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Abstract— The present work considers continuous casting of an aluminium alloy (A356) in presence of linear 

electromagnetic stirring for production of semi-solid billets. The work presents a numerical model for prediction of 

transport phenomena during continuous casting under electromagnetic stirring. A rheological model is incorporated to 

account for the agglomeration and de-agglomeration phenomena. A set of volume-averaged single phase conservation 

equations for mass, momentum, energy and species is used to represent the casting process. The non-Newtonian 

behavior of the semisolid slurry is incorporated considering the Herschel-Bulkley model in the momentum equation. The 

Lorentz forces are incorporated in the momentum equations. The governing equations are solved based on the pressure-

based finite volume method according to the SIMPLER algorithm using TDMA solver along with the enthalpy update 

scheme. The simulation predicts the temperature, solid fraction and species in the computational domain.  
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I. INTRODUCTION 
 

In conventional casting processes, most of the metals are cast in fully liquid condition which leads to a dendritic 

microstructure in the final cast. The dendritic microstruture is not desirable as it resuls in poor mechanical properties. 

One of the suitable techniques to supress this dendritic growth is to augment the fluid flow in the mushy zone by 

stirring during solidification. The augmented fluid flow breakes the dendrites from the solidification front and 

carries them into the bulk melt to form a slurry. This slurry consists of  fragmented solid phase imersed in the liquid. 

When a semisolid cast is partially remelted, which provide a less resistance to flow even at a high solid fraction. 

This property proposes a great prospective for processing alloy in semisolid state. This semisolid forming (SSF) is a 

new manufacturing technology where the metal alloys are cast in the semi-solid state. It has several advantages over 

conventional forming processes such as reduction in macrosegregation and porosity. The most popular way to 

produce non-dendritic microstuctures is the stirring of liquid metal during solidification by using electromagnetic 

force field. In such process, high shear rate is developed at the solidification front. As a result, the rotating liquid 

detaches the growing dendrites from the solidification interface and carries them into the bulk liquid.  

In the present study, billet making process is considered as a continuous casting in presence of linear 

electromagnetic stirring. The corresponding numerical model considers rheological behaviour of semi-solid slurry 

and transport phenomena during solidification process. Thus, the related literatures are reviewed. In context to the 

rheology, Spencer et al. [1], and Joly and Mehrabian [2] studied the rheological behavior of Sn–15%Pb in the 

solidification range using a Couette type viscometer. It was found that the viscosity of slurry depends on fraction of 

solid, shear and cooling rates, and exhibits thixotropic nature. Fleming et al. [3] investigated experimentally the 

rheological behavior of semisolid Al-4.5%Cu alloy during continuous cooling. Barman et al. [4] presented the 

rheological behavior of semisolid aluminium alloy (A356) experimentally using a concentric cylinder viscometer. 

Atkinson [5] and Fan [6] reviewed the effect of process parameters such as shear rate, cooling rate and 

microstructures on the rheology of the semisolid slurries, and they presented few models for the slurry rheology. 

Burgos et al. [7] presented the kinetics of the agglomeration and de-agglomeration of the suspended particles in the 

slurry using a structural parameter which depends mainly on shear rate and shear stress. Koke and Modigell [8] 

found that the semisolid slurry shows a shear thinning rheological behaviour. Alexandrou [9] presented the non-

Newtonian behaviour of the slurry using the Herschel-Bulkey model where the shear stress is represented by 

multiplying the yield strength of the slurry with the structural parameter. Simlandi et al. [10-11] developed a model 

to predict rheological behaviour of A356 in semisolid state where the alloy is sheared between two parallel plates 

during continuous cooling and isothermal deformation, respectively. They represented the flow field considering 

momentum conservation equation where the non-Newtonian behavior of the semisolid alloy is incorporated 

considering the Herschel–Bulkley model. In context to the modelling of transport phenomena, Barman et al [12] 

presented numerical as well as experimental study considering solidification of an aluminum alloy in the presence of 
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linear electromagnetic stirring. The numerical study involves prediction of temperature, velocity, species and solid 

fraction distribution in the mould. Simlandi et al. [13] performed a numerical study to predict the transport 

phenomena during continuous casting of an aluminum alloy (A356) in presence of weak stirring where dendrite 

fragmentation is ignored. Their simulation also predicts the temperature, solid fraction and species in the 

computational domain. Kumar and Dutta [14] proposed a solid transport equation during direct chill casting of an 

Al–4.5%Cu semisolid billet in presence of linear electromagnetic stirring. From the literature review, it is found that 

in most of models, the slurry rheology is represented using constitutive relations. However, the agglomeration and 

de-agglomeration phenomena of the suspended particles during solidification influence the slurry rheology. 

