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Abstract: Traditional dry magnetic separation has poor separation efficiency for fine-grained materi-
als, and combining airflow and a magnetic field may be one of the most effective means to improve it.
Based on the pneumatic drum magnetic separator developed by our team, an improved pneumatic
magnetic separator with a segmented flow field is proposed, which pushes materials to move along
the separation surface. Analysis of flow field in the separation zone and the forces on particles show
that the improved pneumatic magnetic separator makes it easier to collect fine magnetic particles,
while nonmagnetic particles are more easily removed by airflow. Separation test results also show
that the iron grade and the recovery of concentrate improved from 37.89% and 74.75% to 51.76% and
91.79%, respectively. The separation efficiency of the pneumatic drum magnetic separator has been
remarkably improved by optimizing airflow field in the separation zone.

Keywords: airflow field optimization; simulation analysis; pneumatic drum magnetic separator

1. Introduction

Magnetic separation is a technology to separate magnetic components from nonmag-
netic materials in a nonuniform magnetic field, based on their magnetic differences [1,2].
In recent years, due to the rising costs associated with environmental protection and the
increasing demand for iron in polar regions (extremely cold and hot regions), dry magnetic
separation highlights its greater application advantages [3]; however, for fine-grained iron
ores, the separation efficiency of dry magnetic separation is lower than that of wet magnetic
separation. This is mainly because the mechanical inclusion caused by magnetic agglomer-
ation and the nonspecific adhesion between fine particles in dry magnetic separation are
more severe than that in wet magnetic separation [4–6].

Although there are many factors affecting nonspecific adhesion between particles, few
effective measures can be taken to improve particle dispersion in magnetic separation and
mechanical dispersion is the easiest and an effective compulsory dispersion method. To
improve the efficiency of dry magnetic separation for fine-grained materials, it is usually
necessary to introduce other mechanical forces to destroy particle clusters formed by
magnetic and nonmagnetic particles (or by rich and poor coenobium) [5,7–11]. Mechanical
force is caused by the impact of high-speed moving machinery, or the strong turbulence
of airflow generated by jet entrainment and the direct impact of high-speed airflow. The
needed condition of mechanical dispersion is that mechanical force (usually refers to the
shear force and pressure difference force of fluid) should be greater than the adhesion
force between particles [1]. Additionally, introduction of mechanical force is essential
for strengthening the turbulence intensity of flow field in separation zone. However, the
separation efficiency of industrial dry magnetic separation has been improved, mostly
by removing ultrafine particles in advance [12,13], which is similar to the separation of
fine weak magnetic materials in wet magnetic separation, where the ultrafine magnetic
particles will be lost with water [14].
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It is worth noting that combing high-speed airflow and traditional dry magnetic
separation is an effective way to improve efficiency in dry magnetic separation. In recent
years, new dry magnetic separation equipment has emerged. The effects of airflow can
be summarized into three categories: (1) removing fine materials [15]; (2) promoting
fluidization of materials [16–22]; and (3) impacting materials to remove inclusions [23].

A new pneumatic magnetic separator [24], recently proposed by our research group,
can efficiently lessen inclusions by fluidizing materials, realizing the efficient separation of
strong magnetic materials. However, the undifferentiated airflow field in the original equip-
ment will result in a lower concentrate recovery. Based on the original drum pneumatic
magnetic separator, this paper puts forward a segmented airflow field type pneumatic
magnetic separator. The advanced nature of the equipment is illustrated by airflow field
simulations and particle force analyses. Experimental tests on artificial mixtures of mag-
netite and quartz revealed a good separation performance for the new separator. The main
significance of this paper is to explain the key role of airflow field regulation in the separa-
tion zone for improving separation efficiency of a pneumatic drum magnetic separator.

2. Experimental Section
2.1. Configuration Improvement of Pneumatic Drum Magnetic Separator

The basic configurations of the original and improved pneumatic drum magnetic
separators are, respectively, shown in Figure 1a,b [24]. Concentrate with a high grade
and low recovery is usually obtained using the original equipment. The reason for this
lies in the openness of the external airflow field of the equipment. Many fine magnetic
materials are blown away from the separation surface by the airflow and enter the tailings
side. To solve this problem, several baffles were set in the separation zone of the new
separator. On the one hand, the airflow field is blocked and the material must pass through
a certain distance the drum surface alone, avoiding that the magnetic material is blown
into the tailings side without separation. On the other hand, the airflow field distribution
is optimized and the movement direction of particles is regulated.
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2.2. Materials

Magnetite was purified by weak magnetic separation from a high-grade magnetic
concentration, sampled from the mine of Daye in Hubei Province, China. Bulk quartz was
supplied by Xinjiang Koktokay Rare Metal Mine, China. The quartz was crushed with
a hammer and handpicked to remove impure minerals and then ground in a porcelain
mill with agate balls. The magnetite and quartz samples were then sieved individually
to get the size fraction of −0.038 + 0.023 mm. The assayed total iron grade of magnetite
was 71.04% and the assayed SiO2 content of quartz was 99.60%. Artificial mixtures of 5 g
magnetite and 15 g quartz were used as feed on account of the capacity of the separator for
each test.

