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Part I: Blank simulation
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Abstract

Current magnetic separators are only able to split the feed into three different streams. In this work we simulate the behavior of different particles
in a new magnetic-classifier, named MAGCLA™, which is capable to separate and classify particles according to their magnetic susceptibilities.
In this first part of the work the results for a blank simulation are reported. This study is the mandatory basis of comparison for the assessment of
the influence of the process variables in the outcome results. These comparative studies will be reported in future works.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Although traditionally considered a minerals processing
technique, magnetic separation is very often applied to several
other areas of science and technology (e.g., chemical engineer-
ing [1], environmental engineering [2], health sciences [3], etc.).
Even though its application in minerals processing industries has
already reached high levels of efficiency, these industrial separa-
tors are unable to reach a differential classification of the several
magnetic species present in the feed [4,5]. In fact, they are only
able to split the feed into three different product streams [6]:
the Mags, containing the particles presenting the highest mag-
netic susceptibility (strong paramagnetic, ferromagnetic), the
Tails, which contain the particles presenting the lowest magnetic
susceptibility (weak paramagnetic, diamagnetic), and the Mid-
dlings, containing the remaining particles (particles presenting
intermediate susceptibility—paramagnetic particles or agglom-
erated mixtures of particles). We have developed a new magnetic
separator and classifier,named MAGCLA™ [7,8], which is able
to achieve the differential magnetic classification of magnetic
particles (i.e., separation of the particles by classes of magnetic
susceptibility [4,5]) and a large-scale prototype of the device
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is being currently constructed for testing [9]. This device may
operate with a rotating or static conical-trunk and with dry or
aqueous feeds (i.e., in dry or wet mode). Fig. 1 describes the
fundamental components of the device designed for the pro-
cessing of minerals, although its applications are not restricted
to this area [9,10]. The supporting theory of the new device —
concerning the equations of movement, modeling and limiting
conditions of operation for all the particles present in the device
—is described in previous works [11-14], regarding its applica-
tion for minerals processing industries for dry mode and rotating
trunk operation.

In this work the behavior for a specific system will be simu-
lated in order to establish a blank test that will be used as basis
for comparison in subsequent papers. To reach this goal, the
supporting theory of MAGCLA™ [11-14] will be used to sim-
ulate the real paths followed by the particles in this new device.
In three subsequent papers we will describe the influence of
the processing variables on the performance of MAGCLA™,
namely: angle of the trunk, o, speed of rotation, w, friction coef-
ficient, u, radius of the particles, rpa, current intensity, /, and
real feeding radius, rr — Tcgri-

2. Working principles of the new device

Detailed descriptions of the new apparatus working princi-
ples can be found in previous works [7,8,11,15]. In this section,
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Nomenclature

acceleration of the particle (m/s?)

acceleration in the r direction (m/s?)

tangential acceleration of the particle (m/s?)
total acceleration (m/s?)

acceleration in the z direction (m/s?)
acceleration on the 6 direction (m/s?)
cross-sectional area of the particle (m?)

drag coefficient

friction force (N)

centrifugal force (N)

drag force (N)

magnetic force (N)

gravity acceleration (m/s?)

height of the conical part of the body of the
separator—classifier (m)

initial height of the fed particles (m)

overall current intensity flowing in the supercon-
ducting cable (A)

mass of the particle (kg)

number of turns given by the particles in the sur-
face of the device

reaction of the surface (N)

weight (N)

radial distance between the particle and the geo-
metrical center (m)

radius of the cylindrical part of the body of the
separator—classifier (m)

external radius of the central collector (m)
internal radius of the conical part of the body of
the separator—classifier (m)

initial radius of the fed particles (m)

radius at which magnetic particles depart towards
the center (m)

radius of the particle (m)

fictitious radius to account for the deviations to
ideality (m)

radius of the superconducting magnet plus cryo-
stat system (m)

time (s)

time of arrival of the magnetic particles at the
central collector (s)

Tcg) and Tcgy theoretical adimensional parameters that

measure the disparities between theory and prac-
tice

time of arrival of the magnetic particles at the
largest radius of the trunk (7¢) (s)

time at which magnetic particles depart towards
the central collector (s)

velocity of the particle in the direction of the
movement (m/s)

velocity of the particle in the tangential direction
of the circular movement (m/s)

velocity in the r direction (m/s)

