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Abstract 
 

The magnetic field in the magnetic separation column is a key factor in determining the separation process of mineral 
particles. The limited data points and low accuracy of measurement of the magnetic field cause difficulty in estimating 
the relationship between the magnetic field and particle separation process. A calculation model of the magnetic field of 
the magnetic separation column was proposed in this study to explore its effect on the particle separation process. The 
calculation model was established by creating the magnetic system model, dividing the mesh, setting the boundary 
conditions, and applying the load by using the finite element method. The effect of the magnetic field on the particle 
separation process was analyzed according to the transient equation of motion. Results demonstrate that the magnetic 
field strength in the axial direction is in good agreement with the theoretical value. The accuracy of calculation model is 
verified. The magnetic field gradient is maximal near the upper edge of excitation coil in the magnetic separation column. 
The magnetic field gradient is 466.8 kA/m per meter when the excitation current is 4 A. The particles form fluxes and 
accelerate downward. The fluxes begin to disperse and decelerate downward due to the sudden direction change of the 
magnetic field gradient below the center plane of the coil. The gangue and intergrowth are separated out from the fluxes 
under the action of water flow. High-grade concentrate is obtained. The proposed model provides evidence for the 
optimization of the magnetic system in the magnetic separation column. 
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1. Introduction 
 
Iron minerals are the most abundant metal mineral resources 
in the world [1-4]. China’s iron ore reserve is extremely 
large and magnetite ore accounts for more than two-thirds of 
the total. Magnetic separation is generally adopted in the 
mineral processing of magnetite ore due to its high specific 
magnetic susceptibility [5-8]. Magnetic particles passing 
through the magnetic field regions are magnetized and join 
together to form fluxes. The gangue and intergrowth are 
mixed into the fluxes due to magnetic agglomeration. 
Effectively dispersing the magnetic agglomeration is 
necessary, as well as removing the gangue and intergrowth 
mixed in the fluxes, to improve the grade of concentrate. 
The magnetic separation column is a weak magnetic and 
gravity concentration equipment that can fully utilize and 
disperse magnetic agglomeration. At present, magnetic 
separation columns have been widely used in concentrating 
mills in China. The grade of concentrate can be increased 
from 2% to 7% and the effect of iron extraction and impurity 
reduction is evident [9]. 

However, the magnetite ore tends to be of poor grade, 
composed of fine particles, and impure, with the continuous 
development and utilization of mineral resources. The ore 
must be finely ground and deeply separated. Exploration of 
the separation process of ore particles is necessary to 

improve the ability of magnetic separation column to 
process fine particles, which brings challenges to the study 
of magnetic separation columns. 

Scholars have conducted extensive studies on the 
magnetic field, operating parameters, and particle separation 
process in the magnetic separation column [10-17]. However, 
deviation problems remain in actual working conditions in 
terms of magnetic field analysis and the effect of magnetic 
field on the particle separation process. Therefore, accurate 
calculation of the magnetic field parameters and determining 
the influence of magnetic field on the force, motion, and 
separation process of ore particle are urgent problems that 
need to be solved. 

Based on the analysis, this study establishes the 
calculation model of the magnetic field of the magnetic 
separation column by using the finite element method 
(FEM). The magnetic field parameters are calculated 
according to the electromagnetic field theory. The equation 
of motion is built to investigate the motion state and 
separation process of ore particles. Moreover, the influence 
of magnetic field on the particle separation process is 
accurately analyzed, which provides a reference for 
developing and optimizing the magnetic system of the 
magnetic separation column. 
 
 
2.  State of the art 
 
At present, scholars have performed numerous studies on 
magnetic separation columns and equipments. The process 
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flow, as well as the operating and magnetic system 
parameters, was studied by K. Y. Kim [11] to meet the 
separation requirements. However, these achievements are 
only suitable to the specific mineral samples. M. S. Jena [12] 
and Kyoung-oh Jang [13] explored the influence of magnetic 
field and operating parameters on the separation results by 
using experimental methods. However, comprehensive 
analysis results of magnetic field characteristics were not 
obtained. The system of magnetic separator was modeled to 
calculate parameters by using the FEM, such as magnetic 
field strength and gradient, as well as magnetic force [14-15], 
but detailed analysis of the particle separation process was 
unavailable. The magnetic forces of ore particles in the 
separation space were calculated by using the FEM [16]. 
Nevertheless, the equation of motion was not established to 
study the movement of ore particles. Toru Inaba [17] 
analyzed the magnetic particle trajectories under the action 
of magnetic field distributed in a permanent magnet, but the 
method is unsuitable for magnetic fields produced by 
electromagnetic coils. The motion of magnetic particle in a 
fluid under the action of an external magnetic field was 
reduced [18]. However, the magnetic field in the magnetic 
separation equipment was not analyzed in detail. Guangyao 
Huang [19] calculated the magnetic field parameters of an 
excitation coil by using the FEM, but the effect of the 
magnetic field on the separation process of mineral particles 
was not derived. A few studies analyze the magnetic field 
characteristics and particle separation process to improve the 
shortage of magnetic separation columns. Dianbing Zhu 
enhanced the performance of the magnetic separation 
column by introducing the demagnetization process and 
alternating the magnetic field [20]. The magnetic system was 
designed according to the experience. The influence of 
position and spacing of the excitation coils on the separation 
result was studied using experimental method. However, 
only the magnetic field strength of four points on the coil 
axis was measured. Tonglin Zhao [21-22] qualitatively 
analyzed the separation process of ore particles according to 
the equation of motion. Nevertheless, only the magnetic 
field strength along four paths in the magnetic separation 
column was measured when the excitation current was 12 A. 
The particle separation process based on the equation of 
motion was reduced [23], but the quantitative analysis of the 
particle’s magnetic force was unavailable.  

