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Abstract—A numerical method is developed to calculate/simulate the
separation of non-metallic inclusions from an aluminum melt by using
a strong magnetic field (e.g., 10 Tesla) with high gradient generated
via a superconducting magnet. The cases with and without imposed
DC current on liquid aluminum in a cylindrical channel are discussed
and compared. The migrating velocities of the non-metallic inclusions
in an aluminum melt are calculated through force analysis and Navier-
Stokes equations. In addition, the trajectories and removal efficiencies
of the inclusions are evaluated. It is found that particle trajectories
are influenced by the imposed flow rate and inclusion particle size. In
addition, the removal efficiency is improved significantly, especially for
small inclusions, e.g., < 10µm, by an imposed DC current on liquid
aluminum in the high gradient area of a magnetic field.

1. INTRODUCTION

Increasing demand of high quality aluminum metal and its alloys
promotes the development of non-metallic inclusions separation
technologies from liquid aluminum [1, 2]. The presence of inclusions can
strongly influence the mechanical properties and corrosion resistance
of the aluminum parts in performance [3]. A range of methods have
been proposed for the removal of inclusions during the aluminum
secondary refining process. Traditionally, the methods include flotation
or sedimentation; ceramic filtration; bubbling capture; and stirring
or centrifugal separation [1–4]. Many studies with respect to these
technologies have been reported and some have been applied in
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industry. However, small sized inclusions are still difficult to be
removed.

Recently, electromagnetic fields have been applied to separate
inclusions from liquid metal during its secondary refining process [1, 5–
10]. Treatment by using a strong magnetic field with high gradient
is considered to be a power efficient method [11]. Due to the rapid
development of superconducting technologies, strong magnetic fields
of, e.g., 10T, can nowadays be easily obtained. Under strong magnetic
fields, the magnetisation forces become considerable even for small
gas bubbles on which the forces are, however, negligible under lower
magnetic fields. Meanwhile, the magnitude of the Lorentz force
density with an imposed current can also be considerably increased
by an increase of the magnetic field intensity, facilitating the removal
of small particles. A possible method, combining the Lorentz and
magnetisation forces, has been proposed to remove small inclusions of
around 10µm [11]. However, there is still lack of detailed descriptions
of the effect of a strong magnetic field and reports on the operational
parameters for small inclusion removal are limited.

In the present paper, a numerical method is conducted to assess
the inclusion removal from a liquid metal (we introduced aluminum
melt as an example) in a strong magnetic field with a high gradient
and with an imposed DC current in a cylindrical channel. The specific
case of liquid aluminum is considered. Combining the electromagnetic
theories and fluid dynamics, the particle migration velocities and
trajectories are evaluated and compared for the cases with and without
the imposed current. In addition, removal efficiencies are estimated.
A process to remove small inclusions from liquid metal by applying
strong magnetic fields and a DC current is proposed.

2. THEORY AND NUMERICAL MODEL

A schematic diagram of the inclusion removal by using a strong
magnetic field with a high gradient is shown in Fig. 1. The
superconducting magnet bore is 150 mm in diameter with a high
gradient area, in which, the cylindrical channel (the dimensions are
shown in Fig. 1) is located. The aluminum melt containing non-
metallic inclusions flows through the channel with a constant inlet
velocity vM . A DC current in the axial direction of the channel with a
constant density, ~J (A/m2), is imposed. The physical properties of the
liquid aluminum and some non-metallic inclusion particles are listed in
Table 1 [12]. Both cases with and without the imposed current were
considered in the calculations.
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Figure 1. Schematic diagram of the principle of inclusion removal
from flowing melt in a cylindrical channel under a strong magnetic
field with high gradient (the channel is placed in the high gradient area
with the channel axis perpendicular to the magnetic field direction).
(a) The whole image; (b) the axial image of the channel; and (c) the
cross-section of the channel (FP is the force on the inclusion particle).

Table 1. Physical properties of liquid aluminum at 933 K and some
non-metallic inclusion particles.

