximately 0.29 m below the meniscus, some equiaxed crystals 
could temporarily survive when they were brought into the lightly 
undercooled zone (Fig. 4(c), Zoom D). In the secondary cooling zone, 
most equiaxed crystals settled down and continued to grow during 
settling (Fig. 4(c), Zoom C). 

The temperature profiles along the centerline and strand surface are 
plotted in Fig. 5, and a comparison is made between the cases with and 
without M-EMS. Without M-EMS, two large flow recirculation loops 
(Fig. 4(d), Zone A) were created on the vertical half-plane of the strand. 
The left recirculation loop consistently brought the cooler melt (still 
superheated) to the strand center. However, the cooling effect was so 
weak that the temperature along the centerline at the mold exit was 
1706.9 K. Therefore, only 1.25 K of superheat was dissipated (Fig. 5(a)). 
The right recirculation loop brought hotter melt toward the solidifica
tion front, raising the surface temperature (T = 1431.15 K) at the po
sition 0.25 m below the meniscus (Fig. 5(b)). The area of influence was 
only maintained for a short distance to the position 0.34 m (T = 1452.83 
K) below the meniscus. Subsequently, the surface temperature dropped 
rapidly (Fig. 5(b)). For the case with M-EMS, two large recirculation 
loops were generated: one upper recirculation loop above the M-EMS 
system and one lower recirculation loop below the M-EMS system. The 
upper recirculation loop drove the cooler melt along the solidification 

Table 2 
Material properties and process parameters*.  

Material properties Symbols Units  

Nominal concentration c0 wt.% 0.53 
Liquidus temperature TL K 1688.15 
Solidus temperature TS K 1593.15 
Melting temperature TM K 1720.15 
Liquid density ρℓ kg m−3 7035.0 
Density difference between melt and 

equiaxed crystals 
Δρ kg m−3 150.0 

Latent heat L kJ kg−1 220.0 
Specific heat cp J kg−1 

K−1 
800.0 

Thermal conductivity kℓ, ke, kc W m−1 

K−1 
33.0 

Diffusion coefficient in liquid Dℓ m2 s−1 2 × 10−8 

Diffusion coefficient in solid Ds m2 s−1 1 × 10−9 

Thermal expansion coefficient of the melt βT K−1 4.5 × 10−5 

Solutal expansion coefficient of the melt βC wt.%−1 0.02 
Equilibrium partition coefficient of carbon k – 0.252 
Liquidus slope m K(wt. 

%)−1 
−60.37 

Electric conductivity of strand (melt) σℓ S m−1 7.6 × 105 

Electric conductivity of strand (solid) σs S m−1 8.2 × 105 

Electric conductivity of mold (423 K) (Li 
et al. (2018)) 

σm-423 S m−1 3.18 × 107 

Electric conductivity of mold (298 K) (Li 
et al. (2018)) 

σm-298 S m−1 4.7 × 107 

Primary dendritic arm spacing λ1 m 1.85 × 10−4 

Secondary dendritic arm spacing λ2 m 4.8 × 10−5 

Viscosity μℓ kg m−1 

s−1 
0.006 

Gibbs Thomson coefficient Γ – 3.3 × 10−7 

Initial inoculant number density n0
in  m−3 1 × 109 

Initial equiaxed number density n0
eq  m−3 1 × 106 

Undercooling for maximum equiaxed 
nucleation rate 

ΔTN K 5.0 

Gaussian distribution width (nucleation) ΔTσ K 3.0 
Packing limit for equiaxed crystals fe,packing – 0.637 
Volume ratio of solid dendrite to equiaxed 

grain envelope 
fsi – 0.3 

Fragmentation coefficient γ – 3.0 × 10−5  

Process parameters    
Strand format D m 0.195 ×

0.195 
Mold length Hm m 0.75 
Secondary cooling zone length (Z1) H1 m xxx 
Secondary cooling zone length (Z2) H2 m xxx 
Secondary cooling zone length (Z3) H3 m xxx 
Casting speed Vc m min−1 0.8 
Pouring temperature Tp K 1708.15 
AC electric current I A xxx 
M-EMS frequency f Hz 3.0  

* For commercial reasons, some process parameters, including the thermal 
boundary conditions, are omitted. 

Z. Zhang et al.                                                                                                                                                                                                                                   

- 76 -



Journal of Materials Processing Tech. 301 (2022) 117434

7

Fig. 3. Melt flow during solidification of the steel billet with M-EMS. (a) Time-averaged Lorentz force distributions on three sections; (b) Streamlines of the melt 
flow; (c) Four types of streamlines shown separately; (d) For comparison, the flow pattern (streamlines) without M-EMS is also shown. 

Fig. 4. Transient solidification process in the 
upper part of the strand with M-EMS. (a) T field 
overlaid with the liquidus isotherm (1688.15 
K), indicating the superheated zone; (b) Volume 
fraction of the columnar phase (fc) overlaid 
with u⇀ℓ vectors (white) and streamlines (red) 
schematically highlighting the flow direction; 
(c) Volume fraction of the equiaxed phase (fe) 
overlaid with u⇀e vectors (white) and stream
lines (red) schematically highlighting the di
rection of motion of the equiaxed phase. (d) For 
comparison, the temperature field for the case 
without M-EMS is shown. (For interpretation of 
the references to colour in this Figure legend, 
the reader is referred to the web version of this 
article).   
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front to the center of the strand, which substantially decreased the 
temperature of the liquid core. The centerline temperature at the mold 
exit was 1686.79 K, which is lower than the liquidus temperature (Fig. 5 
(a)). This indicates that the area outside the mold region was entirely 
undercooled. Another role of the upper recirculation loop was to inhibit 
the downward flow of the melt coming from the side ports of the SEN; a 
small part of the melt was blocked near the SEN (Fig. 4(a)). Conse
quently, the temperature decreased drastically along the casting direc
tion. One interesting finding is that for the case with M-EMS, the surface 
temperature of the strand in most of the mold region was slightly lower 
than that in the case without M-EMS. This implies that M-EMS may not 
increase the heat transfer rate from the strand surface to the water- 
cooled copper mold. In contrast, it may even slightly reduce the cool
ing rate from the strand surface to the mold. The surface integral of the 
heat flux over the entire strand surface area in the mold region was 
calculated, and a comparison was made between the two cases (with and 
without M-EMS). The results verified the above statement: M-EMS does 
not increase the heat transfer rate from the strand surface to the water- 
cooled copper mold. However, M-EMS induced flow is beneficial for the 
temperature homogenization in the strand. It means that the tempera
tures of liquid (near the solidification front) and the solid shell in the 
secondary cooling zone are raised under the effect of M-EMS. Part of the 
thermal energy (the superheat which is presented in the long hot core 
region for the case without applying M-EMS) is transferred to the sen
sible energy and stored in the solid shell and liquid phase (near the so
lidification front). 

Fig. 5(c) shows the evolution of the solid strand shell/mushy zone 
thicknesses. M-EMS slightly promoted the growth of the solid shell/ 
mushy zones above the M-EMS center, while it inhibited their growth 
below the M-EMS center. This phenomenon is related to the flow pattern 
(Fig. 3 and Fig. 4). The upper recirculation loop generated by M-EMS 
inhibited the downward flow of the hotter melt coming from the side 
ports of the SEN and drove the cooler melt upward along the solidifi
cation front. This type of flow reduces the temperature near the solidi
fication front, which is beneficial for the growth of the strand shell/ 
mushy zone. In contrast, the lower recirculation loop generated by M- 
EMS brought the hotter melt from the strand center to the solidification 
front and delayed the growth of the solid shell/mushy zone. The 
thickness of the strand shell at the mold exit was 15.26 mm with M-EMS 
and 16.67 mm without M-EMS. Some steps can also be observed in the 
curves, which were not only due to the flow effect but were also be 
attributed to the mesh size. In this study, a relatively refined mesh (5 
mm) was used near the strand wall to calculate the growth of the solid 
shell/mushy zone; a relatively coarse mesh (7 mm) was used for the 
inner part. Note that the curves should become smoother after further 
mesh refinement, but the calculation cost would drastically increase, 
considering that the current 3D calculation required 45 days on a high- 
performance cluster (2.6 GHz, 28 cores). 

3.3. Origin/solidification and remelting/destruction of equiaxed crystals 

Fig. 6(a) shows the contour of the constitutional undercooling of the 

strand, ΔT = Tf + m⋅cℓ - T, where ΔT considers both, the liquid con
centration and temperature. The undercooled and superheated regions 
are separated by the isoline ΔT = 0 K. Fig. 6(b) displays the distribution 
of the heterogeneous nucleation rate (Nnu). When the necessary nucle
ation conditions are achieved in the undercooled region, the inoculants 
are activated as equiaxed crystals. Once the local inoculants are 
consumed, no heterogeneous nucleation will occur at this site. However, 
if some inoculants are brought to this site by flow from other regions, 
nucleation can continue again. Therefore, the distributions of Nnu and 
ΔT were very different; the former was continuous and smooth, whereas 
the latter was uneven and random, and mostly located in the upper part 
of the casting (the undercooling area). Fig. 6(c) shows the contour of the 
crystal fragmentation rate (Nfrag). The fragments were located more 
frequently in the mushy zone near the columnar tip front along the 
length of the strand. Analysis of the results showed that the M-EMS- 
induced flow appeared to impact crystal fragmentation very effectively. 
To further study the role of M-EMS, Nnu and Nfrag under the conditions 
with and without M-EMS are quantitatively compared in Table 3. Here, 
the volume integrals of time-averaged Nnu and Nfrag (over a time interval 
of 7 s) in different cooling zones were performed. With M-EMS, the total 
creation rate of the crystal number density by the mechanism of frag
mentation (Nfrag, sum over the mold, Z1, and Z2 regions) was approxi
mately 1.5 × 105 [s−1], which is approximately one order of magnitude 
higher than that of the case without M-EMS. However, the total creation 
rate of the crystal number density by the mechanism of nucleation (Nnu) 
was similar for both cases; that is, M-EMS did not increase (or even 
slightly reduce) the total Nnu. The conclusion is that M-EMS increases 
the quantity of equiaxed crystals via crystal fragmentation. Regardless, 
most of the fragmentation events occurred in the mold region owing to 
the stirring effect of M-EMS. Fig. 6(d) shows the net mass transfer rate 
from the liquid melt to the equiaxed crystals (Mℓe). Once equiaxed 
crystals form, they will continue to grow or be remelted depending on 
the local thermal and solutal environment. This indicates that the M- 
EMS-induced swirling flow provides a favorable growth environment for 
equiaxed crystals out of the mold region by accelerating superheat 
dissipation. Most of the newly formed equiaxed crystals settle into the 
undercooled secondary cooling zone, where they continue to grow and 
form the central equiaxed zone. 

During the growth of equiaxed crystals, remelting/destruction of the 
crystals occurs when they are transported to the superheated melt re
gion. The process involves two steps: reduction in crystal size (remelt
ing) and destruction (disappearance) of the crystals. Fig. 7(a) displays 
the contour of ΔT; only the region with a negative value of ΔT (super
heating) is depicted, and the region with a positive value of ΔT 
(undercooling) is omitted. Fig. 7(b) shows the distribution of Mℓe. Here 
again, only the region with a negative value of Mℓe (remelting) is shown. 
A small portion of the newly formed equiaxed crystals was transported 
to the superheated region, driven by the melt flow (Fig. 4(c)). There, 
remelting occurred, which was accompanied by a decrease in the local 
temperature and a negative Mℓe. In addition, the melting of low- 
concentration crystals can dilute the liquid concentration at the center 
of the strand. Once the crystal size is reduced to a critical value (Eq. 20), 

Fig. 5. Comparisons of T profiles and thicknesses of the strand shell and mushy zone between the two cases: with and without M-EMS. (a) T profiles along the strand 
centerline and (b) T profiles along the strand surface. (c) Thicknesses of the solid shell/mushy zone. 
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the equiaxed crystals will be destroyed and converted into inoculants 
(Eqs. 14–15). Fig. 7(c) depicts the distribution of the destruction rate of 
equiaxed crystals (Ndes); its profile is similar to that of the remelting rate 
of the crystals. 

3.4. As-cast structure and macrosegregation 

Fig. 8(a) displays an experimental macrograph of the as-cast struc
ture (with M-EMS). The columnar, mixed, and equiaxed regions are 

marked with dotted lines based on the authors’ subjective judgment of 
the macrograph. Fig. 8(b) shows the simulated macrostructure for the 
case with M-EMS, and Fig. 8(c) displays the simulated macrostructure 
for the case without M-EMS. For the simulation cases, the equiaxed zone 
is marked by the isoline of the equiaxed grain envelope: feenv = 1.0; the 
columnar and mixed zones are distinguished by the isoline of the equi
axed grain envelope: feenv = 0.17. In this study, the equiaxed zone ratio 
was defined as the area ratio of the equiaxed zone to the entire cross 
section (195 mm × 195 mm). When M-EMS was applied, the profile of 

Fig. 6. (a) Contour of the constitutional undercooling ΔT; (b) Heterogeneous nucleation rate Nnu; (c) Crystal fragmentation rate Nfrag; (d) Net mass transfer rate from 
the melt to the equiaxed crystals Mℓe (solidification). 

Table 3 
Time-averaged heterogeneous nucleation rate and crystal fragmentation rate in various cooling zones.  

Mechanism  Mold region Z1 Z2 Total 

Heterogeneous nucleation rate [s−1] With M-EMS 95474.63 10392.85 441.63 106309.11  
Without M-EMS 112719.39 17837.36 7797.13 138353.88 

Crystal fragmentation rate[s−1] With M-EMS 99498.49 42017.89 5138.75 146655.13  
Without M-EMS 6712.56 5498.22 2026.22 14237.00  

Fig. 7. (a) Contour of the undercooling degree ΔT (negative scale). (b) Net mass transfer rate from the melt to the equiaxed crystals Mℓe (remelting). (c) Destruction 
rate of the equiaxed crystals Ndes. The simulation result is shown in grey-scale, with dark for the superheated region and remelting/destruction rate. Only the 
simulation results in the superheated region are shown. The results in the undercooled region with nucleation and fragmentation are not shown. 
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the columnar zone showed a satisfactory agreement with the one of the 
as-cast structure. The experimentally measured area ratio of the equi
axed zone was approximately 22.03 % (Fig. 8(a)), while the simulated 
value was 12.6 % (Fig. 8(b)), the equiaxed zone was underestimated by 
the simulation. Without M-EMS, the equiaxed zone ratio was relatively 
low (2.3 %); that is, the entire strand section was nearly full of the 
columnar structure. This would lead to the generation of centerline 
porosity. 

Fig. 9(a) depicts the contour of the macrosegregation index for the 
two cases: with and without M-EMS. Fig. 9(b) shows the distribution of 
the macrosegregation index along the symmetry line (Line 2) of the 
strand section. Because of the accumulation of equiaxed crystals, 
negative segregation occurred in the central equiaxed zone, positive 
segregation occurred at the border of the columnar zone, and a trail of 
negative segregation (white band) occurred in the subsurface region of 
the billet. For the case without M-EMS, the macrosegregation was 
weaker, and severe negative segregation only occurred in the central 
equiaxed zone. The averaged surface integrals of the macrosegregation 
index (

∑
ΔA⋅cindex

mix / 
∑

ΔA) at the strand section were performed for the 
two cases. The value is -0.024 % for the case with M-EMS, and -0.03129 
% for the case without M-EMS. 

4. Discussion 

4.1. Transport phenomenon caused by solidification, migration, and 
remelting of equiaxed crystals 

During the continuous casting of steel billets under M-EMS, the 
formation, growth, migration, and remelting of equiaxed crystals in the 
mold region represent an important mechanism of mass and energy 
transport, which impacts the as-cast structure and macrosegregation. As 
schematically shown in Fig. 10(a), the equiaxed crystals can (1) origi
nate mainly from fragmentation (Nfrag) in the intensive M-EMS region 
and partially from nucleation (Nnu) in the upper mold region, (2) grow in 
the undercooled zone along the columnar tip front, (3) migrate to the 
central superheated region below the SEN owing to the special flow 
pattern (M-EMS-induced circulation loop between the SEN and the 
stirrer), and (4) finally remelt in the strand center. The modeling results 
of Nnu, Nfrag, fe, Mℓe, and Ndes are also shown in Fig. 10(a)-(b), which 
support the above statement. Typically, the as-formed equiaxed crystals, 
which are heavier than the liquid, settle downward. However, the 
swirling flow and recirculation loop induced by M-EMS greatly influence 
the motion of these crystals. A small portion of equiaxed crystals was 
brought to the upper part of the mold region and remelted/destroyed in 
the superheated region. 

It is known that the solidification of equiaxed crystals releases latent 
heat and rejects the solute element (the solute partition coefficient k <

1). In contrast, the remelting of equiaxed crystals absorbs latent heat and 
dilutes the solute concentration. These two events, that is, solidification 
and remelting, occur in different locations: one at the solidification front 
and one in the strand center. Therefore, the migration of equiaxed 
grains, which bridges the above two events, represents an important 
energy/species transport mechanism. To demonstrate the importance of 
the above mechanism, one more simulation case was considered, where 
remelting/destruction was not factored. Fig. 11 compares the T field, net 
mass transfer rate (Mℓe), and liquid concentration field (cℓ), between 
two simulation cases: one with and one without remelting. The under
cooling zone in the upper part of the mold region, which was caused 
when the upper recirculation loop generated by M-EMS (Fig. 4(a)) was 
larger when remelting was considered (Fig. 11(a)). In other words, the 
superheated region was somehow “compressed” toward the strand 
center owing to the cooling effect (absorption of latent heat) induced by 
the remelting of equiaxed crystals. The nominal concentration of the 
melt from the SEN was 0.0053. As shown in Fig. 11(c), cℓ in the su
perheated region was higher when the remelting of equiaxed crystals 
was considered. The modeling results in Fig. 11 may not sufficiently 
demonstrate the differences between the two cases because the differ
ences in T and cℓ can subsequently impact further solidification in the 
secondary cooling zones of the strand. In summary, the solidification, 
migration, and remelting of equiaxed crystals play a vital role in the 
redistribution of energy (temperature) and liquid concentration. It 
should be acknowledged that omitting these phenomena results in 
considerable error in the prediction of the final as-cast structure and 
macrosegregation. 

4.2. Consideration of the state-dependent electrical conductivity of the 
solidified shell 

Steel has a higher electrical conductivity (σ) in the solid state than 
that in the liquid state, and the difference in σ is approximately 7.8 % for 
this alloy. This implies that the electric current path induced by M-EMS 
may vary during the evolution of the solid shell. To understand the in
fluence of the state-dependent σ on the efficiency of M-EMS, two 
simulation cases were compared. The first case assumed a uniform 
electrical conductivity (7.6 × 105 S/m), independent of the liquid/solid 
state. The second case used the state-dependent electrical conductivity 
for different regions; that is, the as-solidified shell used the value of the 
solid state (8.2 × 105 S/m). To achieve the second case, an iterative 
calculation between two software packages (ANSYS Electronics and 
ANSYS Fluent) was performed. The profile of the solid shell calculated 
from the first case was taken as a reference to update the distribution of 
the Lorentz force with ANSYS Electronics, considering the state- 
dependent σ. The updated Lorentz force was used to calculate the so
lidification of the strand. Fig. 12 shows the time-averaged magnitude of 
the magnetic flux density (B), induced electrical current density (J), and 

Fig. 8. (a) Macrograph of the as-cast structure with M-EMS. (b) Simulated macrostructure for the case with M-EMS. (c) Simulated macrostructure for the case 
without M-EMS. 
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Fig. 9. (a) Contour of the macrosegregation index for the two cases: with and without M-EMS; (b) Distribution of the macrosegregation index along the centerline 
(Line 2) of the strand section. 

Fig. 10. (a) Schematic of the mass/energy 
transport mechanism through the formation/ 
growth, migration, and remelting of equiaxed 
crystals under the effect of M-EMS. The red/ 
black dashed lines highlight the motion/ 
migration direction of equiaxed crystals, and 
the black dotted line defines the columnar tip 
front. (b) Calculated remelting rate (Mℓe) and 
grain destruction rate (Ndes) of equiaxed crys
tals in the superheated region. Only the range 
with negative values of Mℓe and Ndes, indicating 
remelting and grain destruction, is shown. (For 
interpretation of the references to colour in this 
Figure legend, the reader is referred to the web 
version of this article)   

Fig. 11. Effect of remelting on the temperature (T) and liquid concentration (cℓ) fields, and a comparison of two simulation cases: one considering remelting, and one 
ignoring remelting. (a) T field and net mass transfer rate (Mℓe). (b) Liquid concentration (cℓ). 
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Lorentz force (FL) in the strand. No significant differences were found 
between the two cases. The Lorentz force in the melt front of the so
lidified shell in the second case was only 3% lower than that in the first 
case. Such a small difference in FL did not significantly impact the initial 
solidification of the strand. 

4.3. Shielding effect of the copper mold 

The shielding effect of the copper mold on the rotational magnetic 
field depends on the operating temperature of the mold because its 
electrical conductivity (σm) is a function of temperature. To understand 
the influence of the shielding effect on the operating efficiency of M- 
EMS, two simulation cases were compared. The first case assumed a 
mold operating temperature of 298 K (corresponding to σm-298 = 4.7 ×
107 S/m); the second case used a mold operating temperature of 423 K 
(corresponding to σm-423 = 3.18 × 107 S/m). Fig. 13(a) displays the 
time-averaged results of the magnetic flux density (B) and induced 
current density (J) on the mold surface for the two mold temperatures. B 
was minimally affected by the mold operating temperature, but J dis
played a large difference between the two cases. The difference in the 
peak value of J at the edge of the mold reached approximately 35 %. The 
induced J created a secondary magnetic field directed opposite to the 
applied magnetic field. Thus, a so-called “shielding effect” was induced, 
and the applied magnetic field was weakened in the strand. Fig. 13(b) 
shows the contour of the Lorentz force (FL) on the central longitudinal 
plane of the strand. Because of the stronger mold shielding effect at 298 
K than that at 423 K, the FL of the strand was visibly lower, resulting in 
an approximately 23.6 % reduction in FL at the solidification front. This 
subsequently influenced the initial solidification in the mold region. For 
the shielding effect at room temperature (298 K), the average solid 
fraction in the strand of the mold region was reduced by 0.37 % 
compared to that at 423 K. In other words, to model the solidification of 
continuous casting under M-EMS properly, the shielding effect of the 
copper mold at an elevated operating temperature should be considered. 

4.4. Electrical current path through the strand mold interface 

During the continuous casting of steel, there is a slag layer between 
the strand and the copper mold. It is known that the electrical conduc
tivity of the slag affects the electric current path, thereby influencing the 
M-EMS efficiency. Here, two extreme simulation cases are compared: 
conducting wall (i.e., the strand–mold interface is an ideal electrical 
conductor) and isolating wall (i.e., the strand–mold interface is an ideal 
electrical insulator). The modeling results for the two cases are shown in 
Fig. 14. The B fields were almost identical, but the J fields were 
extremely different between the two cases. The electrical conductivity of 
the mold (3.18 × 107 S/m) was considerably higher (38.78×) than that 

of the strand (8.2 × 105 S/m). The path of the induced electric current 
depends strongly on the strand–mold interface condition. As shown in 
Fig. 14(b), the induced current inside the strand was confined in the 
strand when the isolating wall condition was applied, while when the 
conducting wall condition was applied, the induced electric current was 
largely confined near the mold. For the latter case with a conducting 
wall, the maximum J occurred at the mold exit. When the isolating wall 
was applied, FL showed a symmetric distribution and reached the 
maximum value at the strand surface in the middle section of the stirrer. 
However, for the conducting wall condition, three FL peaks were 
observed: one at the strand surface in the middle section of the stirrer 
and two on the strand surface near the mold exit. Overall, the FL 
generated in the strand was relatively low when the conducting wall 
condition was applied. In the isolating wall case, the average solid 
fraction in the strand of the mold region was predicted to be approxi
mately 0.61 % more than that of the conducting wall case. The actual 
electrical conductivity of the strand–mold gap is unknown. Considering 
that (1) the slag layer in the strand–mold gap is mostly in the solid state, 
which has a relatively lower conductivity, and (2) an air gap may oc
casionally form between the strand and mold, the strand–mold interface 
should be treated as an electrically isolating wall. 

4.5. Model uncertainty analysis 

Although the three-phase solidification model has been consistently 
evaluated against different industry castings and laboratory experiments 
by Wu et al. (2019), this study is the first of its kind to apply it to so
lidification in billet continuous casting with M-EMS. The agreement 
between the as-cast structure of the simulation and that of the experi
ment (Fig. 8(a)-(b)) may only be considered as demonstrative, because 
the modeling results are largely dependent on the modeling parameters, 
which are partially unknown. Among others, such as the 
temperature-dependent thermophysical properties and thermal bound
ary conditions, the main uncertain parameters are the heterogeneous 
nucleation parameters (n0

in, ΔTN, and ΔTσ) and the coefficient that 
governs crystal fragmentation (γ). The criterion for the estimation of the 
nucleation parameters is based on the industry practice whereby a 
dominant columnar structure should appear in the billet in the as-cast 
strand for the case without M-EMS; hence, the number of potential 
nucleation sites should be relatively small (n0

in = 109 m−3). Both, in
dustry practice and the current simulations (Table 3) agree that the main 
origin of equiaxed crystals with M-EMS is crystal fragmentation; there
fore, the determination of γ becomes more crucial. The topic of 
M-EMS-induced crystal fragmentation, as the origin of equiaxed crystals 
in continuously cast steel, is actually under-researched. Here,γ (3.0 ×
10−5) was obtained through a parameter study by matching the as-cast 
structure of the simulation with the experimental one shown in Fig. 8(a). 

Fig. 12. Time-averaged magnitude of (a) magnetic flux density (B), (b) induced electrical current density (J), and (c) Lorentz force (FL). Two simulation cases are 
compared, that consider and ignore the state-dependent electrical conductivity (σ). 
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Note that for both simulation cases (with and without M-EMS), the same 
set of nucleation and fragmentation parameters was used. 

Another important parameter that significantly impacts macro
segregation, as induced by equiaxed crystal sedimentation, is the vol
ume ratio of the solid dendrite to the equiaxed grain envelope (fsi). 
Because more porous dendritic crystals (smaller fsi) tend to pack earlier, 
that is, at a lower volume fraction of solid (fe), the induced negative 
macrosegregation (cindex

mix ) in the central equiaxed zone is less intensive. A 
recent numerical parameter study showed that the intensity of the 
negative segregation in the equiaxed sedimentation zone is linearly 
proportional to fsi. Furthermore, fsi is alloy-dependent. Owing to the lack 
of experimental data (macrosegregation map) for the alloy in this cast
ing format, a value of 0.3 for fsi was arbitrarily chosen in this study. This 
implies that the calculated macrosegregation intensity (Fig. 9), partic
ularly in the central equiaxed zone, was quantitatively inaccurate. 
However, the calculated segregation pattern is qualitatively reliable 
because the model considers key mechanisms of macrosegregation in the 
casting process. 

5. Conclusion 

A three-phase solidification model was used to investigate mixed 
columnar–equiaxed solidification in the continuous casting of a steel 
billet under the effect of M-EMS. The major contribution of this work is 
to demonstrate the role of M-EMS in the control of mold flow, which 
further impacts superheat dissipation, crystal fragmentation, and the 

subsequent formation of the as-cast structure and macrosegregation. The 
following conclusions were drawn.  

(1) In billet casting using existing casting geometry (195 × 195 mm), 
M-EMS played the following two roles: i) to accelerate superheat 
dissipation in the mold region, leaving the liquid core out of the 
mold region largely undercooled, and ii) to promote the forma
tion of equiaxed crystals through M-EMS-induced crystal frag
mentation. These roles were fulfilled synergistically, to result in a 
central equiaxed zone: the latter led to the origin and formation 
of equiaxed crystals, and the former promoted the survival and 
further growth of equiaxed crystals in the secondary cooling 
zone. By explicitly noting the casting format, we stress that the 
above roles will change with the casting size and geometry.  

(2) The central equiaxed structure observed in the practice of billet 
casting with M-EMS was attributed to crystal fragmentation 
rather than heterogeneous nucleation. The numerical model 
verified that the crystal fragmentation rate is very sensitive to the 
M-EMS implementation, whereas the heterogeneous nucleation 
rate was not.  

(3) A small portion of equiaxed crystals could be brought by the M- 
EMS-induced swirling flow into the superheated zone and 
remelted. These simultaneous phenomena (solidification at one 
location and grain migration and remelting at another location) 
represent an important species/energy transport mechanism, 
which impacts the as-cast structure and compositional 
heterogeneity. 

