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Abstract

key words

Low Intensity Magnetic Separators (LIMS) are widely used in 
research and industry. The design of this separator is based on 
drum rotation inside a tank media, so that a permanent magnets 
placing inside the drum as an angle form, produces a magnetic 
field. In this study, the behavior of magnetic and none-magnetic 
particles of a pulp, flowing through a magnetic field in the wet 
LIMS, was simulated and validated by experimental results. 
The magnetic field variables were calculated in an FEM based 
simulator (COMSOL Multiphysics); while particles’ tracking 
was done applying CFD numerical method, enhanced by dis-
crete phase model (DPM). The difference between the results 
of the simulation and the magnetic separation experimental test 
(recovery of magnetic particles in the concentrate product) was 
16.4%. In order to quantify the results of the simulation, mag-
netic separation simulation was performed by changing two 
variables affecting the magnetic separation process (variables of 
particle size of the input pulp feed particles and solid percentage 
of input pulp) and corresponding experiments. Comparison of 
laboratory and simulation results showed that the trend of simu-
lation results is consistent with laboratory results of the weight 
recovery (in both variables under study), so that the maximum 
simulation error is related to the size of 125 microns (16.5 %) 
and the lowest simulation error was in 180 microns (11.4 %). 
Also, the lowest simulation error in the weight recovery pre-
diction was related to the pulp feed solid percentage of 15% 
(equivalent to 14%) and the highest simulation error was in 
30% pulp feed solid percentage (16.9 %). This proposes that 
FEM-DPM-CFD coupling model, can be applied for simula-
tion, optimization, design and construct more advanced mag-
netic separators machines. 
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1. Introduction
Demand for effective, clean and simple sepa-

ration techniques is increasing, while declining 
mineral resources and environmental restrictions 
have become more stringent. Since magnetic sep-
aration is clean and proceeds at numerous condi-
tions, it has been preferred over other separation 
techniques in many situations [1] and has led to 
its unique position among separation technologies.

Magnetic separations have for decades been ap-
plicable processes in different industries ranging 
from steel production to coal desulfurization [2]. 
Magnetic separation has been used for separa-
tion of gangue from ore to enrich low grade ore 
[3, 4, 5, 6, 7 and 8], separation of magnetic from 
non-magnetic waste [9, 10], heavy media separa-
tion [11], separation of pyrite (FeS2) from coal for 
desulfurization [2], Kaolin (clay) decolorization 
and remove ironic impurities [2, 12], processing 
a rare earth mineral deposit [13, 14], water treat-
ment and metal removal [2], waste water treatment 
[15], food industry and remove rare earth elements 
[2], etc. Furthermore, in the field of biotechnology 
such as protein and DNA purification, cell separa-
tion, separation of biological cells and drug deliv-
ery [2, 10 and 16], and biocatalysis and diagnos-
tics, magnetic separation has a wide range using. 

According to the different parameters (consist 
of  intensity of magnetic field, its gradient and 
dry or wet operation of the equipment), magnetic 
separators classified as Dry low-intensity magnet-
ic separators, Wet low-intensity magnetic separa-
tors, Dry high-intensity magnetic separators, Wet 
high-intensity high-gradient magnetic separators 
and finally Eddy-current separators and separation 
in magnetic fluid [17]. In another classification, 
magnetic separation equipment for minerals pro-
cessing generally falls into three basic categories: 
low, medium and high intensity, based on the rel-
ative magnetic field strength employed to accom-
plish separation [18]. By far the most frequently 
used wet low-intensity magnetic separators are 
drum separators [9, 19 and 20]. 