Urly

Ut
Vtc

Urly

UTlv

Uz

Uzly

Vg
Volv

Vol,
Zc

Zlv

velocity of the magnetic particles in the r direction
at the moment of arrival at the central collector
(m/s)

velocity of particle in the r direction at the moment
when the magnetic particles depart towards the
central collector (m/s)

total velocity of the particle in the r direction (m/s)
total velocity of the particle (m/s)

total velocity of the particle at the moment of
arrival at the central collector (m/s)

velocity of particle in the tangential direction at
the moment when the magnetic particles depart
towards the central collector (m/s)

total velocity of particle at the moment when the
magnetic particles depart towards the central col-
lector (m/s)

velocity in the z direction (m/s)

velocity of particle in the z direction at the moment
when the magnetic particles arrive at the central
collector (m/s)

velocity of particle in the z direction at the moment
when the magnetic particles depart towards the
central collector (m/s)

velocity of the particle in the the 6 direction (m/s)
velocity of the particle in the the 6 direction at
the moment when the magnetic particles depart
towards the central collector (m/s)

volume of the particles (m?>)

height displacement (m)

height of arrival of the magnetic particles in the
central collector (m)

height at which magnetic particles depart towards
the central collector (m)

Greek letters

o

B
Be

Xbase

Xmaxclas

angle between the body of the separator—classifier
and the horizontal (°)

angle between the total velocity and the radial
velocity (third part of the movement) (°)

angle between the total velocity and the radial
velocity, at the moment of arrival of the magnetic
particles in the central collector (°)

magnetic susceptibility of the particle (m>/kg)
lowest value of the magnetic susceptibility that
the magnetic particles must possess in order to
depart towards the central collector (thus being
classified) before reaching radius r, where they
will fall into the base collector (m3/kg)

highest value of the magnetic susceptibility that
the magnetic particles must possess in order to be
classified at the central collector, as all the par-
ticles presenting a magnetic susceptibility value
higher than ymaxclas Will be collected at the same
level in the central collector, therefore not being
classified differentially (m3/kg)
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Xmin lowest value of the magnetic susceptibility that
the magnetic particles must possess in order to
be separated from the non-magnetic ones at the
feeding radius (m3/kg)

[0 angle between the total velocity and the rotational
axis (°)
Oly angle between the total velocity and the rotational

axis, at the moment when the particles depart
towards the central collector (°)

7 friction coefficient for the surface of the
separator—classifier on the tangential direction

Meang  Iriction coefficient in the tangential direction

oY) friction coefficient in the 0 direction

o vacuum permeability (T m/A)

0(1) rotational displacement (°)

6v(r)  rotational displacement, at the moment when the
particles depart towards the central collector (°)

ot density of the fluid (kg/m?)

Pp density of the particle (kg/m?)

w angular velocity of the body of the MAGCLA™

(rad/s)

only a very brief description will be presented. The feeding
system delivers the initial mixture of particles present in the
feed stream to the conical-trunk surface; at the delivery point
they suffer the simultaneous action of the drag force

Fig. 1. Schematic representation of the new magnetic separator and classifier:
A, body (rotating or non-rotating); B, superconducting magnet; C, central col-
lector; D1 and D2, feeding systems; E, particle fed at the initial radius r;; F,
particle being separated and classified; &¢, height of the conical part of the body
of the separator—classifier; 4;, initial height of the fed particles; r,, radius of
the cylindrical part of the body of the separator—classifier; r., external radius
of the central collector; ry, internal radius of the conical part of the body of
the separator—classifier; r;, initial radius of the fed particles; ric, radius of the
superconducting magnet plus cryostat system.