Addition of these phenomena is the main concern of the present work.  

Therefore, the objective of the present work is to develop a suitable numerical model to study the transport 

phenomena during semi-solid billet casting under electromagnetic stirring. Al-7.32 %Si alloy is considered here for 

its high fluidity, low shrinkage and light weight properties, and also widely used in industrial applications. The final 

simulation predicts the evolution of velocity, temperature, species and solid fraction. 

 

II. DESCRIPTION OF PHYSICAL PROBLEM 
 

Figure 1a shows a schematic diagram of a continuous casting system which comprises of a mold of diameter 

10cm. An electromagnetic stirrer of 10cm height is considered at the top and outer side of the mold. The stirrer 

having a stack of coils around the mold generates a force field along the longitudinal direction (a linear stirrer). A 

cooling arrangement is considered similar to a conventional continuous casting process below the stirrer. A primary 

cooling water jacket is considered to cool the melt first. The primary cooling water is also jetted out and impinged 

directly on the emerging surface of the billet. The molten metal is poured continuously into the mold at the top with 

a constant velocity. During cooling, the molten metal is solidified in presence of stirring. The solid billet is drawn at 

a constant casting speed. In this study, Al-7.32%Si alloy is considered. The thermo-physical properties of the alloy 

are given in Table 1. Based on the system geometry, an axi-symmetric computational domain is considered here as 

shown in Figure 1b. The height of the domain is 70cm. 

 
                                           
(a) 

                                                 
                                                       

(b) 

Fig. 1 (a) A scematic of the physical problem and (b) 

An axi-symmetric computational domain 

TABLE I 

THE THERMO-PHYSICAL PROPERTIES OF A356 [12] 
Properties Values 

Density of liq. phase(ρs) 2685kg/m3 

Density of sol. phase(ρl) 2685kg/m3 

Liq. thermal conductivity(kl) 60W/mK 

Sol. thermal conductivity(ks) 160W/mK 

Sp. heat of the liquid(cpl) 963  J/kg K 

Sp. heat of the solid(cps) 963  J/kg K 

Latent heat of fusion(La) 3.97×105 J/kg 

Partition coefficient(kp) 0.13 

Eutectic temp.(Te) 568oC 

Eutectic conc. (Ce)(%Si) 12.6 

Solvent melting temp. (Tm) 660°C 

Thermal exp. coeff. (βT) 2.10×10-5 K-1 
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Solutal exp. coeff.(βs) 0.025 

III. MATHEMATICAL MODELLING 
The present solidification process is represented by a set of volume averaged single phase mass, momentum, 

energy and species conservation equations. The stirring effect is incorporated considering the Lorentz forces in the 

momentum equations and the slurry rheology is added considering a rheological model [10] for the slurry viscosity. 

In the present model, solidification shrinkage is ignored. The governing equations for the macroscopic transport in 

the cylindrical coordinate are as follows:     

Conservation of Mass: 
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 where ssll ufufu +=  and ssll vfvfv += are the superficial velocity components. rF  and zF  are the Lorentz force 

components representing the electromagnetic stirring during solidification and are introduced in the present 

simulation by considering an analytical solution given in [20].  

Conservation of Energy: 
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where the latent heat content ( H∆ ) is updated considering the enthalpy updates scheme.   

Conservation of Species:  

In the present work, the diffusion of solute is neglected [18]. Hence, the species conservation equation is considered 

as    
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where the Scheil equation is used to calculate sC .  

Transportation of solid 

The electromagnetic forces cause breaking of dendrites from the interface and convey them to the bulk liquid.  The 

mechanism is represented by considering a solid transport equation where both the solidification of the liquid and 

the solid fraction advected from the neighbouring control volumes. Thus, the total solid fraction in a cell ( sf ) is the 

sum of solid fraction due to transport and solid fraction due to generation ( sgf ). Corresponding governing equation 

for the solid phase [14] is  

( ) ( ) gss Suff
t

=∇+
∂

∂
ρρ .                                  (6) 

where Sg can be expressed as  
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A. Modelling of Rheology  
The solidification under stirring produces slurry which exhibits a complex non-Newtonian flow behavior. In the 

present model, the non-Newtonian behavior of the slurry is represented based on the Herschel–Bulkley model [5, 9, 

10]. The corresponding time dependent shear stress is represented as  
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where the rate of strain ( γ& ) is given as 
y

u

∂

∂
=γ&  and the time dependent yield stress, τo(λ), is considered as ( ) 00 λτλτ = . 

λ  is a structural parameter which  represents the agglomeration and de-agglomeration phenomena of the solid 

particles suspended in the slurry under shear. This parameter is again a function of time, solid fraction and shear rate. 

