
Numerical simulation of agglomeration process dynamics of
ferromagnetic mineral particles in a weak magnetic field

Jiangang Ku a,⁎, Huihuang Chen b, Kui He a, Lu Xu a, Quanxiang Yan a

a College of Zijin Mining, Fuzhou University, Fuzhou 350116, Fujian, China
b College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, Hunan, China

a b s t r a c ta r t i c l e i n f o

Article history:
Received 5 March 2014
Received in revised form 17 August 2014
Accepted 29 September 2014
Available online 7 October 2014

Keywords:
Numerical simulation
Agglomeration
Ferromagnetic mineral particles
Magnetic dipole–dipole attractions
Energy conversion

Based on the magnetic dipole theory of magnetic-field distribution, the forces acting on ferromagnetic mineral
particles (FMMPs) in the magnetic separation process were calculated in detail and a macro-scale dynamic
model ofmagnetic agglomeration (MA) of particle swarmswas established. A calculationmethod toward the dy-
namic model was proposed, and the two-dimensional dynamic process of the interaction between FMMPs was
simulated. Furthermore, the energy conversion of singlemineral particles tomagnetic chains (MCs) was also an-
alyzed. The results show thatmagnetic dipole–dipole attraction (MDDA) acting on FMMPswas the primary force
in the magnetic separation process, and the dynamic process of MC formation from single mineral particles was
closely related to time, distance between particles, and the external magnetic-field orientation. For FMMPs ar-
ranged in chain structures oriented along the external magnetic field, the time required for FMMPs to form
MCs was less than 50 ms. In addition, the optimum time for MC destruction was in the initial stages (less than
5ms) of theMC-formation process; either removal of the permanentmagnet or discontinuation of the excitation
current was the most direct and efficient way to fragment MCs once formed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic separation is a physical separation of discrete particles
based on the three-way competition between magnetic force, gravity,
frictional resistance, and magnetic dipole–dipole attraction (MDDA)
(Oberteuffer, 1974). The principle of magnetic separation can be illus-
trated in Eq. (1).
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where Fc is a competing force, Fmag and Fnon-mag are forces acting on
magnetic and “non-magnetic” particles, respectively.

In general, in order to achieve high recovery of magnetic particles,
themagnetic forcemust be greater than the sumof the other competing
forces. Meanwhile, in order to achieve high grade of magnetic particles,
magnetic force acting on “non-magnetic” particlesmust be less than the
sum of the other competing forces. The selectivity of the process will be
determined by the relative values of themagnetic and competing forces.
Therefore, the analysis and fundamental understanding of forces acting
on ferromagnetic mineral particles (FMMPs) are crucial for the applica-
tion of magnetic separation. Among various forces acting on FMMPs

during magnetic separation, the MDDA is the interacting force gen-
erated by magnetic induction between FMMPs and plays a dominat-
ing role in determining the structure of magnetic chains (MCs)
created by MA (Ku, 2007). Yet, unfortunately, most people—including
many professionals—intentionally or unintentionally ignore MDDA in
calculation (Stradling, 1993; Svoboda and Fujitab, 2003) and analysis
(Arol and Aydogan, 2004; Yavuz et al., 2009).

Study on the dynamic process of FMMPs in the slurry system will
deepen the understanding ofMAprocess, and help us to improve the re-
covery of magnetic separation by usingMA or enhance the selectivity of
magnetic separation by preventingMA. The MA behavior of FMMPs has
been extensively studied. Adhesion forces including van derWaals, liq-
uid bridge, and electrostatic forces between particles in high-gradient
magnetic fields have been calculated (Senkawa et al., 2011). Different
equations for calculating themagnetic force acting on a single magnetic
particle in a non-uniformmagnetic field have been derived bymeans of
computer analysis (Bagster, 1987; Smolkin and Smolkin, 2006). A gen-
eral formula for the calculation of magnetic force between magnetic
mineral particles was previously derived using Coulomb's law (Chu
and Jiang, 1990). The intensity ofMCs formed by FMMPswas also calcu-
lated (Xie, 2000). A MA force formula applicable to the MA process of
two ferromagnetic particles in (or out of) a magnetic field has been de-
rived on the basis of the surface current of amagneticmaterial and elec-
tromagnetic theory (Lin et al., 2000). As previously stated, the
interacting forces betweenmagneticmineral particles have been exten-
sively studied. However, research on the dynamic process of FMMPs in
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the slurry system is rarely reported due to the difficulty in calculating
the accurate values of various forces.

