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Abstract: The effects of separation time and magnetic induction intensity on the separation efficiency of alumina particles with 
diameters varying from 30 to 200 μm in aluminum melt were investigated. The experimental results show that the particle- 
accumulated layer is formed in the periphery of the solidified specimen when the diameter of the separated molten metal, the 
magnetic induction intensity and the separation time are 10 mm, 0.04 T and 1 s, respectively. When the separation time is 2 s, the 
particle-accumulated layer can be observed obviously and the separation efficiency is about 80%. There are few alumina particles in 
the inner of the solidified specimen when the separation time is 3 s. The separation efficiency higher than 85% can be achieved when 
the separation time is longer than 3 s. When the magnetic induction intensity is 0.06 T, the visible particle-accumulated layer can be 
formed in 1 s and the separation efficiency is higher than 95%. The experimental results were compared with the calculated results at 
last. 
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1 Introduction 
 

The application of electromagnetic force to separate 
particles has been proposed by ALEMANY et al[1−2] in 
1980. ASAI et al have measured the migration velocity 
of polystyrene particles in a sodium chloride aqueous 
solution, in which DC current and DC magnetic field 
were simultaneously imposed. They found that the 
direction of migration of the particles is opposite to that 
of the electromagnetic force and the migration velocity 
agrees well with values calculated from the theory of 
KOLIN and LEENOV[3−4]. The process of applying 
high frequency magnetic field to the separation of 
particles from melt was first developed by EI-KADDAH 
et al[5−6], and the maneuverability of applying the 
electromagnetic field induced in a coil on the particle 
separation was theoretically demonstrated by YAMAO 
and SASSA[7] and AFSHAR et al[8]. Compared with 
the other electromagnetic separation methods, high 
frequency magnetic separation shows great advantages. 

Firstly, there is no contamination on the molten metal 
due to without the electrodes immerged. Secondly, with 
high frequency magnetic field, the micro-sized particles 
can be removed with high intensity electromagnetic force. 
However, more accurate experimental results are 
necessary to demonstrate the relationship between the 
various parameters and the separation efficiency under 
high frequency magnetic field. 

In this work, the separation efficiency of alumina 
particles with the diameter of 30−200 μm in the molten 
aluminum was examined experimentally. The 
experimental results were also compared with the 
calculated results on high frequency magnetic field 
separation to provide more accurate evidences for high 
frequency magnetic separation. 
 
2 Experimental 
 

The melt of commercial pure aluminum was 
superheated at 700 ℃ for 20 min. The alumina particles 
with different diameters varying from 30 to 200 μm acted 
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as the simulative particles in the molten aluminum. In 
order to get the uniform distribution of the particles, the 
molten aluminum was stirred for 30 min intermittently. 

Fig.1 shows a schematic diagram of the 
experimental apparatus used in the present study. The 
9-turn induction coil is made up of copper tubes with 10 
mm in diameter. The inner diameter of the induction coil 
is 66 mm and its length is 140 mm. The induction coil is 
powered by an IGBT-type electrical source power which 
is capable of producing the alternating electric current 
with a frequency of 20 kHz. The ceramic tubule with 10 
mm in inner diameter is placed in the center of the 
induction coil. The temperature of the separated 
aluminum melt kept constant with the both function of 
forced air-cooling and joule heat. 

 

 
Fig.1 Schematic diagram of high frequency magnetic 
separation 
 

In order to compare the experimental results, the 
cross section of the specimen was divided into five 
annular areas with the equal width notated by the 
numbers 1−5, as shown in Fig.2. Here the 
particle-accumulated layer (PAL) is defined as follows: 
in this layer the alumina particles get together and the 
number of alumina particles in the unit area is more than 
that in other areas due to the electromagnetic pinch force. 
The thickness of the PAL can be changed with the 
variety of the number of the alumina particles and the 
electromagnetic force. 

In the experiments, the separation efficiency (ηexp) is 
calculated as 
  

total

sep
exp N

N
=η                                 (1) 
  

where Nsep is the number of the alumina particles in the 
PAL, and Ntotal is the total number of alumina particles in 
the cross section of the specimen. 

