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[ Abstract] Simulation law and physical simulation were used to study the kinematic behavior of inclusions in electro-

magnetic separation. It was found that velocity of spherical nor metallic particles shares different functions in different

Reynolds number range. The function of spherical particle’ s velocity has been got by confirming the relationship between

Reynolds number and resistance coefficient when Reynolds number is 0. 2~ 10. For norr spherical particles, the moving

behavior is influenced by shape and orientation while spherical coefficient has nothing to do with the velocity of irregular

particles. The influence of orientation of cuboid particle on the electromagnetic expulsive force has been indicated by nu-

merical computation.
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1 INTRODUCTION

Very small nomrmetallic inclusions can be re
moved from aluminum melt by electromagnetic sepa-

U1~31 Therefore, it is thought to be a promis-

ration
ing way to meet the demand for cleaner melt. Clarify-
ing kinematic law of inclusion movement is necessary
to design electromagnetic separating equipment and to
develop separating techniques. T he shapes of most in-
clusions in aluminum melt are irregular. The electro-
magnetic expulsive forces of irregular inclusions were
mentioned in Refs.[2,6], but no concrete study
about moving behavior of irregular particles has been
reported. For spherical particles, the equation of mi
grating rate used in Ref.[3] was derived from the
balance between the electromagnetic expulsive force
given by Leenov and Kolin'” and Stokes drag
force!® | that is
d?

“T 24u

w here

|7 x Bl (1)

U « is the terminal migrating velocity of in-
clusions, d is the diameter of inclusions, J is the cur-
rent density, B is the magnetic flux density vector,
and H is the viscosity of the fluid.

Reynolds number of inclusions larger than 20 Hm
can easily reach and exceed 0.2 in electromagnetic
separation of aluminum melt. Reynolds number of in-
clusions less than 20Hm can exceed 0. 2 under electro-
magnetic field of large intensity too. When Reynolds
number is larger than 0.2, the Stokes law is not

valid'® and Eqgn. (1) is not valid, either. However,
Eqn. (1) was still used in the studies of electromag-

. - [2,9,10]
netic separation

. Therefore, clarifying the mi-
grating rate of inclusions when Reynolds number is
larger than 0. 2 is essential. This paper is concerned
with studying electromagnetic expulsive force and
kinematic law of nomr metallic inclusion moving in alu-
minum melt by physical simulation and numerical cal-
culation, which offers theoretical basis for electro-

magnetic separation of aluminum melt.
2 THEORETICAL BACKGROUND

It is difficult to study the kinematic law of inclu-
sion movement in aluminum melt directly. There
fore, physical simulation is used to study the move-
ment of nommetallic particles. In electromagnetic
field, nommetallic particle movements in aluminum

melt and in electrolyte share the same equation:

A8 (A= Pygr TBxJ- 182 (g

where [ and B, are the densities of liquid and parti-
cles, respectively, u is the velocity of particles, H is
the viscosity of liquid, d is the diameter of nonr
metallic particles, and g is the acceleration of gravi-
ty.

According to Eqn. (2)
o1

and similarity princi
ple' ', two decisive characteristic parameters can be
obtained:
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= const (3)
A%zip: const (4)

Particle movement in electrolyte can be used to
simulate inclusion movement in aluminum melt when
these two characteristic parameters are the same in
the two systems and geometry simulation is kept at
the same time.

3 EXPERIMENTAL

Chlorhydric acid solution was used to simulate a-
luminum melt, transparent plexiglass pipe to simulate
separator and polystyrene particles to simulate non
metallic inclusions. The diameter of polystyrene
spherical particles was in the range of 0.3~ 0. 7mm,
its density was 1023kg/m’. The density of chlorhy-
dric acid solution was adjusted to make the particles
suspend in it. The transparent plexiglass pipe
(200 mm x 20mm X 8 mm) was placed horizontally to
make the direction of DC perpendicular to the direc
tion of the magnetic field. The schematic diagram of
experimental apparatus is shown in Fig. 1.
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Fig. 1 Schematic diagram of velocity measuring

Electromagnet

The electrodes were placed at the two ends of the
pipe. The DC were in the range of 0~ 1000mA.
M agnetic field were generated by electromagnet with
a cross section of 130 mm X 130 mm and a gas gap of
40~ 140 mm. M agnetic flux density, B, could be up
to 1T. The two mirrors were perpendicular to each
other to keep the output light parallel to the input
light. The movement of particles was recorded by
Video Camera Recorder at a rate of 25 frames per sec
ond. Magnification ratio was measured by a ruler ad-
hered on the pipe. The continuous photos were cap-
tured, encoded and cut into one-one photos in a com-
puter so that the position of a particle in any moment

can be known. By testing the relative position of a
particle in a certain interval, velocity of particle can
be caluculated.