2.3. Experimental and Evaluation Methods

Magnetic field intensity of the drum surface was set at about 900Gs (measured using
a Gauss meter). The airflow velocity and drum rotation speed were adjusted to specified
values (0–0.64 m/s). Then, the artificial mixture was fed at a constant speed from the
material inlet. When the mixture enters the separation zone, it was first fluidized. With the
action of a large magnetic force and a low air drag force, magnetite particles will stay on the
separation surface and move forward with the drum, and then finally they are dropped into
the concentrate hopper. In contrast, the quartz particles move away from the separation
plane because of the large air drag force and enter the tailing hopper. The concentrate and
tailings are weighed and assayed for iron grade to calculate the iron recovery.

Iron grade and recovery of the concentrate and separation efficiency were adopted to
evaluate the separation performance under different test conditions. Based on the assayed
iron grade, the iron recovery of the concentrate (ε) and separation efficiency of the test (E)
were calculated using the following formulas:

ε =
β(α− θ)

α(β− θ)
× 100% (1)

E = ε
(β− α)

(βmax − α)
× 100% (2)

Here, α, β, and θ represent the iron grade of the feed, concentrate, and tailings; βmax is
the theoretical iron grade of magnetite (71.04%).

2.4. Simulation Method and Conditions

A two-dimensional model built by COMSOL 5.3a (COMSOL. Inc., Burlington, MA, USA)
was adopted to simulate the airflow field of the magnetic separator. Geometric models of
the original and improved pneumatic drum magnetic separators are shown in Figure 2. The
magnetic field was solved based on the scalar magnetic potential Laplace equation. The
transient Reynolds averaged NS equation (RANS) was used to solve the airflow field using
a realizable model as the turbulence model. A free triangle grid in Cartesian coordinates
was used after the optimization of the boundary layer grid. The number of grids of the
original and improved platforms are 68,160 and 77,621, respectively, and the maximum and
minimum grid size are 3 mm and 0.005 mm. A stable turbulent airflow field was selected
as representative of the results. Specific parameters used in the simulation are shown in
Table 1.
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Figure 2. Two-dimensional simulation geometric models of original (a) and improved (b) pneumatic drum magnetic separator.

Table 1. Parameters used in the simulation.

Parameters Original Improved

a 25 mm 25 mm
b 20 mm 20 mm
c 25 mm 25 mm
ϕ 180 mm 180 mm
ω variable variable

Air Inlet v1 2.8 m/s 2.8 m/s
Air Inlet v2 variable variable

Pressure Outlet p1 0 20 kpa
Pressure Outlet p2 0 0
Pressure Outlet p3 0 0

Based on the calculated physical field data, the different forces on particles can be
obtained as follows:

Gravity of magnetite and quartz can be given by:

Gm = ρmg
πd3

6
(3)

Gq = ρqg
πd3

6
(4)

where g is gravitational acceleration, d is diameter of particle, ρm and ρq are density of
magnetite and quartz.

The magnetic force on magnetite can be given by [25]:

Fm = ρmµ0χ
πd3

6
H∇H (5)

where µ0 is the permeability of vacuum, χ is the susceptibility of magnetite, and H is the
external magnetic field intensity.

Air drag force FD on particles can be given by the Schiller–Naumann model [26,27].

FD =
1
τp

mp

(
u f − up

)
(6)
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τp =
4ρpd2

3µCDRe
(7)

CD =
24
Re

(
1 + 0.15Re0.687

)
(8)

Re =
ρ
∣∣∣u f − up

∣∣∣d
µ

(9)

where mp is the mass of the particle, τp is the particle velocity response time, u f and up are,
respectively, velocity of airflow and particle, µ is the viscosity coefficient of air, CD is the
resistance coefficient, and Re is the Reynolds number of particles.

3. Results and Discussions
3.1. Airflow Field Simulation and Analysis

The equipment has different airflow field distributions under different drum rotation
speeds or radial airflow incident velocities, and the airflow field of the improved one is
the same as that of the original one near the separation surface (5–10 mm). However, at a
certain distance (>10 mm) from the separation surface, the airflow fields are different. In
this paper, only the airflow conditions ofω = 120 rpm and v2 = 0.64 m/s were taken as the
representative airflow field distribution of the two magnetic separators, and is shown in
Figure 3.
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Figure 3. Airflow velocity field distribution of the original (a) and improved (b) pneumatic drum magnetic separator.

It can be seen from Figure 3 that the airflow field of the original pneumatic magnetic
separator is simple. After entering the separation zone from the air inlet, the material will
collide with the radial airflow on the separation surface (i.e., the drum surface), resulting in
strong turbulence of airflow and the fluidization of materials. However, some fine magnetic
particles will not be effectively attracted by the magnetic system and will enter the tailings
side directly due to the airflow or the dust collector, as there is no baffle. Meanwhile,
some nonmagnetic particles may directly enter the concentrate from the left side. This



Minerals 2021, 11, 1228 6 of 9

will reduce the recovery and separation accuracy of magnetic materials. The baffles can
prevent particles from entering the concentrate from the left side, as shown by B1 and B2
in Figure 2. The material inlet airflow and the radial airflow on the drum surface collide
and is mixed between baffles B2 and B3, which further enhances the shearing effect of the
airflow on the loose particles. Fine materials are pushed to pass through the effective action
range of the magnetic system by baffle B3, which greatly improves the recovery of fine
magnetic materials. Baffles B4 and B5 can further hinder magnetic particles carried in the
airflow and prevent them from directly entering the tailings side or the dust collector.