Despite its simple function, simulation of mag-
netic separation is complicated, as several liq-
uid-liquid, solid-liquid, solid-solid forces act 
along with gravitational and magnetic forces. 
Computational Fluid Dynamic (CFD) has been 
found to be a useful tool for studying the behavior 
of the particles in the presence of a magnetic field 
[21]. Several studies have been carried out in re-
cent years to simulate the magnetic separation pro-

cess using the CFD approach, briefed in Table 1. 
Majority of these studies are related to design im-
provement and optimization of separation process 
in High-Gradient Magnetic Separators (HGMS) 
[1, 21, 22, 23, 24, 25 and 26]. This is while limit-
ed simulation studies were conducted for the wet 
LIMS device. In the first simulation study, the 
flow of materials in the LIMS device is simulated 
using the combination of FEM, CFD and DEM nu-
merical methods [28]. In the latest study in 2019, 
the 2D dynamic behavior of magnetic particles in 
wet LIMS (counter-rotation type) was studied. In 
the mentioned study, particle tracing for fluid flow 
module is used to calculate the location and the 
dynamic behavior of particles under the magnetic 
and flow fields [29]. 

The first step in the simulating of magnetic sep-
aration process is to simulate the magnetic field 
and the corresponding variables. The most accu-
rate numerical method for simulating magnetic 
variables is the finite element numerical method 
(FEM) [30, 31, 32, 33 and 34]. There are several 
available FEM base simulators such as: COMSOL 
Multiphysics, Opera, Faraday, EMAG, etc, which 
can be successfully used to calculate the magnetic 
field parameters [28]. In the following, simulation 
of pulp flow in a magnetic separator is performed 
using a CFD numerical method.

Here we study the flow behavior of the magnetic 
and non-magnetic particles affected by a magnetic 
field in wet LIMS equipment. In this retrieval, lab-
oratory wet LIMS device was first disassembled 
and by using of the reverse engineering process, 
the mechanical and magnetic information of the 
magnets inside the drum was extracted. Then, mag-
netic variables of magnetic flux density (B) and 
magnetic field intensity (H) were simulated using 
finite element method (FEM). In the next step, the 
results of simulation and laboratory measurements 
(of the magnetic field) were compared to validate 
the results of the simulation. In the continue, fluid 
flow were simulated by CFD numerical methods. 
To quantify the results of the simulation, magnetic 
separation simulation was performed by changing 
two variables affecting the magnetic separation 
process, consist of particle size of the input pulp 
feed particles in four levels (+180, +125, +90 and 
+63 microns) and solid percentage of the input 
pulp in four levels (15, 20, 25 and 30 % by weight) 
and corresponding experiments. One of the objec-
tives of this study is to investigate the feasibility of 
using the combination of FEM-CFD-DPM, as an 
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Eulerian-Lagrangian method to simulate the mag-
netic separation process. 

2. Modeling theory
2.1. Magnetic field simulation using FEM 

method
The basic equations for solving the magnetic field 

in COMSOL Multiphysics are based on equations 
1 and 2 [35]:

	 ∇(μ0 μr H)=0                                         (1)
	 H=-∇Vm+Hb                                                                       (2)

After calculating the magnetic field (H) in differ-
ent directions, the magnetic field gradient was also 
calculated. The calculation of the magnetic field 
intensity gradient was based on Helmholtz model 

of Equation 3:

∇H=(∂/∂x,∂/∂y,∂/∂z)(Hx,Hy,HZ )

∇Hx=Hxx+Hyx+Hzx

∇Hy=Hxy+Hyy+Hzy

∇Hz=Hxz+Hyz+Hzz                                      (3)

Magnetic separa-
tion equipment

Numerical 
method

Subject Reference

HGMS CFD (Euleri-
an–Lagrangian 
model)

Investigating the behavior of a 
magnetic separator. 

[22]

 HGMS CFD (Euleri-
an–Lagrangian 
model)

Determining the separation effi-
ciency of different wire arrange-
ments. 

[23]

HGMS FEM-CFD 
(Lagrangian 
model)

Studying the particle trajectory by 
solving the equation of motion for a 
rectangular wire shape. 

[24]

HGMS CFD (Eulerian- 
Eulerian model)

Studying the flow behavior of 
particles and visualize the accumu-
lation of magnetic particles on the 
magnetic plate. 