χ, 10−5 Density,
kg/m3

Viscosity,
10−3 Pa· S

Electrical conductivity,
106(Ω · m)−1

Al 1.323 2370 1.25 4.1322
Al2O3 −1.81 3970
SiC −1.29 3220
SiO2 −1.65 2660

2.1. Inclusion Removal from Liquid Aluminum under a
Strong Magnetic Field with a High Gradient

Under a vertical strong magnetic field with high gradient, a non-
metallic inclusion experiences gravity, buoyancy, Faraday, and Stokes
viscosity drag forces. The force analysis is schematically shown in
Fig. 2 and the detailed derivation is provided elsewhere [13].

According to Fig. 2, the resultant force can be expressed by

Fp − Fη,B = ∆Fm + ∆G− Fη,B (1)

where Fp is the driving force and ∆Fm is the resultant Faraday force
on the non-metallic inclusion, ∆G is the difference between the gravity
and buoyancy forces and Fη,B is the Stokes viscosity drag force for
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Figure 2. Schematic plot of the force analysis on a non-metallic
inclusion.

laminar flow.
∆G = V (ρp − ρM )g (2)

where ρM and ρp are the densities of the liquid melt and of the non-
metallic inclusion, respectively, g is the gravitational constant, V is the
volume of the particle.

∆Fm = V (χM − χp)
1
µ0

B∇B (3)

where µ0 (= 4π×10−7 Hm−1) is the magnetic permeability of vacuum,
χM and χp are respectively the volumetric mass magnetic susceptibility
of the liquid melt and the diamagnetic/paramagnetic particle; B and
∇B denote the magnetic field density and magnetic field gradient
respectively.

For a spherical particle with Reynolds number less than 1, the
Stokes drag force is

Fη,B = 3πηM,BvP,rdp (4)

where ηM,B is the viscosity of the melt in a strong magnetic field, vP,r

is the inclusion velocity in radial r direction and dp is the inclusion
diameter.

Under a strong magnetic field, a local flow of liquid melt induced
by the migration of the inclusion particle cuts the magnetic field lines
and induces current as well as a local Lorentz force f (see Fig. 2) on
the flowing liquid melt. The local Lorentz force acts as a pressure on
the bottom surface of the settling particle, resulting in a contribution
to the viscosity drag force. Therefore, the melt viscosity is considered
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to be influenced by the magnetic field. The viscosity of the melt in
the strong magnetic field can be derived from the Hartmann number
(Ha).

ηM,B
∼= 1

3
ηMHa (Ha À 1)

∼= ηM

(
1 +

3
8
Ha

)
(Ha ¿ 1)

∼= ηM

(
1 + 11

8 Ha + 1
3Ha2

1 + Ha

)
(Ha ≈ 1) (5)

where Ha = B
dp

2 (σM
ηM

)1/2 and ηM and σM are respectively the
viscosity and electrical conductivity of the liquid melt at a certain
temperature [14].

Based on the above assumptions and Equations (1) to (5),
migration velocities of the inclusions in the strong magnetic field with a
high gradient are calculated by solving the following simplified Navier-
Stokes equation

ρp
1
6
πd3

p

dvP,r

dt
=

1
6
πd3

p(χM − χp)
1
µ0

B
dB

dz
+

1
6
πd3

p(ρp − ρM )g

−3πηM,BvP,rdp (6)

2.2. Inclusion Removal from Liquid Aluminum under a
Strong Magnetic Field with an Imposed DC Current

With an imposed DC current on the liquid melt, the situation is
different from the one without current (see Fig. 1). In this case,
an extra Lorentz force acts on the liquid melt, resulting in an
electromagnetic Archimedes force (FEA

p in Equation (7)) on the non-
metallic inclusion due to the electrical conductivity difference between
the liquid metal and the non-metallic inclusion. The force on the
inclusion can be expressed by [15]

FEA
p = −3

2
σM − σp

2σM + σp
J ×B (7)

where σM and σp are the electrical conductivity of the liquid metal
and the non-metallic inclusion respectively.

To simplify the calculation procedures, the following assumptions
were made:
(1) The fluid flow (incompressible) is laminar and developing steady

state (meanwhile, the velocities are set to zero at the walls with
non-slip condition).
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(2) All the physical and thermal properties of the liquid metal and
the non-metallic inclusion are independent of time.