Separation experiments using the magnetic separation 
column have been performed for optimal separation results. 
Few studies have explored the magnetic field and particle 
separation process in the magnetic separation column. In this 
study, the calculation model of the magnetic field of the 
magnetic separation column was established through FEM. 
The magnetic field strength and gradient in the axial and 
radial directions were calculated based on the 
electromagnetic field theory. Furthermore, the forces of ore 
particles were calculated. The effect of magnetic field on the 
particle separation process was reduced by the equation of 
motion, thereby providing a basis for the optimization of the 
magnetic system. 

The rest of this study is organized as follows. Section 3 
establishes the calculation model of the magnetic field and 
presents the method for calculating the forces of particles. 
Section 4 discusses the characteristics of the magnetic field 
and its effect on the particle separation process. Finally, 
Section 5 summarizes the conclusions.  

 
3. Methodology 
 

3.1 Proposed magnetic field calculation model for 
magnetic separation column 
The electromagnetic system of magnetic separation column 
is composed of groups of thin solenoid coils arranged from 
top to bottom. The coils are powered in sequence. The 
structure parameters of coils are set as follows. The inner 
radius 1r  is 22 mm, the outer radius 2r  is 42 mm, the height 
L is 25 mm, and the number of turns N is 320. The coils are 
made from an enameled copper wire with diameter of 1.2 

2mm . The relative magnetic permeability is 1. The 
calculation model of the electromagnetic field of the 
magnetic separation column is established via finite element 
software. Only half of the area of the coil is modeled due to 
the axisymmetric feature of the coil. PLANE53 element is 
selected to simulate the air and coil, whereas INFIN110 
element is selected to simulate the infinite boundary. The 
relative magnetic permeability of air and coil is 1 and the 
resistivity of coil is mΩ× −8103 . The quadrilateral meshes 
are generated via map method in the areas of coil and 
infinite boundary, whereas the triangular meshes are 
generated via free method in the area of air. The meshes are 
densified in the local areas. The flag is applied to infinite 
boundary, the current load is applied to the coil, and 2D 
static analysis is conducted. The results of magnetic field 
parameters in the axial and radial directions are extracted 
and displayed after the solution is obtained. The magnetic 
field strength determined from the simulation is compared 
with the theoretical value to verify the correctness of the 
proposed calculation model. 

Based on the electromagnetic field theory, the magnetic 
field strength on the axis of the multi-layer solenoid coil 
operating under direct current is: 
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where zH  is magnetic field strength at the point z on the 
axis, A/m; 1r  is inner radius of the coil, m; 2r  is outer radius 
of the coil, m; L is height of the coil, m; I is current intensity 
of the coil, A; and N is number of the coil turns. 
 
3.2 Equation of motion for ore particle 
The magnetic particles or fluxes in the separation space are 
subjected to effective gravity and flow resistance in addition 
to magnetic force. Only axial force and motion of particle or 
flux are analyzed to simplify the calculation.  

The effective gravity of ore particle is: 
 

gdFg )(
6

3 ρδ
π

−=                           (2) 

 
where gF is effective gravity of the ore particle, N; δ  is 

density of the ore particle, 
3/mkg ; ρ  is density of the 
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water, 3/mkg ; d is diameter of the ore particle, m; and g is 

gravity acceleration, 2/ sm . 
The magnetic force of the ore particle can be expressed 

as: 
 

HgradHdFc χδµ
π

0
3

6
=                       (3) 

 
where cF  is the magnetic force of the ore particle, N; 0µ  is 

the magnetic permeability of vacuum, 2/ AN ; χ  is the 

specific magnetic susceptibility of the ore particle, kgm /3 ; 
H is magnetic field strength, A/m; and gradH is magnetic 
field gradient, 2/mA .  