[1]

HGMS FEM-CFD-
DEM

Examining the particle deposition 
on wires. 

[25]

HGMS CFD (Eulerian- 
Eulerian model)

Studying the trapping of particles in 
a matrix of paramagnetic spheres. 

[21]

HGMS FEM-CFD 
(Lagrangian 
model)

Calculating the trajectories of 
virtual magnetizable particles and 
quantifying the effects of the geo-
metric variations.

[26]

Quadrupole Magnet-
ic Sorter (QMS)

CFD (Eulerian 
model))

Investigating the flow behaviour 
and the effect of the splitter thick-
ness on the nonspecific crossover.

[27]

Low Intensity 
Magnetic Separator 
(LIMS)

FEM-CFD-
DEM

Investigating the flow behaviour 
and Slurry flow
patterns in the LIMS

[28]

Wet LIMS FEM-CFD Investigate the 2D dynamic behav-
ior of multi-type magnetic particles 
in counter-rotation (CR) type LIMS

[29]

Table 1: List of recent studies on numerical simulation of magnetic separation 
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2.2. Magnetic force of external magnetic field
The magnetic force acted on the particles carried 

by the fluid flow is a function of the magnitude of 
the magnetization of the particles and the gradi-
ent of the intensity of the magnetic field and it is 
calculated from equation (4). In equation 4, μ0 is 
the magnetic permeability coefficient in vacuum 
(equivalent to 4π×10(-7) Tm/A), Vm represents the 
volume of the particles, M is the mean magnetiza-
tion (Am-1) and H is the magnetic field intensity 
(Am-1) and its gradient is in Am-2  [25,28 and 36]:

                
(FM ) =μ0 Vm M∇H                                           (4)

2.3. Discrete Phase Model (DPM)
Discrete Phase Model of Fluent uses the Euleri-

an-Lagrangian approach. The fluid phase is solved 
by the Navier-Stokes equation, while the discrete 
phase is calculated by tracking a number of par-
ticles. The motion path of the discrete phase is 
predicted by the total force balance, which in the 
Cartesian coordinates is shown in equation 5 [37]:

(5)

Where FD (u -up) represents the drag force, 
(g(ρp-ρ))/ρp  is related to the buoyancy force and 
F represents other forces acting on particles rath-
er than the drag and the buoyancy forces, such as 
gravity and electromagnetic force. Drag force is 
calculated by equation 6:

(6)

Where u is the velocity of fluid phase, up is the 
velocity of particles, μ is the dynamic viscosity of 
fluid, ρ is the density of fluid, ρp is the density of 
particles, and dp is the diameter of particles. Rel-
ative Reynolds number is also defined as equation 
(7):

(7)

The Drag coefficient of CD is also calculated 
from equation 8 (for spherical particles):

(8)

Where the coefficients a1, a2 and a3 are calcu-
lated from the relationship provided by [38] for 
different values of the Reynolds number.

3. Materials and Methods
In this study, two types of particles with strong 

and weak magnetic properties were used. Iron ore 
concentrate and iron ore tailing were prepared and 
the fractions of +180, +125, +90 and +63 microns 
were selected from the materials and were used 
for the experimental tests. The density of particles 
was determined by pycnometer (AccuPyc II 1340 
| Micromeritics model). The magnetization of 
the particles (M) was measured using Hommade 
VSM. Magnetic flux density of the space around 
the magnetic sector of device (permanent magnet), 
at different distances and directions was also mea-
sured with the Gauss and Teslameter (F.W.Bell 
(SYPRIS) and Model 5170). 