In order to study the moving behavior of irregu-
lar particles, the polystyrene particles of good
sphericity were deformed. Because the density of the
particles keep the same under slow deformation, the
equivalent diameter of deformed particles can be con-
sidered to be the diameter of the original ones. The
spherical coefficient of deformed particles can be got
by dividing the settling velocity of deformed particles
(settling in water at room temperature) by the veloci-
ty of the original ones. The influence of spherical co-
efficient on the velocity of electromagnetic separation
can be got by comparing the velocities of the particles
before and after deformation, which are measured in
experimental apparatus shown in Fig. 1. The diame
ter of original particles is 0. 66 mm. The density of
electromagnetic force (EMF) is 534.3N/m’ in the
experiment on deformed particles. One particle of sil-
icate whose density is similar to dilute chlorhydric
acid is cut into cuboid of 1.82mm X 1 mm X 0. 6 mm
to simulate cuboid inclusions in aluminum melt. The
experiment on the cuboid silicate is done by the same
experimental method mentioned above to observe its
moving behavior in electromagnetic field. The density
of EMF in the experiment is 2446.3N/m’. The int
tial position of the particle is near the edge of the
plexiglass pipe and its length (1. 82mm) direction
parallels to the magnetic field, its width direction
(1mm) to DC.

4 RESULTS AND DISCUSSION

4.1 Confirming terminal velocity of spherical par
ticles

Reynolds number is in the range of 4. 31~ 10. 57
in Fig.2(a) and 4.95~ 9.35 in Fig. 2(b), respec
tively. It can be seen that the experimental results are
not in conformity with the calculated results obtained
from Eqn. (1).

If the influence of gravity and buoyancy can be
overlooked, drag force and electromagnetic expulsive
force exerted on nommetallic particles will keep the

balance:
Cox A, x5 Qui= VyxTBxJ (5)
1 1
Ap: 4]Td[2)9 Vp: 6]Td?>
Then Eqn. (5) is transformed to be
CpoPui= d,Bx] (6)
where Cy is drag force coefficient of particles, A , is

the area where drag force exerts on, V, is the volume
of a particle. When the function of drag force coeffi-
cient is known, the relationship between technical pa-
rameters and terminal velocity of particle can be con-
firmed.
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Fig. 2 Relationship between EMF and migrating rate of particle

(a) —Velocity vs electric current density; (b) —Velocity vs magnetic flux density

For different Reynolds number range, the rela-
tionship between drag force coefficient and Reynolds
number is different:

Co= 22 Re<0.2" (7
Cp = —IJ%; 25 <Re <5001 (8)

There is no proper equation to indicate the rela-
tionship between Reynolds number and drag force co-
efficient when Reynolds number is in the range of 0. 2
~ 25. According to the exponential relationship be-
tween drag force coefficient and Reynolds number
shown in Eqns. (7) and (8), the relationship be-
tween them are supposed to be exponential as
Reynolds number in the range of 1~ 10. Based on the
exponential relationship between them and the change
tendency of experimental result shown in Fig. 2, that
is the terminal velocity of particles is linear with
(BJ)*®, their relationship can be expressed as fol-
lows:

1 <Re <10 (9)

Coz 12,7
D= p 082

Therefore, the terminal velocity of particles can

be calculated by
1.52

—d .
u= O. 115 l-l().7g). 15(B])0 8
As seen in Fig. 2, the calculated results by Eqn.

(10)

(10) and experimental results are almost identical.
The same results were obtained in other experiments
in which Reynolds number fell in the same range.

In order to check whether Eqn. (10) can be used
when Reynolds number is less than 1, another experi-
ment in which Reynolds number is in the range of
0.21~ 0. 84 has been done. The result is shown in
Fig. 3. It can be seen that the curve calculated by
Eqn. (10)

is identical to the experimental result
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Fig. 3 Relationship between EMF and

migrating rate of particle

approximately, while the curve by Eqn. (1) deviates
from the result obviously. Thus, Eqn.(10) can be
used to calculate the migrating rate of inclusions when
Reynolds number is in the range of 0.2~ 1.

In aluminum melt (viscosity of melt is chosen to
be 2. 5% 10™ * Pa*s), for spherical inclusion with di
ameter of 50 Pm, if its Reynolds number is larger
than 10, the EMF density must be larger than 5 X
10° N/m® which is difficult to reach in industrial
manufacture. For inclusion of 10Hm, if its Reynolds
number is larger than 10, the EMF density must be
larger than 6.25 X 10* N/m®, which is difficult to
reach even in laboratory. Therefore, the situation of
Reynolds number larger than 10 is not mentioned.

