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Abstract
With the purpose of obtaining compositionally uniform ingots during Ohno continuous casting of a
dilute industrial aluminum alloy through eliminating segregation due to convection, a magnetic
field strength required to damp natural convection and suppress macrosegregation was numerically determined. This was achieved by solving conservation equations of continuity, momentum,
energy and Maxwell’s equations in order to predict the magnetic field effects on flow field (determining macrosegregation). The electromagnetic field was applied orthogonally to the natural
convection flow. Through this approach, the optimum magnetic field strength required to damp
natural convection and establish diffusion controlled solute transport of the alloy during solidification was established.
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1. Introduction
Ohno Continuous Casting (OCC) process is a recently developed heated mold unidirectional continuous casting
process used for producing superior, unidirectional rods and wires of substantial length [1]. When producing
single crystal/unidirectional ingots during Ohno continuous casting, it is an ideal practice to remove natural melt
convection entirely, leading to solidification heat transfer by pure conduction. This is because convective flow in
the melt leads to fluctuations in the solute concentration in the produced ingot (macrosegregation) [2]. So, one
would aim to be able to grow a single crystal with a planar interface and a quiescent melt near the solid-liquid
interface where solute transport is merely through diffusion [3] [4]. Elimination of melt convection maintains a
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stable planar solid-liquid interface thereby minimizing the solid ingot defect densities and compositional variations [5]. A practical approach to reduce convective mixing in the melt is through application of static direct
current (DC) magnetic fields to suppress buoyancy induced flows under full gravity [6]-[12]. The effect of an
externally imposed uniform magnetic field differs according to the flow pattern of the convective flow considered [13].
Electromagnetic damping of melt flow is mostly used in steel continuous casting and crystal growth industries.
In continuous casting of steel, electromagnetic brakes employ coils with direct current to generate a static magnetic field to affect flow in the mold cavity [7] [9]. Several researchers investigated the use of electromagnetic
damping to control natural convection during solidification. Early experiments by Hurle [14] and Utech and
Flemings [15] showed that striations in tellurium doped indium antimonide grown in a horizontal furnace by directional solidification due to natural convection can be eliminated by the application of a DC magnetic field.
Harvey et al. [16] used a vertical DC magnetic field during solidification of tellurium-doped indium antimonidein a horizontal boat and showed that the use of magnetic field eliminated the solute bands that are formed in
absence of magnetic field. The study by Oreper and Szekely [17] shows that the magnetic field suppresses natural convection currents and the magnetic field strength is one of the most important factors to achieve the desired control. Rudraiah et al. [18] numerically investigated the effect of a transverse magnetic field on natural-convection flow inside a rectangular cavity with isothermal vertical walls and adiabatic horizontal walls and
found out that a circulating flow is formed with a relatively weak magnetic field and that the convection is suppressed when the magnetic field strength increases. Motakef and Kim [19], Adornato and Brown [20] used numerical simulation in a vertical Bridgman-Stockbarger configuration and demonstrated the dissipative influence
of the applied magnetic field on the intensity of convection in the melt. The effect of a strong vertical magnetic
field on convection and segregation in the vertical Bridgeman crystal growth process was considered by Ben
Hadid et al. [21].
Recently, Gunzberger et al. [22] estimated the optimal magnitude of the constant magnetic field necessary for
the suppression of turbulent flow in the melt. Thus, numerical simulations are nearly irreplaceable means to get
detailed information about the flow field and the magnetic fields in order to optimize the processes. In this paper,
numerical simulation is used, for the first time, to determine the optimum magnitude of the constant (DC) magnetic field required to damp natural convection during Ohno continuous casting of a dilute industrial aluminum
alloy. Although in conventional continuous casting processes, suppression of the convective cell near the solidliquid interface results in an increase in the slope of the diffusion controlled boundary layer, which can lead to
constitutional super cooling [5], the use of a heated mold considered here during OCC avoids under cooling.

2. Mathematical Model
2.1. Flow, Temperature and Solidification Fields Modeling
The solidification process was modeled by using the governing equations based on the mixture theory originally
from Benon and Incropera [23]. The Boussinesq form is used and gravity acts in the y-direction aligned with the
magnetic field and perpendicular to casting direction (Figure 1).
2.1.1. Assumptions
In the solidification system considered in this work, the following assumptions are used regarding the transport
of heat, mass, and momentum:
i. The thermal and physical properties are constant within each phase.
ii. The solid and liquid phases are in local thermodynamic equilibrium, i.e. the phase diagram applies.
iii. The liquid metal is considered to be an incompressible Newtonian fluid.
iv. The Boussinesq approximation can be invoked.
v. Since the concentration of the solutes in the industrial aluminum alloy considered is very small; the
buoyancy is mainly due to temperature gradient (thermal convection is only considered).
vi. Electromagnetic property of the melt was assumed to be uniform and isotropic.
2.1.2. Mass Conservation Equation