3.2. Particle Force Analysis in Separation Zone

The magnetic force, fluid drag force, and gravity acting on magnetite and quartz
particles with a size of 23 µm, at different positions in the separation zone, were calculated
and analyzed, as shown in Figure 4.
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Figure 4. Force analysis of magnetite and quartz particles with a size of 23 µm (airflow inlet velocity
of drum surface = 1 m/s; rotating linear velocity of drum surface = 1 m/s). (Arrow: purple stands
magnetic force, green for drag force and black for gravity (too small to show); original platform: (a)
magnetite, (c) quartz; improved platform: (b) magnetite, (d) quartz).

For 23 µm particles, compared with the magnetic force and the fluid drag force in the
separation zone, the gravity of particles in Figure 4 is too small to show. For the original
pneumatic magnetic separator (see Figure 4a,c), the airflow drag force on particles is rather
small. The reason is that no baffle prevents particles from moving away from the separation
surface with the airflow. The farther the particles are away from the separation surface,
the smaller the magnetic force and drag force acting on the particles. For the improved
pneumatic magnetic separator (see Figure 4b,d), particles were pushed to pass through
the area near the separation surface by baffles, so the magnetic and airflow drag forces on
particles are much larger than those of the original one. As a result, fine magnetic particles
are easily collected by the magnetic system. At the same time, the high turbulence of the
airflow, not only promotes immediate discharge of quartz from the separation system, but
also provides a stronger shear effect to lessen particle magnetic agglomeration.
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3.3. Experimental Verification

A series of separation tests were carried out with artificial mixtures of magnetite and
quartz in the size fraction of−0.038 + 0.023 mm using the original and improved pneumatic
magnetic separators. Under a magnetic field intensity of 900 Gs, the test results obtained at
different rotation speeds and airflow velocities are shown in Figure 5.
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It can be seen from Figure 5a,b that, with the increase in airflow velocity, the iron
grade of the concentrate increased continuously while the iron recovery decreased more.
Similarly, with the increase in the rotational speed of the drum, the iron grade of the
concentrate increased and the iron recovery decreased gradually. This indicates that the
drag effect of radial air flow on particles and the centrifugal effect of the drum rotation on
particles coincide to a great extent, which belong to the reverse competitiveness of magnetic



Minerals 2021, 11, 1228 8 of 9

field force exerted on magnetic particles, and both can enlarge the force difference between
magnetic particles and nonmagnetic particles. However, the unique role of radial airflow is
that the strong shear action of fluid can weaken nonspecific adhesion among particles. The
separation efficiency will be improved under a certain airflow intensity, but excess airflow
will reduce the separation efficiency. Under the conditions of a rotation speed of 162 rpm
and a radial airflow velocity of 0.35 m/s, the iron grade and recovery of concentrate,
respectively, reached 37.89% and 74.75%, which was the optimal separation index.

It can be seen from Figure 5c,d that iron grade of concentrate is continuously improved
with the increase of airflow velocity. Although the iron recovery gradually decreased with
the increase in airflow velocity, the reduction was far lower than that of the original one
in Figure 5a,b. Under the conditions of a rotation speed 162 rpm and a radial airflow
velocity of 0.64 m/s, the iron grade and recovery of concentrate reached 51.76% and 91.79%,
respectively, and the separation efficiency significantly increased from 75.31% to 82.68%. In
addition, high-speed airflow can further improve separation efficiency at a high rotating
speed for the improved pneumatic magnetic separator, but this cannot be realized in the
original one. Hence, reasonable regulation of the external airflow field is the key way to
improve separation efficiency of the pneumatic magnetic separator.

4. Conclusions

For a pneumatic drum magnetic separator, airflow field characteristics have a signifi-
cant effect on the separation efficiency. Adding baffles near the material inlet can effectively
improve the airflow field distribution in the separation zone and push the materials along
the separation surface. Flow field analyses show that airflow velocity increases significantly
and turbulence becomes stronger. Force analyses show that the magnetic force and airflow
drag force on particles increased markedly. Fine magnetic particles are easily collected
by the magnetic system and nonmagnetic particles are easily removed from the feed by
the airflow. The recovery of magnetic materials (especially the fine magnetic particles),
and the grade of the magnetic concentrate were improved. Separation test results showed
that the iron grade and recovery of concentrate reached 51.76% and 91.79% from 37.89%
and 74.75%, respectively. Obviously, the separation index was improved remarkably by
optimizing the airflow field layout in the separation zone. Undoubtedly, coupling and
optimization of the flow field and magnetic field will be the key research content of dry
magnetic separation in the future.
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