(3) The gradient of the magnetic field in the flowing direction is zero.
(4) The electromagnetic field is not influenced by the fluid flow and

the induced magnetic field by the DC current is not taken into
consideration in the present calculation.

(5) There is no influence of the inclusions on the fluid flow field.
As shown in Fig. 1, with the imposed DC current, an induced

electromagnetic Archimedes force acts on the inclusion. The inclusion
particle is pushed to one side of the channel and then trapped by the
refractory wall. In this case, the migration velocity of the inclusion
particle in the direction of the electromagnetic Archimedes force can
be calculated by

ρp
1
6
πd3

p

dvP,r

dt
=

1
6
πd3

pF
EA
p − 3πηM,BvP,rdp (8)

2.3. Trajectories and Removal Efficiency of Inclusion
Particles

The motion of an inclusion particle can be divided into radial (r) and
horizontal (z) directions (Fig. 1). To calculate the trajectories of the
inclusion particles under the treatment of strong magnetic fields with
and without an imposed current, the velocity in radial direction is
calculated by solving the Navier-Stokes equation (Equation (6) or (8)),
while the velocity in the z direction (flowing direction) can be obtained
from the numerical solution of the fluid flow field by neglecting the
unsteady forces. The migration velocity of the inclusion particle in
the z direction is assumed to be equal to the local melt velocity. The
solution of the flow field can be found in literature [16]. The particle
position (r, z) in the longitudinal section of the channel as a function
of time can be calculated by substituting the obtained velocities into
Equation (9). (

r = r0 + vP,rdt
z = z0 + vP,zdt

(9)

where r0 and z0 are the initial position of the particle and vP,z is the
particle velocity in the z direction.

Consequently, the trajectories of the inclusions in the flowing
aluminium melt during the electromagnetic treatment can be
predicted.

The removal efficiency is obtained by calculating the migration
distance of an inclusion particle. As shown in Fig. 3, all the inclusions
in the melt can be removed if the inclusion particle flowing in from
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Figure 3. Principles of the inclusion removal under the treatment of
magnetic field with an imposed current flow by neglecting the inclusion
migration in the magnetic field direction. (a) Initial particle position
in a cylindrical channel. and (b) Particle trajectory in the horizontal
plane (it is similar case when there is without an DC current, only the
inclusion is trapped at the bottom of the tube instead of the horizontal
sidewall).

the position illustrated in the figure reaches the opposite sidewall.
Therefore, the removal efficiency ξ is defined in Equation (10) to be
the ratio of the particle migration distance in the radial direction, r
to the diameter Φ of the cylindrical channel. The particle migrating
distance in the r direction is calculated by integration of Equation (6)
or Equation (8).

ξ =
r

Φ
(10)

3. RESULTS AND DISCUSSION

3.1. Inclusion Removal from Liquid Aluminium under a
Strong Magnetic Field with a High Gradient

In order to investigate the effect of the magnetic field (assuming the
magnetic field is independent of time t) on the migration of inclusions
in aluminum melt, typical non-metallic inclusions, such as Al2O3, SiC,
and SiO2 were chosen [12]. The physical properties of those non-
metallic inclusions at 933 K are listed in Table 1. The resultant force
as well as the migration velocity of a non-metallic inclusion under the
strong magnetic field with a high gradient is calculated according to
Equations (1) to (6) (without imposed DC current).

The inclusion migration velocities and their time dependence for
10µm sized Al2O3, SiC and SiO2 particles at magnetic field density
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of 10 T and the gradient of 60 T/m are calculated and shown in
Fig. 4(a). It is clear that the velocities of all the particles reach their
maximum values in a very short time (around 30µs). Under the present
calculation assumptions, the migration velocities for distinct inclusion
type increase in the order: SiO2 < SiC < Al2O3 due to the difference
of their magnetic susceptibilities (Table 1).