∂ρ
+ ∇ ⋅ ( ρ u) =0
∂t
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Figure 1. The horizontal Ohno continuous casting process in presence of electromagnetic
braking.

where ρ is the density of the mixture, u is the superficial velocity.
2.1.3. Momentum Conservation Equation

∂ ( ρ u)
∂t

+ ∇ ⋅ ( ρ uu ) = −∇p + ∇ ⋅ ( µl ∇u ) −

µl
K

u + ρ g βT (T − Tref ) + FL

(2)

where p is the pressure, µl is the dynamic viscosity of the melt, FL is the momentum source due to magnetic
braking, Tref corresponds to the nominal temperature of the mold which is 938 K.
2.1.4. Energy Conservation Equation

∂(ρH )
∂t

+ ∇ ⋅ ( ρ H ) u = ∇ ⋅ ( k ∇T ) + S h

(3)

where H is the enthalpy, k is thermal conductivity; T is temperature and

Sh = ∆h f

∂f s
∂t

(4)

is the source term due to heat released during solidification.
The liquid and solid enthalpies are related through the following thermodynamic relations:

H = h + ∆H
where =
h href +

T

∫ C p dT

(5)

and ∆H =
fl L.

Tref

Cp is the specific heat and href is the reference enthalpy. In order to account for the release of latent heat during solidification in the energy equation, the enthalpy method was used in this work.

1
 T − Ts

=
fi 
 Tl − Ts
0

when T ≥ Tl
when Tl ≥ T ≥ Ts

(6)

when T ≤ Ts

where Tl and Ts are the liquidus and solidus temperatures respectively. The release of latentheat within the
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mushy region was properly incorporated in the energy equation as a source term.
The mixture quantities are defined in the following manner:

fl + f s = 1, H = H L fl + H s f s , D = DL fl + Ds f s , k = kl fl + k s f s
where fl is liquid fraction, fs is solid fraction and D is for diffusion coefficient.

2.2. Electromagnetic Field
The basic mechanism for the interaction of an applied magnetic field and the molten metal involves the electrical currents induced by the movement of the conductor in presence of a magnetic field. This interaction results in
the Lorentz force which is used to damp and control the convective flow. The method for solving for the electromagnetic force is derived from Ohm’s law and Maxwell’s equation [24]. Thus, a magnetic field is induced
when a conducting fluid, such as molten metal, moves through an applied magnetic field, B0with a velocity, u.
This induced field, b is calculated by solving:

∂B
1
+ ( u ⋅ ∇ )=
B
∆B + ( B ⋅ ∇ ) u
∂t
µσ

(7)

With =
B B0 + b , the induction equation becomes:

∂B
1 2
∂b
+ ( u ⋅ ∇ )=
∇ b + ( ( B0 + b ) ⋅ ∇ ) u − ( u ⋅ ∇ ) B0 − 0
b
µσ
∂t
∂t

(8)

From the solved magnetic field B, the current density j can be calculated using Ampere’s relation as:

j
=

1

µ

∇xB

(9)

The Lorentz force, or induced electromagnetic force, is determined using:
=
FL j=
xB jx ( B0 + b )

(10)

This force term is subsequently added into the momentum equations as a source/sink term. Under the assumption of low magnetic Reynolds number ( Re m = uU µσ ) , the induced magnetic field can be ignored in comparison with the one imposed. This assumption is justified if the magnetic Reynolds number takes a value less than a
unity. For the energy equation, the additional source term is the Joule heating rate (Qem) given by:

Qem =

j2

σ

(11)

where J is the current density.

2.3. Physical Model
Figure 1 shows the horizontal Ohno continuous casting process domain considered in presence of electromagnetic braking magnets. The heated mold is used to keep the molten metal temperature above the liquidus temperature, and the solid ingot is pulled from the melt with pinch rollers. Water spraying is used to control the
temperature and position the solid-liquid interface at the mold exit. Electromagnetic brakes are placed next to
the molten metal and adjusted to control melt convection.