Fig. 13. (a) Time-averaged magnitude of electromagnetic fields on the mold surface at two different mold temperatures: (a.1) magnetic flux density (B) and (a.2) 
induced current density (J). (b) Contour of the Lorentz force (FL) on the central longitudinal plane of the strand. 

Fig. 14. Time-averaged magnitude of the (a) magnetic flux density (B), (b) induced electrical current density (J), and (c) Lorentz force (FL). Two simulation cases are 
compared: conducting wall (i.e., the strand–mold interface is an ideal electrical conductor) and isolating wall (i.e., the strand–mold interface is an ideal elec
trical insulator). 
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(4) Numerical parameter studies were performed to investigate the 
shielding effect of the copper mold at different operating tem
peratures, including the effect of the (solid/liquid) state- 
dependent electrical conductivity of the strand and the effect of 
the electric current path through the strand–mold interface. Only 
the electric current path through the strand–mold interface was 
found to be of critical importance, and it significantly affected the 
M-EMS efficiency. 

Although a satisfactory agreement between the numerically calcu
lated and experimentally determined as-cast structure was achieved, the 
current modeling results can only be considered qualitative because 
some modeling parameters were estimated based on a numerical 
parameter study. Further laboratory or in-plant experiments are 
required to quantify these parameters. 
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The Role of Mold Electromagnetic Stirring in the
Dissipation of Superheat during the Continuous Casting
of Billets

Zhao Zhang, Menghuai Wu,* Haijie Zhang, Andreas Ludwig, and Abdellah Kharicha

1. Introduction

During the continuous casting of billets, a steel melt is poured into
a water-cooled copper mold with a certain superheat. Superheat is
defined as the sensible energy contained in the melt above the
liquidus,[1] but it is often simply referred to as the temperature dif-
ference above the liquidus. It is generally recognized that casting
with a low superheat is beneficial for minimizing centerline seg-
regation by facilitating the formation of a central equiaxed zone.[2–4]

Mold electromagnetic stirring (M-EMS), as
an additional engineering measure, has
been widely used to optimize fluid flow
and heat transfer, and hence to control as-
cast structures and macrosegregation.[5–11]

The swirling flow generated by M-EMS
can effectively speed up the superheat
dissipation in the mold region, and as a
consequence, the equiaxed nuclei originat-
ing from crystal fragmentation or heteroge-
neous nucleation can survive the superheat
and form the central equiaxed zone.[12,13]

Due to the harsh environment and high
cost of field experiments, numerical model-
ing has become an effective tool for inves-
tigating transport behavior with M-EMS.
Yu et al.[14] developed a mathematical
model to investigate the effect of M-EMS
on the flow field, temperature profile,
and inclusion trajectories in round billet
continuous casting. They found that the
core temperature was dramatically reduced
with M-EMS. An et al.[15] proposed a 3D

mathematical model to study the effect of current intensity
and frequency on fluid flow, and the simulation results also indi-
cated that M-EMS tends to accelerate superheat dissipation.
However, solidification was ignored in the above studies.

Ren et al.[16] developed a mathematical model to investigate the
influence of M-EMS on fluid flow, heat transfer, and solidification
in round bloom continuous casting. They found that M-EMS pre-
vents the superheated jet from moving downward and thus accel-
erates superheat dissipation in the mold region. Li et al.[17]

proposed a coupled magnetohydrodynamics (MHD) model to
study the electromagnetic field, fluid flow, and solidification with
M-EMS in bloom continuous casting. The maximum melt swirl-
ing flow velocity was found to be remarkably decreased when con-
sidering solidification. Meanwhile, the M-EMS-induced swirling
flow was beneficial for preventing the superheated melt from
moving down into the liquid core below. Trindade et al.[18] used
a coupled numerical model to study the fluid flow, temperature
distribution, and solidification of round billet continuous casting
under M-EMS. They found that M-EMS tends to decrease the
temperature in the strand center and locally reduce the shell thick-
ness due to the increase in the tangential velocity close to the wall.
However, common drawbacks of the previous models are as fol-
lows: 1) they used a relatively roughmixture-based model to study
the solidification characteristics. The solid shell is simply calcu-
lated based on the lever rule, which omits some important
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A two-phase solidification model coupling mold electromagnetic stirring (M-EMS)
is used to investigate the initial solidification in the mold region of billet con-
tinuous casting. One novelty of this numerical study is to quantify how the
M-EMS induces primary and secondary flows, interacting with the jet flows
coming from the submerged entry nozzle, and how those flows further influence
the dissipation of superheat and the initial solidification. The role of the M-EMS in
speeding up the superheat dissipation in the mold region, known from previous
studies and casting practices, is quantitatively verified. Additionally, some new
knowledge regarding the M-EMS is found. The total heat transfer rate from the
strand surface to the water-cooled copper mold is not affected by the M-EMS; with
the M-EMS, the superheat effect on the solid growth can only be detected in the
out-of-the-mold region, while the shell growth inside the mold region is quite
independent of the superheat; a strong M-EMS tends to accelerate the growth of
the solid shell in the mold region, but delays its growth in the secondary cooling
zones. The aforementioned new findings may only be valid for the case of the
current billet casting, to be confirmed for other casting formats/parameters.
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characteristic features, i.e., the columnar tip growth velocity and
the flow-solidification interaction in the mushy zone; 2) the flow-
EMS coupling is simplified. On one hand, the solid shell, which
has a higher electrical conductivity than the liquidmelt, is ignored
when calculating the Lorentz force. On the other hand, the effect
of melt flow on the Lorentz force is ignored. The original Lorentz
force should be reduced under the effect of a rotating melt flow.
Ignorance of this modification would overestimate the melt flow.
Dong et al.[19] developed a magnetohydrodynamic model to inves-
tigate the effect of fluid flow on the magnetic field, induced cur-
rent, and electromagnetic force. They found that the flow field in
the mold has a certain influence on the magnetic field, the effect
of fluid flow in M-EMS calculation should not be ignored.
However, the mixture solidification model used in their study
failed to treat the columnar tip growth and the flow-solidification
interaction in the mushy zone accurately.

In this study, a two-phase columnar solidification model is
used to investigate the superheat dissipation in billet continuous
casting under the effect of M-EMS. The evolution of the solid shell
of the strand is considered using the two-phase model as colum-
nar dendritic structures, whose front is dynamically tracked. The
flow-solidification interaction in the mushy zone, and its effect on
the formation of macrosegregation are considered. Importantly, a
proper coupling scheme between the electromagnetic field and
the melt flow is used to treat the flow-EMS integration,
i.e., the tangential velocity of the melt that follows the rotational
magnetic field would reduce the Lorentz force. Additionally,
state-dependent electrical conductivity is used for liquid melts
and solid shells, i.e., the solid shell is electrically more conductive
than the liquid melt. Parameter studies were performed by
varying the superheat and M-EMS electric current intensity.

2. Model Description

2.1. Basis Assumptions

A two-phase columnar solidification model is presented to study
the initial solidification of the billet strands. The governing
equations of the solidification model, are summarized in
Table 1, and details of the model are described elsewhere.[20–23]

The main features/assumptions are given below. 1) Two phases
are defined: liquid melt (l) and solid columnar dendrites (c).
Their volume fractions ( fl, fc) sum up to one. The velocity of
the liquid melt is obtained by solving the corresponding
Navier–Stokes equations, and the motion of the columnar phase
is set constant (equal to the casting speed); 2) The columnar den-
drites are assumed to develop directly from the strand surface.
The position of the columnar tip front is explicitly treated accord-
ing to the Lipton–Glicksman–Kurz model[24]; 3) Since the
magnetic Reynolds used in the current study is relatively large
(0.0463). In addition, the liquid rotating angular speed
(ωl¼ 4.27 rad s�1) is about 22% of the magnetic rotating angular
speed (ωB¼ 18.85 rad s�1). Thus, it is necessary to consider
the effect of melt flow on the electromagnetic force. The time-

averaged rotational electromagnetic force (  FL) is calculated based
on the Maxwell equations. To consider the interaction between
the melt flow and the magnetic field, the electromagnetic force

is modified by considering the relative motion between the
rotation magnetic field and the tangential velocity of the melt,
 F0
L ¼  FLð1�  uθ=ð2πf ⋅ rÞÞ, where  uθ is the tangential component

of the melt velocity, f is the M-EMS frequency and r is the radial

coordinate.  F0
L is implemented in the model; 4) Volume-averaged

concentrations of the liquid melt (cl) and solid columnar den-
drites (cc) are calculated. Macrosegregation is characterized by
the segregation index, cindexmix ¼ (cmix� c0)�100/c0, in which c0
is the initial concentration and cmix is the mixture concentration,
cmix¼ ( fl ρl clþ fc ρc cc)/( fl ρlþ fc ρc); and 5) Solidification
shrinkage is ignored, and the thermal-solutal convection of melt
is modeled with the Boussinesq approach.

2.2. Geometry and Boundary Conditions

Figure 1a reveals the geometrical configuration of billet continu-
ous casting with M-EMS. The dimensions and relative positions
between the mold and M-EMS are shown in Figure 1b. The dis-
tribution of simulated and measured magnetic flux density along
the axis-line of mold in the absence of strand are displayed in
Figure 1c. A satisfactory simulation-experiment agreement is
obtained. The stirrer is fed using a three-phase alternative cur-
rent (AC) with a frequency of 3 Hz. The current intensity is
set to 430 A for the reference case. The casting format is 195mm
� 195mm, referring to an industrial process. Since the current
study focuses on the initial state of solidification, i.e., the forma-
tion of a solid shell in the mold region and solidification in the
first and second cooling regions, the entire calculation domain
(length of the strand) is limited to only 3m from the meniscus.
A 3D calculation (3m long) requires 7 days on a high-performance
cluster (2.6 GHz, 28 cores). For commercial reasons, the
composition of the industrial alloy is omitted, but it is simplified
as an equivalent binary alloy with a nominal composition of
Fe–0.53 wt.%C. The pouring temperature of the reference case
is set to 1708.15 K. Parameter studies will be performed by vary-
ing the pouring temperature (1698.15–1718.15 K) and M-EMS
intensity (200–600 A). A five-port submerged entry nozzle
(SEN) is applied, with M-EMS located at the bottom of the mold.
On-site measurements of the magnetic flux density along the axis
on the continuous casting machine of an empty mold at room
temperature were made, which were used to validate the electro-
magnetic calculation (ANSYS-Maxwell). A satisfactory agreement
was obtained between the calculation and measurement. A con-
stant heat transfer coefficient was applied in the mold region to
calculate the heat extraction from the strand surface to the copper
mold. The heat flux thermal boundary conditions are used in the
secondary cooling zones and for commercial reasons, the values
are omitted. The strand-mold interface is regarded as electrically
isolating. The material properties are listed in Table 2.

2.3. Numerical Procedure

Electromagnetic-computational fluid dynamics (EM-CFD) itera-
tion was conducted on two commercial software programs,
namely ANSYS-Maxwell and ANSYS-Fluent. The ANSYS
Fluent add-on MHD module provides a coupled calculation
scheme, but the original magnetic field (  B0) must be provided
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either by EM calculation (ANSYS-Maxwell) or experimental mea-
surement. Because of the explicit temporal resolution of  B0, the
time step for the numerical simulation should be very small.

The additional calculation of the induced magnetic field (  b) equa-
tions and their interaction with the momentum equations and
energy equations are computationally costly. Additionally, the
add-on MHD module in ANSYS Fluent is not compatible with
the Eulerian–Eulerian approach, which is used for the multi-
phase solidification problem.[25] Thus, another relatively simple
but reasonable method was used. First, the time-averaged

Lorentz force (  FL) was calculated using ANSYS-Maxwell with

the assumption that the calculation domain is full of stationary

melt. Then,  FL was interpolated into the mesh system of ANSYS-
Fluent, weighted by the corresponding phase volume fraction
(melt, columnar), and finally added as a source term to the
momentum conservation equation of each phase via user-
defined functions (UDFs). To consider the interaction between

the melt flow and magnetic field,  FL was modified by considering
a factor that is related to the relative velocity between the rota-
tional magnetic field and the tangential velocity of the melt
(Equation (7)). The calculations of the melt flow, heat transfer
and solute transport were coupled in ANSYS-Fluent.

Table 1. Governing equations of the two-phase columnar solidification model.

Governing equations Symbols

1. Mass conservations

∂
∂t
ðf lρlÞ þ ∇ ⋅ ðf lρl  ulÞ ¼ �Mlc (1)

∂
∂t
ðf cρcÞ ¼ Mlc (2)

f l þ f c ¼ 1 (3)

f l , f c, volume fraction of liquid and columnar phases [�]
ρl , ρc, density of liquid and columnar phases [kg m�3]

 ul , velocity vector of the liquid [m s�1]
Mlc, net mass transfer rate [kg m�3 s�1]

2. Momentum conservations

∂
∂t f lρl  ulð Þ þ ∇ ⋅ f lρl  ul ⊗  ulð Þ ¼ �f l∇pþ∇ ⋅ τl þ f lρl  g

’
l þ f l  FL

’ �  Ulc (4)

 g’ l ¼
ρbl T , clð Þ � ρrefl

ρrefl

 g (5)

ρbl T , clð Þ ¼ ρrefl ⋅ 1þ βT ⋅ T ref � T l
� �þ βc ⋅ cref � cl

� �� �
(6)

 FL ’ ¼  FL 1�  uθ
2πf ⋅ r

� �
(7)

τl , stress–strain tensors [kg m�1 s�1]
p, pressure [Nm�2]

 g,  g0 l , gravity and deduced gravity [m s�2]
ρbl , density for buoyancy force [kg m�3]

ρrefl , reference density [kg m�3]
T ref , reference temperature [K]
cref , reference concentration [�]

βT, thermal expansion coefficient [K�1]
βc, solutal expansion coefficient [wt%�1]

 FL,  FL ’, Lorentz force and modified Lorentz force [Nm�3]
 Ulc, momentum exchange rate [kg m�2 s�2]

 uθ, tangential velocity [m s�1]
f, frequency of the applied current [Hz]

r, radial coordinate [m]

3. Species conservations

∂
∂t ðf lρlclÞ þ ∇ ⋅ ðf lρl  ulclÞ ¼ ∇ ⋅ ðf lρlDl∇clÞ � C lc (8)

∂
∂t

f cρcccð Þ ¼ ∇ ⋅ f cρcDc∇ccð Þ þ C lc (9)

cl , cc, species concentration of liquid and columnar phases [�]
Dl , Dc, diffusion coefficient of liquid and columnar phases [m2 s�1]

C lc , species exchange rate [kg m�3 s�1]

4. Enthalpy conservations

∂
∂t ðf lρlhlÞ þ ∇ ⋅ ðf lρl  ulhlÞ ¼ ∇ ⋅ ðf lkl∇ ⋅ T lÞ �Qlc (10)

∂
∂t

f cρchcð Þ ¼ ∇ ⋅ f ckc∇ ⋅ Tcð Þ þQlc (11)

hl , hc, enthalpy of liquid and columnar phases [J kg�1]
kl , kc, thermal conductivity of liquid and columnar phases [Wm�1 K�1]

Qlc , energy exchange rate [J m�3 s�1]

5. Electromagnetic field

 B ¼ μ0μr  H (12)

∇�  E ¼ � ∂  B
∂t

(13)

 J ¼ σ  E (14)

 FL ¼
1
2
Re

 J�  B�
� �

(15)

 B, magnetic flux density [T]
 B�, conjugate magnetic flux density [T]
 H, magnetic field intensity [A m�1]

μ0, magnetic permeability in vacuum [T m A�1]
μr , relative magnetic permeability [�]

 E, electric field intensity [V m�1]
 J, induced current density [A m�2]
σ, electrical conductivity [Ω�1 m�1]

 FL, time-averaged Lorentz force [Nm�3]
Re, the real part of a complex number [�]
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After the casting reached a quasi-steady state, the profile of the
solid shell was exported from ANSYS-Fluent and then imported

to ANSYS-Maxwell to recalculate  FL. The solid shell used a rela-
tively higher electrical conductivity (8.2� 105 Sm�1) than the

stationary melt (7.6� 105 Sm�1). The recalculated  FL was

exported from the ANSYS-Maxwell and then interpolated to
ANSYS-Fluent to recalculate the melt flow, heat transfer, and sol-
ute transport. When the casting process approaches the quasi-
steady state again, the simulation results are analyzed with
highlight.

3. Results

3.1. Flow Field

Comparisons of the original Lorentz force and modified Lorentz
force are displayed in Figure 2. Distributions of the Lorentz force
on the central vertical plane of the strand are shown in Figure 2a,
and the Lorentz forces on the cross-section plane at the position
of the M-EMS center are shown in Figure 2b. Two isolines are
plotted to present the solidified shell ( fc¼ 0.7) and columnar
solidification front ( fc¼ 0.05). It is clear to see that the two
Lorentz forces are basically the same within the solidified shell
region where the liquid tangential velocity  uθ(Equation (7)) is
nearly zero. While in the mushy zone and bulk liquid region,
the movement of the liquid melt tends to decrease the
Lorentz force correspondingly. Profiles of the Lorentz force along
the centerline (Line 1) of the M-EMS center plane are shown in
Figure 2c. Two isolines are used to define the different
solidification regions (bulk liquid, mushy zone, and solid shell).
The M-EMS-induced swirling flow is capable to reduce the origi-
nal Lorentz force by up to 45.34% at the columnar solidification
front (0.072m to the strand center). It is obvious that ignorance
of the modification will overestimate the liquid flow and further
influence the heat/mass transfer rate during the billet continu-
ous casting.

Figure 3a shows the velocity contour of the flow pattern. To
understand the effect of M-EMS, two cases are compared here,
namely, without and with M-EMS. The quarter of the calculation
domain is cut vertically in Figure 3a to get a better view of the

Table 2. Material properties.

Material properties Symbols Units Values

Nominal concentration c0 wt.% 0.53

Liquidus temperature TL K 1688.15

Solidus temperature TS K 1593.15

Liquid density ρl kg m�3 7035.0

Latent heat L kJ kg�1 220.0

Specific heat cp J kg�1 K�1 800.0

Thermal conductivity kl, ks Wm�1 K�1 33.0

Diffusion coefficient in liquid Dl m2 s�1 2.0� 10�8

Diffusion coefficient in solid Ds m2 s�1 1.0� 10�9

Thermal expansion coefficient of the melt βT K�1 4.5� 10�5

Solutal expansion coefficient of the melt βC wt.%�1 0.02

Equilibrium partition coefficient of carbon k – 0.252

Electric conductivity of strand (melt) σl Sm�1 7.6� 105

Electric conductivity of strand (solid) σs S m�1 8.2� 105

Electric conductivity of copper mold σm Sm�1 3.18� 107

Primary dendritic arm spacing λ1 m 1.85� 10�4

Secondary dendritic arm spacing λ2 m 4.8� 10�5

Viscosity μl kg m�1 s�1 0.006

Gibbs Thomson coefficient Γ mK 3.3� 10�7

Casting speed Vc mmin�1 0.8

Figure 1. a) Geometrical configuration of billet continuous casting with M-EMS; b) dimensions and relative positions between the mold and M-EMS;
c) distributions of simulated and measured magnetic flux density along the axis-line of mold in the absence of strand.
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inner information of the billet strand. Zoom-views of the flow
pattern at the upper part of the mold region are shown in
Figure 3b, zoom-views of the flow pattern at the lower part of
the mold region are displayed in Figure 3c. In addition, the flow
patterns on horizontal sections at the position of the M-EMS cen-
ter are also shown in Figure 3c. Two isolines are also plotted to
present the solidified shell ( fc¼ 0.7) and columnar solidification
front ( fc¼ 0.05). The analysis area is limited to 1.5meters from
the meniscus, covering the mold region and two secondary cool-
ing zones (Z1 and Z2). The jet flow coming from the side port of
the SEN impinges on the strand wall and is split into two opposite
streams. The upper stream is confined by the meniscus, forming
an upper vortex that plays an important role in preventing the
solidification of the meniscus. M-EMS has a small effect on this
vortex (Figure 3b). However, the flow patterns below the SEN are
strikingly different between the two cases. For the case without
M-EMS, the impinging jet coming from the bottom port of the
SEN flows straight down, as does the melt near the solidification
front. To conserve these two downward flows, an upward flow
forms in the middle radius section of the strand (Figure 3b,c)).
Thus, the left and right recirculation loops are created on the
half-vertical plane of the strand. For the case with M-EMS, the
melt at the center of the strand (M-EMS region) will be brought
to the solidification front and move upward/downward. Figure 3d
shows the 3D streamline of the melt. Without M-EMS, the flow
pattern is relatively simple, i.e., most of the melt coming from the
SEN flows downward and returns back to the mold region along

themid-radius region. WithM-EMS, a typical swirling flow is gen-
erated by the stirrer. The melt above the stirrer spirally flows
upward to the upper part of the mold region along the solidifica-
tion front and then returns to the M-EMS region along the cen-
terline of the strand, forming a so-called upper recirculation loop.
In contrast, the melt below the stirrer spirally flows downward
along the solidification front and then returns to the stirrer
region along the centerline of the strand, and a so-called lower
recirculation loop is formed. This form of the flow pattern favors
the promotion of superheat dissipation and concentration
homogeneity.

3.2. Temperature Field

Figure 4a shows the temperature field for two cases, without and
with M-EMS. The simulation results on vertical symmetrical
planes are shown in Figure 4a.1, and the simulation results
on horizontal sections at the position of the M-EMS center
are shown in Figure 4a.2. The superheat region is highlighted
and enclosed by the isotherm of T¼ 1688.15 K, which refers
to the liquidus of the steel with an initial composition of c0. It
is obvious that, whenM-EMS is not applied, the superheat region
is extended to far below the mold region along the billet center-
line. When M-EMS is applied, the superheat region is confined
only in the mold region. Due to the intensive heat transfer rate
from strand surface to water-cooled mold, more superheats could
be dissipated in this area (Figure 4a.2). The temperature profile

Figure 2. a) Distributions of the Lorentz force on the central vertical plane of the strand overlaid with two isolines to present the solid shell ( fc¼ 0.7) and
columnar solidification front ( fc¼ 0.05), a.1) original Lorentz force  FL; a.2) modified Lorentz force  F0L; b) Lorentz force on cross-sectional plane at the

position of M-EMS center, b.1) original Lorentz force  FL; b.2) modified Lorentz force  F0L; c) Lorentz force profiles along the centerline (Line 1) of (b).
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along the axis line of the strand is presented in Figure 4b. The
melt enters the mold through SEN at the same temperature
(1708.15 K) for both simulation cases. It then suddenly decreases
at 0.2 m below the meniscus. For the case without M-EMS, the
temperature decreases from 1708.15 to 1705.12 K. This phenom-
enon can be easily explained by its flow pattern. The left recircu-
lation loop generated on the half vertical plane continuously
brings the cooler melt (still superheated) to the strand center
(Figure 3b), while the impact region is limited to a small area

below the SEN. Therefore, the temperature curve fluctuates
slightly as the distance from the meniscus increases. The tem-
perature is 1705.18 K at the mold exit with a tiny change in
the secondary cooling zone. For the case with M-EMS, the tem-
perature decreases from 1708.15 to 1700.96 K at 0.2m below the
meniscus, which is attributed to the M-EMS-induced upper recir-
culation loop, which carries the cooler melt from the solidifica-
tion front to the center of the strand. The impact area of the
upper recirculation loop extends almost to the entire mold

Figure 3. Comparison of the velocity fields for two cases: without and with M-EMS. a) Velocity contour of the flow pattern; b) zoom-view of the flow
pattern at the upper part of the mold (Zone-A); c) zoom-view of the flow pattern at the lower part of the mold (Zone-B), c.1) on vertical symmetrical
planes; c.2) on horizontal sections at the position of the M-EMS center; d) 3D streamline of the melt.
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region; thus, the temperature decreases continuously as the dis-
tance to the meniscus increases. The temperature reaches
1685.03 K (�3 K below the liquidus) at the mold exit
(Figure 4b). Only a tiny change in the temperature is found
in the secondary cooling zone. This region, a state of undercool-
ing, is beneficial for the survival of crystal fragments created by
M-EMS-induced fragmentation of columnar dendrites.
Temperature profiles along the centerline of a strand surface
are shown in Figure 4c. Below the side port of SEN, the two
curves of the surface centerline show opposite trends at
0.18m below the meniscus, which is mainly caused by the
different flow patterns of the two cases. For the case without
M-EMS, the rise in temperature is attributed to the right recir-
culation loop, which carries the high-temperature melt to the
solidification front. The cooler melt is spirally brought to the
upper mold region along the solidification front by the upper
recirculation loop when M-EMS is applied. Another role of
the upper recirculation loop is to inhibit the downward flow
of the melt coming from the side port of the SEN. These two
effects will subsequently reduce the wall temperature of the
strand. After this point, the wall temperature is slightly higher
for the case without M-EMS. The temperature profiles along
the corner of a strand surface of the two cases are also compared
in Figure 4c. It seems that M-EMS-induced flow has an ignorable
effect on the temperature distribution at the outer surface corner.
The two curves almost overlap with one another. Interestingly,
the global heat transfer rate from the strand surface to the
water-cooled copper mold seems unlikely to be affected by
M-EMS. By integrating the heat flux over the total strand surface
in the mold region, the value of the integrated heat flow rate is

503905.5W for the case withoutM-EMS, and 503588.1W for the
case with M-EMS. The heat flux from the strand to the mold
depends on the strand (solid shell) surface temperature. As
the M-EMS does not influence the strand surface temperature
(Figure 4c), it does not influence the total heat transfer rate
from the strand surface to the water-cooled copper mold. The
M-EMS-induced flow is beneficial for the temperature homoge-
nization in the liquid core, but the temperature in the shell, espe-
cially at the shell surface, is rarely influenced by the M-EMS.

3.3. Growth of the Solid Shell/mushy Zone and Formation of
Subsurface Macrosegregation

Figure 5a compares the contours of the volume fraction of the
solid columnar dendrites ( fc) for the two cases without and with
M-EMS, with no obvious difference found between them.
Contours of the volume fractions of the solid columnar dendrites
on the horizontal section at the position of the mold exit are
shown in Figure 5b. It seems that M-EMS tends to inhibit the
growth of the mushy zone at mold exit. The evolutions of the
shell thickness and the mushy zone thickness (the distance
between the two isolines fc¼ 0.7 and 0.05) along the casting
direction for the two cases are compared in Figure 5c. The posi-
tions of the mold exit and the M-EMS center are also marked in
Figure 5c. It seems that an M-EMS-induced flow slightly
promotes the growth of the solid shell/mushy zone above the
M-EMS center but inhibits their growth below the M-EMS cen-
ter. The reason is that the M-EMS-induced upper recirculation
loop (Figure 3b) drives the cooler melt upward along the

Figure 4. Comparison of the temperature distributions for two cases: without and with M-EMS. a) Contours of the temperature field overlaid with the
isotherm of 1688.15 K, which refers to the liquidus of the steel with an initial composition c0, a.1) vertical symmetrical planes, a.2) horizontal sections at
the position of the M-EMS center; b) temperature profiles along the axis-line of the strand (Line 2); c) temperature profiles along the centerline
(Line 3) and corner (Line 4) of a strand surface.
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solidification front. This type of flow intends to reduce the
temperature near the solidification front, which is beneficial
for the growth of the solid shell/mushy zone. Conversely, the
M-EMS-induced lower recirculation loop (Figure 3c) continuously
brings the hotter melt from the stand center to the solidification
front and delays the growth of the solid shell/mushy zone.
Although a qualitative trend can be observed, the influence of
M-EMS-induced flows on the evolution of the solid shell
(quantitative results) is not as obvious in the current case with
an applied electric current intensity of 430 A for the M-EMS.
The thickness of the solid shell at the mold exit is 16.423mm
without M-EMS, and the value is 15.981mm with M-EMS. The
M-EMS-induced flow only reduces the shell thickness by 0.442mm.