Figure 4(b) summarises the particle type and size dependency of
the ratio of maximum particle velocity in the magnetic field to that in
the gravitational field (µm/µg as calculated from Equation (6) and the
Stokes theory [16]). Although the ratio can reach up to more than 20
for the Al2O3 particles smaller than 2µm, the influence of the magnetic
field decrease rapidly with the particle size and the enhancement of
inclusion removal by using a magnetic field is limited when the diameter
is more than around 20µm. This is due to the increased drag force
for large inclusions under strong magnetic fields (see Equations (4) and
(5)). The influence of the magnetic field is also found more pronounced
in a paramagnetic melt when the diamagnetic particle is inherent with
smaller magnetic susceptibility and density.

Additionally, the removal efficiency, see Equation (10), is
evaluated and shown in Fig. 5. It is influenced by various factors. One
of the factors is the flow rate of the liquid melt. Afshar [17] stated that
the faster the melt flows, the lower the removal efficiency becomes since
the decrease of the treatment duration. Here, the case with zero flow
rate is considered in order to eliminate the influence of melt flowing.
As illustrated in Fig. 5(a), the removal efficiency for Al2O3 increases
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Figure 4. Migration velocities of the non-metallic inclusions in liquid
aluminum under gradient magnetic field (B = 10T, 60T/m). (a) The
dependence of time; (b) the ratio of the maximum velocities µm/µg

with and without the magnetic field.
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Figure 5. Effect of inclusion size and physical property on the removal
efficiency under gradient magnetic field (flow rate is zero). (a) The
dependence of the particle size (Al2O3); (b) the dependence of the
physical properties.

significantly with increasing the particle size and the value is very low
for inclusions with a particle size smaller than 5µm. The influence of
the inclusion type (see Table 1) is shown in Fig. 5(b). Al2O3 inclusion
inherent with the smallest magnetic susceptibility and largest density
exhibits the highest removal efficiency. However, the values are still low
even after a treatment for hundred seconds compared with literature
data using traditional electromagnetic methods [17, 18].

Summarizing the calculation results presented in Figs. 4 and 5, it
is clear that: (1) The removal rate can not be significantly improved
by using a strong magnetic field with a high gradient for large
inclusions (e.g., > 10 µm), due to a large viscosity drag force acting
on the inclusion particles; (2) despite of the considerable high ratio
of µm/µg (Fig. 4(b)) for small inclusions (e.g., < 5µm), the low
removal efficiencies make it impractical to separate small inclusions
from liquid aluminum by applying only a strong magnetic field with a
high gradient.

3.2. Inclusion Removal from Liquid Aluminum in a Strong
Magnetic Field with an Imposed Current

When imposing a DC current on the liquid aluminum, an
electromagnetic Archimedes force originates and acts on the non-
metallic inclusion (see Section 2.2). The force (FEA

p in Equation (7))
is calculated for Al2O3 inclusions in an aluminum melt at 933 K as a
function of the particle diameter as graphically presented in Fig. 6.
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(1500 kA/m2, Al2O3).
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with an imposed DC current
(1500 kA/m2).

According to the references [11, 16], the imposed DC current density
for the calculations is chosen to be 1500 kA/m2 and the magnetic field
density is 10T. Compared with the driving force in the magnetic field
gradient direction (Fp in Equation (1) without the DC current), a
substantially larger electromagnetic Archimedes force (Equation (7))
is acting on the inclusion in the perpendicular direction of the magnetic
field gradient, see Figs. 1(c) and 3). This implies that the imposed DC
current on the aluminum melt can significantly accelerate the Al2O3

particle migration rate in the liquid aluminum, hence improving the
Al2O3 removal efficiency. Compared the magnitudes of Fp and FEA

p in
Fig. 6, the migration in the gradient direction was omitted and only
the velocities of inclusions in the electromagnetic Archimedes force
direction were calculated in the case with an imposed current.

Figure 7 illustrates the time dependence of the Al2O3 particle
migration velocity in the liquid aluminum for a particle diameter of
10µm with a DC current of 1500 kA/m2 imposed. To simplify the
calculation, only the migration in the electromagnetic Archimedes
force direction was taken into account (Equation (8)). The migration
velocity can reach more than 100 times that of the case without current.
The removal of Al2O3 inclusion from an aluminum melt can therefore
be tremendously improved by imposing a DC current.

