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INVESTIGATION OF INFLUENCE OF SEPARATOR MAGNETIC SYSTEM
CONFIGURATION WITH PERMANENT MAGNETS ON MAGNETIC FIELD
DISTRIBUTION IN WORKING AREA

Purpose. To carry out research the influence of magnetic system configuration (shape and size of the permanent magnets) on
magnetic field spatial distribution in working area of new structure design magnetic separator with active front surface by
numerical methods. Methodology. We have applied the magnetic field numerical simulation for permanent magnets system in
absence of electrical current in magnetostatic approximation. We have solved the problem by using finite element method.
Research of permanent magnets cross-sectional shape influence made in the two-dimensional formulation using software
package Elcut. Research of magnetic field induction spatial (three-dimensional) distribution in new construction magnetic
separator working area is conducted using software package COMSOL Multiphysics 3.5a. Results. Magnetic flux density
maximum in the immediate vicinity of permanent magnet surface provide magnets with spherical and trapezoidal cross-sectional
shape. At a distance from pole surface, where the separation process working, magnetic field density produced by trapezoidal and
spherical cross section magnets, substantially lower in comparison with rectangular magnets. Rectangular and rectangular with
beveled corners cross-section shape magnets create approximately same magnetic field intensity not significantly different in
weight. Analysis of the spatial distribution of magnetic field induction in the working area of a new construction magnetic
separator has shown that a strong magnetic field with high magnetic flux density gradient value is formed in the interpolar
working volume. Originality. For the first time research of magnetic flux density distribution in working area of new construction
magnetic separator is conducted. Developed device feature is complex spatial distribution of magnetic field. Practical value.
Results of research can be used for selection of rational parameters of separator magnetic system. Received results also can be
used for determination of separator force characteristics. References 11, figures 8.
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B pabome nposeedeno uccnedosanue enuanua KOHQuzypauuu mazHumnoil cucmemovl (opmol u pazmepos NOCMOAHHBIX
MAZHUMOE) HA NPOCHMPAHCMEEHHOE PAChpedesieHie UHOYKYUU MAZHUMHO20 RO 8 pafouell 30He MAZHUMHO20 Cenapamopa
H06020 KOHCMPYKmMUH020 ucnonnenus. Ilocmaesnennsle 3a0auu peuwiensl ¢ UCHONb306AHUEM YUCTEHHOZ0 MEMOO0A KOHEUHbIX
anemenmos. Ilokazano, umo Konbuesble NOCMOAHHBIE MAZHUMDBL C RPAMOY20JIbHOU (OPMOIL nONEpeuHozo cevenus
obecneuusaiom naubonee GvlCOKUE NOKA3AMENU MAZHUMHOU UHOYKUUU 8 PAOOHUX B030YWIHBIX 3A30pAX HA mpedyemvlx
paccmoanuax om noeepxnocmu maznumos. B pesynemame ananuza npocmpancmeennozo pacnpedenenus UHOYKYUu
MAZHUMHO20 NONA YCHAHOGIEHO, YMO 68 MENCHOIIOCHOM PAdouem 00veme cenapamopa oopasyemcsa 00Cmamo4Ho URMeHCUgHOe
MAZHUMHOE NoJle C 8bICOKUM 3HAYeHuem zpaduenma undykyuu. Ommeuena yenecoofpazHoCmy UCNONBb308AHUA PE3YTbMAMO8
uccne008anusn 015 6blO0pa payuoHAILHBIX KOHCHPYKMUGHBIX RAPAMEMPOE MAZHUMHONU CUCHEMbl U ORPeOeieHUs CUI0BbIX
xapakmepucmuk cenapamopa. butn. 11, puc. 8.

Kniouesvie cnoéa: MarHUTHBIN cenapaTop, NOCTOSTHHBIIE MATHUT, MATHUTHOE 110J1€, METO/I KOHEYHBIX 3JIEMEHTOB.

Introduction. In recent years, high-coercive rare-
earth permanent magnets (PM) based on NdFeB
(neodymium-iron-boron)  are  widely used in
electromechanical devices for technological purposes
(separators, feeders). At a relatively low cost, they have a
high residual magnetic flux density B, (up to B, = 1.44 T);
Characterized by temperature stability at temperatures up
to 150 °C; have a small volume per unit of energy; are
resistant to the influence of demagnetizing fields [1, 2].