The flow resistance is: 
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where rF  is flow resistance, N; k is coefficient related to the 
ore shape and water flow pattern; v is velocity of the ore 
particle along the axis, m/s; av  is velocity of the water flow, 
m/s; and λ  is bulk density.  

The magnetic forces of ore particles are calculated 
according to the magnetic field strength and gradient 
obtained in Section 3.1. 

The magnetic particles in the separation space accelerate 
downward under the action of effective gravities and 
magnetic forces and the velocity v increases. A dynamic 
system is formed and the bulk density λ  gradually increases 
from top to bottom. As the space is occupied by the ore 
particles, the relative cross-sectional area becomes small, 
whereas the total water flow remains constant. The velocity 
of water flow av  becomes fast. Calculating the flow 
resistance is difficult due to the variation of water velocity. 
The relative motions of magnetic and non-magnetic particles 
are qualitatively analyzed.  

The equation of motion for the ore particle is: 
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When the force balances, the formula 0=
dt
dvm  holds 

[23]. The velocity of the ore particle can be simplified as: 
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The density of magnetite ore 1δ  is larger than those of 
intergrowth 2δ  and gangue 3δ . The specific magnetic 
susceptibility of magnetite ore 1λ  is also larger than those of 
intergrowth 2λ  and gangue 3λ . Thus, the rate of water flow 
can be controlled to meet the following conditions: 
 

2/1
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The magnetic particles sink, whereas the gangue and 
intergrowth with the same size float and become tailings 
under the action of water flow. The grade of concentrate is 
improved. 

 
 

4 Result Analysis and Discussion 
 
4.1 Magnetic field analysis of magnetic separation 
column  
The magnetic field parameters of the magnetic separation 
column are calculated according to the calculation model 
proposed in Section 3.1. The magnetic field strength 
obtained by the finite element software and from Formula (1) 
is shown in Fig. 1. The excitation current is 2 A. The axis 
distance ranges from −0.025 m to 0.025 m, that is, from 
0.025 m below the center point of coil to 0.025 m above the 
center point. Evidently, the simulation results are in good 
agreement with the theoretical values. The results indicate 
that the calculation model can reflect the real magnetic field 
characteristics of the coil. Accuracy of the model is verified. 

The cloud picture of the magnetic field strength is shown 
in Fig. 2. Near the center of the coil, the magnetic field 
strength is large, whereas the magnetic field gradient is 
small. The magnetic field is close to uniform. The magnetic 
field strength gradually decreases, whereas the magnetic 
field gradient increases from the center to the upper and 
lower edges of the coil along the axial direction. Meanwhile, 
the magnetic field strength gradually increases and the 
magnetic field gradient also increases from the center to the 
inner wall of the coil along the radial direction. 

The horizontal plane where the center of the coil is 
located is defined as the reference plane to conveniently 
evaluate the magnetic field strength and gradient in the axial 
and radial directions of the coil. The parallel horizontal  

planes 0z (z = 0), 1z (z = 1/4 L), 2z (z = 1/2 L), and 3z (z = 
3/4 L) are set with a spacing of 1/4 L (6.25 mm) along the 
axial direction. Vertical planes intersecting with the 
horizontal planes )0(0 =xx , )4/1( 11 rxx = , )2/1( 12 rxx =  
and )4/3( 13 rxx =  are set with a spacing of 1/4 1r  (5.5 mm) 
in the radial direction. The excitation current of coil is set as 
1, 2, 3, 4, and 5 A. The magnetic field strength in the four 
horizontal planes 0z , 1z , 2z , and 3z  is shown in Fig. 3. 
The magnetic field strength increases as the distance from 
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the center increases. The value is 9.5 kA/m at the center of 
coil and 13 kA/m near the inner wall of coil in the 0z  plane. 
The magnetic field gradient increases as the radial distance 
increases. The average value is 159 2/mkA  in the 0z  plane, 

whereas the values are 156 2/mkA  and 106 2/mkA  in the 

1z  and 2z  planes, respectively. The farther the distance 
from the reference plane, the smaller the magnetic field 
gradient becomes. The magnetic field strength in the four 
vertical planes 0x , 1x , 2x , and 3x  is shown in Fig. 4. The 
magnetic field strength is symmetrical to the reference plane, 
which is maximal at the center of the path and decreases as 
the axial distance increases. The magnetic field strength is 
positive, that is, its direction is from bottom to top. Near the 
upper edge of the coil, the magnetic field gradient is large 
and the average value is 233 2/mkA  (in the 0x  plane). Near 
the center of the coil, the magnetic field gradient decreases 
to 28 2/mkA  (in the 0x  plane). Fig. 3 and Fig. 4 show that 
the magnetic field gradient in the axial direction plays a key 
role in the vicinity of the upper edge of the coil. The 
magnetic particle is mainly subjected to the axial magnetic 
force. The radial magnetic field gradient increases near the 
center of the coil, where the magnetic particle is mainly 
subjected to the radial magnetic force. The magnetic field 
gradient in the lower side of the reference plane is similar to 
that in the upper side but in the opposite direction. 
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Fig. 1. Magnetic field strength on the axis of coil 
 