3.1. Separator device (Wet LIMS)
In the present study, a wet low intensity mag-

netic separator device (BOXMAG-Rapid Limited 
model) was used for simulation process and mag-
netic separation experimental tests. This device 
includes three main parts such as a magnetic cyl-
inder, magnetic sector (consisting of permanent 
magnets placing in the cylinder in angle form), 
and tank (the main place of magnetic separation). 
It should be noted that in the device, magnets place 
in an axial arrangement. Besides, magnetic sector 
consists of three ferrite type (ceramic rectangu-
lar cube block magnets that the upper and bottom 
magnets are similar). In Fig. 1, schematic view of 
the magnetic separator device is shown. The cylin-
drical drum and separator tank are steel (316). The 
remaining flux density (with the Gaussian unit, 
which is a characteristic of the permanent magnet) 
for all three magnets was 1,500 gauss. In fact, the 
pulp containing strong-magnetic and weak-mag-
netic particles with a specified solid weight per-
centage will enter the path to the separator. The 
pulp then goes to the elemental portion of the sep-
arating tank in a narrower space, and in practice, 
the process of magnetic separation of the particles 
will take place. In this way, the magnetic particles 
in the pulp are attached to the cylinder of the ma-
chine (permanent magnets inside the cylinder ab-
sorbing magnetic particles to the cylindrical shell), 
and then moving the magnetic materials towards 
the concentrate output with the cylindrical rota-
tion. In the outlet part, using the washing process, 
the magnetic particles adhering to the cylinder 
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will be washed out of it. Weak-magnetic particles 
also move from the bottom of the tank to the tail 
output. In Fig. 2, depictions of the magnets and 
a schematic diagram of how the pulp moves in a 
separator is shown.

The maps of the magnetic sector, magnetic cyl-
inder, and tank were prepared in SolidWorks soft-
ware and then the creation of the corresponding 
mesh were performed in the ICEM- CFD soft-
ware. Simulation of the magnetic variables was 

performed using FEM numerical modeling in the 
COMSOL Multiphysics simulator by the AC / DC 
module and the Magnetic Fields, No Currents op-
tion. In the next step, simulating the fluid flow of 
the particles, was done by using the Ansys Fluent 
simulator (DPM modeling). 

3.2. General path of simulation 
In order to simulate the process of magnetic sep-

aration; firstly, the magnetic field and the corre-
sponding variables (including magnetic flux den-

Figure 1: View of the wet low intensity magnetic separator device (BOXMAG-Rapid model)

Figure 2: Depictions of the magnets and position of the N and S poles (A) and a schematic diagram of the pulp moving in 
a separator (B)

Figure 3: Arrangement of simulation steps of magnetic separation in the Wet LIMS device
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sity (B) in terms of tesla and the magnetic field 
magnitude (H) in terms of ampere per meter), was 
simulated in the FEM based simulator. To generate 
the magnetic field gradient (∇H), the Helmholtz 
model was used. In the next step, the magnetic 
field gradient values were imported to the fluent 
simulator software using a user defined scalar 
(UDS). Then, in order to apply magnetic force on 
the particles, a user defined function (UDF) was 
used. In the last step of the simulation, in order to 
simulate the pulp flow, Lagrangian Discrete Phase 
Model (DPM) was applied. In Fig. 3, the simula-
tion process performed in this research is shown 
schematically.

3.3. Model development
For mesh generation, various meshes have been 

produced using unstructured, structured and semi 
structured methods. The specification of the gen-
erated meshes shows that the highest number of 
cells is related to the fine unstructured mesh with 
872,026 cells, which has an orthogonal quality 
index of 0.322. Furthermore, the semi-structured 
generated mesh has 495,400 cells, with its orthog-
onal quality index much higher than the fine un-
structured mesh (0.514). In addition, the structured 
mesh has an orthogonal quality index of 0.360 
(higher than the orthogonal quality index of a fine 
unstructured mesh) that has fewer cells (276024). 