The variety of shapes, structural layouts and
directions of PM magnetization allows creating new
magnetic systems of electromechanical devices with the
necessary topology of the magnetic field in working gaps.
Electromechanical devices with PM can not only
successfully compete with their electromagnetic
counterparts, but also have extended functionality.

Analysis of literary data and problem definition.
Analysis of the distribution of the magnetic field is an
important stage in the design of separation devices based
on PM. The nature of the distribution of the magnetic
field in the working gaps of such devices depends
essentially on the configuration of the magnetic system,
which should be optimized for the mass of the PM.

In high-performance magnetic separators, as shown
in [3, 4], mainly magnets of cylindrical or annular shape

are used. In [3], a mathematical model is proposed for the
distribution of the scalar magnetic potential created in the
surrounding space by a cylindrical or circular PM. This
model is based on the representation of a PM in the form
of an equivalent solenoid, contains in explicit form PM
parameters and can be used to analyze the external field
of magnets in a homogeneous medium.

In [5] experimental studies of the magnetic field
induction distribution in the simplest case — for single and
paired magnetic elements in various modules of magnetic
separators were performed. The possibility and practical
expediency of using the superposition principle to
establish the resulting induction characteristic of the field
between opposing magnetic elements is shown to replace
the actual simulation with the calculated one.

The results of experimental studies of the
distribution of magnetic forces in the working zones of
cylindrical magnetic systems of drum separators are
presented in [6]. The influence of the main operating
parameters on the performance of a high-gradient
separator with a PM was investigated in [7].

Much of the publication is devoted to the use of
computer simulation to study magnetic fields created by
PM in the working gaps of magnetic separators.
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In [8] the results of calculation and introduction of
the drum separator on the PM are presented. To solve the
problem of choosing the optimal parameters of the
magnetic system, a finite element modeling package for
partial differential equations FEMLAB was used. In this
case, a plane-parallel analogy was considered, which,
taking into account the length of the separator,
sufficiently well reflects the real spatial picture of the
field distribution.

A new design of a magnetic separator with
transversely magnetized disk permanent magnets was
proposed in [9]. Calculation of the magnetic field is
performed using the finite element method. It is shown
that the largest values of the force factor (about T*/m) are
reached in regions with the highest magnetic field density.

As the analysis of publications [3-9] has shown, the
calculation of the magnetic field in the working interpolar
gaps of magnetic separators is a rather complex task,
which for most configurations of magnetic systems has
not been solved analytically until now, and the
experimental methods are rather laborious. When
developing new designs of magnetic separators to obtain
information on the distribution of magnetic field
induction in working gaps, it is expedient to use
numerical calculations with the use of appropriate
computer programs.

The goal of the work is to investigate the influence
of the configuration of the magnetic system (shape and
dimensions of the PM) on the spatial distribution of the
magnetic flux density in the working area of the magnetic
separator of a new design.

Material and results of investigations.
Investigation of the influence of the configuration of the
magnetic system on the topology of the magnetic field
was carried out for a new design of a disk separator [10,
11] proposed by the authors of the paper. The disk
separator is designed to extract ferromagnetic inclusions
from granular media conveyed by belt conveyors. In the
operating mode, the device is installed above the surface
of the bulk material. The magnetic system of the separator
includes annular magnets arranged along the Archimedes
spiral at equal distances from each other with alternating
polarity of the poles in the radial direction and in the
direction of the spiral deployment. In this case, the same
distance is also maintained between adjacent coils of the
spiral forming its pitch. With this configuration of the
magnetic system, conditions are created for self-cleaning
of the working surface of the disk from the extracted
ferromagnetic inclusions, which greatly simplifies the
process of unloading them without stopping the
separation process.

Fig. 1 shows a fragment of a spiral magnetic disk
separator system containing four annular magnets,
indicating the main design parameters: 0 — air gap;
a — transverse dimension (width) of the magnet; b —
distance between adjacent coils of the spiral; # — thickness
of the magnets (assumed to be unchanged, equal to
t=12.5 mm).

The magnetic field in the system with PM in the
absence of an electric current is described by a system of
Maxwell equations, which in the magnetostatic approach
has the form [10]:

VxH=0,

V-B=0, (M
where H is the vector of the magnetic field strength; B —
is the vector of the magnetic flux density.