Figure 6a shows the contours of themacrosegregation index for
the two cases: without/with M-EMS. Section views of the macro-
segregation on theM-EMS center plane are displayed in Figure 6b,
and profiles of the macrosegregation along the diagonal line
(Line 5) of this plane are shown in Figure 6c. For the case without
M-EMS, the macrosegregation is negligible, while for the
case with M-EMS, due to the “solute washing” effect, the
M-EMS-induced horizontal swirling flow penetrates the mushy
zone and sweeps out the solute enriched melt to the bulk liquid.
Subsurface negative segregation is formed, with the worst nega-
tive segregation appearing near the corner of the strand. It should
be noted that the negative segregation is fixed in the solidified shell

(inside of the isoline fc¼ 0.7). Thus, the degree of negative segre-
gation will not change as solidification progresses. Meanwhile, the
solute is slightly enriched in the bulk region (Figure 6c). This sol-
ute enrichment cannot be considered to be macrosegregation,
since this solute-enriched melt will solidify later to form the center
as-cast structure (mostly equiaxed), and the final segregation pro-
file will change correspondingly. This is further discussed in §5.

4. Parameter Studies

To further investigate the interplay between M-EMS and super-
heat, parameter studies were also performed by varying the
superheat (10, 15, 20, 25, 30 K) and the M-EMS electric current
intensity (200, 300, 430, 500, 600 A).

4.1. Superheat

Figure 7 shows the influence of the superheat (10–30 K) on the
temperature distribution in the mold and secondary cooling
regions. The electric current intensity is kept constant (430 A).
The temperature contours on vertical symmetrical planes are
shown in Figure 7a. The superheated zone is marked with an
isotherm of 1688.15 K, which corresponds to the liquidus of
the steel with an initial composition of c0. It is obvious that

Figure 5. Comparison of the thickness of the solid shell and mushy zone of the two cases: without/with M-EMS. a) Contours of the volume fraction of
solid columnar dendrites on vertical symmetrical planes; b) contours of the volume fraction of solid columnar dendrites on horizontal sections at the
position of mold exit; c) thickness of the solid shell/mushy zone along the casting direction.
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the superheated area gradually expands to the entire mold region
with increased superheating. When the superheat is 10 K, the
upper recirculation loop (Figure 3b) generated by the M-EMS
can easily cool the liquid temperature below the liquidus. The
superheated region, starting from the SEN, can only extend to
two-thirds of the mold region and is only limited to the center
of the strand. When the superheat is 30 K, the superheated
region extends to almost the entire mold region. The extended
superheated region does not favor the growth of solid shells
and the heterogeneous nucleation of equiaxed crystals.
Furthermore, the crystal fragments will be remelted/destructed
when they are brought into this superheated area.

Figure 7b depicts the temperature profiles along the axis-line
of the strand. The temperatures of the melt are almost constant
(but different between the five cases with different superheats) in
the SEN region and then decrease sharply as they enter the
M-EMS region. The superheated areas are mainly confined in
the mold region (Figure 7a). The temperatures at the mold exit
of the five cases are all below the liquidus temperature, leaving
the liquid core out of the mold region undercooled. The temper-
ature differences between the five cases are not as obvious in the
secondary cooling zones. The temperature is 1684.16 K at the
mold exit and 1684.11 K at 1.27m below the meniscus of the first
case (ΔT¼ 10 K), while the value is 1684.71 K at the mold exit
and 1684.59 K at 1.27m below the meniscus of the last case

(ΔT¼ 30 K). The temperature difference is only �0.55 K at the
mold exit and 0.48 K at 1.27m below the meniscus between
the two cases. This means that the influence of the superheat
on the temperature distribution in the center of the strand is quite
weak in the secondary cooling zones. The temperature profiles
along the centerline of a strand surface are shown in Figure 7c.
It is interesting to find that the superheat seems to have a tiny
effect on the surface temperature in the mold region, but it
can significantly raise the surface temperature in the secondary
cooling zones with an increased superheat. The reason is that
M-EMS tends to homogenize the temperature in the liquid core
of the strand, the increased thermal energy is transferred to the
sensible energy and stored in the solid shell and liquid phase (near
the solidification front) in the secondary cooling zones as increas-
ing the superheat. The temperature is 1391.42 K in the first case
(ΔT¼ 10 K), and 1426.78 K in the last case (ΔT¼ 30 K) at 1.27m
below the meniscus, for a difference of 35.36 K. The higher sur-
face temperature of the last case (ΔT¼ 30 K) will delay the growth
of the solid shell/mushy zone in the secondary cooling zones.

Figure 8 shows the effect of superheat on the evolution of the
solid shell and the mushy zone. The contours of fc on the vertical
symmetry planes are shown in Figure 8a. It is obvious that the
region of the solid shell/mushy zone is compressed by increas-
ing the superheat. Quantitative analyses are conducted to reveal
the thickness of the solid shell/mushy zone along the casting

Figure 6. Comparison of the macrosegregation between the two cases: without/with M-EMS. a) Contours of the macrosegregation index on vertical
symmetry planes and b) on horizontal sections at the position of the M-EMS center; c) macrosegregation profiles along the diagonal line (Line 5) of (b).
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direction in Figure 8b. As mentioned before, the superheat has a
tiny effect on the surface temperature in the mold region. Thus,
no large difference in the thickness of the solid shell/mushy zone

can be found in this area. However, starting from the secondary
cooling zones, the enormous surface temperature distinctions of
the five cases will definitely influence the growth of the solid

Figure 7. Influence of the superheat (10–30 K) on the temperature distribution. M-EMS is kept constant (430 A). a) Temperature contours on the vertical
symmetry planes; b) profiles of the temperature along the axis-line of the strand; c) profiles of the temperature along the centerline of a strand surface.

Figure 8. Effect of the superheat (10–30 K) on the evolution of the solid shell and mushy zone. a) Contours of fc on the vertical symmetry planes;
b) thickness of the solid shell/mushy zone along the casting direction.
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shell/mushy zone. The thickness of the solid shell at the mold
exit is 17.38mm in the first case (ΔT¼ 10 K) and 15.14mm in
the last case (ΔT¼ 30 K). Increasing the superheat by 20 K will
reduce the solid shell thickness by 2.24mm at the mold exit. It is,
therefore, concluded that the higher superheat is not beneficial
for the growth of the solid shell, especially in the secondary cool-
ing zones. A similar conclusion also applies to the growth of the
mushy zone; the columnar solidification front ( fc¼ 0.05) is com-
pressed by increasing the superheat.

4.2. Electric Current Intensity

Figure 9 presents the influence of the electric current intensity
(200–600 A) of M-EMS on the temperature distribution in the
mold and secondary cooling regions. The superheat is kept con-
stant (20 K). Figure 9a displays the contours of the temperature
on the vertical symmetry planes. It can be seen that the super-
heated region is shifted upward with an increasing electric cur-
rent intensity of M-EMS. This is conducive to accelerating the
dissipation of the superheat.

Figure 9b shows the temperature profiles along the axis-line of
the strand. For the case where the electric current intensity is
equal to 200 A, the relatively weak stirring intensity is not suffi-
cient to decrease the axis temperature below the liquidus
temperature at the mold exit. The superheated region, therefore,
extends to the secondary cooling zones until the position 1m
below the meniscus. For the other four cases (300–600 A), the
stirring intensity is powerful enough to decrease the axis temper-
ature below the liquidus temperature at the mold exit and
leave the liquid core out of the mold region undercooled.
When the current intensity is sufficiently large (>430 A), a fur-
ther increase in the electric current intensity will no longer influ-
ence the core temperature in the secondary cooling zones.
The temperature profiles along the centerline of a strand surface
are shown in Figure 9c. It seems that increasing the electric
current intensity is prone to decreasing the surface temperature
in the mold region, but it is prone to increase the surface tem-
perature in the secondary cooling zones. This phenomenon can
also be explained by the flow patterns shown in Figure 2b,c.
The M-EMS-induced upper recirculation loop, which tends
to bring the cooler melt to the upper part of the mold region along

Figure 9. Influence of the electric current intensity (200–600 A) of M-EMS on the temperature distribution. The superheat is kept constant (20 K).
a) Contours of the temperature on the vertical symmetry planes; b) profiles of the temperature along the axis-line of the strand; c) profiles of the
temperature along the centerline of a strand surface.
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the solidification front, will be enhanced with an increasing elec-
tric current intensity. This will cause a drop in the surface tem-
perature in the mold region. Similarly, the enhanced lower
recirculation loop tends to raise the surface temperature in the
secondary cooling zone by increasing the electric current
intensity.

Figure 10 displays the effect of the electric current intensity
(200–600 A) of M-EMS on the evolution of the solid shell/mushy
zone. The contours of fc on the vertical symmetry planes are
shown in Figure 10a. For a quantitative comparison, the thick-
ness of the solid shell/mushy zone along the casting direction
of the five cases is plotted in Figure 10b. By increasing the electric
current intensity, the lower surface temperature tends to facili-
tate the growth of the solid shell/mushy zone in the mold region
(this is more obvious when the current intensity is larger than
430 A). It will further be beneficial for the fragmentation of solid
columnar dendrites and increases the number of equiaxed
grains. In contrast, the higher surface temperature tends to delay
the growth of the solid shell/mushy zone in the secondary cool-
ing zones (this is more obvious when the current intensity is
larger than 430 A).

5. Discussion

In this work, a two-phase (liquid, columnar) solidification model
is used to investigate the superheat dissipation in billet continu-
ous casting under the effect of M-EMS. Superheat dissipation is
an important message for analyzing the growth of solid shells
and hence further affects the possible formation of subsurface
macrosegregation. However, one must state that the formation/
growth, migration and remelting/destruction of equiaxed crys-
tals play an important role during the continuous casting of billet
strands. It is true that to understand the formation of the final as-
cast structure and macrosegregation in the billet, a three-phase
mixed columnar-equiaxed model is needed. This was done by the
authors in a previous paper.[26] Demonstratively, the calculated
as-cast structure is shown in Figure 11, and satisfactory agree-
ment with the field experiment was obtained. The columnar
zone, mixed zone, and equiaxed zone of the calculated as-cast
structure are distinguished by two isolines of equiaxed grain
envelope: fe

env¼ 1.0 and fe
env¼ 0.17. fe

env¼ fe/fsi, where fe is
the volume fraction of equiaxed crystals, and fsi is the volume
ratio of solid dendrites to equiaxed grain envelope ( fsi¼ 0.3 in

Figure 10. Effect of the electric current intensity (200–600 A) of M-EMS on the evolution of the solid shell and mushy zone. a) Contours of fc on vertical
symmetry planes; b) thickness of the solid shell/mushy zone along the casting direction.

Figure 11. a) Calculated distribution of equiaxed crystals overlaid with two isolines of the equiaxed grain envelope: fe
env¼ 1.0 and fe

env¼ 0.17; b) as-cast
structure. Reproduced with permission.[26] Copyright 2022, Elsevier.
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this calculation). Two mechanisms (heterogeneous nucleation[20]

and fragmentation of dendrites[27]) contributed to the source of
equiaxed crystals, wherein the initial inoculant number density
(n0in) is set as 1� 109, and the fragmentation coefficient (γ) is set
as 3.0� 10�5.

The reason why the current study is only limited to the two-
phase model is due to the calculation cost. A 3D calculation of a
full length of casting (�12m) with the three-phase model
requires 45 days on a high-performance cluster (2.6 GHz, 28
cores), while a 3D calculation for the initial solidification of a part
of the strand (3 m long) with the two-phase model only needs
7 days of calculation time. It is not wise to conduct parameter
studies on such a time-consuming case (three-phase, 12m).
The calculations based on the two-phase model can also effec-
tively reflect the effect of M-EMS on the superheat dissipation
during the continuous casting of billets. Figure 12a depicts
the temperature fields of the two cases (without/with M-EMS)
by using the two-phase model in a 3m calculation domain.
Figure 12b shows the temperature fields of the two cases (with-
out/with M-EMS) by using the three-phase model in a 12m cal-
culation domain. The same conclusion could be drawn by
analyzing the simulation results of the two simulation models:

the role of M-EMS in the dissipation of superheat during the con-
tinuous casting of billets is to speed up the superheat dissipation
in the mold region, leaving the liquid core out of the mold region
greatly undercooled.

6. Conclusion

A two-phase solidification model was used to investigate the
effect of M-EMS on the dissipation of superheat in the mold
region of billet continuous casting. A proper coupling scheme
between the electromagnetic field and the melt flow is used to
treat the flow-EMS interaction. The electric conductivity of the
material is treated as state-dependent, i.e., the liquid melt and
solid shell have different electric conductivities. Parameter stud-
ies were also performed by varying the superheat and the electric
current intensity of M-EMS. The following new findings were
obtained. 1) The M-EMS-induced horizontal swirling flow speeds
up the superheat dissipation in the mold region, leaving the liq-
uid core out of the mold region largely undercooled. However,
the total heat transfer rate from the strand surface to the water-
cooled copper mold is not affected by M-EMS; 2) The growth of
the solid shell is not evidently influenced by M-EMS. Subsurface

Figure 12. Comparison between the two models, i.e., two-phase columnar solidification model versus three-phase mixed columnar-equiaxed solidifica-
tion model. a) Temperature fields of the two cases (with/without M-EMS) by using the two-phase model in a 3m calculation domain; b) temperature
fields of the two cases (with/without M-EMS) by using the three-phase model in a 12m calculation domain.
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negative segregation near the strand corner is formed due to the
M-EMS-induced swirling flow; 3) With the M-EMS, the effect of
the melt superheating on the growth of the solid shell/mushy
zone can only be detected in the out-of-the-mold region (the
larger the superheat is, the slower the shell growth), while the
shell growth inside the mold region is minorly influenced by
the superheat; and 4) A strong M-EMS with a large electric
current intensity tends to accelerate the growth of the solid
shell/mushy zone in the mold region but delay the growth of
the solid shell/mushy zone in the secondary cooling zones.

The aforementioned findings might conflict with some
existing knowledge and may only be valid for the current casting
format/parameters, to be confirmed for other casting formats/
parameters of different alloys.
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Abstract: A series of solidification benchmark experiments based on Sn-10wt.% Pb alloy 

were performed at the SIMAP Laboratory in Grenoble, France (Hachani et al., 2015) to study 

the effect of different types of forced convection on the as-cast structure and 

macrosegregation. Forced convection was achieved by using a traveling magnetic field 

(TMF). Four cases were investigated: without TMF; TMF in the same direction as natural 

convection; TMF in the opposite direction as natural convection; and TMF periodically 

reversed with respect to natural convection. In the current study, a three-phase mixed 

columnar-equiaxed solidification model was used to “reproduce” the above experiments to 

understand the flow effect on the as-cast structure formation. The dendrite fragmentation is 

regarded as the only source of equiaxed grains. Remelting/destruction of equiaxed grains in 

the superheated melt is considered. The continuous growth of the surviving equiaxed grains 

and further competition with the as-developed columnar dendrites, leading to columnar-to-

equiaxed transition (CET), are included. Except for Case III (i.e., a TMF in the opposite 

direction as natural convection), satisfactory simulation-experiment agreements in terms of 

the temperature field, as-cast structure and macrosegregation are obtained for the remaining 

three cases. Based on the simulation results, it is found that 1) TMF plays an important role in 

homogenizing the temperature field and promoting the formation of equiaxed grains via 

fragmentation, consequently facilitating the appearance of CET; 2) TMF tends to generally 

intensify macrosegregation and increase the number of channel segregations; and 3) the 

simultaneous solidification/remelting process represents a significant species/energy transport 

mechanism. Ignoring the remelting of equiaxed grains would lead to an overestimate of the 
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local temperature in the remelting zone. The reason for the mismatch between the simulation 

and experimental results obtained for Case III is discussed. 

Keywords: Traveling magnetic field (TMF); Fragmentation; Remelting; Macrosegregation; 

As-cast structure. 

 

1. Introduction 

The electromagnetic field (EMF) has been widely used during the casting process because of 

its multiple benefits for improving the casting quality: the well-controlled flow field, the 

homogenization of the temperature/solute field, the promotion of grain nucleation and 

dendrite fragmentation, the extension of the equiaxed structure and the improvement of the 

segregation intensity, etc. [1-3]. One typical EMF, i.e., the traveling magnetic field (TMF), 

which can produce a Lorentz force in one direction, is often used to control the flow pattern 

(forming the so-called  “butterfly” type of flow) and grain structure both in slab continuous 

casting processes [4-8] and laboratory experiments [9-10]. 

Various experiments have been performed to investigate the solidification of pure tin and its 

alloys, e.g., tin-lead (Sn-3 wt.% Pb, Sn-5 wt.% Pb, Pb-48 wt.% Sn) and tin-zinc (Sn-5 wt.% 

Zn), on the laboratory scale in a rectangular cavity under natural convection [11-17]. The 

experimental results show that the channel segregations are intensified with increasing 

cooling rate and initial solute concentration. To investigate the effect of forced convection on 

the as-cast structure and macrosegregation, similar experiments were performed under TMF 

conditions [18-21]. Specifically, Hachani et al. [20] performed a series of experiments to 

study the effect of different types of forced convection on the as-cast structure and 

macrosegregation. Forced convection was achieved by using the TMF. Four different 

solidification experiments based on Sn-10wt.%Pb alloy were investigated: without TMF 

(Case I); TMF in the same direction as natural convection (Case II); TMF in the opposite 

direction as natural convection (Case III); and TMF periodically reversed with respect to 

natural convection (Case IV). The temperature field, as-cast structure, and solute distribution 

of the four cases were analyzed comprehensively, which provided an excellent reference case 

to validate the simulation model. 
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Many numerical studies [22-35] have attempted to “reproduce” the above benchmark 

experiments [11, 15, 17, 20]. A cellular automaton-finite element (CA-FE) solidification 

model [22-23] was used to simulate the solidification of the benchmark experiment [15]. 

Satisfactory agreement of the grain morphology was obtained, but the segregation channels 

could not be predicted. Two-phase volume-averaged (VA) numerical models [24-32] were 

also used to simulate the benchmark [11, 17]. The segregation channels were excellently 

reproduced, but because the second solid phase, the equiaxed grains, were ignored, the 

credibility of the calculation results was weakened. Direct application of the two-phase VA 

numerical model to the cases under a TMF, makes it more difficult to “reproduce” the as-cast 

structure and segregation profiles [33-34]. Recently, a three-phase mixed-columnar-equiaxed 

VA model [35–36] was used to model benchmark Case I of Hachani et al. [20]. The 

numerical simulation results proved that the motion of equiaxed grains significantly affects 

the final distribution of the equiaxed grains and macrosegregation profiles. However, both of 

them ignored the remelting/destruction phenomenon occurred during the casting process. 

Additionally, compared to benchmark Case I, the cases under the TMF are of high interest 

and significance, but the simulations raise more challenges under forced convection 

conditions. 

This study continues the work of the current authors [36-37] by including the effect of the 

TMF. The three-phase mixed columnar-equiaxed solidification model was extended with 

improved approaches for remelting and grain destruction. The extended model was used to 

“reproduce” the four cases of Hachani’s benchmark experiments [20]. On this basis, this 

study focuses on explaining the formation mechanism for the as-cast structure and 

macrosegregation under the effect of TMFs. 

2. Model description 

A three-phase mixed columnar-equiaxed solidification model [38-41] was used to investigate 

the formation of the as-cast structure and macrosegregation of Sn-10wt.% Pb alloy in an 

experimental benchmark under forced convection conditions [20]. The governing equations 

for the model have been presented in detail elsewhere [38, 41]. Three phases are considered: 

liquid melt (ℓ), equiaxed grains (e) and columnar dendrites (c). Their volume fractions (fℓ, fe, 

fc) sum up to one. Both the liquid melt and equiaxed grains are treated as moving phases, for 

which the corresponding Navier‒Stokes equations are solved to obtain the liquid velocity 

- 107 -



 

 
 

( u ) and equiaxed velocity ( eu ). The columnar dendrites are assumed to be composed of a 

rigid phase, for which the velocity is zero ( c 0u  ). Simple morphologies are assumed for the 

two solid phases: stepwise cylinders for columnar trunks and spheres for equiaxed grains. To 

address the drag force and other hydrodynamic interactions between phases, a dendritic 

envelope ( env
ef ) is considered for equiaxed grains. The volume ratio of the solid ‘dendrite’ to 

the dendritic envelop is defined as fsi ( env
e e/f f= ), which was set as a constant in this study. A 

diffusion-governed growth kinetic is considered to treat the solidification for both solid 

phases. The difference between the equilibrium and volume-averaged liquid concentrations 

( c c − ) served as the driving force for solidification. The position of the columnar tip front 

was traced dynamically based on the Lipton-Glicksman-Kurz (LGK) model [42]. A so-called 

effective equiaxed viscosity ( e ), which increases with env
ef , was used to model the 

interaction between the equiaxed grains [43]. When env
ef  reached a packing limit e,packingf , a 

rigid network of equiaxed grains was built. Additionally, the equiaxed grains were captured 

by the columnar dendrites and fixed there when the local volume fraction of the columnar 

phase fc ≥ 0.2. Solidification shrinkage was ignored. Both thermal-solutal convection and 

grain sedimentation were modeled using the Boussinesq approach. The volume-averaged 

concentrations for each phase, i.e., cℓ, ce, and cc, were calculated. The macrosegregation was 

characterized by the segregation index: index
mix mix 0 0( ) 100 /c c c c= −  , in which c0 is the initial 

concentration and cmix is the mixture concentration with 

mix e e e c c c e e c c( ) / ( )c f c f c f c f f f     = + + + + , where ρℓ, ρe, ρc are the densities for each 

phase. Some important relevant modeling features for the current benchmark are described 

below. 

2.1 Dendrite fragmentation 

Dendrite fragmentation [44] is considered as the only source of equiaxed grains. The net mass 

transfer rate from the columnar dendrites to the equiaxed grains due to fragmentation can be 

calculated using 

( )ce c eM u u c = −  −   ,     (1) 
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where   is the fragmentation coefficient and c  is the liquid concentration gradient. All 

other contributions to fragmentation, e.g., the curvature effect of the dendrites, latent heat-

induced thermal fluctuation, and diffusion in the interdendritic melt, are included in the single 

fragmentation coefficient  . The production rate of the number density of fragments is 

calculated via 

ce
ce

0 3
e e,frag( )

6

MN
d



=



,     (2) 

where 0
e,frag 2 c ( )d f=   is the initial diameter of the fragment and 2  is the secondary dendrite 

arm spacing, which must be determined experimentally. Heterogeneous nucleation is ignored 

here. 

2.2 Solidification and remelting/destruction of equiaxed grains 

The solidification and remelting of equiaxed grains are treated as two asymmetric processes 

[45], i.e., the remelting process is not simply “inverse solidification”. Schematics of the solute 

partitioning at the liquid‒solid interface and the solute distribution in the liquid and solid 

during solidification and remelting processes are shown in Figure 1. 

 

Figure 1. Schematic of solute partitioning at the liquid‒solid interface and the solute distribution in 

the liquid and solid: (a) solidification process; (b) remelting process.  
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1) Solidification: the growth of the equiaxed grains is governed by diffusion. The net 

mass transfer rate between the liquid melt and the equiaxed grains during the 

solidification process is described as 

( )2
e eq e e  RM v n d f =    ,    (3) 

where eqn  is the number density of equiaxed grains, de is the grain diameter, and Rv  is 

the growth speed of equiaxed grains, which yields 

( )
e( )R

c cDv
l c c



 

−
= 

−
,     (4) 

where D  is the solute diffusion coefficient in the liquid, ec  is the equilibrium 

equiaxed concentration at the liquid/solid interface (Figure 1(a)), and l  is the 

diffusion length, which is calculated using 

1
e 3

e(1 )
2
dl f= − .     (5) 

2) Remelting and destruction of the equiaxed grains: the remelting of the equiaxed grains 

is also governed by solute diffusion [46]. The geometrical impingement factor ( f ) is 

unnecessary during the remelting process, and thereby, Equation (3) is updated for the 

remelting process. 

( )2
e eq e eRM v n d =   .    (6) 

Unlike the solidification process, the equilibrium concentrations ( c  and ec ) are lower 

than the volume-averaged concentrations ( c  and ec ) during the remelting process 

(Figure 1(b)); thus, it is assumed that the equiaxed concentration at the liquid/solid 

interface ( interface
ec ) is equal to ec , and Rev  is calculated using 

( )
e( )R

c cDv
l c c





−
= 

−
.     (7) 

A significant remelting process occurs when the equiaxed grains are transported into 

the bulk melt region, where flow might be quite turbulent. The turbulent flow effect on 
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the remelting process is considered based on the modified diffusion length [47-48], 

which yields 

1/3 1/2
e / (2 0.6 Sc Re ) l d= +  ,    (8) 

where Sc / D =  is the Schmidt number, e eRe /d u u = −  is the local 

Reynolds number, and  is the dynamic viscosity of the liquid melt. 

To model the grain destruction, the equiaxed grains are assumed to follow a lognormal 

size distribution [45]. If a grain is exposed to a superheated liquid, remelting will first 

lead to a decrease in the diameter of the grain. Once the size class of the equiaxed 

grains due to remelting becomes smaller than the critical value of the grain size 

(de,critical), the equiaxed grains will be destructed. The destruction rate for the grains 

can be calculated using 

e,critical

eq
des R x d

dn
n v

dx == ,     (9) 

with 

2
e

ˆln( ) ln( )1
2eq eq

2

x ddn n
e

dx x


 

−
− 

 
 
 = 

 
,  (10) 

where   is the geometric standard deviation of the lognormal distribution, the dummy 

variable (x) corresponds to the equiaxed grain diameter of different size classes, and 

ed̂  is the geometrical mean of the grain size. However, only the volume-averaged 

grains diameter ed , which is not equal to ed̂ , could be obtained through the volume-

averaged method. Thus, a further assumption was made in this study, the variation in 

ed  and ed̂  due to remelting follows the same trend, i.e., e e
ˆ( ) / ( ) /d d dt d d dt , which 

can be estimated by remelting rate of equiaxed grains (vR). 

2.3 One-way coupling of the electromagnetic field and flow field 

A one-way coupling approach between the electromagnetic field and flow field was adopted. 

The electromagnetic field was calculated using ANSYS Maxwell, and the flow field was 

solved using ANSYS Fluent. 

Firstly, the time-averaged Lorentz force was calculated using ANSYS Maxwell, 
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( )
1
2

F J B=  .     (11) 

The Lorentz force is composed of the forces in three directions (Fx, Fy, and Fz), but it acts 

mainly in the x direction. Thus, to consider the relative motion between the Lorentz force in 

the x direction ( xF ) and the x-velocity component of the melt/equiaxed phase, xF  was 

modified using 

x
x x

B,x

1 uF F
u

 
 =  −  

 
,     (12) 

where xF   is the modified Lorentz force in the x direction, xu  is the x-velocity of the 

melt/equiaxed phases, and B,xu  is the moving velocity of the TMF. The Lorentz forces in 

other two directions (Fy, Fz) would keep as original. Then, the Lorentz forces ( xF  , yF , zF ) 

were weighted by the corresponding phase volume fraction ( f , ef ) and finally used as the 

source terms ( x,F  , x,eF  , y,F , y,eF , z,F , z,eF ) for the momentum conservation equations of each 

phase via User-Defined Functions (UDFs). 

x, xF F f =  , x,e x eF F f =  ,               (13) 

y, yF F f=  , y,e y eF F f=  ,               (14) 

z, zF F f=  , z,e ezF F f=  .               (15) 

 

3. Benchmark configuration 

3.1 Experimental procedure 

The experiments were conducted by another research group at the SIMAP Laboratory in 

Grenoble, France [20]. The Sn-10 wt.% Pb alloy was solidified in a quasi-two-dimensional 

rectangular (100 × 60 × 10 mm3) mold. As shown in Figure 2(a), two heat exchangers were 

arranged beside the two lateral walls of the sample to control the input/extraction of the heat. 

The heating and cooling history of the two exchangers designed for the experiment is 

demonstrated in Figure 2(b). A temperature difference of 40 K was assigned between the two 

exchangers during the cooling stage, and the cooling rates were equal to 0.03 K/s. An array of 

fifty thermocouples was placed onto the front surface of the sample to record the temperature 

evolution. A second array of sixteen thermocouples was arranged onto the back surface to 
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confirm that the temperature variations in the thickness direction remain small, i.e., the 

temperature field of the sample follows a quasi-two-dimensional pattern. Nine thermocouples 

were arranged onto the left and right exchangers, respectively, to measure the heat flux 

extracted from the sample. As presented in Figure 2(a), the linear motor used to generate the 

TMF was placed 5 mm beneath the sample. A three-phase alternative current (AC) with a 

constant frequency (f = 50 Hz) and current intensity (I = 8.2 A) was used to feed the power. 

For a more detailed introduction of the benchmark setup, refer to [20]. 

Once the coils were charged, a magnetic field was produced. If a conductive casting sample 

was loaded, an induced current was generated in the sample. The interaction between the 

magnetic field and induced current produced a Lorentz force, which drove the liquid to flow. 