4.2 Moving behavior of irregular particles

Shape coefficient in electromagnetic field is de
fined by dividing the velocity of deformed particles
moving in electromagnetic field by the velocity of
spherical particle with the same volume under the
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same condition. The relationship between the velocity
of deformed particle and the spherical coefficient of
the particle is shown in Table 1. It is seen that the
velocity of deformed particles can be larger or less
than that of the spherical particle with the same vol-
ume in electromagnetic field while all deformed parti-
cles move slower than the spherical ones when settling
in water. That’ s to say the shape coefficient in elec
tromagnetic field has nothing to do with the spherical
coefficient in gravity settlement. The velocity of de-
formed particle can be influenced by the shape and di-
rection of the particle.

Table 1 Influence of particle shape on velocity
Spherical Velocity Shape coefficient in
coefficient /(mmes™ ") electromagnetic field

1 6.57 1
0.43 7.45 1.13
0.54 6.86 1.04
0.56 6.50 0.99
0.63 7.07 1.07
0.68 4.78 0.73
0.79 5.75 0. 88
0.91 8.73 1.33

Fig. 4 shows the schematic of a balanced cuboid
particle moving in the electrolyte, the two sides are
the edges of plexiglass pipe. When the particle leaves
one side of the pipe, the cuboid particle rotated until
it reaches balance in the middle of the pipe. When it
reaches near the other side, it rotates again in the di-
rection opposite to the original orientation as it
stopped at the edge of the pipe. When the direction of
EMF is changed, the particle moves in the opposite
direction but the rotating law and balance orientation
are the same. While keeping balance, the angle be
tween the direction of the particle width and DC is

' 1 mm
|
!

" 0.6mm
Fig. 4 Balance orientation of cuboid particle

F
60

29°. The phenomenon indicates that moving behavior
of irregular particle in electromagnetic field is relevant
to the orientation of the particle.

Because of the difference in electricity between
the non-metallic inclusions and the aluminum melt,
electric streamlines near the inclusion are deformed.
Nonuniform electromagnetic field near the inclusion
brings the turbulence of the melt. The electromagnet-
ic expulsive force exerted on the inclusion can be cal-
culated by the following numerical model.

The control function of electric field is Laplace
Function:

Vie= 0 (11)

The distribution of electric density in the melt
can be calculated by

J=- 0 v (12)

The turbulence of the melt can be described by
N-S function and continuity function:

Pve Vv= - Vp+ f+ I 7y (13)

vv= 0 (14)

The electric field and fluid field are calculated
continually by the method of finite element. After the
pressure distribution in the melt is known, the elec
tromagnetic expulsive force can be got by integral of
the pressure distribution along the surface of the in-
clusion:

F= J.p ds (15)

The parameters used in the calculation are: Jo=
1x10°A/m?, Bo= 1T, 0= 2.95%10°S/m, P=
2.37%10° kg/m’, W= 2.5x 10" * Pa*s. The size of
the calculated cuboid is 180Hm x 100 Hm x 60 Hm.
Thus JoBoV which represents the electromagnetic
force exerted on the displaced volume of fluid is 1. 08
x 10" °N. The electromagnetic expulsive forces ex-
erted on the cuboid particle in three orientations as
shown in Fig. 5 were calculated.

For the orientations shown in Fig. 5, the calcu-
lated results are 0. 954 12 x 10™°, 0. 70505 x 10~ °
and 0. 764 87 x 10" °® N, respectively, so that F/
JoBoV are 0.8834, 0.6258 and 0.7082, respec
tively. It is found that the expulsive forces exerted on
the cuboid particle are not the same in different orien-
tations. As shown in Fig. 4, the expulsive force ex-
erted on the particle in original orientation is 1. 579 X

B F B

/

180
/B

/

J

/s

100
(a)

(b) (c)

Fig. 5 Schematic of orientation of calculated particle
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107N, and it is 1.732 x 10" > N if the particle turns
90° anticlockwise. Therefore, the particle has a rotat-
ing tendency when it moves in electromagnetic field.
As the particle turned, the expulsive force became
large while the drag force became large too. At one
angle, the two forces reached balance as shown in

Fig. 4.
S CONCLUSIONS

1) Drag force coefficient and velocity of particles
in electromagnetic field when Reynolds number is in
the range of 0. 2~ 10 can be calculated by the follow-
ing equation:

1.52

uw= 0.115 W{BJ)“S

0.2 SRe <10

2) The velocity of irregular particles in electro-
magnetic field can not be modified by spherical coeffi
cient.

3) The moving behavior of irregular particles is
influenced by shape and orientation. Numerical calcu-
lation and physical simulation indicate that cuboid
particle rotates to one balance state while moving in
electromagnetic field.
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