2.4. Numerical Procedure
The governing equations are discretized in CFD Fluent 6.3.26 using an implicit, first-order upwind scheme and
the SIMPLE algorithm for pressure-velocity coupling. The momentum and energy source terms for thermal
convection and enthalpy release during solidification are incorporated in the governing equations using User
Defined Functions (UDFs). Lorentz forces are computed using the magnetic induction method and is then added
into the momentum equations as a source term at the next iteration step. To simulate the continuous extraction of
the solidifying aluminum rods, the shell wall boundaries are given a downward velocity equal to the casting
speed of 1 mm/min. The thermo-physical properties of the industrial aluminum used are given in Table 1 and
the simulation initial and boundary conditions are given in Table 2.
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Table 1. Thermo physical properties of Al 0.12 wt.% Cu 0.11 wt.% Si Alloy.
Property

Unit

Density of Liquid

Symbol

Value

3

ρ

2550

3

kg/m

Density of Solid

kg/m

ρ

2660

Specific Heat

J/kgK

Cp

960

Thermal conductivity of Liquid

w/mK

K

180

Thermal conductivity of Solid

w/mK

K

200

Viscosity of Melt

Pas

μ

1.3e−3

Melting Heat

kJ

L

390

Liquidus Temperature

K

TL

933

Solidus Temperature

K

TS

926

Thermal Expansion Coefficient

-

β

1.2e−4

Table 2. Initial and boundary conditions.
Property

Units

Value

Nominal melt temperature

K

938

Heat transfer coefficient of Al in air

2

100

2

w/m k

Heat transfer coefficient of Al in water spray

w/m k

20,000

Temperature of the heated mold

K

938

3. Results and Discussion
3.1. Validation of the Model
The ability of the CFD Fluent 6.3.26 magnetic induction method to predict convective flow braking during continuous casting was validated by K. Cukierski and B. Thomas using caster experiments [9]. Armor et al. [23]
also used the model in CFX to compute electromagnetic braking of flow during LPD growth of SiGe crystals.
The results are shown in Figure 2 and clearly demonstrate the effect of braking magnetic fields in suppressing
convection flow. Here the flow fields are reduced in strength as the electromagnetic fields are increased from 0.0
T to 0.2 T.

3.2. Solidification and Flow Fields (in Presence and Absence of Electromagnetic Braking)
The numerical results of the investigation of buoyancy-driven convection during OCC of aluminum in presence
and absence of an applied magnetic field are presented here. The effect of natural convection on flow fields was
first simulated numerically. Then the electromagnetic intensity required to completely suppress the flow was
determined by increasing its strength until the entire flow convection was suppressed. The temperature and solidification profiles for a steady OCC process are shown in Figure 3 and Figure 4, respectively. The gravity acts
in the y-direction and is therefore aligned with the magnetic field. Figure 5 shows the computed natural convection velocity field within the melt in the heated mold region in absence of a magnetic field. The maximum velocity magnitude is around 0.006 m/s.
Figure 6 shows the computed velocity field in the heated mold region in presence of a uniform magnetic field
of 0.05 T. The maximum velocity is on average approximately 0.000115 m/s. Increasing the magnetic field intensity to 0.1 T produces almost suppressed melt convection as shown in Figure 7 with a maximum velocity of
approximately 0.0000311 m/s which is of the order of the casting speed (0.0000166 m/s) used. Thus, the magnetic field has completely suppressed the vortices that were present in the cases without the magnetic field. This
case demonstrates that thermal buoyancy-induced flow intensity can be significantly reduced through the use of
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(a)

(b)

(c)

Figure 2. Effect of braking electromagnetic fields on the flow fields, (a) No magnetic fields; (b) B = 0.1 T and (c) B = 0.2 T
[23].

Figure 3. Computed temperature profile for (g = 9.81 m/s2) and B = 0.0 T.
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Figure 4. Computed solidification profile for (g = 9.81 m/s2) and B = 0.0 T.

Figure 5. Computed velocity magnitudes for (g = 9.81 m/s2) and B = 0.0 T.

Figure 6. Computed velocity magnitudes for (g = 9.81 m/s2) and B = 0.05 T.
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Figure 7. Computed velocity magnitudes for (g = 9.81 m/s2) and B = 0.1 T.

applied magnetic fields, even under full gravity. Based on the effect of magnetic intensity on the performance of
magnetic flow modifier, it can be concluded that an intensity of 0.1 T is the optimum value in designing the
magnetic breaking system under the conditions considered here.

4. Conclusion
The electromagnetic field strength required to dampnatural melt flow during Ohno continuous casting in order to
minimize macrosegregation was determined through numerical simulation. This was achieved by applying
braking electromagnetic fields orthogonally to the natural convection flow. The computational results indicate
different flow-field patterns in presence and absence of electromagnetic braking. The melt flow intensity decreased with increase in magnetic field intensity from zero and at the magnetic field intensity of around 0.1 T,
the convection flow was completely suppressed. Using the optimized magnetic field strength, the number of coil
windings and length of the coil for braking can be determined analytically making the process cheap to operate.
µ⋅I ⋅N
, here, B is the induced magnetic flux density, N is the number of
The design can be done using: B =
L
the coil windings and L = is the length of the coil. This optimum direct current (DC) electromagnetic intensity
makes it possible to produce homogeneous ingots whilst the caster operates at minimum costs.
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