The magnetic flux density (B) was measured along the x-axis (3 mm above the motor) 

without loading the sample. As schematically shown in Figure 2(c), four different 

solidification experiments for Sn-10 wt.% Pb alloy were performed to investigate the effect of 

different types of forced convection on the as-cast structure and macrosegregation. 

 

Figure 2. (a) Schematic view of the experimental facility used for the benchmark [20]; (b) heating 

and cooling history of the two exchangers; (c) four different stirring modes. (c.1) Case I: natural 

convection only; (c.2) Case II: TMF aligned along the same direction as the natural convection; (c.3) 

Case III: TMF aligned along the opposite direction as the natural convection; (c.4) Case IV: TMF 

imposed in an alternative direction with a frequency of 0.0625 Hz (stirring in one direction for 8 s) 
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During the solidification process, evolutions of the temperature field were recorded and 

analyzed. Temperature maps for the selected area (x: 0.5 cm – 9.5 cm; y: 1 cm – 5 cm) of the 

front surface (Figure 2(a)) at three different solidification times (t = 540 s, t = 900 s, and t = 

1440 s) were revealed [20]. t = 0 s corresponds to the first appearance of the liquidus of the 

alloy with an initial composition of c0. After the castings completely solidified, the as-cast 

structures for the four cases were obtained through metallurgic analyses, which consisted of 

several passes of polishing with abrasive paper and chemical attack with a mixture of 75% 

Vol HCl (37 mol%/v) and 25% Vol HNO3 (69.5%) [15]. A chemical method coupled using 

the Inductive Coupled Plasma (ICP) technique was used to obtain the quantitative results for 

the solute distribution, and the profiles for the macrosegregation were revealed by X-ray 

analysis along the thickness direction [20]. 

3.2 Numerical procedure 

A full-scale inductor (Figure 2(a)) was built to perform the electromagnetic calculation using 

the commercial software ANSYS Maxwell. Firstly, the magnetic field ( B ) along the x-axis 

without sample loading was calculated and compared with the measurements. Then, the 

conductive casting sample (σ = 1.86 × 106 Ω-1 m-1) was loaded 5 mm above the linear motor. 

The time-averaged F  was calculated by solving Maxwell’s equations, and the extracted F  

was interpolated into the mesh system of ANSYS Fluent. xF was modified by multiplying (1-

xu / B,xu ) to consider the relative motion between the Lorentz force in the x direction and the 

x-velocity component of the corresponding phase (Equation (12)). It was then weighted by the 

corresponding phase volume fraction ( f , ef ) and used as a source term in the momentum 

conservation equations for each phase (Equation (13) and Equation (14)). Unlike the 

electromagnetic field calculation, only the casting domain was solved for the flow and 

solidification. Four simulations corresponding to Hachani’s four experiments (Cases I-IV) 

[20] were conducted. The simulations started from the last stage (solidification) in Figure 

2(b), and the melt was assumed to have a homogeneous temperature (T = 533.15 K) and 

concentration (Sn – 10 wt.% Pb) distribution before solidification. A convective heat transfer 

boundary condition (h = 2000 W/m2·K) was used for the two lateral walls. At the beginning 

of the simulation, the left exchanger temperature was set as 553.15 K, and the right exchanger 

was set as 513.15 K. The cooling rate for the right exchanger was set to be 0.03 K/s, which is 

identical to the experimental value. The cooling rate for the left exchanger was experimentally 
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reported to be 0.03 K/s, but here it was set to be 0.033 K/s. The reason for this modification 

will be discussed in detail in §5.4. Adiabatic boundary conditions were used for the remaining 

four walls. The liquid was assumed to be incompressible with a constant density and 

viscosity. The no-slip flow boundary condition was applied for the melt and equiaxed grains 

along all the sample walls. The thermodynamic/physical properties used in the current 

simulations are listed in Table 1. 

Table 1. Thermo-dynamic/physical properties. 

Property/parameters Symbol Units Values Ref. 

Nominal Pb concentration of the alloy c0 wt.%Pb 10.0 [20] 

Liquidus temperature (Sn-10 wt.%Pb) Tliq K 492.61 [20] 

Melting temperature of pure Sn Tf K 505.15 [20] 

Initial temperature T0 K 533.15 [20] 

Partition coefficient k - 6.56 × 10-2 [20] 

Liquidus slope m K (wt.%Pb)-1 -1.2826 [20] 

Eutectic temperature Teut K 456.57 [20] 

Eutectic concentration ceut wt.%Pb 38.1 [20] 

Reference density ρref kg m-3 7000.0 [20] 

Liquid density (buoyancy force) ρℓ kg m-3 ref T ref C ref(1 ( ) ( ))T T c c  − − − −   

Solid density for both solid phases ρe, ρc kg m-3 7310.0  

Thermal expansion coefficient βT K-1 6.0 × 10-5 [17] 

Solutal expansion coefficient βC (wt.%Pb)-1 -5.3 × 10-3 [17] 

Primary dendrite arm spacing λ1 m 2.25 × 10-4 [35] 

Secondary dendrite arm spacing λ2 m 6.5 × 10-5 [17] 

Diffusion coefficient in liquid Dℓ m2 s-1 4.5 × 10-9 [35] 

Latent heat L J kg-1 6.1 × 104 [17] 

Specific heat 
pc , e

pc , c
pc  J (kg K)-1 260.0 [17] 
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Thermal conductivity kℓ, ke, kc W(m K)-1 55.0 [17] 

Viscosity μℓ Pa s 1.0 × 10-3 [20] 

Gibbs-Thomson coefficient Γ m K 6.5 × 10-8 [35] 

Solid fraction in the dendritic envelope fsi - 0.5 [35] 

Packing limit  - 0.637 [35] 

*Super/subscripts ℓ, e, and c indicate different phases. 

A hexahedron mesh with a mesh size of 1 mm was used in the current study, and the total 

mesh number was 60,000. Regarding the flow calculation, for each timestep (∆t = 0.005 s), 40 

iterations were needed to decrease the normalized residuals for the continuity, momentum 

conservation equations to values below the convergence limit of 10-4 and those for the 

enthalpy conservation equations to below 10-7. All simulations were performed in parallel 

using a high-performance computing cluster (2.6 GHz, 28 cores). One three-dimensional (3D) 

calculation required 7 days of computing time. 

4. Simulation results 

4.1 B field and distribution of the Lorentz force 

Figure 3(a) shows a comparison of the B field along the x-axis (3 mm above the motor) 

determined by calculation and measurement in the absence of the casting sample. Satisfactory 

agreement is obtained between the two datasets. The oscillation of the B field is caused by the 

arrangement of the magnets at the bottom of the device. The distribution of the time-averaged 

Lorentz force on the casting (solid-state with no movement) surface of Case II is shown in 

Figure 3(b). The profile of the magnitude ( F ) of the Lorentz force along Line 1 (Figure 

3(b)) is plotted in Figure 3(c). The maximal F  (728 N/m3) appears at the bottom of the 

sample, and it exponentially declines along the sample height. The effective zone for the 

Lorentz force is limited to within a distance of 10 mm above the sample bottom. 
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Figure 3. (a) Comparison of the measured and calculated B in the absence of the casting sample 

along the x-axis (3 mm above the linear motor); (b) distribution of the time-averaged Lorentz force 

on the casting surface of Case II; (c) profile of the magnitude ( F ) of the Lorentz force along Line 1 

shown in (b). 

4.2 Solidification sequence 

To illustrate the TMF-induced flow and its effect on the formation of the as-cast structure and 

macrosegregation, the solidification sequence was analyzed for the middle vertical section 

based on Case II shown in Figure 4. In this case, the Lorentz force acts in the same direction 

as natural convection. Schematic views of the liquid flow pattern and solidification process 

are shown in Figure 4(a.x). Figure 4(b.x) shows the calculated temperature field. The liquid 

velocity overlaid with fc and the equiaxed velocity overlaid with fe are presented in Figures 

4(c.x) - (d.x), respectively. Figure 4(e.x) shows the contour of Mℓe to demonstrate the 

simultaneous solidification and remelting phenomena. The induced macrosegregation profiles 

are displayed in Figure 4(f.x). 

The simulation results at 180 s are shown in Figures 4(a.1) - (f.1). As the superheat dissipates 

from the right wall, the temperature gradually drops below the liquidus temperature on the 

right side (Figure 4(b.1)). The red isoline of the constitutional undercooling (∆T = Tf + m·cℓ - 

T) that equals 0 K is plotted to separate the superheated and undercooling zones. The 

columnar dendrites initialize from the right wall and grow along the direction of the 

temperature gradient (Figure 4(c.1)). A clockwise flow pattern is formed under a combination 

of the thermo-solutal buoyancy and Lorentz force of the TMF (Figure 4(c.1)). The maximum 

liquid velocity ( ,max 0.1 m/su = ) is observed near the bottom-left corner. In the columnar-

liquid mushy zone, especially near the columnar tip region, the equiaxed grains are generated 

through fragmentation (Figure 4(d.1)). At this moment, because the equiaxed grains are much 

heavier than the liquid melt, i.e., the density difference between the equiaxed grains and liquid 
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melt (  ) is positive ( e 0   = −  ), the grains tend to sediment to the bottom of the 

sample. Due to the strong TMF-induced flow, some equiaxed grains are brought to the left 

superheated region (Figure 4(d.1)), whereas the grains that are generated in or are brought to 

the deep mushy zone (fc > 0.2) are captured by the columnar phase. From Figures 4(b.1) and 

4(e.1), the equiaxed grains grow (Mℓe > 0) in the undercooled melt near the solidification front 

and remelt (Mℓe < 0) in the left superheated liquid. A slightly negative segregation is observed 

along the right wall (Figure 4(f.1)). 

At 540 s, the sample is further cooled down (Figure 4(b.2)). The columnar dendrites grow to 

1/3 of the sample width, and fe is increased to 20% (Figures 4(c.2)-(d.2)). Although the 

superheated region (e.g., the lower-right and upper-left corners) is extended due to the 

enrichment of the solute in the bulk liquid, the maximum superheat is decreased by 1.29 K 

compared to the results obtained at 180 s. Similar to the results shown in Figure 4(e.1), 

remelting of equiaxed grains occurs mainly near the left wall, but the remelting rate is 

significantly reduced in Figure 4(e.2). At this moment, some channel segregations initialize 

from the right-bottom region of the mushy zone (Figure 4(f.2)). 

The superheat is totally dissipated from the sample (Figure 4(b.3)) at 900 s. The columnar 

dendrites and equiaxed grains grow competitively in the remaining undercooled melt. The 

enrichment of the solute element (Pb) in the melt (Figure 4(f.3)) makes the liquid melt denser, 

which decreases the   and even reverses it (  < 0), i.e., the liquid melt is heavier than the 

equiaxed grains. It becomes easier for equiaxed grains to float upwards along the left wall of 

the sample (Figure 4(d.3)). Some of the equiaxed grains are brought back to the columnar tip 

front. The growth of such equiaxed grains inhibits the advancement of the columnar dendrites 

accordingly (Figure 4(c.3)), leading to the columnar-to-equiaxed transition (CET). 
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Figure 4. Solidification sequence (on the middle vertical plane) of Case II: (a.x) Schematic views of 

the liquid flow pattern and dendrite growth; (b.x) contour and isolines (in black) of T (in K) overlaid 

with the red isoline of ∆T = 0 K; (c.x) liquid velocity overlaid with the isolines of fc; (d.x) velocity of 

equiaxed grains overlaid with the isolines of fe; (e.x) contours of Mℓe, red for solidification and blue 

for remelting; (f.x) contours of index
mix [%]c , red for positive segregation and blue for negative 

segregation. 

The sample is fully solidified at 1920 s. As presented in Figure 4(c.4), the columnar dendrites 

take the right side, and the remaining part is mostly occupied by the equiaxed grains. In the 

upper left corner of the sample (Figure 4(d.4)), the sample is solidified as a fully equiaxed 
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grain structure. Serious positive segregation is found in the lower-left corner, which indicates 

the presence of a high-volume fraction of eutectics. Several channel segregations can be 

observed in the lower-right corner (Figure 4(f.4)). 

4.3 Calculated temperature fields and comparison with experiments 

Comparison of the temperature field determined from the measurement and simulation results 

for all four cases (I - IV) for the selected area of the front surface (x: 0.5 cm – 9.5 cm; y: 1 cm 

– 5 cm) at three different solidification times are shown in Figures 5–7. The DT is defined as 

the difference between the maximum temperature and the minimum temperature of the 

measured region. The solidification front is indicated by the isoline of fc = 0.1 in the 

simulation results. Satisfactory agreements between the measurements and simulation results 

are obtained. 

 
Figure 5. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by 

measurements and the simulation for the front surface of the sample at 540 s, (a.x) the measurement 

results, (b.x) the simulation results. The black dashed lines show the direction of the liquid 

convection, and the red dashed lines show the position of the solidification front (isoline of fc = 0.1). 

(a.x) is reprinted from publication [20], with permission from Elsevier. 

As shown in Figures 5(a.1)–5(b.1), in Case I, the isotherms are distorted following the 

direction (clockwise) of the fluid flow. The maximum temperature appears at the top-left 

corner, and the measured and calculated DT values are equal to 18.7 °C and 18.3 °C (Figures 

5(a.1) - 5(b.1)), respectively. Compared to Case I, the enhanced convection due to the TMF in 

Case II leads to a more uniform temperature field, i.e., the measured DT is decreased from 

18.7 °C to 15 °C (Figure 5(a.2)), and the calculated DT is decreased from 18.3 °C to 12 °C 

(Figure 5(b.2)). For Case III, the reversed forced convection (the anticlockwise vortex at the 
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lower part of the sample in Figure 5(b.3)) bends the isotherms to the right side in the lower 

part of the sample. The DT for this case is decreased to 14 °C. According to the simulation 

results, the maximum temperature in the top-left corner of Case III is caused by another small 

clockwise vortex, which is developed in the top-left part (Figure 5(b.3)). For Case IV, two 

vortices with different flow directions are predicted. Their flow directions vary with time due 

to the periodic change in the Lorentz force. Comparing the DT for the four cases, the 

periodically reversed stirring mode shows the highest efficiency in homogenizing the 

temperature field. 

The measured and calculated temperature field at 900 s is shown in Figure 6. The measured 

temperature field (isotherms and DT) for the four cases can also be well “reproduced” by the 

simulations. Because of the reduced liquid flow velocity in the mushy zone, the isotherms are 

almost vertical on the right side. Regarding DT, a similar trend to that for the previous time 

(540 s) is found, i.e., the TMF tends to homogenize the temperature by decreasing DT. 

 
Figure 6. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by 

measurements and simulation for the front surface of the sample at 900 s, (a.x) the measurement 

results, (b.x) the simulation results. The black dashed lines show the direction of the liquid 

convection, and the red dashed lines show the position of the solidification front (isoline of fc = 0.1). 

(a.x) is reprinted from publication [20], with permission from Elsevier. 

At 1440 s (Figure 7), it is interesting to note the existence of isotherms corresponding to the 

temperature level ranging from 204 to 210 °C on the left side, which indicates that the initial 

heat flux flowing into the sample from the left wall is reversed to flow out of the sample. This 

condition is favorable for the onset of the second solidification front from the left wall. 
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Figure 7. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by 

measurements and simulation for the front surface of the sample: (a.x) the measured results at 1440 s, 

(b.1) the simulation results at 1440 s, (b.2) the simulation results at 1280 s, (b.3) the simulation 

results at 1200 s, and (b.4) the simulation results at 1300 s. The black dashed lines show the direction 

of the liquid convection, and the red dashed lines show the position of the solidification front (isoline 

of fc = 0.1). (a.x) is reprinted from publication [20], with permission from Elsevier. 

 

Notably, the indicated flow patterns at three solidification times in Case III are different 

for the experiment and the simulation. One more vortex is found in the liquid pool by the 

simulation. 

4.4 As-cast structure 

The metallographic analysis of the as-cast structures in the laboratory experiment is shown in 

Figure 8(a.x). The calculated distributions of fc and fe are depicted in Figures 8(b.x) - (c.x). 

Satisfactory simulation-experiment agreements are achieved for Cases I, II, and IV but not for 

Case III. The mismatch for Case III will be discussed in detail in §5.3. For Case I, Figures 

8(a.1) - (b.1), the upwind tilting of the columnar dendrites dominates the as-cast structure, and 

the equiaxed grains are mainly distributed in the segregation channels and in a band on the 

left part of the sample (Figure 8(c.1)). For Case II, the equiaxed zone is greatly extended 

(Figure 8(a.2)) compared to Case I. The left half of the sample is solidified as equiaxed grains 

(Figure 8(c.2)), and the right half is solidified as columnar dendrites (Figure 8(b.2)). For Case 

IV, the equiaxed region is further extended (Figures 8(a.4) and (c.4)), and columnar dendrites 

are facilitated in the two right-hand corners (Figure 8(b.4)). 
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Figure 8. Comparison of the as-cast structure for the four cases (I - IV) based on metallographic 

analysis in laboratory experiments (a.x) and the simulated volume fraction of columnar dendrites 

(b.x) and equiaxed grains (c.x). (a.x) is reprinted from publication [20], with permission from 

Elsevier. 

4.5 Macrosegregation 

The experimentally measured macrosegregation profiles obtained by X-radiography and 

digital processing methods are shown in Figures 9(a.x) and 9(b.x), respectively. The 

calculated segregation profiles obtained by averaging the Pb concentrations for ten cross-

section planes along the thickness direction are presented in Figure 9(c.x). The simulation 

results agree well with the experimental measurements except for Case III. The possible 

reason for this mismatch in Case III will be discussed in detail in §5.3. For Cases I, II, and IV, 

several channel segregations [24–25, 49–50] are formed in the right part of the sample. 

Negative segregation is mainly observed in the upper right region, and positive segregation 

locates in the left-bottom region. Compared to the result of Case I (Figure (a.1)-(c.1)), the 

location of the strongest positive segregation is pushed to the left-bottom corner in Case II 

(Figures (a.2)-(c.2)), while the periodically reversed convection (Case IV) is observed to shift 

this positive segregation to the central-bottom area (Figures (a.4)-(c.4)). By integrating the 

macrosegregation index in the calculation domain, the global macrosegregation index 

( index
mixGMI= vol c dv ) is determined to be 38.17% for Case I. By applying the TMF, the GMI 
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is increased to 39.45% for Case II and 39.77% for Case IV. It is found that macrosegregation 

is generally intensified by the TMF. 

 
Figure 9. Macrosegregation maps obtained for the sample under the effect of different 

electromagnetic stirring modes: (a.x) X-radiography of the as-solidified ingot; (b.x) Pb concentration 

map digitally processed from (a.x); (c.x) simulated mean Pb concentration through the thickness 

direction. (a.x) and (b.x) are reprinted from publication [20], with permission from Elsevier. 

3D views of the simulated channel segregations for the four cases are revealed by the 

isosurface of mix 11 wt.% Pbc = , as shown in Figure 10. The results are colored by mixc from 2 

wt.% Pb to 18 wt.% Pb. Channel segregations are clearly observed for the four cases. The 

TMF leads to an increase in the number of channel segregations (Figures 10(b) and 10(d)). 

 
Figure 10. 3D views of the isosurfaces of mix 11 wt.% Pbc = for the four cases (I - IV). The results are 

colored by mixc . 
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As mentioned above, Case III cannot be well reproduced in the current study. Good 

agreement has been achieved for Case I, as reported previously [39]. Here, a quantitative 

comparison of the Pb concentration determined from simulation results and measurements 

focuses on Case II and Case IV, as shown in Figures 11 and 12. Fifty cores (yellow dots in 

Figures 11(a) and 12(a)) distributed along five horizontal lines were extracted by drilling 

holes (ϕ 0.5 cm × 1 cm) from the as-solidified sample along the thickness direction. A 

chemical method coupled with the Inductive Coupled Plasma (ICP) technique was used to 

determine the mean value for the Pb concentration at each point. The simulated Pb 

concentrations (blue box), averaged in the volumes (0.4 cm × 0.4 cm × 1 cm) corresponding 

to the same positions of the experiment, are compared with those of the experiment in Figure 

11 and 12. The simulated results coincide with the measurement results very well. A similar 

tendency for the macrosegregation distribution determined by the simulations and 

measurements is observed. To capture more information about the segregation, the mean 

concentrations along the five horizontal lines (Figures 11(a), 12(a)) are also plotted. The 

simulation curves also show a good agreement with the measurement results. Nevertheless, 

the fluctuation of the red lines, which indicates the channel segregation, cannot be detected by 

using this analysis method. The reason for this is due to the core size (ϕ 0.5 cm) of the 

chemical analysis, which is too large for capturing the channel segregation phenomena. 
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Figure 11. Quantitative comparison of the Pb concentration ( mixc ) for Case II determined from the 

measurement data obtained using the ICP (Inductive Coupled Plasma) technique and simulation 

results. (a) Contour of the simulated Pb concentration; (b)-(f) correspond to the results obtained at 

five different horizontal lines, y = 0.05 m, 0.04 m, 0.03 m, 0.02 m, and 0.01 m. The experimental 

points show the averaged Pb concentrations in the drilling holes (ϕ 0.5 cm × 1 cm). The points of 

simulation show the averaged Pb concentrations in the volumes (0.4 cm × 0.4 cm × 1 cm) 

corresponding to the experimental positions.  

 

Figure 12. Quantitative comparison of the Pb concentration ( mixc ) for Case IV determined from the 

measurement data obtained using the ICP (Inductive Coupled Plasma) technique and simulation 

results. (a) Contour of the simulated Pb-concentration; (b)-(f) correspond to the results at five 

different horizontal lines, y = 0.05 m, 0.04 m, 0.03 m, 0.02 m, and 0.01 m. The experimental points 

show the averaged Pb concentrations in the drilling holes (ϕ 0.5 cm × 1 cm). The points of simulation 

show the averaged Pb concentrations in the volumes (0.4 cm × 0.4 cm × 1 cm) corresponding to the 

experimental positions. 

5. Discussion 

5.1 Effect of TMF-induced convection on the evolution of the columnar tip front 

Figure 13 shows the profiles of the columnar tip front (fc = 0.01) at the early stage of 

solidification (t = 120 s) for the four different cases. The isotherms overlaid with the liquid 

velocity in vector are plotted on the central vertical section. 
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For Case I, natural convection acts in the sample. The isotherms are distorted, and the lowest 

temperature appears at the bottom-right corner. The columnar dendrites solidify and extend to 

the left side (Figure 13(a)). The profile of the columnar tip front is consistent with that of the 

isotherm. For Case II, natural convection is strengthened by the TMF. The isotherms are more 

distorted. The high-temperature melt coming from the upper-left corner impinges the middle 

part of the right cold wall. It, consequently, influences the isotherms near the columnar tip 

front, i.e., the temperature in the middle part of the right-cold wall is slightly higher than that 

at the two right-hand corners. Thus, the growth speed of the columnar tip front at the two 

right-hand corners is faster than that at the middle part of the right wall (Figure 13(b)).  

 

Figure 13. Influence of TMF-induced convection on the columnar tip front, which is defined by the 

isosurface of fc = 0.01 at the early stage of solidification (t = 120 s) for the four cases: (a) Case I; (b) 

Case II; (c) Case III; and (d) Case IV. The isotherms overlaid with the liquid velocity in vector are 

plotted on the central vertical plane of the sample. 

Two vortices with opposite directions are formed in Case III (Figure 13(c)): the first vortex 

locates on the left side in the clockwise direction, while the other one locates on the right side 

in the anti-clockwise direction. This kind of flow pattern in Case III is not indicated by the 

experiment (Figure 5(a.3), Figure 6(a.3), Figure 7(a.3)). The right-anticlockwise convection 

transports the cooler melt to the upper-right corner along the right wall. The lowest 
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temperature appears at the upper-right corner, where the columnar tip front is facilitated to 

grow (Figure 13(c)). When the periodically reversed stirring is applied (Case IV), the flow 

direction near the columnar tip front is also reversed periodically. When an anticlockwise 

flow is induced, the aggregation of the cooler melt at the upper-right corner promotes the 

growth of the columnar dendrites in this area. When a clockwise flow is induced, the growth 

of columnar dendrites at the bottom-right corner is accelerated. Thus, the columnar tip front 

preferentially grows from the two corners of the right wall (Figure 13(d)). 

Through the above analysis, it should be noted that the forced convection plays an important 

role in changing the temperature field and further influencing the evolution of the columnar 

tip front. The final as-cast structure and macrosegregation are closely associated with the flow 

patterns induced by different types of TMFs. 

5.2 Importance of remelting/destruction of equiaxed grains 

An additional simulation (Case II-A) was conducted to demonstrate the importance of the 

remelting/destruction of equiaxed grains and its further impact on the temperature field, 

formation of the as-cast structure and macrosegregation. All the settings for Case II-A were 

the same as those for Case II except for ignoring the remelting/destruction of equiaxed grains. 

The simulation results obtained for Case II and a comparison with Case II-A are shown in 

Figure 14. The net mass transfer rate from liquid to equiaxed (Mℓe) due to remelting overlaid 

with the isotherms obtained at 120 s is shown in Figures 14(a.1)-(b.1). Only the range with a 

negative value, indicating the remelting process, is displayed. The equiaxed grains start to 

remelt if they are exposed in the superheated melt. By integrating Mℓe over the whole sample 

region, the remelting rate is determined to reach up to 4.8 × 10-4 kg/s. Correspondingly, the 

heat dissipation rate due to the consumption of the latent heat from the liquid melt by 

remelting is equal to 29.3 J/s. As shown in Figure 14(a.1), the isotherms (e.g., 492.6 K and 

492.7 K) are distorted in the area where remelting occurs. The average temperature of the 

liquid is overestimated by 5.13 K in Case II-A, ignoring remelting, compared to Case II, 

considering remelting of the equiaxed grains. The simulated distributions of fe and cmix in the 

as-solidified sample for the two cases are shown in Figures 14(a.2)-(b.2) and Figures 14(a.3)-

(b.3), respectively. In comparison to Case II, (1) ignoring the remelting of equiaxed grains 

(Case II-A) leads to an overestimation of fe by 15.3% (30.4 g) and an underestimation of fc by 

34.1% (30.6 g); (2) although some segregation channels are also predicted to be present, as 
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shown in Figure 14(b.3), the experimentally observed segregation pattern (i.e., the serious 

positive segregation at the left-bottom corner and the negative segregation at the left-top 

region, Figure 9(b.2)), cannot be reproduced by Case II-A; (3) the GMI is underestimated by 

48% for Case II-A. The accompanying remelting of equiaxed grains during the solidification 

process represents a significant species/energy transport mechanism. Ignoring the remelting 

phenomenon would lead to an overestimation of the temperature in the liquid melt. This leads 

to a further overestimation of the mass of the equiaxed grains and underestimation of 

macrosegregation. 

 

Figure 14. Comparison of the simulation results obtained for the two cases (Case II and Case II-A) 

with (a.x) and without remelting of equiaxed grains (b.x); (a.1)-(b.1) contours of Mℓe (negative value 

due to remelting only) overlaid with isotherms at 120 s; (a.2)-(b.2) as-solidified structure of equiaxed 

grains (fe) at 1920 s; (a.3)-(b.3) contours of the cmix at 1920 s. 

5.3 Simulation-experiment mismatch in Case III 

Based on the current numerical model, the experimental results, e.g., the temperature field, as-

cast structure and macrosegregation, cannot be “reproduced” for Case III. One reason for this 

mismatch could be the avalanche phenomenon [51], which probably occurs when the 

columnar dendrites solidify from the upper-right corner of the ingot in the early stage of 

solidification. The current model cannot be used to consider this phenomenon. 

The evolution of the columnar structure (Case III), which is represented by the isosurface of fc 

= 0.05, is shown in Figure 15. The temperature field overlaid with the liquid velocity in vector 

is displayed on the central vertical plane. At 50 s, the TMF-induced forced convection, which 

is in the anti-clockwise direction, transports the high temperature melt along the bottom 

toward the right cold wall. The melt impinges the bottom-right corner, and then flows to the 

upper part of the ingot along the right cold wall. The lowest temperature (Tlow = 490.49 K), 
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and the associated solidification of the columnar structure should start at the upper-right 

corner, as shown in Figure 15(a).  

 

Figure 15. Solidification sequence of the columnar dendrites (iso-surface of fc = 0.05) for Case III: 

(a) t = 50 s; (b) t = 100 s; (c) zoom view of the u c  distribution in Zone A shown in (b). 