To get a better understanding of the inclusion behavior in the
liquid aluminum when imposing a DC current under a strong magnetic
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Figure 8. Effect of (a) particle size (10T, 0.01 m/s), and (b) flowing
rate (10 T, 5µm) on the Al2O3 trajectories under strong magnetic field
with an imposed current (1500 kA/m2).
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Figure 9. Contourplot of the removal efficiencies of Al2O3 inclusions
from liquid aluminum using a strong magnetic field (10T) with an
imposed DC current (1500 kA/m2).
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field, the migrating trajectories of the Al2O3 inclusion in a flowing
aluminum melt are calculated. Assuming that an aluminum melt
containing a spherical Al2O3 inclusion with a specific diameter located
at the position (z = 0, r = 0) in the beginning (t = 0) (see Fig. 3(a)),
flows through the channel with a constant inlet flow rate. Then,
the particle position (r, z) in the longitudinal section of the channel
(Fig. 3(b)) can be calculated by solving the Equations (8) and (9).

The effects of the particle size (when the flow rate is 0.01 m/s)
and the aluminum melt flow rate (the particle size is 5µm) on the
migrating trajectories of the Al2O3 inclusion are presented in Fig. 8.
The inclusions are pushed and moved to one side of the channel
where they can be trapped by the refractory wall. The results reveal
that the particle size and melt flowing rate influence the trajectories
significantly, indicating that larger inclusions are easier to be removed
with lower flowing rate, namely, longer treatment time. Therefore,
the inclusion size and the treatment time are two key factors directly
affecting the removal efficiency.

The removal efficiency, calculated based on Equations (8) and (10),
as a function of the particle size and treatment time is presented in
Fig. 9. Compared with Fig. 5, the removal efficiency is much larger
and it reaches 100% for 5µm sized inclusions in around 2 seconds,
suggesting that it is a very efficient method to remove micrometer-
sized inclusions by using strong magnetic fields with an imposed DC
current. In addition, the removal efficiency can be further improved
by increasing the current density, which has already been investigated
for the inclusion removal from magnesium melts in a rectangular
channel [16]. However, the power efficiency will be much lower because
of the increased Joule heat losses (proportional to J2) and the power
is consumed by heating the melt [11].

Furthermore, the DC current will induce an additional magnetic
field which influences the trajectories of inclusions [16]. A further
investigation is therefore required. However, the removal efficiency
will be comparable since the electromagnetic Archimedes force will be
hardly influenced. Based on the above calculations and discussions,
an efficient method is then proposed to remove small inclusions (e.g.,
< 10µm) by imposing a DC current on the liquid aluminum flow under
a strong magnetic field.

4. CONCLUSION

A numerical calculation is performed to investigate the inclusion
removal from a flowing aluminum melt in a cylindrical channel. The
cases with and without imposed DC current are both evaluated with
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respect to the inclusion removal efficiency. The following conclusions
can be drawn:

1) Without applying a DC current, it is impractical to separate
small inclusions from liquid aluminum by applying only the strong
magnetic field with high gradient. For large inclusions (e.g,
> 10 µm), the removal rate can not be significantly improved by
using the strong magnetic field with high gradient due to a large
viscosity drag force acting on the inclusion particles. For small
inclusions (e.g., < 5µm), in spite of a considerable enhancement
of the migration, the removal efficiencies are still low (Fig. 5(a)).

2) With a DC current imposed (with a density of 1500 kA/m2), the
electromagnetic Archimedes force becomes dominant, resulting in
a significant enhancement of the inclusion removal. According to
the calculation, the removal efficiency reaches 100% in 2 seconds
for 5µm inclusion.

3) The trajectories of Al2O3 inclusions in aluminum melt can be
strongly influenced by the particle size and melt flowing rate. The
results reveal that larger inclusions are easier to be removed with
lower flowing rate. The inclusions are pushed and moved to one
side of the channel where they can be trapped by the refractory
wall.

4) An effective process can be proposed to remove small inclusions
(e.g., < 10µm) from liquid aluminum by imposing a strong
magnetic field and a DC current.
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