Figure 4: A schematic view of the Laboratory wet LIMS in the ICEM CFD software

Figure 5: Exhibits of generated mesh in different parts of the separator device
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It is necessary to mention that the inlet (for pulp 
flow inlet), the outlet (for tailing and concentrate 
outputs), and the rotational moving wall (for ro-
tating drum of the device) were considered as the 
separation boundaries of the geometry.  The num-
ber of cells, nodes and faces of the final selected 
mesh (with semi-structured method) were 495400, 
328491, and 1322708 respectively. In the begin-
ning of the simulation and in order to reach better 
convergence of the residual curve, only the flow 
of water inside the device was simulated in steady 
state. Then with these initial values, the simula-
tion of injection of pulp (particles and water) was 

initiated. A schematic view of the Laboratory wet 
LIMS equipment in the ICEM CFD software en-
vironment is shown in In Fig. 4. Exhibits of gen-
erated mesh in different parts of the device (input, 
outputs of tailings and concentrate and separation 
tank) are also showed In Fig. 5. 

In this simulation, the SIMPLE algorithm was 
used for coupling the velocity and pressure equa-
tions. Besides, the second-order upwind scheme 
was used for discretization of momentum and 
continuity equations and to solve kinetic energy 
of turbulence and turbulence dissipation rate. In 
order to achieve a convergent solution, the values 
of “under relaxation factors” for pressure, momen-
tum and body forces were adjusted as 0.2, 0.5 and 
0.5, respectively. Also, the under relaxation fac-

tor of 0.2 was applied to two variables of kinetic 
energy and the dissipation rate of turbulence. The 
time step of the simulation was equal to 0.05 and 
0.0001 second for the particle and fluid respective-
ly and the convergence criterion was considered 
to be 0.001. In Table 2, the parameters used in the 
simulation are briefed.

4. Results and discussion
4.1. Simulation of magnetic field
There is three materials including ferrite (ceram-

ic) cuboid magnets, steel cylindrical drum and sep-

arator tank (steel 316), and air that cover around 
the magnets were used to simulate the magnetic 
field. In Fig. 6, a schematic view of the geome-
try created in the simulator, COMSOL Multiphys-
ics, is shown. In the next step, the region related 
to the generation of the magnetic field should be 
determined. In addition, the generation power of 
the magnetic field was determined using remain-
ing flux density variable (This value is equal to 
1,500 gausses for each of the three magnets). This 
value should be applied in a particular direction, 
which is referred to as polarization direction and is 
determined by the poles N and S of the magnets. 
In the desired problem, this direction was deter-
mined after determining the poles of N and S of 
the magnets and the angle of the magnets with the 

Table 2: Parameters used in the simulation of the magnetic separation process of particles

ValueParameter

5020.0Magnetic particle density (Kg/m3)

3215.7None-magnetic particle density (Kg/m3)

125Particle diameter (magnetic and none-magnetic) (micron)

998.2Water density (Kg/m3)

0.001003Water viscosity (Kg/m×s)

0.1TExternal magnetic field (flux density, Tesla)

64.6Magnetization of magnetic particle (emu/gr)

4.4Magnetization of none-magnetic particle (emu/gr)

25Weight solid percent of the input pulp (%)

0.13Mass flow rate of magnetic particles (Kg/s)

0.03Mass flow rate of none-magnetic particles (Kg/s)
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horizon (X-axis) and shown in Fig. 2(A). More-
over, the magnetic insulation boundary condition 
was considered as surrounding cubic plates, which 
will limit the calculation of the magnetic field in 
this space. After these steps, the mesh of generat-
ed geometry in the simulator was produced with 
a specified limit for the size of elements (which 
is related to the problem physics). A view of the 
produced mesh is shown in Fig. 7. 

Fig. 7 illustrates a view of the constructed mesh 
where the inlet of the separator is located on the 
left, and the rotating cylinder shell of the separa-
tor is further characterized by a blue circular dense 
mesh. In this figure, the position of the magnets 
is also determined and their color spectrum, ac-

cording to the legend, indicates the distribution 
of the magnetic flux density in the space around 
the magnets. Triangular meshes were used so as 
to achieve better convergence and stability in the 
solution. After solving the physics of the problem, 
the graphical results of magnetic flux density was 
also shown in Fig. 7. As seen in Fig. 7, the value 
of the magnetic flux density on the magnet is 900 
to 1000 gauss considering the legend in right side 
of Fig. 7.