Temperature field overlaid with liquid velocity vector is shown on the central vertical plane; (d) 

schematic view of the avalanche phenomenon. 

At 100 s, the columnar tip front continually grows and extends downwards along the cold 

wall. The flow pattern is slightly different from that found previously, i.e., the vortex in the 

upper-left corner is enlarged, while the main vortex is compressed to the right side (Figure 

15(b)). A zoomed view of the distribution of u c  near the upper-right corner (Zone A 

marked in Figure 15(b)) on the central vertical plane is shown in Figure 15(c). The 

interdendritic flow ( u ) in the direction opposite to the liquid concentration gradient ( c ) 

leads to local remelting. The ‘blue’ region with a negative value of u c , where the angle 

between u  and c  is larger than 90°, is observed near the right wall. If the remelting of 

columnar dendrite roots causes massive dendrites to fall off from the right wall, as 

schematically shown in Figure 15(d), the avalanche phenomenon is likely to occur. However, 

this phenomenon is still far more complex for the recent model. According to the current 

model, the growth of the columnar dendrites in the upper-right part is further promoted during 

the later solidification stage. Finally, the as-solidified columnar dendrites capture the upper-
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right part of the sample in Case III (Figure 8(b.3)), leading to a mismatch to the measurement 

result (Figure 8(a.3)). 

Another possible reason why the simulation result for Case III cannot reproduce the as-cast 

structure is that the heterogeneous nucleation is ignored. The significant role of fragmentation 

in the generation of equiaxed grains in this benchmark experiment has been addressed by 

Hachani et al. [20]. Thus, only the fragmentation of columnar dendrites is considered as the 

source of the equiaxed grains in the current study. However, heterogeneous nucleation, which 

can serve as another source of equiaxed grains, is likely to occur when the inoculants are 

exposed to the undercooling environment. Specifically, when the lowest temperature appears 

at the upper-right corner in the early solidification stage of Case III, the first solid phase can 

consist of columnar dendrites or equiaxed grains, which are formed through heterogeneous 

nucleation. If the equiaxed grains can occupy the upper-right corner during the later 

solidification process, the simulated final as-cast structure will show good agreement with the 

measurement result. 

5.4 Boundary conditions for the two lateral walls 

The temperature history for the two exchangers was monitored during the solidification 

process [20]. However, due to the thermal contact resistance between the exchangers and 

sample walls, which is not always constant, the exact temperatures of the two lateral walls 

(Twall) are unknown and need to be determined. The extrapolation method based on the heat 

reservation law can be used to calculate Twall [31-32]. However, because the exact 

experimental temperature for the two exchangers is unknown, the use of this method is 

greatly limited for researchers. 

The convective heat transfer boundary condition (q = 2000 (Twall – Texch)) was used in the 

current study, where q is the heat flux between the sample and exchanger and Texch is the 

defined exchanger temperature in Figure 2(b). Based on the cooling rates (0.03 K/s) for the 

two exchangers provided by Hachani et al. [20], the isotherms corresponding to the 

temperature level ranging from 204 to 210 °C on the left side of the four cases (I-IV) cannot 

be “reproduced”. Numerical parameter studies were performed by varying the cooling rate for 

the left exchanger. The best fit to the temperature fields for all four cases is obtained for a 

cooling rate value of 0.033 K/s (9% higher than 0.03 K/s). Consequently, this cooling rate 

was used in this study. 

- 131 -



 

 
 

6. Conclusion 

An extended three-phase mixed columnar-equiaxed solidification model was used to simulate 

the benchmark experiments for Sn-10wt.% Pb alloy [20]. Four cases under different flow 

conditions (natural convection and/or forced convection with different modes) were 

investigated. Except for Case III, satisfactory simulation-experiment agreements in terms of 

the temperature field, as-cast structure and macrosegregation were obtained for the remaining 

three cases. Based on the simulation results, the following conclusions are drawn. 

(1) To ‘reproduce’ the benchmark experiments [20], the model must at least have the 

following features: i) three phases (liquid melt, equiaxed grains, and columnar dendrites); 

ii) dendrite fragmentation, which gives birth to the equiaxed grains; iii) movement of 

equiaxed grains; iv) growth and remelting/destruction of equiaxed grains exposed to 

undercooled and superheated liquid; and v) coupling between the TMF and multiphase 

flow. 

(2) The simultaneous solidification and remelting of equiaxed crystals represent an important 

species/energy transport mechanism in this laboratory benchmark. Ignoring the remelting 

of equiaxed grains in the superheated region in a numerical model will lead to an error in 

the estimation of the as-cast structure and macrosegregation. 

(3) TMF plays an important role in homogenizing the temperature field and promoting 

equiaxed grain formation through the fragmentation mechanism, and, consequently, 

facilitates CET. 

(4) TMF is found to generally intensify macrosegregation and increase the number of 

channel segregations. 

The simulation and experimental measurement results obtained for Case III show a mismatch 

most likely because the avalanche phenomenon and/or heterogeneous nucleation was not 

taken into account. Further modeling effort is still needed to ‘reproduce’ Case III. 

Declaration of Competing Interest 

None. 

 

- 132 -



 

 
 

Acknowledgements 

The authors acknowledge the financial support from the Austrian Research Promotion 

Agency (FFG) through the project Bridge I (No. 868070) as well as the technical support of 

the industrial partner Primetals Technologies Austria GmbH.  

Reference 

[1] K. Ayata, T. Mori, T. Fujimoto, T. Ohnishi, I. Wakasugi, Improvement of Macrosegregation in 

Continuously Cast Bloom and Billet By Electromagnetic Stirring, Trans. Iron Steel Inst. Japan. 24 

(1984) 931–939. https://doi.org/10.2355/isijinternational1966.24.931 

[2] N.A. Shan, J.J. Moore, A review of the effects of electromagnetic stirring (EMS) in continuously cast 

steel. Part 1, Iron Steelmak. 9 (1982) 31-36. 

[3] S. Wang, G. Alvarez De Toledo, K. Välimaa, S. Louhenkilpi, Magnetohydrodynamic phenomena, fluid 

control and computational modeling in the continuous casting of billet and bloom, ISIJ Int. 54 (2014) 

2273–2282. https://doi.org/10.2355/isijinternational.54.2273 

[4] N. Genma, T. Soejima, T. Saito, M. Kimura, Y. Kaihara, H. Fukumoto, K. Ayata, The linear-motor type 

in-mold electromagnetic stirring technique for the slab continuous caster, ISIJ Int. 29 (1989) 1056-1062. 
https://doi.org/10.2355/isijinternational.29.1056 

[5] K. Fujisaki, In-mold electromagnetic stirring in continuous casting, IEEE Trans. Ind. Appl. 37 (2001) 

1098–1104. https://doi.org/10.1109/28.936402 

[6] K. Okazawa, T. Toh, J. Fukuda, T. Kawase, M. Toki, Fluid flow in a continuous casting mold driven by 

linear induction motors, ISIJ Int. 41 (2001) 851–858. https://doi.org/10.2355/isijinternational.41.851 

[7] M. Dubke, K.H. Tacke, K.H. Spitzer, K. Schwerdtfeger, Flow fields in electromagnetic stirring of 

rectangular strands with linear inductors: Part I. theory and experiments with cold models, Metall. Trans. 

B. 19 (1988) 581–593. https://doi.org/10.1007/BF02659149 

[8] M. Dubke, K.H. Tacke, K.H. Spitzer, K. Schwerdtfeger, Flow fields in electromagnetic stirring of 

rectangular strands with linear inductors: Part II. computation of flow fields in billets, blooms, and slabs 

of steel, Metall. Trans. B. 19 (1988) 595–602. https://doi.org/10.1007/BF02659150 

[9] X. Wang, Y. Fautrelle, R. Moreau, J. Etay, A.M. Bianchi, F. Baltaretu, X. Na, Flow, heat and mass 

transfers during solidification under traveling/rotating magnetic field, Int. J. Energy Environ. Eng. 6 

(2015) 367–373. https://doi.org/10.1007/s40095-015-0181-1 

[10] L. Hachani, R. Boussaa, B. Saadi, X. Wang, K. Zaidat, A. Belgacem-Bouzida, D. Henry, V. Botton, H. 

Ben Hadid, Y. Fautrelle, Experimental investigation of the natural and forced convection on 

solidification of Sn-3wt . % Pb alloy using a benchmark experiment, J. Iron Steel Res. Int. 19 (2012) 

- 133 -



 

 
 

HAL Id : hal-00954379 

[11] D.J. Hebditch, J.D. Hunt, Observations of ingot macrosegregation on model systems, Metall. Mater. 

Trans. B 5 (1974) 1557–1564. https://doi.org/10.1007/BF02646326 

[12] G. Quillet, A. Ciobanas, P. Lehmann, Y. Fautrelle, A benchmark solidification experiment on an Sn-

10%wtBi alloy, Int. J. Heat Mass Transf. 50 (2007) 654–666. 

https://doi.org/10.1016/j.ijheatmasstransfer.2006.07.030 

[13] X. Wang, P. Petitpas, C. Garnier, J.P. Paulin, Y. Fautrelle, A quasi two-dimensional benchmark 

experiment for the solidification of a tin-lead binary alloy, C. R. Mec. 335 (2007) 336–341. 

https://doi.org/10.1016/j.crme.2007.05.009 

[14] X. Wang, Y. Fautrelle, An investigation of the influence of natural convection on tin solidification using 

a quasi two-dimensional experimental benchmark, Int. J. Heat Mass Transf. 52 (2009) 5624–5633. 

https://doi.org/10.1016/j.ijheatmasstransfer.2009.05.030 

[15] L. Hachani, B. Saadi, X. Wang, A. Nouri, K. Zaidat, A. Belgacem-Bouzida, L. Ayouni-Derouiche, G. 

Raimondi, Y. Fautrelle, Experimental analysis of the solidification of Sn-3 wt.%Pb alloy under natural 

convection, Int. J. Heat Mass Transf. 55 (2012) 1986–1996. 

https://doi.org/10.1016/j.ijheatmasstransfer.2011.11.054 

[16] L. Hachani, K. Zaidat, B. Saadi, X. Wang, Y. Fautrelle, Solidification of Sn-Pb alloys: Experiments on 

the influence of the initial concentration, Int. J. Therm. Sci. 91 (2015) 34–48. 

https://doi.org/10.1016/j.ijthermalsci.2015.01.007 

[17] M. Bellet, H. Combeau, Y. Fautrelle, D. Gobin, M. Rady, E. Arquis, O. Budenkova, B. Dussoubs, Y. 

Duterrail, A. Kumar, C.-A. Gandin, B. Goyeau, S. Mosbah, M. Založnik, Call for contributions to a 

numerical benchmark problem for 2D columnar solidification of binary alloys, Int. J. Therm. Sci. 48 

(2009) 2013–2016. https://doi.org/10.1016/j.ijthermalsci.2009.07.024 

[18] A. Abdelhakem, L. Hachani, K. Zaidat, I. Sari, Y. Fautrelle, Experimental study of the effect of 

intermittent electromagnetic stirring on the columnar-equiaxed transition in Sn-10 wt % Pb alloy 

solidification, J. Heat Transfer. 143 (2021) 1–8. https://doi.org/10.1115/1.4050408 

[19] L. Hachani, J. Wang, I. Kaldre, G. Salloum Abou-Jaoude, O. Budenkova, G. Reinhart, K. Zaidat, N. 

Mangelinck, X. Li, H. Nguyen Thi, A. Bojarevics, Z. Ren, L. Buligins, Y. Fautrelle, Magnetic fields, 

convection and solidification, Mater. Sci. Forum. 790 (2014) 375–383. 

https://doi.org/10.4028/www.scientific.net/MSF.790-791.375 

[20] L. Hachani, K. Zaidat, Y. Fautrelle, Experimental study of the solidification of Sn-10 wt.%Pb alloy 

under different forced convection in benchmark experiment, Int. J. Heat Mass Transf. 85 (2015) 438–

454. https://doi.org/10.1016/j.ijheatmasstransfer.2015.01.145 

[21] K. Zaidat, I. Sari, A. Boumaaza, A. Abdelhakem, L. Hachani, Y. Fautrelle, Experimental investigation of 

- 134 -



 

 
 

the effect of travelling magnetic field on the CET in Sn-10wt.%Pb alloy, IOP Conf. Ser. Mater. Sci. Eng. 

424 (2018) 012052. https://doi.org/10.1088/1757-899X/424/1/012052 

[22] C.-A. Gandin, T. Carozzani, H. Digonnet, S. Chen, G. Guillemot, Direct modeling of structures and 

segregations up to industrial casting scales, JOM 65 (2013) 1122-1130. https://doi.org/10.1007/s11837-

013-0679-z 

[23] T. Carozzani, C.-A. Gandin, H. Digonnet, M. Bellet, K. Zaidat, Y. Fautrelle, Direct simulation of a 

solidification benchmark experiment, Metall. Mater. Trans. A 44 (2013) 873–887. 

https://doi.org/10.1007/s11661-012-1465-1 

[24] J. Li, M. Wu, J. Hao, A. Ludwig, Simulation of channel segregation using a two-phase columnar 

solidification model - Part I: Model description and verification, Comput. Mater. Sci. 55 (2012) 407–

418. https://doi.org/10.1016/j.commatsci.2011.12.037 

[25] J. Li, M. Wu, J. Hao, A. Kharicha, A. Ludwig, Simulation of channel segregation using a two-phase 

columnar solidification model - Part II: Mechanism and parameter study, Comput. Mater. Sci. 55 (2012) 

419–429. https://doi.org/10.1016/j.commatsci.2011.12.021 

[26] H. Combeau, M. Bellet, Y. Fautrelle, D. Gobin, E. Arquis, O. Budenkova, B. Dussoubs, Y. Duterrail, A. 

Kumar, S. Mosbah, T. Quatravaux, M. Rady, C.-A. Gandin, B. Goyeau, M. Založnik, A numerical 

benchmark on the prediction of macrosegregation in binary alloys, Supplemental Proceedings: Materials 

Fabrication, Properties, Characterization, and Modeling, 2 (2011) 755-762. 

https://doi.org/10.1002/9781118062142.ch91 

[27] H. Combeau, M. Bellet, Y. Fautrelle, D. Gobin, E. Arquis, O. Budenkova, B. Dussoubs, Y. Du Terrail, 

A. Kumar, C.-A. Gandin, B. Goyeau, S. Mosbah, T. Quatravaux, M. Rady, M. Založnik, Analysis of a 

numerical benchmark for columnar solidification of binary alloys, IOP Conf. Ser. Mater. Sci. Eng. 33 

(2012) 012086. https://doi.org/10.1088/1757-899X/33/1/012086 

[28] S. Ganina, V. Ginkin, O. Budenkova, B. Saadi, L. Hachani, Y. Fautrelle, Comparison of two models for 

simulation of binary alloy solidification, Defect Diffus. Forum. 326 (2012) 599–604. 

https://doi.org/10.4028/www.scientific.net/DDF.326-328.599 

[29] R. Boussaa, O. Budenkova, L. Hachaniu, X. Wang, B. Saadi, K. Zaidat, H. Ben Hadid, Y. Fautrelle, 2D 

and 3D numerical modeling of solidification benchmark of Sn-3Pb (%wt.) alloy under natural 

convection, CFD Model. Simul. Mater. Process. (2012) 163–170. 

https://doi.org/10.1002/9781118364697.ch19 

[30] K.O. Tveito, M. M’Hamdi, H. Combeau, M. Založnik, K. Zaidat, X. Wang, B. Saadi, Y. Fautrelle, 

Numerical analysis of the influence of melting and application of electromagnetic stirring prior to 

solidification on macrosegregation formation during casting of a binary alloy, CFD Model. Simul. 

Mater. (2012) 253–260. https://doi.org/10.1002/9781118364697.ch30 

- 135 -



 

 
 

[31] R. Boussaa, L. Hachani, O. Budenkova, V. Botton, D. Henry, K. Zaidat, H. Ben Hadid, Y. Fautrelle, 

Macrosegregations in Sn-3 wt%Pb alloy solidification: Experimental and 3D numerical simulation 

investigations, Int. J. Heat Mass Transf. 100 (2016) 680–690. 

https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.120 

[32] A. Abdelhakem, A. Nouri, L. Hachani, Y. Fautrelle, K. Zaidat, Three-dimensional numerical simulation 

and experimental investigations of benchmark experiment of Sn-10 wt. %Pb alloy solidification under 

thermosolutal convection, J. Heat Transfer. 144 (2022) 042401. https://doi.org/10.1115/1.4053567 

[33] T. Wang, L. Hachani, Y. Fautrelle, Y. Delannoy, E. Wang, X. Wang, O. Budenkova, Numerical 

modeling of a benchmark experiment on equiaxed solidification of a Sn–Pb alloy with electromagnetic 

stirring and natural convection, Int. J. Heat Mass Transf. 151 (2020) 119414. 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119414 

[34] S. Khelfi, A. Abdelhakem, A. Nouri, L. Hachani, K. Zaidat, Numerical modeling and experimental 

analysis of benchmark experiment of Sn-10 wt%Pb alloy under forced convection by electromagnetic 

stirring, J. Cryst. Growth 584 (2022) 126575. https://doi.org/10.1016/j.jcrysgro.2022.126575 

[35] C. Wang, Z. Liu, B. Li, A three-phase volume-averaged solidification model considering the growth 

direction of columnar crystals axis, Int. J. Heat Mass Transf. 194 (2022) 122974. 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122974 

[36] Y. Zheng, M. Wu, E. Karimi-Sibaki, A. Kharicha, A. Ludwig, Use of a mixed columnar-equiaxed 

solidification model to analyse the formation of as-cast structure and macrosegregation in a Sn-10 wt% 

Pb benchmark experiment, Int. J. Heat Mass Transf. 122 (2018) 939–953. 

https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.012 

[37] Z. Zhang, M. Wu, H. Zhang, E. Karimi-Sibaki, A. Ludwig, A. Kharicha, Modeling mixed columnar-

equiaxed solidification of Sn- 10wt.%Pb alloy under forced convection driven by travelling magnetic 

stirring, IOP Conf. Ser. Mater. Sci. 861 (2020) 012024. https://doi.org/10.1088/1757-

899X/861/1/012024 

[38] M. Wu, A. Ludwig, A three-phase model for mixed columnar-equiaxed solidification, Metall. Mater. 

Trans. A 37 (2006) 1613–1631. https://doi.org/10.1007/s11661-006-0104-0 

[39] M. Wu, A. Ludwig, Using a three-phase deterministic model for the columnar-to-equiaxed transition, 

Metall. Mater. Trans. A 38 (2007) 1465–1475. https://doi.org/10.1007/s11661-007-9175-9 

[40] J. Li, M. Wu, A. Ludwig, A. Kharicha, Simulation of macrosegregation in a 2.45-ton steel ingot using a 

three-phase mixed columnar-equiaxed model, Int. J. Heat Mass Transf. 72 (2014) 668–679. 

https://doi.org/10.1016/j.ijheatmasstransfer.2013.08.079 

[41] M. Wu, A. Ludwig, A. Kharicha, Volume-averaged modeling of multiphase flow phenomena during 

alloy solidification, Metals 9 (2019) 229. https://doi.org/10.3390/met9020229 

- 136 -

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122974


 

 
 

[42] J. Lipton, M.E. Glicksman, W. Kurz, Dendritic growth into undercooled alloy metals, Mater. Sci. Eng. 

65 (1984) 57–63. https://doi.org/10.1016/0025-5416(84)90199-X 

[43] A. Ludwig, M. Wu, Modeling of globular equiaxed solidification with a two-phase approach, Metall. 

Mater. Trans. A 33 (2002) 3673-3683. https://doi.org/10.1007/s11661-002-0241-z 

[44] Y. Zheng, M. Wu, A. Kharicha, A. Ludwig, Incorporation of fragmentation into a volume average 

solidification model, Model. Simul. Mater. Sci. Eng. 26 (2018) 015004. https://doi.org/10.1088/1361-

651X/aa86c5 

[45] H. Zhang, M. Wu, P. Schumacher, C.M.G. Rodrigues, A. Ludwig, A. Kharicha, Modelling melting and 

grain destruction phenomena during globular equiaxed solidification, Appl. Math. Model. 97 (2021) 

821–838. https://doi.org/10.1016/j.apm.2021.04.024 

[46] Q. Han, A. Hellawell, Primary particle melting rates and equiaxed grain nucleation, Metall. Mater. 

Trans. B 28 (1997) 169-173. https://doi.org/10.1007/s11663-997-0139-7 

[47] J.P. Gu, C. Beckermann, A.F. Giamei, Motion and remelting of dendrite fragments during directional 

solidification of a nickel-base superalloy, Metall. Mater. Trans. A 28 (1997) 1533–1542. 

https://doi.org/10.1007/s11661-997-0215-2 

[48] B. Appolaire, H. Combeau, G. Lesoult, Modeling of equiaxed growth in multicomponent alloys 

accounting for convection and for the globular/dendritic morphological transition, Mater. Sci. Eng. A. 

487 (2008) 33–45. https://doi.org/10.1016/j.msea.2007.11.030 

[49] A. Kumar, M. Založnik, H. Combeau, G. Lesoult, A. Kumar, Channel segregation during columnar 

solidification: Relation between mushy zone instability and mush permeability, Int. J. Heat Mass Transf. 

164 (2021) 120602. https://doi.org/10.1016/j.ijheatmasstransfer.2020.120602 

[50] M. Seredyński, J. Banaszek, Coupled enthalpy-porosity and front tracking approach to modeling 

chemical inhomogeneity in solidifying metal alloys. Int. J. Heat Mass Transf. 173 (2021) 121221. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121221 

[51] A. Ludwig, M. Stefan-Kharicha, A. Kharicha, M. Wu, Massive formation of equiaxed crystals by 

avalanches of mushy zone segments, Metall. Mater. Trans. A 48 (2017) 2927–2931. 

https://doi.org/10.1007/s11661-017-4008-y 

 

 

 

- 137 -



 

- 138 -



 

 

 

 

Paper 4 

 

Solidification principle in large vertical steel casting  

under the EMS effect 
 

 

 

 

Zhao Zhang, Menghuai Wu, Haijie Zhang, Susanne Hahn,  

Franz Wimmer, Andreas Ludwig, Abdellah Kharicha 

 

 

 

 

 

 

Metallurgical and Materials Transactions B 

Under review 

 

 

 

- 139 -



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- 140 -



 
 

Solidification principle in large vertical steel casting under the EMS effect  

 
Zhao Zhang a, Menghuai Wu a,*, Haijie Zhang a, Susanne Hahn b, Franz Wimmer b, Andreas 

Ludwig a, Abdellah Kharicha a 

a Chair of Simulation and Modelling of Metallurgical Processes, Department of Metallurgy, 

University of Leoben, Franz-Josef Street 18, A-8700 Leoben, Austria 
b Primetals Technologies Austria GmbH, Turmstrasse 44, A-4031 Linz, Austria 

 

*Corresponding author: menghuai.wu@unileoben.ac.at 

 
Abstract: The surging demand for large high-quality rotor shafts or similar steel components 

in heavy industries (energy sector) poses new challenges to steelmakers. Based on the experi-

ence of conventional ingot and continuous casting, several new process concepts have been 

proposed, e.g., vertical continuous casting (VCC), semi-continuous casting (SCC), and segment 

casting (SC), but none of them are optimally put in operation. The main problems include the 

control of the as-cast structure and macrosegregation. Electromagnetic stirring (EMS) is neces-

sary to obtain the center equiaxed zone, but EMS-induced multiphase flow can cause severe 

macrosegregation and uneven distribution of the as-cast structure between equiaxed and colum-

nar. In this study, an advanced mixed columnar-equiaxed solidification model was used to in-

vestigate the formation of the as-cast structure and macrosegregation in an example of SCC 

with a large format (diameter 1 m). The main role of EMS is to create crystal fragments by 

fragmentation, which is regarded in this work as the only origin of equiaxed grains. The created 

equiaxed grains are brought by the EMS-induced (primary and secondary) flow and gravity-

induced sedimentation to the central/lower part of the casting. The main goal of this study was 

to understand the solidification principle of SCC. In addition, a numerical parameter study by 

varying the EMS parameters was also performed to demonstrate the model capability towards 

the process optimization of SCC.  

 

Keywords: Large vertical steel casting; As-cast structure; Macrosegregation; Semi-continu-
ous casting. 
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1. Introduction 

The surging demand for large high-quality rotor shafts or similar steel components in 

heavy industries (energy sector) poses new challenges to steelmakers. The initial form of these 

components is usually made by casting, but solidification takes an extremely long time, which 

consequently leads to internal quality problems such as macrosegregation and centerline shrink-

age porosity. The existing casting technologies do not work properly for these components. For 

example, conventional ingot casting (IC) is limited by its length or height, whereas the estab-

lished continuous casting method (CC) is restricted to a certain cross-section size. Therefore, 

several new process concepts have recently been proposed, including vertical continuous cast-

ing (VCC) [1–3], semi-continuous casting (SCC) [4–6] and segment casting (SC) [7–8]. Their prin-

cipal idea is to combine the advantages of both IC and CC, while eliminating their correspond-

ing limitations. As schematically shown in Figure 1, the hot melt was poured into a water-

cooled mold and the as-solidified shell was withdrawn from the mold vertically to a certain 

length and height. Then, the as-filled and partially solidified casting was left to cool down for 

the liquid core to solidify. Following the CC technique, the withdrawing (pouring) process can 

be efficiently controlled by the implementation of a submerged entry nozzle (SEN) for mold 

filling, water-cooled mold, and secondary cooling (air or water spray) for shell formation and 

electromagnetic stirring (EMS) for flow and superheat dissipation. Following the IC technique, 

when the as-filled and partially solidified casting is put aside for the remaining solidification, 

further measures can be implemented, such as thermal or electric hot topping, shielding or iso-

lating, and even EMS, to control the shrinkage porosity, potential cracks, as-cast structure, and 

macrosegregation. 

VCC, SCC, and SC differ from each other in their technical details, but a common feature 

is the application of EMS. Depending on the installed positions, as shown in Figure 1, different 

types of EMS are used, that is, mold-EMS (M-EMS) and strand-EMS (S-EMS). The final EMS 

(F-EMS) can also be used for VCC [1, 3], but not for SCC and SC. The role of M-EMS is to 

control the mold flow and superheat dissipation, thereby influencing the rest of the solidifica-

tion [9–15]. The role of S-EMS is to promote a center equiaxed zone [16–17]. The S-EMS induces 

a special flow pattern in the liquid core; the flow interacts with the advancing solidification 

front and creates crystal fragments via a fragmentation [18–19]; in this work the crystal fragments 

serve as the main (or only) source of the equiaxed crystals; they are finally brought by the S-

EMS-induced flow to the casting center to form the equiaxed zone. The principal idea of S-

- 142 -



 
 

EMS is simple; however, its industrial implementation is difficult. The flow induced by S-EMS 

is multiphasic, and the flow-solidification interaction in front of the solidification mushy zone 

is complex. Under what conditions are crystal fragments created, and what is the fragmentation 

rate and its dependency on the flow intensity? S-EMS-induced flow leads to a white band [14, 

20]. It is also known that the settling equiaxed crystals leads to a sedimentation-induced mac-

rosegregation [21]. S-EMS is a double-edged sword: favorably, it extends the center equiaxed 

zone, but the macrosegregation induced by or related to the S-EMS-induced multiphase flow is 

troublesome. This is the reason why none of the above new process concepts are effectively put 

into operation. Owing to the harsh environment, it is impossible to observe the solidification 

process and conduct parametric studies based on field experiments.  

 
Fig. 1––Schematic of processes for large vertical steel casting.  

Numerical modeling is an effective way to study the solidification principles of new pro-

cesses. Michelic et al. [7] used the ProCAST software to simulate the SC process. As ProCAST 

is only used for the simulation of the fluid flow of a mixture phase, a relatively rough simulation 

result (temperature field and profile of the solid shell) was obtained. No as-cast structures or 

macrosegregations were observed. For a large-section VCC, Zhang et al. [2] used a CAFE model 

to predict the as-cast structure. Although a similar distribution of the as-cast structure between 
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the simulation and measurement was claimed to be obtained, the most obvious drawback of this 

model is that the transport of equiaxed grains, which is extremely important to the solidification 

process, was ignored. Additionally, the distribution of the macrosegregation of the strand has 

not been studied. Zhang et al. [22] used the thermal solver in ProCAST to calculate the temper-

ature field and growth of the solid shell and used a CAFE model to calculate the solidification 

structure. As mentioned before, simplifying the multiphase nature as a mixed phase weakens 

the capability of the model. Recently, Yao et al. [23] used a three-phase columnar-equiaxed so-

lidification model to simulate the effect of steel strip feeding on the solidification process in the 

VCC of a round bloom. They found that an increase in the feeding ratio promoted columnar-

to-equiaxed transition (CET) and reduced macrosegregation. However, the fragmentation phe-

nomenon, which is crucial for the formation of the central equiaxed zone, was ignored.  