Equation of state for permanent magnets:

B=pop H+B,, (2)
where g, B, are the relative value of the magnetic
permeability and the residual magnetic flux density of the
PM, respectively; 1, = 47107 H/m is the magnetic
constant.

Equation of state for ferromagnetic materials and
surrounding medium (air):

B=pou,H, 3)
where 4, is the relative value of the magnetic permeability
for the ferromagnetic material and air (g = 1),
respectively.
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Fig. 1. A fragment of the separator magnetic system indicating
main dimensions

At the first stage, the effect of the shape of the cross
section of the PM on the distribution of the induction of
the magnetic field in the air gap was investigated. The
task was to determine the shape of the PM cross section,
at which the mass of the magnetic system is minimal, and
the induction created in the air gap is maximum. Four
shapes of the cross section of the poles were considered
(the width of the magnets a was assumed to be
a = 67.5 mm): rectangular (Fig. 2,a); rectangular with
oblique angles (Fig. 2,b); trapezoidal (Fig. 2,c); spherical
(Fig. 2,d).
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Fig. 2. The investigated shapes of the cross-section of poles:
a — rectangular; b — rectangular with oblique angles;
¢ — trapezoidal; d — spherical

The solution of the problem defined for investigating
the effect of the shape of the cross section of a PM is
performed by the numerical finite element method in two-
dimensional formulation using the Elcut software
package. The following characteristics of the high-
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coercive magneto-hard material of the NdFeB type were
set: the relative magnetic permeability . = 1.06; residual
magnetic flux density of magnets B, = 1.2 T (vertical
component directed along the Y axis, see Fig. 2), coercive
force H. > 995 kA/m. As the boundary conditions at the
outer boundaries of the computational domain, the
condition of magnetic isolation was used. In Fig. 3, as an
example, a geometric model is shown (Fig. 3,a) with a
mesh of finite elements applied to it and a simulation
result in the form of a field pattern (Fig. 3,b) for a PM
with a rectangular cross-sectional shape.

Fig. 3. Modeling of PM with rectangular cross-sectional shape:
a — geometrical model; b — results of modeling

Determination of the magnetic flux density module B;
(i =1, .., 4, where 1 corresponds to a rectangular,
2 — rectangular with oblique angles, 3 — trapezoidal and
4 — spherical shape of the cross section PM, respectively)
was carried out along the Y axis (see Fig. 2) at distances
from the surface of the magnets from 0 to 100 mm in
increments of 5 mm. Fig. 4 shows the data of the ratio of
the values of the magnetic flux density modules B; at
selected points for all four forms of the cross sections of
the poles to the corresponding values of the magnetic flux
density module B; for PM with a rectangular cross-
sectional shape.
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Fig. 4. Comparison of the ratios of the magnetic flux density

modules B;/B; for PM with different cross-sectional shapes:
1 — rectangular; 2 — rectangular with oblique

angles; 3 — trapezoidal; 4 — spherical

¥ mm

As can be seen from Fig. 4, at small distances from
the surface of the PM (0 < Y < 15 mm), the maximum
values of the magnetic induction are provided by

spherical (curve 4 in Fig. 4) and trapezoidal (curve 3 in
Fig. 4) PM. They also gain considerably in weight in
comparison with magnets of rectangular cross section (for
the same length of magnets): the calculated mass of a
spherical magnet is 32%, and the trapezoidal magnet is
19% less than the calculated mass of a PM with a
rectangular cross-sectional shape.

However, at large distances (¥ > 20 mm), where the
separation process usually occurs, the intensity of the
magnetic field, produced by the magnets of the spherical
and trapezoidal sections, decreases significantly. In this
case, the magnets with a rectangular (curve 1 in Fig. 4)
and rectangular with oblique angles (curve 2 in Fig. 4)
form nearly uniform magnetic field intensity, not
significantly different in mass (no more than 5%).

In view of the foregoing, further studies should
recommend the use of circular PM with a rectangular
cross-sectional shape. They provide the highest indices of
magnetic induction in working air gaps at the required
distances. In addition, magnets of this form are widely
represented in the catalogs of companies engaged in the
sale of PM.