4.2. validation of the simulation results of the 
magnetic field 

In order to validate the simulation results of the 
magnetic field, the size of the magnetic field (in 
Gauss) was measured at 43 points around the mag-

Figure 6: Schematic view of the created geometry of the wet LIMS in the COMSOL Multiphysics

Figure 7: Schematic view of the created mesh with the magnetic flux density distribution in the device
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netic sector using a gauss meter. Considered points 
were located in the middle section of the magnets 
and in 6 directions with different angles and differ-
ent distances from the magnets (Fig. 8 (A)). The 
quantitative comparison of the measured and sim-
ulated magnetic field intensity at different points 
was also shown in Fig. 8. As seen in Fig. 8, the 
value of magnetic field intensity was reduced by 
the distance from the surface of the cylinder. This 
reducing trend was obvious in both laboratory 
measurement and the results of the simulation. On 
the other hand, the results of magnetic field simu-
lation were in agreement with those of laboratory 
measurement. In general, the evaluation of Fig 8 
showed that the quantitative results of magnetic 
field simulation were consistent with laboratory 

measurements and the maximum simulation error 
of 7.8% in different directions. It should be not-
ed that the effective magnetic field in the surface 
of the drum shell and in the middle section of the 
magnets is about 1,000 Gauss (based on the simu-
lation and measurement results, Fig 8). 

4.3. Simulation of pulp flow in wet LIMS
To simulate of the pulp flow in the separator de-

vice, initially and by considering the viscous mod-
el of the standard k-ε, boundary conditions of the 
mass flow inlet, pressure outlet and rotating wall, 
for the pulp inlet of the separator, tailings and con-
centrates outputs, and the rotary cylinder of the 
separator, simulation was started to solve the flow 
of water inside the separator. After the conver-

Figure 8: Measured and simulated values of magnetic field magnitude (gauss) in 6 directions (A) and different distance 
from the surface of the drum in the middle section of magnets

Figure 9: Water velocity values in different parts of the separator device
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gence of the solution, the flow of water inside the 
separator was studied and, due to the existence of 
vortices in the device, finally the RNG k-ε model 
was selected for the viscous model of the simula-
tion. At this stage, the velocity values of water in 
different parts of the separator were also investi-
gated which are shown in Fig. 9.

After forming the solution of water flow inside 
the magnetic separator in the first stage of simula-
tion, in the second step, by using the discrete phase 
Lagrangian model (DPM), a simulation of the pulp 
flow (solids and water) was performed. It must be 
noted that , at this stage, in addition to the drag 
and gravity forces, the magnetic force will also be 
applied (through the UDF code) on the particles. 
In the first stage of the simulation, the flow of wa-
ter inside the separator was steady state and con-
sidering the turbulence model of k-ε type of RNG 
model. The simulation conditions in the second 
stage of the simulation are presented in Table 2. In 
the second step, simulating and injecting particles 
and fluid into the magnetic separator, the select-
ed time step is important for particle tracking. The 
time step of a particle in tracking simulations is is 
calculated from equation 9 [39]:

(9)

In equation 9, S, the particle-to-fluid ratio, the 
Cunningham constant Cc, d, the particle diameter, 
and ϑ is kinematic viscosity of the fluid, which 
was obtained by calculating and applying stringent 
conditions, this time step for particle was achieved 
0.0001 seconds. 

After simulating the magnetic separation process 
in the separator device, the graphical outputs of the 
position of the particles are discussed below. In or-
der to investigate the position of the particles more 
precisely, magnetic and none-magnetic particles 
are shown in separate images in the figures. The 
position of none-magnetic particles at times of 1.3, 
1.8, 2.8, and 4.3 seconds is shown in Figure 10, 
and the position of the magnetic particles in these 
times is also shown in Figure 11. 