Accordingly, λ =1 when all the solid particles are completely connected and λ =0 when all the solid particles are 

completely separated. Thus, the evolution of the structural parameter ( λ ) with time (t) is considered as [7] 
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The yield stress (τo) of the slurry depends on the temperature. Corresponding yield stress (τo) for A356 alloy [10] is 

represented as 

)181.0exp(100.4 49
0 T×−××=τ                                               (9)       

From Eqns. (7-9), a variation of time dependent shear stress (τ) is found. Subsequently, it is modeled as γµτ &
a= . 

Thus, the apparent viscosity is evaluated as 
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B. Enthalpy Update Scheme 

The enthalpy update scheme is used to calculate the latent heat content ( H∆ ) in each control volume [15]. The 

liquid and solid fractions in the domain are calculated as al LHf ∆=  and ls ff −= 1 .   
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where pa , pa
0  are coefficients of the discretized energy equation, λ  is a relaxation factor and 1−

f  is the inverse of 

the latent heat function. For binary system,  1−f  is given [16] as  
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C. Initial and Boundary Conditions 

The initial conditions chosen for the physical problem are 

iTT = , il CC =  and 0=sf  at 0=t .  

The boundary conditions consistent with the above set of differential equations used in the context of the geometry 

as shown in Figure 1b are as follows: 

Top surface:  

iTT = , il CC =  and 0=sf  

0=u , invv −=  for inlet   

Bottom surface: 

0=u , castvv −= , 0=∂∂ zT , 0=∂∂ zCl  and 1=sf  

Right wall:  

0== vu , ( )cww TThrTk −=∂∂− , 0=∂∂ rCl . The heat transfer coefficient (h) for cooling of the billet is considered as 

given in [17].     

At axis:  

0=u , 0=∂∂ rv , 0=∂∂ rT , 0=∂∂ rCl .  

The above governing equations along with the initial and boundary conditions are solved with a pressure-based 

finite volume method according to the SIMPLER algorithm using TDMA solver. 

 

IV. RESULTS AND DISCUSSION 
 

In the present work, the transport phenomena during continuous casting of an A356 alloy under electromagnetic 

stirring is predicted numerically. The authors validated the numerical code in [13]. The validated code is extended 

for a preliminary study of the present problem.    

In the Figure 2a, nature of the Lorentz force in the mold is shown. The figure is zoomed near the outer surface of 

the mold whereas in the Figure 2b, the corresponding stream-function pattern is shown. It is observed that a 

circulation in the melt is developed under strong stirring. The developed circulation moves up the melt near the 

mold wall. The top loop is generated due to Lorentz forces and the lower loop is due to thermo-solutal convection. 

The maximum velocity is found as 0.39m/s in the melt whereas the maximum Lorentz force is 9.91kN/m3.  

The predicted steady state temperature distribution with solid fraction in presence of a stirring force 9.91kN/m3 is 

plotted in the Figure 3a.  The pouring temperature considered is 6950C i.e. a superheat of 800 C is applied.  It can be 

seen that the temperature in the mold region is almost uniform due to the stirring action. In the Figure 3b, it is 

observed that the distribution of solid fraction is almost uniform in the mold region. It is also observed that the 

temperature is almost constant in the liquid region due to active stirring action. 
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(a) (b)  (a)  (b) 

Fig. 2 (a) Distribution of forces and (b)  Patterns of 

the stream lines     

Fig. 3 (a) Temperature distribution with solid 

fraction, (b) Solid fraction distribution  in the liquid 

region   
In the Figure 4a and Figure 4b, the distribution of Si in the liquid region is presented. When stirring is applied, the 

forced circulation causes the Si-rich and Si-lean regions to interchange. Due to this the rejected solute mixes well. 

So, the average concentration of solute (Si) is less compared to the case without stirring. 

 (a)  (b) 

Fig. 4 (a) and (b) Distribution of of specis (Si) in the 

liquid region 

V. CONCLUSIONS 
 

A numerical study is performed to predict the transport phenomena during continuous casting of A356 alloy 

under linear electromagnetic stirring. The agglomeration and de-agglomeration of the suspended dendrites in bulk 

liquid under shear is considered during solidification.  The volume averaged single phase conservation equations are 

used to represent the casting process. The electromagnetic forces are incorporated in the momentum equations. The 

governing equations are solved based on the pressure based finite volume method according to the SIMPLER 

algorithm using TDMA solver along with the enthalpy update scheme. The simulation predicts the temperature, 

solid fraction and species in the computational domain in presence of stirring. It is observed that the distribution of 

solid fraction is almost uniform in the mold region. It is also observed that the temperature is almost constant in the 

liquid region due to active stirring action. It is also found that the rejected solute mixes well when stirring is applied.  
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