At the second stage, in order to substantiate the basic
geometric dimensions of the magnetic system of a given
configuration, the magnetic field distribution for two
three-dimensional models of the magnetic system was
calculated (Fig. 5) with the same calculated PM masses
(16.28 kg): model 1 (Fig. 5,a) : 6=25 mm, a = 67.5 mm,
b = 51.7 mm; model 2 (Fig. 5, b): 6 = 50 mm,
a =255 mm, b = 19.0 mm. Fig. 5 also shows the
characteristic points at which measurements were taken
(model 1 has 39, and model 2 has 119 characteristic
points, respectively).

Fig. 5. Magnetic systems with indication of characteristic points:
a —model 1; b —model 2

The study of the regularities of the spatial
distribution of the magnetic flux density in the working
area of a new-design magnetic separator is performed by

the finite element method wusing the COMSOL
Multiphysics 3.5a application package.
A three-dimensional geometric model 1 of a

magnetic system with a mesh of finite elements applied to
it is shown in Fig. 6,a. For a ferromagnetic disk on which
a PM is installed, it is assumed that the relative magnetic
permeability . of the disk material is constant
(& = 1000). The geometric dimensions of the disk
(diameter — 700 mm, thickness — 15 mm) are selected,
based on the dimensions of the conveyor systems most
often used in practice. Fig. 6, is a fragment of the pattern
of the distribution of magnetic flux density lines in the
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gap between the annular poles of the PM. Fig. 6,b shows
that the lines of force thicken in the vicinity of the gaps
and somewhat rarefy within the magnets.

Fig. 6. 3D modeling of the magnetic system:
a — geometrical model; b — results of modeling

Some results of modeling, in particular change of the
magnetic flux density module B along lines a — a’ and
b — b' (shown in Fig. 7) for the model 1 at Z =0 mm are
shown in Fig. 8.

Fig. 7. Lines along which measurement of the magnetic flux
density module B is carried out
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Fig. 8. Distribution of the magnetic flux density on the interface
between media «PM — air gap»:
a — in radial direction (along line a — a);
b — in the direction of unfolding the spiral (along line b — b’)

As can be seen from Fig. 8,a very large difference is
observed between the maximum (Bp.) and minimum
(Bmin) values of the magnetic flux density at the surface of
the magnets at Z = 0 mm, both in the radial direction
(Fig. 8,a) and in the direction of the spiral (Fig. 8,b). The
maximum value of the magnetic flux density B is at the
points lying on the interface between media «PM — air
gap», and the minimum — at points located in the middle
of the magnet and air gap, respectively. On the magnet
surfaces (at Z = 0 mm), there is a sufficiently strong
magnetic field: B, = 0.76 T (for model 1) and
Binax = 0.80 T (for model 2) — at the boundary PM — air
gap; Buax = 0.31 T (for model 1) and B, = 0.55 T (for
model 2) — in the middle of the magnet pole. The greatest

difference AB between the maximum B,  and the
minimum B,,;, values of the magnetic flux density is also
observed at Z = 0 mm at the boundary PM — air gap and
is: 0.34 T for model 1 and 0.47 T for model 2.

Thus, using computer modeling, the influence of the
configuration of the magnetic system (cross-sectional
shape and PM dimensions) on the spatial distribution of
the magnetic flux density in the working area of the
magnetic separator on the PM has been carried out.

Conclusions.

Investigation of the influence of the shape of the
cross-section of the PM on the distribution of the
magnetic flux density in the air gap of the device made it
possible to establish the following regularities:

—at small distances from the surface of the PM
(0 £ Y <15 mm), the maximum values of magnetic flux
density are provided by a PM with a spherical and
trapezoidal cross-sectional shape with a much lower
calculated mass of the PM in comparison with the PM of
a rectangular section;

—at relatively large distances from the surface of the
poles of the PM (Y > 20 mm), where the separation
process takes place, the intensity of the magnetic field
produced by the magnets of the spherical and trapezoidal
sections is significantly lower than for magnets with a
rectangular and rectangular cross-sectional shape. In this
case, magnets with rectangular and rectangular cross-
sectional shapes with cross-sectional shapes create
approximately equal intensity fields, differing in mass by
no more than 5%.

An analysis of the spatial distribution of the
magnetic flux density in the working area of the magnetic
separator of the new design showed that a strong
magnetic field (Bpax = 0.76 ... 0.8 T) with a high gradient
of magnetic flux density is formed in the interpolar
working volume. The highest degree of field
inhomogeneity takes place at the media interface
«PM — air gap».

The obtained results can be used to select rational
design parameters of the magnetic system and determine
the power characteristics of the separator.
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