To study the solidification principle in large vertical steel casting, a three-phase mixed 

columnar-equiaxed solidification model, as proposed by Wu et al. [24], was recently extended 

for flow-induced fragmentation [25] and remelting/destruction of equiaxed grains [26]. The ex-

tended model was verified in a steel billet continuous casting, where M-EMS was applied [27]. 

The current study used the same model for solidification in a large vertical steel casting. As an 

example, a SCC that includes withdrawing and solidification processes is referred. Both the M-

EMS and S-EMS were considered. The final goal is to understand the solidification principle 

behind the SCC and explore the optimal SCC process via a parameter study. 

2. Model description and simulation settings 

2.1 Solidification model 

A three-phase mixed columnar-equiaxed solidification model [24, 28–30] was used to inves-

tigate the solidification process of the casting. The three phases include liquid melt (ℓ), equiaxed 

grains (e), and columnar dendrites (c). Both the liquid melt and equiaxed grains are treated as 

moving phases, for which the corresponding Navier–Stokes equations are solved for their ve-

locities (u , eu ). The columnar dendrites are assumed as a rigid phase. However, the position of 

the columnar tip front is traced dynamically based on the Lipton–Glicksman–Kurz (LGK) 

model [31]. Simple morphologies for the two solid phases are assumed: cylinders for columnar 

trunks and spheres for equiaxed grains. To deal the drag force and other hydrodynamic interac-

tions between phases, a dendritic envelop ( env
ef ) is considered for equiaxed grains. The volume 
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ratio of the solid ‘dendrite’ to the dendritic envelop is defined as fsi ( env
e e/f f= ), which was 

determined by a parameter study. A so-called effective equiaxed viscosity ( e ), which increases 

with env
ef , is used to model the interaction between the equiaxed grains [32]. When env

ef  reaches 

the packing limit e,packingf , a rigid network of equiaxed grains is built. Additionally, the equiaxed 

grains can be captured by the columnar dendrites and fixed there when the local volume fraction 

of the columnar phase (fc) is above a critical value ( free
cf ). A diffusion-governed growth kinetic 

is considered to treat the solidification for both solid phases. The difference between the equi-

librium and volume-averaged liquid concentrations ( c c − ) serves as the driving force for the 

solidification. Remelting of equiaxed grains is also considered [26]. To characterize the mac-

rosegregation, the segregation index is defined: index
mix mix 0 0( ) 100 /c c c c= −  , where cmix is the 

mixture concentration with mix e e e c c c e e c c( ) / ( )c f c f c f c f f f     = + + + + . The governing 

equations of the model are summarized in Table I. The description of the source terms and the 

exchange terms have been detailed elsewhere [24, 30].  

Table I. Governing equations of the three-phase columnar-equiaxed solidification model. 

Governing equations Symbols 
1. Mass conservations: 

( ) ( ) e cf f u M M
t

 


+  = − −


                          (1) 

e e e e cee e( ) ( )f f u M + M
t

 


+  =


                                  (2) 

( )c c cecf M M
t




= −


                                                  (3)

e c 1f f f+ + =                                                           (4) 

f , ef , cf , volume fraction [-] 
 , e , c , density [kg m-3] 
u , eu , velocity vector [m s-1] 

eM ,
cM , ceM , net mass transfer rate [kg m-3 s-1] 

 

 
2. Momentum conservations: 

( ) ( )

e c

f u f u u
t

f p f g f F U U

 

 




+  =


 −  +  + + − −

              (5) 

( ) ( )

e

e e e e e e e

ee e e e ce

f u f u u
t

f p f g f F U U

 

 




+  =


−  +  + + + +

                 (6) 

( )b ref

ref

,T c
g g

 



−
 =                                                  (7) 

( ) ( ) ( )( )b ref ref ref
T, 1 cT c T T c c   =  +  − +  − (8) 

 
 , stress-strain tensors [kg m-1 s-1] 
p , pressure [N m-2] 

g , g  gravity and deduced gravity [m s-2]  
b , density for buoyancy force [kg m-3] 

ref , reference density [kg m-3] 
refT , reference temperature [K] 

refc , reference concentration [-] 
T , thermal expansion coefficient [K-1] 

c , solutal expansion coefficient [wt.%-1] 

eU , cU , ceU , momentum exchange rate [kg m-2 s-2] 

F  , modified Lorentz force [N m-3] 
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3. Species conservations: 

( ) ( )

( ) e c

f c f u c
t

f D c C C

 




+ =



  − −

                                    (9) 

( ) ( )

( )

ee e e e e e

e e e e e ce

f c f u c
t

f D c C C

 




+ =



  + +

                                      (10) 

( ) ( )c c c c c c c c cef c f D c C C
t

 


=   + −


                   (11) 

 
 
c , ec , cc , species concentration [-] 
D , eD , cD , diffusion coefficient [m2 s-1] 

eC ,
cC , ceC , species exchange rate [kg m-3 s-1]  

 
4. Enthalpy conservations: 

( ) ( )

( ) e c

f h f u h
t

f k T Q Q

 


+ =


  − −

                                  (12) 

( ) ( )

( )

ee e e e e e
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f h f u h
t

f k T Q Q

 

+


+ =



  +

                                      (13) 

( ) ( )c c c c c c c cef h f k T Q Q
t




=   + −


                     (14) 

 

h , eh , ch , enthalpy [J kg-1] 
T , eT , cT  temperature [K] 
k , ek , ck  thermal conductivity [W m-1 K-1] 

eQ , cQ , ceQ , energy exchange rate [J m-3 s-1] 
 

5. Electromagnetic field 
0 rB H =                                                                 (15) 

BE
t


 = −


                                                                (16) 

J E=                                                                      (17) 

e
1 ( )
2

F R J B=                                                            (18) 

 
 
 
 
 

 
B , magnetic flux density [T] 
B , conjugate magnetic flux density [T] 
H , magnetic field intensity [A m-1] 

0 , magnetic permeability in vacuum [T m A-1] 

r , relative magnetic permeability [-] 
E , electric field intensity [V m-1] 
J , induced current density [A m-2] 
 , electrical conductivity [Ω-1 m-1] 
F , time-averaged Lorentz force [N m-3] 

eR , the real part of a complex number [-] 
*Superscripts and subscripts , e, and c indicate the different phases. 

Another important phenomenon, i.e., the origin of equiaxed grains by dendrite fragmenta-

tion, is noteworthy. Here, flow-induced dendrite fragmentation [25, 33] is regarded as the only 

source of equiaxed grains. Heterogenous nucleation appears to be insignificant in such a large 

vertical steel ingot; hence, it is ignored. The production rate of the number density of fragments 

fragN , that is, the source of equiaxed grains, is calculated as: 

ce
frag

0 3
e e,frag( )

6

MN
d



=



,                (19) 

where ceM  is the net mass transfer rate from columnar dendrites to equiaxed grains via frag-

mentation.  
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ce c e( )M u u c = −  −   .              (20) 

Crystal fragmentation depends on the relative velocity c( )u u−  and the liquid concentra-

tion gradient ( c ). All other factors contributing to fragmentation, such as the curvature effect 

of the dendrites, latent heat-induced thermal fluctuation, and diffusion in the interdendritic melt, 

are included in the single fragmentation coefficient  .  

2.2 Numerical simulation procedure for the SCC  

SCC includes two stages: Stage I, withdrawing, and Stage II, solidification. In the real 

withdrawing process, the mold system, including the submerged entry nozzle (SEN), mold, and 

M-EMS, is stationary, whereas the as-solidified shell is continuously withdrawn with the cast-

ing speed ( withdrawv ). To model the flow and solidification during the withdrawing stage, the 

calculation domain, i.e., a region with a liquid melt and a solidified shell, must be treated as a 

dynamically increasing domain. This type of system is not feasible for the Eulerian solver on 

which the solidification model is based. Therefore, as shown in Figure 2, a unique numerical 

procedure is used to mimic the withdrawing process. The entire domain of the casting (ϕ 1.0 m 

× 10 m) is considered in a stationary reference frame. It is assumed that the entire calculation 

domain is initially filled with steel melt (no flow) at the pouring temperature (1801.15 K). The 

calculation domain is set stationary while the entire mold system (SEN, mold, and M-EMS) 

moves at the speed of withdrawv− . Meanwhile, the thermal boundary conditions in the different 

cooling zones (Figure 2) move up correspondingly. In particular, a so-called pseudo-slag-SEN 

region is set as a rigid material and has the initial temperature of the steel melt. As the entire 

calculation domain is fixed, the upward movement of the pseudo slag-SEN region pushes the 

steel melt in the upper part of the domain and forces the melt to flow into the lower part of the 

domain through the SEN. When the mold system and pseudo slag-SEN region reach the top of 

the calculation domain, i.e., the casting reach the target length (10 m), the withdrawing process 

terminates, which marks the beginning of the next stage (solidification). During the solidifica-

tion stage, withdrawv  is set to zero, and the S-EMS can be applied. 
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Fig. 2––Configuration of the computation domain of the SCC during the withdrawing process. Left 
half shows the numerical treatment of withdrawing process; right half marks different cooling zones 
(thermal boundary conditions).  

The convective heat transfer boundary condition (Figure 2) is used for the bottom and 

lateral walls of the strand, and the adiabatic boundary condition is used for the domain above 

the pseudo slag-SEN region. For commercial reasons, exact values of the boundary conditions 

are omitted here. The melt was assumed to be incompressible with a constant density. Despite 

this assumption, thermal-solutal convection is included in the numerical model with a Bous-

sinesq approximation. A no-slip flow boundary condition is applied to the melt and equiaxed 

grains along the walls. The industrial alloy is a multicomponent (Fe-C-Si-Mn-Cr-Mo), but here 

it is simplified as a binary alloy of  Fe-0.415 wt. %C. The material properties and process pa-

rameters are presented in Table II.  

Table II. Material properties and process parameters.  

Property/parameters Symbol Units Values 

Thermodynamic properties  
   

Melting point of pure iron Tf K 1805.15 
Liquidus slope m K (wt. %)-1 -91.56 
Nominal concentration of alloy c0 wt. % 0.415 
Liquidus temperature with nominal concentration TL K 1766.15 
Equilibrium partition coefficient k - 0.283 

Thermophysical properties    
Reference density ρℓ , ρe , ρc kg m-3 7024.0 
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Liquid-equiaxed density difference  ∆ρ kg m-3 150.0 
Thermal expansion coefficient βT K-1 1.8 × 10-4 
Solutal expansion coefficient βC (wt. %)-1 1.4 × 10-2 
Primary dendritic arm spacing λ1 m 2.52 × 10-4 
Secondary dendritic arm spacing λ2 m 1.4 × 10-5 
Diffusion coefficient in liquid Dℓ m2 s-1 2.0 × 10-8 
Latent heat L J kg-1 2.35 × 105 
Specific heat 

pc , e
pc , c

pc  J (kg K)-1 850.0 
Thermal conductivity kℓ, ke, kc W(m K)-1 34.5, 31.5, 31.5 
Viscosity μℓ Pa s 5.7 × 10-3 
Gibbs-Thomson coefficient Γ m K 2.92 × 10-7 

Process parameters    
Casting speed vwithdraw m/s 1.5 × 10-3 
Strand diameter D m 1.0 
Calculated strand length H m 10.0 
Effective mold length Hm m 0.6 
Pouring temperature  Tp K 1801.15 

EMS parameters    
Current intensity of M-EMS Im A 800.0 
Current frequency of M-EMS fm Hz 1.5 
Coil turns of M-EMS nm - 82.0 
Current intensity of S-EMS Is A 800.0 
Current frequency of S-EMS fs Hz 2.0 
Coil turns of S-EMS ns - 62.0 

Modeling parameters    
Solid fraction in the dendrite envelope  fsi - 0.3 
Packing limit for equiaxed grains   fe,packing - 0.637 
Critical fc for free moving equiaxed grains free

cf  - 0.2 
CET criterion CET

ef  - 0.49 
Fragmentation coefficient  γ - 1.0 × 10-7 
 

The multiphase flow was solved using the commercial solver ANSYS Fluent. The solidi-

fication model described in §2.1 was coded in the solver using user-defined functions (UDFs). 

The electromagnetic fields, that is, Maxwell equations owing to the effect of M-EMS and S-

EMS, were solved based on the ANSYS Maxwell software, which is separated from the flow-

solidification solver. Therefore, a unique coupling scheme was applied between the EMS and 

flow-solidification solvers. First, two full-scale inductors (Figure 3) were built. The electro-

magnetic fields (M-EMS and S-EMS) were calculated using the ANSYS Maxwell software by 

assuming a stationary melt. The time-averaged Lorentz force ( F ) was then exported and inter-

polated into the flow-solidification solver ANSYS Fluent. To consider the interaction between 
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the flow and electromagnetic field, a correction to the Lorentz force in the tangential direction 

( θF ) was made:  

θ θ (1 )
2

uF F
f r
 = −


,    (21) 

where u  denotes the tangential velocity of the moving phases (liquid and equiaxed), f denotes 

the frequency of the applied current, and r denotes the radial coordinate. Then, the modified 

Lorentz force ( F  ) was weighted by the corresponding phase volume fraction ( f F  , ef F  ) and 

finally served as the source terms for the momentum conservation equations of each phase 

through the UDFs. This coupling method has been verified in previous studies [27, 34]. 

 

Fig. 3––Settings of the M-EMS (a) and S-EMS (b); and their dimensions and relative positions (c)-(d).  

A full-scale three-dimensional (3D) geometry with a tetrahedral mesh (mesh size of 50 

mm) was used for the M-EMS and S-EMS calculations. Both 3D and 2D-axisymmetric simu-

lations were performed for the flow and solidification calculations. Because the 3D calculation 

is highly time-consuming, only a small part of the casting (ϕ 1.0 m × 3 m) was calculated with 

a relatively coarse mesh to analyze the 3D flow pattern and the corresponding solidification 
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process. The calculation of the full-scale casting (ϕ 1.0 m × 10 m) was conducted with rela-

tively-fine mesh based on the 2D-axisymmetric geometry. The averaged hexahedral mesh size 

for the 3D flow and solidification simulation was 24 mm (local mesh near the strand wall and 

center were refined to ca. 7.5 mm), and the average size of 12.5 mm (local mesh near the strand 

wall and center were refined to ca. 5 mm) for the 2D-axsisymmetric simulation was utilized. 

The conservation equations for the current multiphase solidification model were iteratively 

solved using ANSYS Fluent with a time step of 0.005 s. One 2D-axisymmetry calculation (ϕ 

1.0 m × 10 m) required 60 days, and one 3D calculation (ϕ 1.0 m × 3 m) required 15 days on a 

high-performance cluster (2.6 GHz, 28 cores).  

3. Results  

3.1 Global flow pattern and solidification  

The typical 3D flow pattern and solidification results during withdrawaling (1500 s) of the 

SCC casting process are shown in Figure 4. The effect of M-EMS on the flow and solidification 

was analyzed. As depicted in Figures 4(a.1) and (a.2), the maximal Lorentz force appears at 

the casting wall and decreases exponentially towards the casting center. A quantitative analysis 

of the Lorentz forces ( F , F  , f F  , ef F  ) along the casting radius (Line 1 in Figure 4(a.2)) 

is presented in Figure 4(a.3). F  and F   are the same within the solid shell, where the liquid 

tangential velocity (u ) is zero (Equation (21)). In the mushy zone and bulk liquid region, the 

Lorentz force can be reduced by 29.1 % at the columnar tip front because of the slip motion 

between the liquid and magnetic field, i.e., F   =0.709 F . F   is further partitioned among 

different phases in accordance with their individual volume fractions, that is, f F   and ef F  , 

as shown in Figure 4(a.3). The liquid flow (u ) under the M-EMS is depicted by the vector in 

Figure 4(b). A rotating flow (primary flow) of up to a magnitude of 1.31 m/s is generated near 

the solidification front. The rotating flow induces a secondary flow. The jet flow coming from 

a five-port SEN further complicates the liquid flow in the casting. A streamline is shown in 

Figure 4(c) to demonstrate the complexity of the flow pattern of the liquid melt. The jet flow 

coming from the bottom port of the SEN is reversed and returns to the upper mold region. It 

then rotates and flows downward along the columnar solidification front. Finally, it returns to 

the M-EMS region along the center of the casting. Under the effect of such a forced flow, crystal 

fragments are generated in the mushy zone, especially in the area where M-EMS is operative 
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(Figure 4(d)). The simultaneous solidification/remelting phenomenon of equiaxed grains at 

different positions inside the casting is observed, as shown in Figure 4(e). As shown in Figure 

4(f), the remelting of the columnar dendrites is negligible, whereas the solidification rate of the 

columnar dendrites is much larger than that of the equiaxed grains. The distribution of fe is 

shown in Figure 4(g). Further details regarding the solidification process are presented in § 3.2.  

 
Fig. 4––3D flow pattern and solidification results of the casting during withdrawing (3 m in height) at 
1500 s. (a.1) Distribution of the modified Lorentz force ( F  ); (a.2) distribution of F   on the plane 

0.55 m below the meniscus; (a.3) profiles of the Lorentz forces ( F , F  , f F  , ef F  ) along the 

radius (Line 1 in (a.2)) of the casting; (b) contour of fc overlaid by u  to show the primary/secondary 
flow induced by M-EMS; (c) one streamline of the liquid melt to demonstrate the flow pattern, the iso-
surface of fc = 0.7 is drawn to show the shape of the solid shell; (d) one iso-surface of Nfrag = 2×10-5 
[1/m3/s] to show the distribution of the created fragments in the mushy zone (confined between two 
iso-surfaces of fc = 0.01 and fc = 0.7 ); (e) different iso-surfaces of  Mℓe to show the net mass transfer 
rate between liquid melt and equiaxed grains with positive for solidification and negative for remelting; 
(f) net mass transfer rate between liquid melt and columnar dendrites (Mℓc); (g) volume fraction of the 
equiaxed grains fe. 

The 3D results were obtained from a calculation with a coarse mesh. A 2D-axisymmetric 

simulation with a fine mesh was also performed, and the 3D and 2D results are compared in 

Figure 5. It is verified that the 2D simulation can well replicate the 3D simulation in terms of 
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the flow pattern, profile of the solid shell (fc = 0.7), and temperature field (isoline 1762 K). The 

main difference between them is that the jet flow coming from the bottom port of the SEN goes 

deeper in the 2D-axisymmetric simulation (Figure 5(a)–(b)). The inertial impact coming from 

the bottom jet of the SEN is forced to concentrate on the axis by the model for the case of the 

2D-axisymmetric simulation; in the 3D simulation, the SEN bottom jet has more freedom; 

hence, it is stopped earlier by the M-EMS. The maximal liquid velocity ( maxu −
) of 2D-axisym-

metric simulation is also overestimated by 14.5 % comparing to the 3D simulation.  

 

Fig. 5––Comparisons of the simulation results between the (a) 3D and (b) 2D-axisymmetritic simula-
tions. (a) Contour of fc on the central longitudinal section of the casting overlaid by u  in green vectors. 
Two red iso-lines of fc = 0.01 an fc = 0.7 are drawn to show the position of the solidification front, and 
the thickness of the shell. The blue iso-line is for T = 1762 K, and the black streamline is to show the 
liquid flow pattern on the section; (b) same results as (a) but of the 2D-axisymmetritic calculation (one 
half section is mirrored from the other); (c) profiles of the thickness of the solid shell/mushy zone of 
the two cases.  

The thickness of the solid shell (fc = 0.7) and the position of the solidification front (fc = 

0.01) for the two cases are compared in Figure 5(c). The profiles of the solid shell of the 3D 

and 2D models agree well with each other, whereas the position of the solidification front is 

overestimated by the 3D model. Owing to the limitation of the computational capacity (hard-

ware), the full 3D calculation can only be completed for the early withdrawing stage (ϕ 1.0 m 

× 3 m). Thus, for the entire casting (ϕ 1.0 m × 10 m) including both Stage I (withdrawing) and 

II (solidification), the simulation has to be performed in 2D-axisymmetry. According to the 
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current 2D-3D comparison, the qualitative nature of the solidification process can be verified, 

but the quantitative modeling results need to be further evaluated. Therefore, the modeling re-

sults presented in the following sections are sufficient for the analysis of the solidification prin-

ciple, and they may not be referred to as quantitative results for a real SCC casting process.  

3.2 Solidification in Stage I  

3.2.1 Early stage of withdrawing under the effect of M-EMS 

Some modeling results of the SCC process at the early stage of the withdrawing stage (t = 

1500 s) under M-EMS are presented in Figure 4, but a more detailed analysis is presented in 

Figure 6. As depicted in Figure 6(a), under the combined effect of the M-EMS and SEN jet 

flow, the liquid flows downward along the solidification front and strand center, and these two 

downward flows drive an upward flow along the middle-radius region of the casting. A solidi-

fied shell of a certain thickness is formed owing to the intensive cooling of the copper mold. 

The solid shell thickness progressively increases during the withdrawing process (Figure 4(f) 

and 6(b)). The solute partition at the solid-liquid interface during the solidification process leads 

to a liquid concentration gradient ( c ) opposite to the growth direction of the columnar den-

dritic mushy zone. When the u  and c  point in the opposite direction (the angle between 

them is larger than 90º, e.g., the blue region in Figure 6(c)), the interdendritic flow tends to 

increase the local liquid concentration ( c ) [27]. This causes remelting of the columnar dendrites, 

and thereby the formation of fragments. The contour of the fragmentation rate fragN  is shown 

in Figure 6(d). Fragments are mainly produced in the mushy zone near the columnar tip front. 

According to the 3D calculation in Figure 4(d), the maximal fragN  is located in the M-EMS-

operated region. These fragments operate as the origin of the equiaxed grains. The newly 

formed equiaxed grains grow and sediment to the casting bottom along the solidification front 

(Figure 6(e)). Most of the equiaxed grains accumulate at the bottom of the casting, while some 

are transported to the upper mold region by the liquid flow along the middle-radius region of 

the casting. As shown in Figure 6(f), the equiaxed grains further solidify in the undercooled 

melt (yellow region in Figure 6(f)), and re-melting of the equiaxed grains occurs in the super-

heated region (blue region in Figure 6(f)). The 3D-view of the solidification/remelting process 

of the equiaxed grains is shown in Figure 4(e). The equiaxed grains decrease in size because 

of remelting. Once the size class of the equiaxed grains decreases to the critical grain size value 
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( e,criticald ), the equiaxed grains are destroyed (Figure 6(g)). The transient distribution of fe is 

shown in Figure 6(h). Most equiaxed grains accumulate at the bottom of the casting. In the 

upper center of the casting, no equiaxed grains can survive the superheat.  

 
Fig. 6––Solidification results during the early stage of Stage I of a SCC at t = 1500 s. (a) Contour of 

cf  overlaid by vectors of u , and two isolines are drawn to define the position of the columnar tip 
front ( c 0.01f = ) and solid shell ( c 0.7f = ); (b) cM ; (c) contour of the term u c  with red for 

positive value and blue for negative value; (d) fragN ; (e) contour of number density of equiaxed grains 

ne overlaid by vectors of eu ; (f) eM  with red for solidification and blue for remelting, and the isoline 
of 0T =  is used to distinguish the superheated and undercooled regions; (g) destruction rate of equi-
axed grains desN ; (h) ef .  
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3.2.2 Late stage of withdrawing under the effect of S-EMS  

During the late stage of withdrawing (at 3000 s), the M-EMS is turned off, followed by the 

activation of the S-EMS. The S-EMS is installed at a start position of 0.5 m above the casting 

bottom, but it moves upward at a predefined speed of 7.9 × 10-4 m/s relative to the casting. The 

solidification results at the late stage of the withdrawing (t = 5500 s), when the strand is with-

drawn to a length of 8.25 m, are depicted in Figure 7. The front of the solidification mushy 

zone further advances towards the casting center (Figure 7(a)). The S-EMS-driven primary 

rotating flow induces a meridional flow (secondary flow). As shown by the red rectangle in 

Figure 7(a), the liquid melt flows away from the center of the stirrer to the top and bottom of 

the casting along the solidification front and then returns to the stirred area along the central 

area of the casting. Thus, upper and lower recirculation loops are formed in the liquid core 

(Figure 7(a)). To show more solidification phenomena occurring in the stirred area, zoomed-

in views of the simulation results in Zone A (the red rectangle) of Figure 7(a) are displayed in 

Figure 7(b)–(i). In the mushy zone, a positive value of cM  indicates mass transfer from the 

liquid melt to the columnar dendrites due to solidification (Figure 7(b)), which is accompanied 

by the release of latent heat and rejection of the solute. The contour of the liquid velocity ( u ) 

is shown in Figure 7(c). The maximal u  ( max 1.96 m/s− =u ) appears at the solidification front 

near the center of the stirrer. The thickness of the solid shell is shown to be 0.18 m at the stirrer 

center. Under the effect of S-EMS, columnar dendrites are fragmented near the front of the 

mushy zone (Figure 7(d)). Given birth by these fragments, the equiaxed grains grow and sedi-

ment to the casting bottom along the solidification front (Figure 7(e)). Additionally, some equi-

axed grains can be brought back to the S-EMS region along the middle-radius region of the 

casting by the lower recirculation loop. Without the M-EMS, the S-EMS can change the flow 

pattern dramatically, thereby modifying the superheated region in the liquid core. The jet flow 

is accelerated by the upper recirculation loop. A large amount of superheated melt is transported 

from the bottom port of the SEN to the lower part of the casting. The superheated region is 

extended to the stirred area, as shown in Figure 7(f). Some equiaxed grains are re-melted (blue 

region in Figure 7(f)) in the superheated melt, while others continue to solidify (yellow region 

in Figure 7(f)) in the undercooled liquid. The remelting process is followed by grain destruction, 

as shown in Figure 7(g). The distribution of fe is shown in Figure 7(h). Compared with the 

results of the early withdrawing at 1500 s (Figure 6(h)), fe has increased from 1 % to 5 %. The 

solidification of the columnar/equiaxed grains rejects the solute element into the liquid. As 
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depicted in Figure 7(i), a slight negative macrosegregation ( index
mixc = – 6 %) is formed in the as-

solidified shell, and the liquid in the center is enriched with solute. Those regions with negative 

macrosegregation are sometimes referred to as the ‘white band’ owing to the stirring effect of 

M-EMS and S-EMS.  

 

Fig. 7––Solidification results during the late stage of Stage I of a SCC at t = 5500 s. (a) Contour of cf  
overlaid by vectors of u . Two isolines are drawn for c 0.01f =  and c 0.7f = . The solidification 
results in the S-EMS stirred area, as marked by the red rectangle A in (a) are shown in (b)-(i); (b) cM ; 

(c) contour of u ; (d) fragN ; (e) contour of ne overlaid by vectors of eu ; (f) eM , and the isoline of 

0T =  is drawn to distinguish the superheated and undercooled regions; (g) desN ; (h) ef ; (i) index
mixc . 

3.3 Solidification in Stage II  

Stage II, the solidification process, marks the termination of the withdrawing process. Dur-

ing this stage, the moving S-EMS operates continuously at a speed of 7.9 × 10-4 m/s, but two 

additional measures, i.e., hot-topping and shielding, are applied. This requires the adaptation of 

thermal boundary conditions in the corresponding boundary zones. A summary of the solidifi-

cation results at 9500 s during Stage II is shown in Figure 8. The solidification principle at this 

stage is similar to the late stage of withdrawing under the effect of S-EMS (Figure 7). The 
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solidification rate, especially in the top region of the casting, is significantly reduced using hot-

topping and shielding methods. With the S-EMS slowing approaching the top end of the casting, 

the upper recirculation loop is compressed (shortened), whereas the lower recirculation loop is 

elongated (Figure 8(a)). The solid shell grows gradually towards the casting center (Figure 

8(b)), and the shell thickness develops to ca. 0.28 m at the stirrer center area (Figure 8(c)). 

Because of the increase in the shell thickness, the maximal u  ( max 1.0 m / su − = ) is de-

creased by 48.9 % near the solidification front (Figure 8(c)) compared to the result at 5500 s 

(Figure 7(c)). The fragmentation rate is also decreased (Figure 8(d)). 