 

 
Fig.2 Schematic view of five areas for comparison of 
separation efficiency 
 
3 Results 
 
3.1 Effects of separation time 

In the experiments, the molten aluminum which 
contained the alumina particles was poured into the 
ceramic tubule and the 0.04 T electromagnetic field was 
applied for 0, 1, 2, 3, 4, 5 and 10 s, respectively. Fig.3 
shows the macrostructures of the specimens with various 
separation time. From Fig.3(a) it can be seen that without 
electromagnetic separation, the distribution of alumina 
particles in the specimen is almost uniform. When the 
molten metal is separated for 1 s under high frequency 
magnetic field, as shown in Fig.3(b), the particle- 
accumulated layer can be formed in the periphery of the 
specimen and the distribution of alumina particles is not 
uniform anymore. In the case of 2 s, there are few 
alumina particles in the area 2 but many in the area 1, as 
shown in Fig.3(c). In the areas 3 and 4, the number of 
alumina particles in the unit area is also lower than that 
in the area 1. In the area 5 of Fig.3(c), the 
particle-accumulated layer can be seen more 
significantly than that in Fig.3(b). Furthermore, when the 
separation time is longer than 3 s, there are almost no 
alumina particles in the center of the specimens as shown 
in Figs.3(d), (e) and (f). Fig.3(g) shows a macroscopic 
annular particle-accumulated layer in the case of the 
separation time of 10 s. 

Fig.4 shows the SEM micrographs of the specimen 
when the separation time is 3 s. In the area 1, there are no 
alumina particles bigger than 30 μm. However, in the 
area 5, many alumina particles get together due to the 
electromagnetic pinch force. 
 
3.2 Effects of magnetic induction intensity 

The magnetic induction intensity plays an important 
role in electromagnetic separation[9−12]. It affects not 
only the separation efficiency but also the flow in the 
molten metal[13−17]. Fig.5 displays the effect of magnetic 
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Fig.4 SEM micrographs of specimen in case of separation time 
of 3 s (B0=0.04 T): (a) Area 1; (b) Area 5 

induction intensity on the distribution of alumina 
particles in the specimen when the separation times are 1, 
2 and 5 s, respectively. Fig.5(a) shows that there are 
many alumina particles in the center of the specimen 
when the magnetic induction intensity and separation 
time are 0.04 T and 1 s, respectively. However, when the 
magnetic induction intensity is 0.06 T, there are few 
alumina particles in the center of the specimen, as shown 
in Fig.5(d). Fig.5(b) shows that the visible PAL starts to 
emerge when the magnetic induction intensity and 
separation time are 0.04 T and 2 s, respectively. But there 
are still some alumina particles in the center of the 
specimen. When the magnetic induction intensity is 
increased to 0.06 T, as shown in Fig.5(e), there are 
almost no alumina particles in the center of the specimen. 
From Figs.5(c) and (f), it also can be seen that the 
separation efficiency is increased with the increase of the 
magnetic induction intensity. 
 
4 Discussion 
 

According to the previous report[18], the separation 

 

 

 

Fig.3 Effect of separation time on distribution of alumina

particles in specimen (B0=0.04 T): (a) 0 s; (b) 1 s; (c) 2 s;

(d) 3 s; (e) 4 s; (f) 5 s; (g) 10 s 
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Fig.5 Distribution of alumina particles in specimen with various magnetic induction intensities and separation time: (a) 0.04 T, 1 s; (b) 
0.04 T, 2 s; (c) 0.04 T, 5 s; (d) 0.06 T, 1 s; (e) 0.06, T 2 s; (f) 0.06 T, 5 s 
 
time (t) and the separation efficiency (ηcal) can be 
calculated as follows: 

∫=
1 

 pr
d1

R
R
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at                                (2) 

%100
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e
cal ×=

S
S

η                              (3) 

where a is the radius of the molten metal; upr is the 
velocity of the particle; R is the dimensionless number; 
S0 is the cross section area; and Se is the separated area. 
All material parameters used in the calculation are given 
in Table 1. 
 