In this study, the forces acting on FMMPs, such as frictional resis-
tance andMDDA, were calculated and analyzed. On this basis, a dynam-
ic model of FMMPs was established and simulated to illustrate the
dynamic formation of MCs from the single-particle state. Energy con-
version during MC formation was calculated in detail. The present
study focuses on a discussion of the dynamic processes involved in MC
formation from FMMPs in a magnetic field and the energy conversions
taking place during MC formation.

2. Dynamic modeling

2.1. Force analysis of FMMPs in a magnetic separation process

FMMPs are not only subject to gravity (Fg), magnetic force (Fm), and
frictional resistance (FD) in the separating space of amagnetic separator,
but alsomagnetic interactions and collisions (Tembely et al., 2012). The
molecular thermal motion of mineral particles can be ignored in a mag-
netic field as the diameters of particles are from dozens of microns to
millimeters in size (Li et al., 2010).

2.1.1. Gravity Fg
The force of gravity Fg acting on amagnetic particle inwater includes

the effect of gravity and buoyancy as expressed in Eq. (1):

Fg ¼ πd3

6
ρk−ρð Þg ð1Þ

where d is the particle diameter, ρk and ρ are densities of the mineral
particle and water, respectively, and g is the gravitational acceleration.

2.1.2. Magnetic force Fm
The magnetic force Fm acting on FMMPs is calculated by using

Eq. (2):

Fm ¼ μ0χmH gradHð Þ ð2Þ

where μ0 is the permeability of the medium, χ is the magnetic suscep-
tibility of the particle,m is themass of the particle, andH and gradH cor-
respond to the intensity of the magnetic field and the magnetic field
gradient, respectively. The H value of a wet drum-type weak magnet
separator (Ф 1050 × 3000) can be expressed using the distance from
the particle position to the drum surface h:

H ¼ 1:32� 105e−17:312h
: ð3Þ

Substituting Eq. (3) into Eq. (2), the magnetic force Fm becomes:

Fm ¼ μ0χ
πd3

6
cH2 ð4Þ

where c is the non-uniform distribution factor of the magnetic field
(c = 17.312).

2.1.3. Frictional resistance FD
The flow pattern of mineral particles in the separation space of the

magnetic separator is under turbulence conditions, and the Reynolds
number (Re) range is widely distributed. Thus, the frictional resistance
FD is calculated using Eq. (5) developed by Abraham (1970):

FD ¼ ψt 1þ 2kffiffiffiffiffi
Re

p
 !

ρd2v2 ð5Þ

where ψt and k are the resistance coefficients related to the Reynolds
number, Re is the Reynolds number, ρ is the density of the medium, d
is the diameter of the mineral particle, and v is the velocity of the

mineral particle relative to the medium. Some modifications to Eq. (5)
have been made by Concha and Almendra (1979) combining
boundary-layer theory and experimental data, where ψt = 0.11 and
k= 4.53; Eq. (5) was developed in order to correlate the particle diam-
eter at any value to Re.

2.1.4. MDDA Fmm

The distance between FMMPs under the initial slurry condition is
relatively large. Therefore, the traditional magnetic-field distribution
model of themagnetic dipole can be applied to calculate the interaction
between magnetic particles (Jolly et al., 1996). The diagram of interac-
tions between two magnetic dipole models is shown in Fig. 1.

The interaction energy of two magnetic dipoles Umm is calculated
using Eq. (6); here, m, μr, θ, and l are the magnetic dipole moment of
the particle, differential permeability of the particle, angle between
the magnetic field orientation and the direction of two particles, and
distance between two FMMPs, respectively (Ku, 2007).

Umm ¼
mj j2 1−3 cos 2θ

� �
4πμ0μr l

3 ð6Þ

The MDDA Fmm is calculated using Eq. (7) (Tian et al., 2011):

Fmm ¼
3 mj j2 1−2 cos 2θþ 5 cos 4θ

� �1=2
4πμ0μr l

3 : ð7Þ

The magnitude of the magnetic momentm of FMMPs is affected by
other FMMPs after being magnetized (Zhang et al., 2010). The actual
magnitude of the magnetic moment of a particle in the magnetic field
is achieved only when it is fully magnetized (Li et al., 2008), which
can be calculated by the following equation:

m ¼ 4πμ0μrβr
3 1þ 2χr3

χ þ 3ð Þ r2 þ l2
� �3=2

" #
H ð8Þ

where H is the intensity of the magnetic field.

2.2. Numerical comparison between MDDA and other forces

Permanent magnetic wet drum separators (Ф 1050 × 3000, pro-
duced by Sinosteel Maanshan Mining Research Institute Co., Ltd.,
Maanshan, China) and titanomagnetite (ρ = 5.08 g · cm−3, magnetic
susceptibility χ = 2.44, obtained from Panzhihua Mine, China) are

Fig. 1. Diagram of interaction between two magnetic dipole models.
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