 

Fig. 8––Solidification results during Stage II of a SCC at t = 9500 s. (a) Contour of cf  overlaid by 
vectors of u , and two isolines are drawn for c 0.01f =  and c 0.7f = . Zoom-in views of the solidifi-
cation results in the S-EMS stirred area, as marked by the red rectangle B in (a) are shown in (b)-(i). 
(b) cM ; (c) contour of u ; (d) fragN ; (e) contour of ne overlaid by vectors of eu ; (f) eM ; (g) tem-

perature field T; (h) ef ; (i) index
mixc . 

Under the effect of S-EMS, the equiaxed grains in the lower part of the casting are trans-

ported to the stirred area by the melt flow along the casting center (Figure 8(e)). Because the 

superheat has been fully dissipated in the liquid core, that is, Tmax<TL, as shown in Figure 8(g), 

no remelting and destruction of the equiaxed grains occurs. Solidification of the equiaxed grains 
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can be observed in both the mushy zone and central liquid pool (Figure 8(f)), and most of the 

equiaxed grains are accumulated in the center of the casting (Figure 8(h)). Because the equi-

axed grains have a relatively lower solute concentration, mixing the solute-enriched melt (from 

the upper part of the casting) with the solute-depleted equiaxed grains (from the lower part of 

the casting) with the S-EMS-induced flow is beneficial for homogenizing the solute element in 

the casting center (Figure 8(i)). Additionally, a trail of negative segregation (white band) is 

observed in the as-solidified shell, which is caused by the stirring effect of the S-EMS.  

 

Fig. 9––As-cast structure and macrosegregation in the local area (1.5 ~ 2.5 m from the strand bottom) 
of the strand. (a) fc; (b) fe; (c) index

mixc . (d) profiles of the phase distributions and index
mixc  along the radius 

of the strand (Line 2 in (c.2)).  

The solidification process is completed at the end of Stage II. A relatively uniform distri-

bution of the as-cast structure and macrosegregation can be achieved, except for the starting 

and hot-top ends of the strand. The zoomed-in views of the final simulation results in a local 

area (1.5 m ~ 2.5 m from the strand bottom) are shown in (Figure 9 (a) – (c)). Equiaxed grains 

are formed in the center of the strand (Figure 9 (b)), and columnar dendrites are primarily 

developed in the outer radius region of the strand (Figure 9 (a)). A relatively uniform distribu-

tion of the macrosegregation index ( index
mixc ) is observed (Figure 9 (c)). The simulation results 

along Line 2 in Figure 9 (c) are shown in Figure 9 (d). Negative segregation is observed in the 

central equiaxed zone, and positive segregation is observed at the border of the columnar zone. 

In the columnar zone, two trails of the ‘white band’ (negative segregation), as caused by the S-
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EMS and M-EMS, are found in the positions of 0.23 and 0.45 m to the strand center, respec-

tively. This segregation intensity, oscillating in a range between  15 % of index
mixc across the cast-

ing section, should fall within the tolerance of most engineering applications of such large steel 

strands. 

4. Discussion 

SCC for large steel strands is still in its conception stage, and no experimental results are 

available to validate the current simulation results. This might have shed some doubt on the 

modeling results, especially in terms of their quantitative accuracy. It is true that the presented 

modeling results can only be used to analyze the solidification principle of such large steel 

strands under the effects of M-EMS and S-EMS. Further experimental evaluation is required to 

use the current model to design an actual SCC process. For example, some modeling parameters 

(γ, fsi, e,packingf , free
cf , and e, CETf ) were assigned based on previous studies. Some of them ( e,packingf , 

free
cf , e, CETf ) have been verified for steel ingots and steel continuous castings [21, 24, 27–30, 35]; some 

of them (γ, fsi) are more sensitive to cast alloys and casting processes [25, 27, 33, 35]. Hence, they 

should be determined via numerical parameter studies based on sufficient experimental findings. 

Other points worth mentioning are (1) the limited computation capacity, which does not allow 

for a full 3D simulation of the whole strand (10 m) with sufficient mesh resolution, and (2) the 

process parameters of the SCC used in the current model, which have not been verified exper-

imentally.  

Despite the above mentioned uncertainties regarding the quantitative accuracy of the modeling 

results referring to the special processes of SCC, the three-phase mixed columnar-equiaxed 

solidification model [24, 30] has been validated by the authors for steel ingots of different sizes 
[29, 36]. After recent extentions for considerring the crystal fragmentation [25] and EMS [27, 34], it 

was successfully used to ‘reproduce’ the laboratory solidification experiments as carried out in 

Grenoble based on Sn-10wt. % Pb alloy [37–38]. In these solidification experiments, EMS with 

different configurations of the travelling magnetic field were applied. The same model was also 

successfully validated for steel billet casting using M-EMS [27, 35].  

As the model has been validated and the solidification principle in SCC has been clearly 

described, if the aforementioned uncertain modeling parameters (γ, fsi) are determined 

experimentally, the model can be applied to design and optimize the SCC process. To 

demonstrate such model capability, a numerical parameter study is performed to investigate the 
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effect of S-EMS moving schemes on the as-cast structure and macrosegregation. Two 

additional simulations (Cases I and II) are conducted, as shown in Figure 10.  

 

Fig. 10––Parameter study on the S-EMS moving scheme and its influce on the as-cast structure and 
macrosegregation: Case I – upward motion of S-EMS; Case II – downward motion of S-EMS. (a.1)-
(a.2): Definition of the moving schemes of the S-EMS; (b.1)-(b.2): contours of fe overlaid with the 
isoline of env

e 0.637f = at 9000 s and 9400 s; (c.1)-(c.2) contours of index
mixc  at 9000 s and 9400 s.  

These two simulations are based on the results of the previous simulation (§ 3.), that is, the 

calculation results at 9000 s are used as the initial conditions. Different from the previous 

simulation, the S-EMS is translated from its previous position (ca. 5.2 m above the casting 

bottom at 9000 s) to lower positions of 1.8 m (Case I) and 2.3 m (Case II), respectively. For 

Case I, as shown in Figure 10 (a.1), the S-EMS moves upward from Point A (1.8 m) to Point 

B (2.3 m) at a speed of 1.25 × 10-3 m/s relative to the strand. For Case II, as shown in Figure 

10 (a.2), the S-EMS moves downward from Point B (2.3 m) to Point A (1.8 m) at a speed of -

1.25 × 10-3 m/s relative to the strand. All other settings for the two cases are the same as before. 

The calculated fe values at two moments (9000 s and 9400 s) for Cases I and II are shown in 

Figure 10 (b.1) and (b.2). The isoline for env
e 0.637f =  is overlaid on the contours to mark the 

equiaxed region. At 9400 s, the height of the equiaxed zone is 1.63 m for Case I, which is 0.14 

m higher than that of Case II. It appears that the upward movement scheme of S-EMS (Case I) 

is more beneficial for the accumulation of equiaxed grains at the casting center compared to 
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Case II. The calculated index
mixc   values for the two cases are shown in Figure 10 (c.1) and (c.2). 

Case I seems to exhibit a more uniform solute distribution in the casting than Case II.  

It is known that the moving scheme of the S-EMS is only one factor among several others 

which can influence the casting quality, such as the stirring intensity S-EMS, the timing of the 

S-EMS, even the type of S-EMS (travelling vs. rotational), with or without combination with 

the M-EMS, casting temperature/speed, dimension (diameter) and maximum length of the 

strand, hot topping and shielding parameters, and alloy composition. Without a model that can 

quantitatively predict the solidification process, it would be extremely exhausting to design and 

optimize a new SCC process. Therefore, as an outlook, experimental evaluations of the 

numerical model are suggested, and on this basis, uncertain modeling parameters can be 

determined. Finally, the model can be used to perform systematic parameter studies, instead of 

costly pilot/field-casting trials, towards the optimization of the SCC process.  

5. Conclusion 

A three-phase mixed-columnar-equiaxed solidification model was used to investigate the 

solidification principle (formation of the as-cast structure and macrosegregation) of large ver-

tical steel casting under the effect of EMS. For this purpose, the model was extended by con-

sidering crystal fragmentation as the only origin of equiaxed grains and the remelting/destruc-

tion of equiaxed grains. As an example, a semi-continuous casting (SCC) of steel with a format 

of  1.0 m  10.0 m was simulated. It was shown that the following critical solidification phe-

nomena can be captured by the model. 

1) With the application of EMS, crystal fragments, serving as the origin of equiaxed grains, 

are generated in the mushy zone near the columnar tip front of the stirred area. They can 

grow and be brought by the EMS-induced primary/secondary flow and gravity-induced 

sedimentation to the lower part of the casting, forming the central equiaxed zone.   

2) During the withdrawing stage (Stage I) of the SCC, some equiaxed grains were transported 

to the upper mold region owing to the effect of M-EMS, where the liquid melt was still 

superheated. Equiaxed grains can be re-melted or destroyed in the superheated region. The 

simultaneous solidification/remelting phenomenon represents an important energy/species 

transport mechanism in such large castings.  

- 162 -



 
 

3) During the late withdrawing process, when M-EMS is stopped and S-EMS is activated, the 

superheated region is enlarged under the effect of S-EMS, and the remelting process can 

occur even in the lower part of the casting.  

4) During the solidification process (Stage II), the entire superheat was dissipated from the 

casting. Thus, no remelting/destruction of equiaxed grains occurred. The equiaxed grains 

survived and accumulated in the central and lower parts of the casting.  

Although the solidification principle of the SCC process has been successfully addressed, 

the current model is still subject to further experimental evaluation. Some uncertain modeling 

parameters must be determined and confirmed experimentally before the model can be applied 

to design and optimize the actual SCC process. Finally, the capability of the model for process 

optimization was demonstrated. A numerical parameter study on the moving scheme of S-EMS 

and its effect on the as-cast structure and macrosegregation was performed. According to the 

current settings of the SCC, the upward movement of S-EMS seems favorable for the formation 

of central equiaxed grains and is beneficial for a relatively uniform solute distribution in com-

parison to the downward movement of S-EMS.  
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ORIGINAL RESEARCH ARTICLE

Experimental Evaluation of MHD Modeling of EMS
During Continuous Casting

HAIJIE ZHANG, MENGHUAI WU, ZHAO ZHANG, ANDREAS LUDWIG,
ABDELLAH KHARICHA, ARNOLD RÓNAFO LDI, ANDRÁS ROÓSZ, ZSOLT VERES,
and MÁRIA SVÉDA

Electromagnetic stirring (EMS) has been recognized as a mature technique in steel industry to
control the as-cast structure of steel continuous casting (CC), and computational
magnetohydrodynamic (MHD) methods have been applied to study the EMS efficiency.
Most MHD methods de-coupled the calculations of electromagnetic and flow fields or
simplifications were made for the flow–electromagnetic interactions. However, the experimental
validations of the MHD modeling have been rarely reported or very limited. In this study, we
present a benchmark, i.e., a series of laboratory experiments, to evaluate the MHD methods,
which have been typically applied for steel CC process. Specifically, a rotating magnetic field
(RMF) with variable intensity and frequency is considered. First experiment is performed to
measure the distribution of magnetic field without any loaded sample (casting); the second
experiment is conducted to measure the RMF-induced torque on a cylindrical sample (different
metals/alloys in solid state); the third experiment is (based on a special device) to measure the
RMF-induced rotational velocity of the liquid metal (Ga75In25), which is enclosed in a
cylindrical crucible. The MHD calculation is performed by coupling ANSYS Maxwell and
ANSYS Fluent. The Lorentz force, as calculated by analytical equations, ANSYS Fluent addon
MHD module, and external electromagnetic solver, is added as the source term in
Navier–Stokes equation. By comparing the simulation results with the benchmark
experiments, the calculation accuracy with different coupling methods and modification
strategies is evaluated. Based on this, a necessary simplification strategy of the MHD method
for CC is established, and application of the simplified MHD method to a CC process is
demonstrated.

https://doi.org/10.1007/s11663-022-02516-3
� The Author(s) 2022

I. INTRODUCTION

ELECTROMAGNETIC stirring (EMS) has been
recognized as a mature technique and mandatorily
implemented in the steel continuous casting (CC)
process to control the melt flow and casting quality.[1–3]

It can extend the center equiaxed zone,[4,5] refine the
grain size,[6] minimize the shrinkage porosity and
macrosegregation,[1,7,8] and even improve the surface
quality and lower the risk of entrapment of non-metallic
inclusions in the CC product.[1,3] Both the rotating
magnetic field (RMF) and traveling magnetic field
(TMF) can be implemented. Based on the installed
position in the CC, the EMS can be classified as mold
electromagnetic stirring (M-EMS), secondary electro-
magnetic stirring (S-EMS), and final electromagnetic
stirring (F-EMS).
To understand the principle of the EMS, in addition

to the plant trials on real steel CC,[9,10] laboratory
experiments were performed based on model alloys of
low melting point.[11–15] When an RMF is applied on the
melt sample, which is enclosed in a cylindrical crucible,
the induced angular flow can drive a secondary poloidal
flow.[14] Although the secondary poloidal flow is
approximately an order of magnitude slower than the
angular flow, it transports the angular momentum out
of the stirred region. It is known that it is not possible to
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obtain the flow information inside the casting via plant
trials. The laboratory experiments are also limited to the
model alloys of low melting point. Hence, the multi-
phase nature of solidification process has to be
neglected. Therefore, computational magnetohydrody-
namic (MHD) methods were popularly applied to
examine the EMS efficiency.[16,17] Many simulation
studies have been conducted to calculate the EMS-dri-
ven flow and study its interaction with the
solidification.[18–21]

It is challenging to numerically couple the flow and
electromagnetic (EM) fields in the industry process of
CC. When the melt flow is subjected to a static magnetic
field, similar to the electromagnetic brakes (EMBr),[22,23]

it is possible to couple the electromagnetic–flow inter-
action by programming it in the CFD solver. However,
this coupling technique can hardly be applied for EMS
where the implemented EM field is moving/changing.
The ANSYS Fluent addon MHD module provides one
coupled method for MHD calculations, but the external

magnetic field (B
*

0) should be known in advance.

Specifically, the B
*

0 field is imported into ANSYS

Fluent, where the induced magnetic field (b
*

), eddy

current (J
*

), and Lorentz forces (F
*

L) are calculated by
solving User-Defined Scalar equations.[24,25] The draw-
backs of this method are as follows: (1) the addon MHD
module is incompatible with the Eulerian–Eulerian
multiphase approach on which most advanced solidifi-
cation models were developed; (2) the calculation
time-step (Dt) should be set extremely low to resolve

the rotation of the imported B
*

0 field. Therefore, the
most widely used method is still based on the de-coupled
method. Generally, there are two de-coupled methods to
calculate the EM field. The first method is to use an

analytical solution of the time-averaged F
*

L, which is
derived based on an infinite solid conductive cylinder by
assuming that the skin depth is significantly higher than

the sample radius.[19,26–28] Then, F
*

L is used to calculate
the flow. This simplification is not in line with the case of
high frequency, i.e., high magnetic Reynolds number
(Rm), because the skin effect cannot be ignored.[29,30]

The second method is to calculate the EM field with a

commercial EM solver, and then transfer F
*

L as a field
function into the computational fluid dynamic (CFD)
calculation.[31] In this case, the EM field was solved
mostly based on an assumption that the liquid melt is
stationary.[32–34] In addition to the de-coupled MHD
calculations, further simplifications were often per-
formed for CC. The ignorance of the existence of solid

shell,[33,35,36] where the maximal F
*

L applies, can over-
estimate the melt flow. Furthermore, Sun and Zhang[32]

used this de-coupled method to study the solidification
of a bloom CC. However, the effect of the solidified shell

on F
*

L was ignored by using the same electrical

conductivity for the liquid and solid steel. The main
drawback of the de-coupled MHD method is that the
influence of the melt flow on the EM field is ignored.
Most recent studies appeared to ignore this
effect.[18,32–34,37] It is known that ignoring the flow effect
on the EM field is only valid when the rotating angular
speed (x‘) of the flow is not comparable to the applied
EM angular speed (xB). As reported in the previous

studies,[27–29] the effective F
*

L decreases with the induced

x‘. Hence, F
*

L should be modified by multiplying
ð1� x‘=xBÞ. Nevertheless, most recent studies appear
to ignore this effect.[18,32–34,37] Therefore, the aforemen-
tioned de-coupled methods along with other assump-
tions should be carefully validated.
The aim of this study is to present a benchmark, i.e., a

series of laboratory experiments, to validate the MHD
methods that are typically employed for the steel CC
process. An RMF field with variable intensity and
frequency is considered. The MHD calculation is
performed by coupling ANSYS Maxwell and ANSYS
Fluent. An iteration scheme is proposed to consider the

flow–electromagnetic interactions. Furthermore, F
*

L,
which is calculated with different methods and modifi-
cation strategies, is termed as a source field in CFD
calculations using coupled or de-coupled scheme. The
calculation accuracy of different methods and modifi-
cation strategies are compared. Based on this, the
suitability of the MHD method with a necessary
simplification strategy for CC is evaluated and dis-
cussed. Finally, application of the proposed MHD
method to an industry process of CC is demonstrated.

II. BENCHMARK EXPERIMENTS

The experiments were conducted on an upward
Bridgman furnace equipped with an RMF. The RMF
was generated by a two-pole inductor charged by a
three-phase alternating current (AC). As shown in
Figure 1(a), the diameter of the iron core of the inductor
is 230 mm, and its height is equal to 300 mm. In the
center of the inductor, the Bridgman-type furnace was
assembled concentrically with the inductor, and the
length of the measurement sample was 150 mm.
Detailed information on the furnace is available in
Reference 38. The application ranges of the facility are
as follows: frequency f (30 to 400 Hz), magnetic

induction B
*��
�

�
�
� (0 to 150 mT), a withdrawal speed of

sample in the Bridgman furnace v (0 to 0.8 mm/s), and
temperature gradient G (0 to 10 K/mm).

A. Experiment 1: Magnetic Field (B
*
) Measurement

Without loading any sample, the B
*
field along the axis

and in the azimuthal directions was measured with
GM08 Gaussmeter (Hirts Magnetics).
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B. Experiment 2: Torque (s) Measurement

As schematically shown in Figure 1(b), the sample is
suspended in the inductor and fixed by an insulated
organic sample holder (PA6 poliamid). The sample
holder is connected to a cylindrical steel bar through a
bearing housing. With the RMF load, the induced
Lorentz force on the sample is transported to a digital
dynamometer via the sample holder. All these compo-
nents are placed coaxially in the height direction. To
eliminate the error due to friction of the facility, the
measured force that can initiate the movement of the
sample was 0.34 N, i.e., Friction = 0.34 N. The Force

exerted on the sample under different values of B
*��
�

�
�
� were

measured. Hence, the Pull is calculated as Pull =
Friction + Force. The torque s ¼ Pull � R, where R
denotes the radius of the sample. During the experiment,
the sample is cooled by circulating water to maintain the
sample at room temperature (20 �C). As listed in
Table I, three metal samples with H = 150 mm and R
= 10 mm were measured.

C. Experiment 3: Flow Velocity Measurement

A so-called pressure compensation method is applied
to measure the RMF-induced rotating angular speed.[39]

This experiment was performed at room temperature
with cold alloy Ga75In25. As shown in Figure 1(c), the
closed cylindrical tank (Teflon) with two opening vessels
(inner diameter = 1.0 mm) is filled with Ga75In25 alloy.
The inner diameter of the tank was changeable
(Table II), and its height was 100 mm. One vessel was
at the center of the top surface, and another vessel was
placed 0.2 mm to the inner surface of the tank. The
maximal pressure was measured at position r = R-0.2
mm, so one vessel was set here to minimize the relative
error of the measurements. The zero level before RMF
load is denoted by the blue dash line in Figure 1(c). With
the RMF load, a level difference (DH) develops between
two vessels, as schematically indicated by the red dash
lines in Figure 1(c). A compensatory pressure of air
(Pcomp) was applied on the peripheral vessel to set the
melt back to zero level. In this manner, the pressure
difference can be measured and used to calculate the
liquid velocity. In this experiment, the penetration
distance d (Table II) is significantly higher than the
sample radius, and the aspect ratio H/R ‡ 8. Therefore,
the skin effect and end effect should be neglectable. As
listed in Table II, the rotating velocities for eight cases

with varying B
*��
�

�
�
� are measured.

III. MHD MODELING AND SIMPLIFICATION

A. Calculation Method 1: Analytical Solution

Instead of directly solving Maxwell’s equations, the
analytical equations,[27,29,40] as shown in Figure 2(a), are

employed to calculated F
*

L (composed of F
*

h and F
*

r).

Specifically, B
*

0 should be known in advance. Typically,

it is measured, and its distribution f(z) can be obtained
by fitting the measurements. In this benchmark study,
the inductor is significantly longer than the sample
(Figure 1(a)). Hence, f(z) is assumed to be equal to 1.

According to References 29 and 40, F
*

r has a minor effect

on the fluid flow when compared to F
*

h. Thus, we neglect
it in this MHD simulation. As presented in Figure 2(a),

the relative motion between the liquid and B
*

has been
considered by a factor of ð1� x‘=xBÞ.

B. Calculation Method 2: Coupled Simulation via
ANSYS Fluent Addon MHD Module

B
*

0 was first calculated via ANSYS Maxwell, and then
it was imported into ANSYS Fluent. It should be noted
that ANSYS Maxwell is another software package,
which is de-coupled from ANSYS Fluent. In a time-de-

pendent transient simulation, the rotation of B
*

0 can be
resolved with the given frequency f. As shown in

Figure 2(b), given that B
*

0 is known, only b
*

should be

solved. Specifically, B
*

is a sum of B
*

0 and b
*

, i.e.,

B
*

¼ B
*

0 þ b
*

. The generated F
*

L due to the interaction

between B
*
and J

*
can drive the liquid to flow. In turn, b

*

can be updated by the forced flow (u
*
) to further modify

B
*
, J
*
, and F

*

L. When the conductive liquid is heated due
to the generated QJ, the electrical conductivity can be
updated according to local temperature, which in turn

affects b
*

and u
*
. The coupling between B

*
, u
*
, and T is

automatically solved in ANSYS Fluent.

C. Calculation Method 3: Iteration Scheme Between EM
and CFD Solvers

The MHD calculation is performed by combining
ANSYS Maxwell and ANSYS Fluent. An iteration
scheme, as shown in Figure 2(c), is proposed to consider

the flow–electromagnetic interaction. Specifically, F
*

L

was calculated via the EM solver, which was used to

solve Maxwell equations. The extracted F
*

L was trans-
ported to the CFD solver. According to Roplekar and

Dantzig,[28] F
*

L was modified by multiplying ð1�
x‘=xBÞ before applying it as a source term for the
Navier–Stokes equation. Then, the calculated averaged

liquid rotating angular velocity, x‘ ¼
RR

0

u
*

h

�
�
�

�
�
�dr

 !

=R2,

was used to modify the effective frequency of the
magnetic field, feff¼ xB � x‘ð Þ=2p. The effect of the
liquid flow on the generated QJ can also be considered
with this method.
A two-way coupling between EM and CFD solvers

(Calculation method 3) is possible, but the iteration
scheme should be established manually. Before the
activation of RMF, the liquid is assumed stationary, i.e.,
x‘;0 ¼ 0, feff = f, and xB ¼ 2pf. These are the initial
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conditions for the first EM calculation between the

EM–CFD iteration. Then, the calculated F
*

L, with the
ð1� x‘=xBÞ modification, is used for the first CFD
calculation. Typically, the calculated angular velocity of

the liquid (x‘ = u
*

h

�
�
�
�/r) is not uniform because uh is not

linearly distributed along the radius. Hence, the aver-
aged angular velocity x‘ was used to characterize the
angular flow. Based on this, the effective rotation

frequency of B
*

field is obtained, feff ¼ xB�x‘

2p . Hence,

Fig. 1—Schematic of experiment design. (a) Layout of the inductor and sample position; (b) sketch of torque measurement; (c) sketch of liquid
velocity measurement.

Table I. Different Cylindrical Solid Samples Used for Torque
Measurement

Materials R (mm) H (mm) B
*��
�

�
�
�(mT) f (Hz)

Cu 10 150 0–160 50
Al
AlSi7
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F
*

L can be updated in the next EM–CFD iteration based
on the obtained feff. As shown in Figure 2(c), further
iterations are made until Dx‘=x‘j j< 5 pct, and then the
iteration is terminated, where Dx‘j j denotes the differ-
ence of the averaged angular velocity x‘ between two
sequent iterations. It should be noted that the criterion
of 5 pct is arbitrarily set, but it can be modified for other
simulations when higher accuracy is demanded.

As shown in Figure 1(a), a full-scale inductor was
developed to perform EM calculation. The sample is
placed at the middle height of the inductor. Eddy

current (J
*
) was considered only in the conductive

sample. When a three-phase AC is excited on the three

windings, a primary rotating magnetic field can be
induced. Given that the current inductor has one pair of
poles, the frequency of the magnetic field is the same as
the frequency of the applied current. Based on Fara-

day’s law, the J
*

-induced magnetic field opposes the
change in the primary rotating magnetic field. The

interaction between the total B
*

and J
*

produces the

Lorentz force (F
*

L). The strength of electric field (E
*
) can

be calculated as follows:

r� E
*
¼ � @ B

*

@t
: ½1�

The strength of the induced J
*

can be calculated as
follows:

J
*

¼ rðE
*

þ u
*�B

*

Þ; ½2�
where u

*
denotes the liquid velocity of the sample.

Specifically, u
*

is set as zero for the case of solid sample
(torque measurement) or it is calculated according to the
averaged x‘ for the case of liquid sample. The Lorentz
force exerted on the sample can be calculated as follows:

F
*

L ¼ 1

2
ReðJ

*
�B

*
Þ; ½3�

Table II. Cases Performed for Flow Measurement Based on

Ga75In25 Alloy

Case No. f (Hz) R (mm) H (mm) B
*��
�

�
�
�(mT) d*(mm)

1 50 5 100 0 to 90 36
2 7.5 0 to 90
3 12.5 0 to 90
4 100 5 0 to 70 26
5 150 5 0 to 65 21
6 7.5 0 to 65
7 12.5 0 to 65
8 200 5 0 to 60 18

*Penetration distance d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
4p2rGa75In25f�10�7

q

.

Fig. 2—Sketch of different MHD calculation methods and coupling schemes: (a) Analytical solution; (b) Coupled simulation via ANSYS Fluent
addon MHD module; and (c) Iteration scheme between EM and CFD solvers.
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where Re denotes the real part of a complex number.
The torque on the solid sample is given by

s
* ¼ 1

2p

Z 2p

0

Z

Vol

r
*� J

*
�B

*� �

dV

8

<

:

9

=

;
dh: ½4�

In the current study, the transient 3D flow was
calculated. Further assumptions were made as follows:

(1) The Joule heat is neglected during the CFD calcu-
lation.

(2) The secondary (and higher order of) eddy current in
the EM calculation is not considered.

(3) The liquid alloy is incompressible and isothermal
with constant density and viscosity.

(4) In the CFD calculation, a so-called course-grid di-
rect numerical simulation is conducted, i.e., no tur-
bulence model is used.

(5) All walls of the crucible are assumed to be no-slip.

Among all eight experiment cases in Table II, only
Case (3) (f = 50 Hz, R = 12.5 mm) is analyzed
numerically in detail. The alloy (Ga75In25) is confined
in a cylindrical crucible with H = 100.0 and R = 12.5
mm. The sample is enmeshed into 8.5 9 105 hexahedral
elements with maximum mesh size of 400 lm. Dt for the
first and third calculation method is 1 9 10�3 s, and a
smaller Dt of 5 9 10�5 s is used for the second
calculation method due to the spatial and temporal

interpolation of the rotating B
*

0. As listed in Table III,
four simulations are conducted with different RMF
intensities. The material properties and other parame-
ters are summarized in Table IV.

IV. EXPERIMENTAL RESULTS AND MODEL
EVALUATIONS

A. Magnetic Induction

The magnetic induction is calculated via the EM
solver ANSYS Maxwell, Figure 2(c). With the three-

phase AC (I = 5700 A, f = 50 Hz), a rotating B
*

is

induced. The calculated B
*

on the plane of middle height
of the inductor at a phase of 300� is shown in Figure 3(a).