The images of the position of the none-magnetic 
particles in different times (Fig. 10) showed that 
the particles did not absorb through the magnet-
ic field of the shell after passing the inlet portion 
of the separating device and reaching the cylin-
drical portion, and moved towards the outlet of 
the none-magnetic materials, which has a perfect 

conformity with physical reality of the separation 
test. This is while magnetic particles absorbed to-
wards the magnetic field of the cylinder shell after 
entering the separating device, and over time, the 
density of magnetic particles in the cylindrical part 
increased (Fig. 11). There is a slight difference be-
tween the positions of magnetic and none-magnet-
ic particles up to about 1.3 seconds (Figures 10 (A) 
and 11 (A)). But this difference in the positioning 
of particles at 1.8 seconds (Figures 10 (B) and 11 
(B)) is clearly visible. So that the none-magnetic 
particles have more forward motion, this is where 
magnetic particles are concentrated in the prima-
ry portion of the magnetic cylinder. This shows 
the influence of magnetic particles from magnetic 
force. An issue that has substantially less impact 
on none-magnetic particles. The curvilinear mo-
tion of the none-magnetic particles towards the 
tailing output starts at 2.8 seconds (Fig. 10 (C)). At 
the same time, however, the magnetic particles are 
quite prominent and are completely subjected to 
the magnetic force of the magnetic cylinder (Fig. 
11 (C)). Meanwhile, an increase in the residence 
time of the magnetic particles (towards the red col-
or) is observed in this figure and later figures.

At simulation time of 4.3 seconds (Fig. 10 (D)), 
the aggregation of none-magnetic particles in the 
tailings output is increasing, which is a conse-
quence of the increasing trend in subsequent simu-
lations. It seems that the behavior of the none-mag-
netic particles and their position at different times 
within the magnetic separator is largely simulated 
correctly. At 4.3 seconds, the position of magnetic 
particles (Fig. 11 (D)) is perfectly within the area 
of the influence of the magnetic field (magnetic 
cylinder). By examining the subsequent simula-
tion times, it is determined that a large part of the 
none-magnetic particles are moving in their prop-
er direction and toward the tailings output. But in 
addition, some particles are none-magnetic (with 
a lower percentage) that their path is moving in 
the direction of the second outlet (the concentrate 
output). In addition to the none-magnetic particles 
moving toward the concentrate output, there are 
some magnetic particles which are moving to-
wards the tailings outlet. But the amount of mag-
netic particles that move towards the tailings outlet 
is less than the none-magnetic particles that move 
toward the concentrate outlet. 

4.4. validation of the pulp flow simulation re-
sults 

After the general trend of magnetic and none-mag-
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Figure 10: Simulation of the position of none-magnetic particles inside the magnetic separator device at 1.3 (A), 1.8 (B), 
2.8 (C) and 4.3 seconds (D)

Figure 11: Simulation of the position of magnetic particles inside the magnetic separator device at 1.3 (A), 1.8 (B), 2.8 
(C) and 4.3 seconds (D)
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netic particles flow during the simulation with the 
reality of the magnetic separation test in the wet 
LIMS machine was qualitatively consistent, in 
the next step, in order to compare the results of 
the simulation and magnetic separation test quan-
titatively (validation of simulation results), a lab-
oratory test was carried out under the simulation 
conditions (the solid percent of input pulp was 25 
wt.% and the size of the pulp particles (magnet-
ic and non-magnetic particles) was 125 microns). 
The simulation time was 10 seconds. During the 
simulation, sampling was done from tailings and 
concentrates outputs, as well as trapped particles 
into a rotating cylinder. Then, the simulation re-
sults were compared with the experimental results. 
Given the fact that the main response of magnetic 
separation test is the recovery of magnetic par-
ticles (that absorbing to the rotating drum), this 
amount is compared with each other after the ex-
periment and simulation. The value of magnetic 
recovery in the laboratory test was 74% and this 
value was 55.57% after the simulation. The differ-
ence between the results of the simulation and the 

magnetic separation test was 16.45%. Therefore, 
it seems that the magnetic separation test has been 
simulated acceptably. 