 
Fig. 2. Cloud picture of magnetic field strength 
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Fig. 3. Magnetic field strength in horizontal planes 
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Fig. 4. Magnetic field strength in vertical planes 
 
4.2 Effect of magnetic field on particle separation process 
The forces of ore particle are analyzed according to the 
method described in Section 3.2. The magnetic force is 
determined by the magnetic field strength and gradient as 
shown in Equation (3). Therefore, the product, HgradH, can 
be used to quantitate the magnitude of the magnetic force. 
The curves of HgradH are shown in Fig. 5 when the DC 
current in the coil is set as 1, 2, 3, 4, and 5 A.  

The magnetic forces are positive below the reference 
plane and negative on the other side, that is, the magnetic 
forces point to the direction of the reference plane. The 
magnetic force is zero at the center of the coil and is 
maximal at the places of −0.125 m and 0.125 m, where the 
upper and lower edges of the coil are located. When the 
excitation current is 4 A, the magnetic field strength is 14.7 
kA/m, the magnetic field gradient is 466.8 2/mkA , and the 
product HgradH is 91088.6 ×  32 /mA  near the upper edge 
of the coil. The magnetic forces increase with the increase of 
the current. The magnetic forces and effective gravities of 
different-sized particles near the upper edge of the coil are 
calculated when the excitation current is 2, 3, 4, and 5 A. 
The density of magnetite ore 1ρ is 31017.5 ×  3/mkg  [18], 

and the specific magnetic susceptibility χ is 31021.1 −×  

kgm /3 . The results are shown in Fig. 6. Evidently, the 
magnetic forces are higher than the effective gravities when 
the excitation current is above 3 A. The smaller the particle 
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size is, the smaller is the difference between the magnetic 
force and effective gravity. 

 

-0.02 -0.01 0 0.01 0.02

-1

-0.5

0

0.5

1

x 10
10

axial distance(m)

H
gr

ad
H

(A
2/

m
3)

 

 

I=1A
I=2A
I=3A
I=4A
I=5A

 
Fig. 5. HgradH under different currents 
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Fig. 6. Magnetic forces and effective gravities of different-sized 
particles 
 

The ore particles are not affected by the magnetic field 
and settle down under the action of effective gravity in the 
space above the excitation coil. The magnetic particles 
agglomerate and rapidly form fluxes along the magnetic 
field lines near the upper edge of the coil. The fluxes 
overcome the flow resistance and accelerate downward. The 
settling velocity reaches the maximum near the center of the 
coil. The fluxes begin to be subjected to the upward 
magnetic forces below the center plane. The particles 
disperse due to the sudden direction change of magnetic 
forces. The intergrowth and gangue are separated from the 
fluxes and finally become tailings under the action of water 

flow. The fluxes continue to decelerate downward. The 
magnetic field in the magnetic separation column causes the 
particles to agglomerate, disperse, and agglomerate again. 
The fluxes are purified and eventually become high-grade 
concentrate. 

 
 

5 Conclusion 
 
A calculation model of the magnetic field of the magnetic 
separation column was developed based on the FEM to 
explore the effect of magnetic field on the particle separation 
process. Magnetic field strength and gradient, as well as 
magnetic force, were calculated by numerical simulation 
technology. The effect of the magnetic field on the particle 
separation process was analyzed. The following conclusions 
could be drawn: 

(1) The magnetic field strength is large, whereas the 
magnetic field gradient is small near the center of the coil. 
The magnetic field is close to uniform. The magnetic field 
strength decreases, the magnetic field gradient increases, and 
the product HgradH increases from the center to the upper 
and lower edges of the coil along the axial direction. The 
magnetic force points toward the direction of the coil’s 
center plane. The magnetic field strength and gradient 
gradually increases from the center to the inner wall of the 
coil along the radial direction. 

(2) The magnetic force near the upper edge of the coil is 
large and the ore particles agglomerate to form fluxes and 
accelerate downward. The fluxes begin to be subjected to the 
upward magnetic forces and disperse below the center plane 
of the coil. The gangue and intergrowth are separated out 
from the fluxes under the action of water flow. The magnetic 
field generated by groups of coils in the magnetic separation 
column causes the fluxes to agglomerate, disperse, and 
agglomerate again. The fluxes are purified and eventually 
become high-grade concentrate. 

Thus, the magnetic force, effective gravity, and flow 
resistance are considered in the proposed method to 
accurately evaluate the particle separation process. However, 
the separation process is influenced by many forces. Other 
influencing factors, such as magnetic agglomeration, should 
be considered in future studies. 
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