The maximal B
*��
�

�
�
� (1650 mT) is realized in the iron core,

while B
*��
�

�
�
� at the inductor center is an order of magnitude

smaller. The calculated B
*��
�

�
�
� along the axis of the inductor

(the red vertical line in Figure 3(a)) for the case without
sample loading matches the experimental measurements

quite well, Figure 3(b). In this paper, the calculated B
*

field without sample loading is served as the input B
*

0

field in calculation method 2, Figure 2(b). When a
copper sample (H=150 mm, R= 10 mm) is loaded, the

B
*

field in the sample is subject to the skin effect. As
displayed by the black dash line in Figure 3(b), the

calculated B
*��
�

�
�
� along the axis of the sample should be

reduced by approximately 13 mT. However, there is no

measurement data for this case. Furthermore, B
*��
�

�
�
� along

the blue circle (R = 10 mm) for the case without sample
loading, as denoted in Figure 3(a), is measured and
compared with the calculation results in Figure 3(c). The
experiment and calculation results are in excellent

agreement, and a constant/uniform B
*��
�

�
�
� (160 mT) is

obtained.

B. Torque

The magnetic torque (s) is also calculated via the EM
solver ANSYS Maxwell, Figure 2(c). The calculated s
for solid samples of three metal/alloys (Table I) as a

function of B
*

is compared with those obtained via
experiments as shown in Figure 4. For all samples, s

increases exponentially with B
*��
�

�
�
�. The simulation results

are in excellent agreement with the measurements.
Given the difference in electronic conductivities, as
listed in Table IV, the torque of Cu is the highest,
followed by Al and AlSi7.

C. RMF-Driven Liquid Flow

Different simulation cases (Table III) exhibit similar
flow pattern when they are calculated with different
calculation methods (Figure 2). Only the results of
Simulation C, which are calculated using calculation
method 3 (Figure 2(c)) after 3 EM–CFD iterations, are
presented in Figure 5. According to Figure 6, the
calculation gets converged after 3 EM–CFD iterations.
The liquid flow is dominated by the rotating toroidal

flow (u
*
h), which exhibits the same magnitude with u

*
‘

( u
*

‘

�
�
�
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u
*2

h þ u
*2

w

q

). As shown in Figures 5(a) and (b), a

strong rotating flow up to the magnitude of 1.2 m/s was
induced in the sample, while the induced secondary

poloidal flow (u
*
w) is approximately one magnitude

lower. Furthermore, as shown in Figure 5(c), u
*
h is

characterized by those intermittent tubes, but u
*
w is

chaotic and is characterized by the prevailing of multiple
Taylor–Go rtler (T–G) vortices.[11,41] Most of the T–G
vortices are observed near the sample surface. They
originate randomly around those tubes, and then
increase in size, coalesce with neighboring ones, or even
split into sub-vortex. Simultaneously, they move up and
downward. Finally, they dissipate near the top and
bottom wall (the so-called Bo dewadt/Ekman layer[2,41]).
The vertical motion of these T–G vortices transports the
angular momentum. According to Figure 5(c), a few of
the vortices can also be observed in the central area.
Although they exhibit similar features to the vortex near
the sample surface, their nucleation frequency and
survival number density are much lower. These vortices
are responsible for the slow velocity oscillation along the
axis, Figure 5(a). The total pressure PTotal, excluding the
hydrostatic pressure (P0 ¼ qgh), is demonstrated in
Figure 5(d). The maximum of PTotal is located in the
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range of 0.5 to 1.0 mm to the surface. This result is
consistent with our previous experimental
observation.[39]

To analyze the convergence behavior of EM–CFD

coupling scheme, the evolution of u
*
‘

�
�
�

�
�
� at a reference

point (mid-height of the sample and 2.5 mm to the
sample surface as denoted by the black spot in Fig-
ure 5(a)) during different EM–CFD iterations is plotted
in Figure 6(a). According to the EM–CFD coupling
scheme in Figure 2(c), the first EM simulation is
conducted by assuming that the liquid melt in the
sample is stationary (x‘= 0, i.e., feff= 50 Hz) such that

maximum F
*

L is generated. As a consequence, the

maximum of u
*
‘

�
�
�

�
�
� (or the maximum x‘), i.e., the black

line in Figure 6(a), is obtained. It should be noted that

the high-frequency oscillation of u
*

‘

�
�
�

�
�
� is not due to

numerical iterations, but due to the prevailing T–G
vortices, which are observed in Figure 5(c). For the

second iteration of the EM simulation, feff is updated as

( xB � x‘ð Þ=2p). Hence, a reduced F
*

L is obtained, and in

turn a reduced u
*
‘

�
�
�

�
�
�, i.e., the red line in Figure 6(a), is

obtained. Following the further EM–CFD coupling

scheme, feff is updated again, and a new u
*
‘

�
�
�

�
�
� is obtained

with further EM–CFD iterations. The iteration is
terminated when the convergence criterion Dx‘=x‘j j<
5 pct is satisfied. The calculated x‘ of different simula-
tion cases (Table III) following the iteration scheme is
displayed in Figure 6(b). As mentioned previously, only
Case 3 (R = 12.5 mm, f = 50 Hz) of Table II is
analyzed in detail. The simulations are in good agree-
ment with the experimental results, but more iterations
between the EM and CFD calculations are required

with an increase in B
*��
�

�
�
�. Figure 6(c) shows the necessary

EM–CFD iteration numbers as a function of the RMF

intensity ( B
*��
�

�
�
�). When B

*��
�

�
�
� is low, e.g., Simulation A and

B, no iteration is required to obtain results close to the
experiment, while 2 and 4 iterations are required for
simulations C and D to converge to the experimental
results, respectively. For the current experiment config-

uration, when B
*��
�

�
�
� < 28 mT, the accuracy of the

simulation results can be accepted without any iteration,

while iterations are required when B
*��
�

�
�
� ‡ 28 mT.

Therefore, we divide Figure 6(c) into two regions (green

vs. red) with critical B
*��
�

�
�
� = 28 mT.

Table III. Simulations Performed for the Model Alloy
(Ga75In25)

B
*��
�

�
�
� (mT) f (Hz) R (mm) I (A)

Simulation A 5.6 50.0 12.5 200.0
Simulation B 14.0 500.0
Simulation C 28.0 1000.0
Simulation D 42.0 1500.0

Table IV. Summary of Material Properties and Other Parameters*

Parameters Symbols Unit Values

Density qCu(s) kg m�3 8933.0
qAl(s) 2689.0
qAl7Si(s) 2535.0
qGa75In25(15.7 �C) 6517.5

Relative Permeability lCu — 1
lAl

lAl7Si

lGa75In25

Electrical Conductivity rCu(s) S m�1 5.8 9 107

rAl(s) 3.8 9 107

rAl7Si(s) 2.4 9 107

rGa75In25(15.7 �C) 3.6 9 106

Kinematical Viscosity mGa75In25(15.7 �C) m2 s�1 3.4 9 10�7

Electric Current Frequency f Hz 50.0
Pair of Poles q — 1.0
Magnetic Induction B

*��
�

�
�
� mT 0–160.0

Total source Current I A 0–5700.0
Sample Height Solid: Torque H mm 150.0

Liquid: Velocity 100.0
Sample Diameter Solid: Torque R mm 10.0

Liquid: Velocity 12.5

*The temperature of the material properties in the solid state, as indicated by ‘s’ in the table, is 25 �C. For experiments, which are performed at
temperatures other than 25 �C are labeled in the table.
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The experimentally measured RMF-driven rotating
angular velocity x‘ in the liquid sample as a function of

B
*��
�

�
�
� is shown in Figure 7(a). Within the measured range

of B
*��
�

�
�
�, x‘ of all experimental cases show almost a linear

function of B
*��
�

�
�
�. It should be noted that with an increase

in B
*��
�

�
�
�, x‘ approaches closer and closer to xB, but it can

never reach xB. The calculated x‘ as a function of B
*��
�

�
�
�

with different methods and modification strategies is
shown in Figure 7(b). Specifically, x‘ is calculated via

x‘ ¼
RR

0

uhdr

 !

=R. With the first calculation method

(Figure 2(a)), as shown by the green line in Figure 7(b),
x‘ is considerably overestimated. By referring to simu-

lation C ( B
*��
�

�
�
� = 28.0 mT), the calculated x‘ is

overestimated by ca. 34.4 pct. With the second calcula-
tion method (Figure 2(b)), as demonstrated by the black
line and squares in Figure 7(b), x‘ shows good agree-
ment with the experimental measurements. With the
third calculation method (Figure 2(c)), different modi-
fication strategies were performed to check their effect
on the calculation accuracy. In Figure 7(b), the blue line
indicates the calculated x‘ using the EM–CFD iteration
scheme without any modification and iteration, red line
indicates the calculated x‘ by solely using the EM–CFD
iteration scheme with the modification ð1� x‘=xBÞ but
without any iteration, and pink line indicates the
calculated x‘ using the EM–CFD iteration
scheme with the modification by ð1� x‘=xBÞ and
iteration. Evidently, x‘ differs significantly if modifica-

tion strategies of F
*

L are varied. The calculated x‘ is
overestimated by ca. 66.2 pct without any modification

and iteration. If F
*

L is solely modified by a factor of
ð1� x‘=xBÞ, x‘ is overestimated by ca. 29.6 pct. Hence,
only when the modification and iteration are conducted,
x‘ can reproduce the experimental results.

Fig. 3—Experiment–simulation comparison of B
*��
�

�
�
� for the case with f = 50 Hz, I = 5700 A. (a) Calculated B

*

on the plane of middle height of

the inductor at a phase of 300�. (b) B
*��
�

�
�
� along the axis of the inductor. (c) B

*��
�

�
�
� along the blue circle as marked in (a).

Fig. 4—Comparison of s on different samples.
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V. APPLICATION IN CONTINUOUS CASTING
PROCESS

The methodology, as introduced in this study, was
used to study the effect of M-EMS on the superheat
dissipation and the formation of as-cast structure in a
billet CC casting (195 9 195 mm2) via a three-phase
mixed columnar-equiaxed solidification model.[42,43] The
three phases correspond to the steel melt, columnar
dendrites from which the steel shell is fabricated, and
equiaxed crystals, which are treated as an additional
disperse continuum solid phase as schematically shown
in Figure 8(a). Their volume fractions correspond to
f‘; fc; fe. The growth kinetics for the columnar dendrites
and movable equiaxed crystals are considered. The
origins of the equiaxed crystals by the mechanisms of
crystal fragmentation and heterogeneous nucleation are
included. Furthermore, remelting and destruction of the
equiaxed crystals in the superheated and/or oversatu-
rated liquid are also considered. The details of the model
and implementation of model can be referred to in
References 42 and 43. Only the simulation results related
to M-EMS near the mold region are analyzed in this
study.

The M-EMS is created by a two-pole inductor with a

three-phase AC, Figure 8(b). F
*

L

�
�
�

�
�
� is shown on a

symmetry section of the strand, Figure 8(c). The

maximum F
*

L

�
�
�

�
�
� of 6000 N/m�3 appears at the strand

surface. It should be stressed that during the

solidification and flow simulation, F
*

L is modified by
multiplying (1� x‘=xB) to consider the relative motion

between the melt and B
*
, i.e., F

*0
L ¼ F

*

Lð1� x‘=xBÞ.
Additionally, due to the multiphase nature of the

solidification, the total effective F
*0
L must be partitioned

among three phases according to their volume fractions,

i.e., f‘F
*0
L, feF

*0
L, and fcF

*0
L. They are the corresponding

source terms for the momentum equations. A relatively
strong rotating liquid flow is induced in the mold region
by M-EMS, as depicted in Figure 8(d). The strongest
liquid flow is obtained at the position several centimeters
above the middle height of the stirrer (inductor). This is
attributed to the thickening of the shell along the casting

direction. This liquid flow u
*
‘ is composed of the

azimuthal flow u
*
h and secondary (radial and axial) flow

u
*
w, which can be observed on the cross section and

vertical section of the strand, respectively, in Figure 8(e).

According to References 14 and 29, u
*
w is due to the

imbalance in the radial pressure gradient owing to the
centrifugal force. This differs from the laboratory case,

Figure 5, wherein u
*
w is characterized by the two pairs of

recirculation loops above and below the stirrer center.
The upper recirculation loop inhibits the downward flow
of the melt coming from the side ports of the submerged
entry nozzle (SEN), and a small part of the melt is
blocked near the SEN, Figure 8(e). The interaction

between u
*
w with the jet flow coming from the downward

Fig. 5—Calculated results of Simulation C of Table III at t = 20 s. (a) u
*
h

�
�
�

�
�
� on a symmetry plane; (b) u

*
w

�
�
�

�
�
� on a symmetry plane, (c) vectors of

u
*
w on a symmetry plane together with one 3D iso-surface of u

*
h

�
�
�

�
�
� ¼ 1:2 m/s, and the thick red vector (zoomed section) indicates the flow

direction of azimuthal flow; (d) Counter of total pressure PTotal excluding the hydrostatic pressure (Color figure online).
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port of the SEN strengthens the upper pair of recircu-
lation loop. However, this downward flow is still weaker

than u
*
h. Despite its low intensity, a consensus is that the

transport of heat and mass in the casting is dominated

by u
*
w.

[14,19,29,44] Figure 8(f) shows that the motion of
equiaxed crystals exhibits the same pattern as the melt
flow. If the crystals are transported to the superheated
region, then they can be remelted and even destroyed.
The ratio between the rotating angular velocity of the

liquid to B
*

(x‘=xB) is shown in Figure 8(g). Given that
x‘ is not uniform along the axis direction of the strand,
the suggested EM–CFD iteration scheme cannot be
directly applied to this CC case. This implies that the
flow in the center mold region can be slightly
overestimated.

To demonstrate the feasibility of the proposed
method for M-EMS in CC billet, the calculated tem-
perature distribution on the surface of the strand, the
calculated phase distribution on a cross section of
as-solidified strand, and a macrograph of the as-cast
structure (field experiment) are shown in Figure 9. It is
verified that the numerical model can reproduce the
experimental results successfully. Based on our previous
study,[42] the main functionalities of the M-EMS are (1)
to promote the formation of crystal fragments via the
mechanism of fragmentation; (2) to disperse the super-
heat in the mold region, leaving the lower region
beneath the mold undercooled; and (3) to allow the
crystal fragments to survive and continue to grow in the
undercooled region, and thereby, to form the equiaxed
structure in the core region of the strand.

Fig. 6—Convergence analysis of EM–CFD coupling scheme. (a) Evolution of u
*

‘

�
�
�

�
�
� at a reference point (as denoted in Fig. 5(a)) for Simulation C

( B
*��
�

�
�
� = 28 mT, R = 12.5 mm), and the curves with different colors (black, red, and blue) indicate the calculated velocities corresponding to three

sequent iterations; (b) Calculated x‘ of different simulation cases during the iteration scheme; (c) Necessary EM–CFD iteration numbers,

required to satisfy the criterion Dx‘=x‘j j< 5 pct, as a function of B
*��
�

�
�
� (Color figure online).
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VI. DISCUSSION

A. Evaluation of Different Iteration/Simplification
Schemes

During the MHD calculation, there are two main
points that should be carefully treated, i.e., the eddy
current effect and relative motion between the liquid and

B
*
. As shown in Figure 3(b), once a conductive sample is

loaded, B
*

is updated by the eddy current. The slip

motion between the liquid and B
*

field modifies the
effective frequency feff. As mentioned in § 3, feff decreases
with x‘ following feff ¼ xB � x‘ð Þ=2p. The analytical
solution, Figure 2(a), cannot account for the eddy effect
and end effect. The effect of liquid rotating on feff can
only be considered one-way by a factor of ð1� x‘=xBÞ.
Given these simplifications, as demonstrated in Fig-
ure 7(b), the calculated x‘ is considerably overestimated.
The eddy effect and slip motion can be iteratively solved
by using the coupled simulation via ANSYS Fluent
addon MHD module, Figure 2(b), which ensures high
calculation accuracy at the expense of excessive compu-
tation time. Given the demanded small Dt, this method
is limited to simple cases as opposed to the multiphase
solidification simulations of CC process. If the MHD
calculation is performed with the third calculation
method, Figure 2(c), then the calculation accuracy is
highly dependent on the modification strategies. From
Figure 7(b), it can be observed that if the coupling

between x‘ and F
*

L is neglected, i.e., the blue line, then it
leads to unacceptable simulation results. Nevertheless,
this de-coupled method was adopted in many
simulations.[9,18,21,31–34,37,45]

Different solutions exhibit different computational
costs. For the case with B = 28 mT and f = 50 Hz,
which were run on a high-performance cluster (2.6 GHz,
12 cores), to reach a quasi-steady state, the analytical
solution (Figure 2(a)) took four days (Dt = 1 9 10�3 s);

the second method, Figure 2(b), took about ten days (Dt
= 5 9 10�5 s); depending on the modification strategies
of the third method, Figure 2(c), one to two weeks was

needed (Dt = 1910�3 s). For the third solution, if F
*

L

was only modified by multiplying (1� x‘=xB) but
without any iteration, i.e., the red line in Figure 7(b),
it took about one week.
Although the simulations are in good agreement with

the experimental measurements after several EM–CFD
iterations (pink line in Figure 7(b)), it should be noted
that x‘ was used to approximate x‘ during each

EM–CFD iteration. With the increase in F
*

L, the flow

becomes more chaotic, and u
*
h becomes more non-linear

along the radius of the sample. In this case, x‘ can
potentially not characterize the overall flow correctly.
This decreases the accuracy of this approach. Given that
x‘ is not uniform along the axis direction of the strand
during the CC process, Figure 8(g), the suggested
EM–CFD iteration scheme cannot be fully applied.

However, the following was realized. (1) F
*

L was
modified by multiplying (1� x‘=xB) to consider the

relative motion between the melt and B
*
, and (2) F

*

L
0 was

partitioned among three phases according to their
volume fractions. Based on Figure 8(g), the overesti-
mated melt flow is enclosed in a short and narrow core
of the casting. This implies that this slight overestima-
tion should not significantly impact the as-cast structure.

B. Analytical Solution for EMS

The analytical formulae were derived based on an
infinite cylinder to approximate the time-averaged

F
*

L.
[27,29,40] In a cylindrical coordinate system, F

*

L is

composed of F
*

h, F
*

r, and F
*

Z. In the case of a uniform

magnetic field rotating about a long cylinder, F
*

Z is

Fig. 7—(a) Measured angular velocities as a function of B
*��
�

�
�
� for all eight experiment cases as defined in Table II; (b) Comparison between

simulations and experiments for Case 3 (R = 12.5 mm, f = 50 Hz). The experimental results are reprinted from Ref. [39], under the terms of

the Creative Commons CC BY license.
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shown to be zero.[29,40] The expressions for F
*

h and F
*

r

can be observed in Figure 2(a) wherein l0
(=4p� 10�7H/m) denotes the electrical permeability

of free space, and fðzÞ denotes a distribution function of

B
*��
�

�
�
� along the axial direction of the inductor. If the

inductor height is infinite relative to the casting, B
*

can

Fig. 8—A mixed columnar–equiaxed solidification model is used to simulate the as-cast structure formation in a CC billet casting under the
effect of M-EMS. (a) Schematic of mixed columnar–equiaxed solidification model; (b) Layout of the M-EMS stirrer (inductor); (c) Contour of

F
*

L

�
�
�

�
�
� on the vertical section of the strand; (d) Vector of u

*
‘ on an 3D iso-surface of u

*
‘

�
�
�

�
�
�= 0.08 m/s; (e) Contour of volume fraction of columnar

phase (fc) overlaid by the vectors of u
*
h (vertical section) and u

*
w (cross section) of the liquid; (f) Contour of volume fraction of equiaxed phase

(fe) overlaid by the vectors of u
*
w of the equiaxed crystals on the vertical section; (g) Contour of x‘=xB on the vertical section.
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be presumed as uniformly distributed along the height
direction, i.e., fðzÞ=1.[19,26,46] Regarding the CC pro-
cess, the stirrer is significantly shorter than the casting.
Generally, fðzÞ is obtained by fitting the measured

B
*��
�

�
�
�.[27,30,40] An example for fðzÞ is also shown in

Figure 2(a) wherein zmid denotes the middle position
of the stirrer, and zwidth denotes the effective width of the

B
*

field. This analytical solution can also be applied to
the CC process of billet and bloom by reverting the
length (a) and width (b) of the casting cross section to an

equivalent radius via Re¼ 2
ffiffiffiffi
ab
p

q

.[27] As discussed in § 6.1,

the liquid flow can be overestimated with this method.
The Joule heat (QJ) can also be analytically approxi-
mated, and the formula for QJ is obtained from a
previous study.[27]

C. Other Issues for EMS and Outlook

One of the main objectives of this study was to
quantify the accuracy of different modification strategies

and emphasize certain necessary modifications on F
*

L,
which are summarized as below:

(1) The analytical solution (Figure 2(a)), relying on its
calculation efficiency and easy implementation, is an
alternative option to obtain acceptable simulation

results. An extra EM solver is not required, but B
*

field should be known in advance via other mea-
surement or calculation method. With this one-way
coupling method, the main drawback involves
neglecting the eddy effect. As pronounced by Spitzer
et al.,[29] this analytical solution is accurate for Rm �

3 (Rm ¼ xBrl0R
2). Furthermore, the influence of

the solidified shell,[42] mold temperature,[42] liquid
flow, and the formation of air gap between the

casting the mold[47] on B
*
field cannot be considered.

When this method is applied to continuous castings
(billet, bloom, or slab), the converted equivalent

radius via Re¼ 2
ffiffiffiffi
ab
p

q

can also lead to significant

discrepancy.
(2) The ANSYS Fluent addon MHD module (Fig-

ure 2(b)) provides a coupled calculation scheme, but

B
*

0 must be provided either by EM calculation or
physical measurement. Because of the explicit tem-

poral resolution of B
*

0, Dt should be very small.[24]

Based on the frequency of B
*

0 (3–50 Hz), Dt can be
varied in the range of 10-4 to 10�5 s. The additional

solving of b
*

equations and their interaction with the
momentum equations and energy equations signifi-
cantly decrease the speed of the calculation, and this
in turn poses challenges for the simulation to con-

verge. According to the simulation results, b
*
�
�
�
�

�
�
�
�
is

about 10 pct of B
*

0

�
�
�

�
�
� for the currently studied labo-

ratory scale casting, e.g., b
*
�
�
�
�

�
�
�
�
=0.53 mT for B

*

0

�
�
�

�
�
�

=5.6 mT, and b
*
�
�
�
�

�
�
�
�
=2.1 mT for B

*

0

�
�
�

�
�
� =28 mT. It

should be noted that this additional MHD module
is not compatible with the Eulerian–Eulerian
multiphase approach in ANSYS Fluent on which

Fig. 9—(a) Calculated temperature distribution on the surface of the strand; (b) Calculated distribution of fe overlaid by two isolines to indicate
different macrostructures. (c) Macrograph of the as-cast structure of the strand (field experiment). (b) and (c) are reprinted from Ref. 42, under
the terms of the Creative Commons CC BY license (https://creativecommons.org/licenses/by/4.0/).
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most advanced solidification models have been
developed.

(3) If F
*

L is calculated by an external EM solver, then it
is possible to consider all the aforementioned effects,
including the eddy effect, formation of air gap be-
tween casting and mold,[47] insulating/conducting
wall boundary conditions,[42] temperature-depen-
dent electrical conductivities,[42] and different mold
temperatures.[32] There are even more possibilities to

perform parameter study on B
*
. As demonstrated in

Figure 7(b), terming the calculated F
*

L directly as the
source force without any modifications leads to the
unacceptable calculated flow field.[24] We do not
recommend using the currently proposed EM–CFD
iterative scheme in the simulations of CC process,

but the modification of F
*

L by a factor of ð1�
x‘=xBÞ is necessary and can improve the calculation
accuracy considerably. It should be stated that the
currently proposed EM–CFD iteration scheme pro-
vides one option for Eulerian–Eulerian multiphase
simulation to improve the calculation accuracy.

It is known that the casting size/geometry can also
affect the EMS-driven flow. However, performing
velocity measurements on the engineering continuous
casting is not possible. In addition to the current
benchmark, there is a middle-scale facility which was
built in Dresden.[15] The sample size is 800 mm in length
and 80 mm in diameter. The cold liquid metal
(Ga68In20Sn12) in the casting mold was stirred by a
rotary electromagnetic field. The melt, as injected from
the SEN into the mold, interacts with the RMF-driven

flow. The fluid rotating velocities under different B
*��
�

�
�
� (4.1

to 18.3 mT) were measured via ultrasound doppler
velocimetry technique. As an additional step, the scaling
effect should be investigated based on the current
laboratory benchmark and middle-scale physical model.

VII. SUMMARY

An experiment benchmark was presented to verify the
MHD methods that were typically used for investigation
of the flow and solidification during continuous casting
(CC) process. A two-pole inductor charged by a
three-phase AC was developed to generate a rotating

magnetic field (RMF) with variable B
*��
�

�
�
� and f. System-

atic data, including the magnetic field, torque, and
RMF-driven liquid flow, were provided.

Three typically used MHD methods for CC process
were evaluated via comparison with the experiment data

set. The analytical solution for the F
*

L corresponded to
easy-to-implement method with highest computation
efficiency, but it was limited to the low-frequency cases,
and the liquid velocity can be considerably overesti-
mated because the eddy effect was ignored. The ANSYS
Fluent addon MHD module provided the highest
calculation accuracy, but there were drawbacks of

excessively high computation cost, incompatibility for
multiphase solidification problem, and the external
magnetic field should be measured or calculated else-
where. The third method involves combining the EM
and CFD calculations between ANSYS Maxwell and
ANSYS Fluent. To ensure the calculation accuracy by
considering the eddy current and flow effect on the EM
field, an iteration scheme was proposed. As the iteration
was conducted manually, it was not feasible for industry
CC.
Although the EM–CFD iteration is not recommended

for the CC process, necessary calculation accuracy can
still be realized by this scheme without iteration.

However, additional modifications to F
*

L must be
carefully considered in the CFD and solidification
calculation. The relative motion between the melt and

B
*

field should be considered by F
*

L
0 ¼ F

*

Lð1� x‘=xBÞ.
Finally, due to the multiphase nature of solidification

during CC, the F
*0

L must be further partitioned among
different phases (liquid, equiaxed, and columnar)

according to their volume fractions, i.e., f‘F
*0
L, feF

*0
L,

and fcF
*0
L.
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NOMENCLATURE

b
*

(mT) Induced
magnetic field

B
*

0 (mT) External
magnetic field

B
*

(mT) Combined
magnetic field

e
*
(–) Unit vector of

the Lorentz force
E
*

(V m�1) The strength of
electric field

f (Hz) Frequency of the
magnetic field

feff (Hz) Effective
frequency of the
magnetic field

f‘; fc; fe(–) Volume fraction
of liquid,
equiaxed, and
columnar phases

F
*

L, F
*

h, F
*

r (N m�3) Lorentz forces
F
* 0
L (N m�3) Modified

Lorentz forces
F
*

s (N m�3) Other source
terms for
momentum
equation

g
* 0 (m s�2) Deduced gravity

acceleration
g
*

(m s-2) Gravity
acceleration

G (K mm�1) Temperature
gradient

h (J kg�1) Enthalpy
H (mm) Sample height
DH (mm) Height difference
I (A) Source electric

current
J
*

(A m�2) Eddy current
k (W m�1 K�1) Thermal

conductivity
P (Pa) Pressure
QJ (J m�3 s�1) Joule heat
QS (J m�3 s�1) Other source

terms for energy
conservation
equation

Rm (–) Magnetic
Reynolds
number

R (mm) Sample radius

Re (–) The real part of a
complex number

r (mm) Radial
coordinate

s; s
*

(N m) Torque
T (K) Temperature
t (s) Time
Dt (s) Time step for the

simulation
u
*
; u
*

h, u
*

w (m s�1) Liquid velocity
and its
components

v (mm s�1) Withdrawal
speed of sample

mGa75In25 (m2 s
�1) Kinematical

viscosity
z (mm) Coordinate in z

direction

zwidth (mm) Effective width
of the magnetic
field

zmid (mm) Middle position
of the magnetic
field

x‘, x‘;0, xB (Rad s�1) Rotating angular
speed

x‘ (Rad s�1)
Volume-averaged rotating angular
speed
d (mm) Eddy current

penetration
distance

r; rCu; rAl; rAlSi7; rGa75In25 (S m�1) Electrical
conductivity

q; qCu; qAl; qAlSi7; qGa75In25 (kg m�3) Density
l0 (HÆm�1) Vacuum

magnetic
permeability

l; lCu; lAl; lAlSi7; lGa75In25 (HÆm�1) Real magnetic
permeability

s (kg m�1 s�1) Stress–strain
tensors

h (deg) Angle
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