Table 1 Material parameters used in calculation (700℃)  

Parameter Value 

Molten aluminum density/(kg·m−3) 2 400 
Alumina particle density/(kg·m−3) 3 900 

Dynamic viscosity of molten aluminum/(Pa·s−1) 0.002 5 
Conductivity of molten aluminum/(S·m−1) 3.85×106

Permeability of molten aluminum/(H·m−1) 4π×10−7 
Diameter of specimen/m 0.01 

 
Fig.6 shows the comparison of the calculated and 

experimental separation efficiencies. From the calculated 
results, it can be seen that when the separation time, the 
size of the particles and the magnetic induction intensity 
are 1 s, 30 μm and 0.04 T, respectively, the separation 
efficiency is about 70%. When the separation time 
increases to 2 s, the separation efficiency reaches 80%. 
When the separation time is longer than 3 s, the 
separation efficiency is higher than 87%. The 
experimental results show that when the separation time 

 

Fig.6 Comparison of calculated and experimental separation 
efficiencies 
 
is 1 s, the PAL can be formed but the separation 
efficiency is about 50%. When the separation time is 2 s, 
as shown in Fig.3(c), the separation efficiency is about 
80%. Furthermore, when the separation time is longer 
than 3 s, there are few alumina particles in the center of 
the specimen and the separation efficiency is about 90%. 
Both the experimental and calculated results show that 
the separation efficiency is increased with the increase of 
separation time and can achieve more than 85% when the 
separation time is longer than 3 s. With the previous 
calculation[18], we know that the electromagnetic pinch 
force decreases with the increase of the distance between 
the particle position and the molten metal surface, and 
reaches zero in the center of the cylindrical specimen. 
Fig.7 shows the effects of the distance, between the 
particle position and the molten surface, and the 
magnetic induction intensity on the separation time. It 
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can be seen that the separation time increases with the 
increase of the distance. When the distance between the 
particle position and the molten metal surface, the 
magnetic induction intensity and the size of the particles 
are 4.5 mm, 0.04 T and 30 μm, respectively, the 
separation time is about 11.8 s. Even when the magnetic 
induction intensity is increased to 0.06 T, it also needs 
more than 5 s for the particle migrating to the surface of 
the molten metal. It means that the particles with the 
distance longer than 4.5 mm cannot be separated in 5 s. 
While the experimental results show that when the 
separation time and the magnetic induction intensity are 
5 s and 0.06 T, respectively, there are almost no alumina 
particles in the inner of the specimen. The reason for the 
difference is due to the flow in the molten metal induced 
by the nonuniform electromagnetic force. 

The calculated results also show that the separation 
efficiency is increased with the increase of the magnetic 
induction intensity. When the size of the alumina 
particles, the separation time and the magnetic induction 
intensity are 30 μm, 1 s and 0.06 T, respectively, the 
separation efficiency is about 84%. The experimental 
result shows that the efficiency is higher than 95%. Both 
of them show that the separation efficiencies are higher 
than those when the magnetic induction intensity is 0.04 
T. Thus, in order to get high separation efficiency, the 
magnetic induction intensity should be increased properly. 

 

 
Fig.7 Effects of distance and magnetic induction intensity on 
separation time when sizes of particles and diameter of molten 
are 30 μm and 10 mm, respectively 
 
5 Conclusions 
 

1) Both the experimental and calculated results 
show that the separation efficiency is increased with the 
increase of the separation time, and the separation 
efficiency higher than 85% can be achieved when the 
size of the particles, the separation time and the magnetic 
induction intensity are 30 μm, 3 s and 0.04 T, 
respectively. 

2) The separation efficiency can be increased with 
the increase of the magnetic induction intensity. The 

visible particle-accumulated layer can be formed in 1 s 
and the separation efficiency is higher than 95% when 
the magnetic induction intensity is 0.06 T in the 
experiment. The separation efficiency at 0.06 T is higher 
than that at 0.04 T. It shows the same tendency with the 
calculated results. 
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