4.5. Simulations and validations of the particle 
size and solid percentage of the input pulp 

In order to quantify the results of the simulation, 
magnetic separation simulation was performed 
by changing two variables affecting the magnet-
ic separation process and corresponding experi-
ments (variables of particle size of input pulp feed 
particles consist of four levels (+180, +125, +90 
and +63 microns) and solid percentage of the in-
put pulp in four levels of 15, 20, 25 and 30 % by 
weight which the results are shown in Figure 12 
and 13.

As shown in Figure 12, the trend of the simu-
lation results is consistent with the laboratory re-
sults of weight recovery, with the highest weight 
recovery in the size of 90 microns in simulation 
(61.65 %) and experimental (76.7 %) results. The 
highest simulation error was in the size of 125 mi-
cron (16.5%) and the lowest simulation error was 

Figure 13: Experimental and appropriate simulations results of the magnetic separation tests in different solid percentage 
of the pulp feed

Figure 12: Experimental and appropriate simulations results of the magnetic separation tests in different particle size of 
the input pulp feed
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in the size of 180 micron (11.4%). Examination of 
the simulation trend has shown that by reducing 
the particle size (magnetic and non-magnetic), the 
percentage of non-magnetic particles (which must 
be removed from the tail path) has a completely 
decreasing trend.

As can be seen in Figure 13, the weighted recov-
ery response trend of the magnetic separation test 
is the same in the different solid percentages of the 
input pulp in the experiments as well as the simula-
tion results. The lowest simulation error in predict-
ing weight recovery in the solid percentage of 15% 
(equivalent to 14%) and the highest simulation er-
ror in the solid percentage of 30% (equivalent to 
16.9%). It seems that as the solid percentage of the 
pulp increases, the viscosity of the pulp increases, 
and as a result, the effect of the fluid drag force 
on the separation process decreases, leading to a 
reduction in the weight recovery. It seems that the 
path of magnetic and non-magnetic particles and 
their positions inside the separator in the process 
of magnetic separation and the response of the 
weight recovery to magnetic separation test (as a 
quantitative result) are acceptable by using of this 
simulation method.

5. Conclusion	
In this research, the magnetic separation process 

of particles in the wet LIMS equipment was sim-
ulated by combining the numerical methods of 
FEM for simulation of the magnetic field variables 
and CFD for simulation of the pulp flow enhanced 
by DPM model for particle tracking. In the first 
step of this research, the results of simulation and 
laboratory measurements of the magnetic field 
magnitude indicated that the maximum percentage 
of simulation error was 7.8% in various directions. 
Generally, the comparison of simulation results 
and laboratory measurements of magnetic field 
confirmed that the quantitative results of magnetic 
field simulation were consistent with laboratory 
measurements. In the continue, simulation of pulp 
flow and tracking the magnetic and none-mag-
netic particles, as the second step of the simula-
tion, was done. After confirming the qualitative 
results of simulation and correct tracking position 
of magnetic and none-magnetic particles, in order 
to validation of simulation results quantitatively, 
the magnetic separation experimental tests (by 
changing two variables of particle size of the input 
pulp feed particles and solid percentage of input 
pulp) were carried out according to the simulation 

conditions. The maximum difference between the 
results of the simulation and the magnetic sepa-
ration experimental tests (recovery of magnetic 
particles in the concentrate product) was 16.9%. 
This comparison, showing the capability of the 
combining approach to confront the simulation 
of systems with the base of magnetic separation. 
Furthermore, it also could be concluded that in the 
operating conditions similar to levels of variables 
of this study, DPM approach could be well suited 
for simulation, designing and constructing more 
developed magnetic separators with higher effi-
ciencies. 
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