(Fp = mCq(A/Voly)(pt/ pp)(vg/2) [12]), weight (P=Vol,
(pp — pr)g =mg [11]), friction force (F, = uN), magnetic force
(caused by the action of the magnetic field generated by the cen-
tral superconducting magnet) (|Fmagl =mx(uol2147%r) [12]),
and centrifugal force (caused by the rotation of the trunk) (F. =
Vol, ((op — 1)/ r)vgt = mw?r [11]). These two latter forces act
on the same axis but in opposite directions; therefore, if the speed
of rotation is high enough, the particles with lower magnetic sus-
ceptibilities or diamagnetic properties raise upon the surface of
the device (their centrifugal force is higher than the weight com-
ponent and mainly higher than the magnetic force acting in the
opposite direction — in the diamagnetic case this force may act
on a different direction — and as derived from the equation defin-
ing the centrifugal force, they will feel a increasingly stronger
centrifugal force while rising upon the surface), while the mag-
netic particles presenting higher magnetic susceptibility (strong
ferromagnetic) depart towards the center of the device (as their
magnetic force magnitude is much higher than the opposing cen-
trifugal and drag forces), and the magnetic particles presenting
magnetic susceptibility within certain limits (which are con-
trolled by the operating variables) descend upon the surface of
the device (their magnetic force is stronger than the opposing
centrifugal and drag forces, but not so strong as to make the
particles fly immediately towards the central collector, as in the
case of the ferromagnetic particles). During their fall, these lat-
ter particles will suffer the influence of an increasingly stronger
magnetic field, which will increase the strength of the magnetic
forces, while the other forces will remain comparatively constant
or with a very low increase/decrease. As this magnetic force is
dependent upon the magnetic susceptibility of the particles, at
the same radius, the magnetic particles with higher magnetic
susceptibilities will feel a higher magnetic force than the other
ones, and therefore the magnetic particles will depart towards
the center at different heights according to their magnetic sus-
ceptibility (see [8,12]). Different collecting systems are used
to collect the particles: a central collector gathers the particles
according to their magnetic susceptibilities (classification), a top
collector assembles the diamagnetic particles and the paramag-
netic particles presenting very low magnetic susceptibilities, and
a bottom collector retains the particles presenting low magnetic
susceptibilities (that are separated at the feeding point, but that
do not present high enough magnetic susceptibility in order to
be classified during their descent).

The discrepancies between the real and the theoretical behav-
ior of the particles have been taken in account by two coefficients
— Tcgit and Tcgy — which are described in previous works
[11,12].

3. Blank simulation for the determination of the
influence of the processing variables

3.1. Introduction

In order to determine the influence of each processing
parameter in the magnetic classification and separation process
outcomes, the parameter under study was varied while keeping
constant all the other parameters. The ideal procedure was to
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Table 1
Values of the constant parameters considered in the simulations

Universal parameters

g (m/s?) 9.80665

1o (Tm/A) 47 x 1077
Geometrical parameters

re (cm) 12

ra (cm) 15

¢ (cm) 45
Parameters of the particles

Ca 0.27
Parameters of the fluid

pr (kg/m®) 1.24

g is the medium value of the gravity acceleration, j1( the vacuum permeability, r,
the radius of the cylindrical section of the body of the separator—classifier, r. the
external radius of the central collector (for the magnetic particles), rf the maxi-
mum internal radius of the conical-section of the body of the separator—classifier,
Cy the drag coefficient of the particles, and ps is the specific weight of the fluid.

be able to vary all the parameters simultaneously, but this is
a very complicated situation, if not impossible, to analyze. In
fact, the optimization-goal varies from case to case, depending
exclusively upon the choice of the operator. Thus, we consider
that the methodology followed not only allows the analysis
of the influence of each variable, but also to obtain the spec-
trum of values advisable for an optimum performance of the
separator—classifier.

The six parameters considered in this study are: the angle
between the body of the separator—classifier and the hor-
izontal line, «, the speed of rotation of the body of the
separator—classifier, w, the friction coefficient acting on the
upwards/downwards direction, u, the radius of the particles,
Tpart> the electrical current intensity supplied to the supercon-
ducting magnet, 7, and the real feeding radius, rr (=Tcgr;). The
remaining parameters were considered constant, and their val-
ues picked within their standard or required spectrum of values
(see Table 1).

The optimization-goal (although it varies from case to case)
was generically considered (only for comparison purposes) as
the separation and classification of the largest possible spec-
trum of magnetic susceptibilities. It was also considered as
optimization-goal, in what concerns magnetic particles, the sep-
aration and classification of wolframite particles present in the
feed with 100% purity.

Table 2

The friction coefficient in the rotational direction (ug) was
always considered above the limiting value given by the theory
[13,14]. In order to introduce a safety factor in our calculations,
and regarding this late approach, we have considered for the
minimum radius, until which the “gluing” condition must be
maintained, an extra 5% relatively to the value of the lift-off
radius (ry).

For each variable study and for the blank simulation we only
present in this papers the final results obtained for the values
considered for the processing variable under analysis and for
the values considered in the case of the blank simulation; the
detailed partial results may be found in Ref. [5].

3.2. “Blank” simulation

For a better comparison of the results of the simulations
we have always considered a typical separation process, the
blank simulation, which will be used in future works. For this
blank simulation we have considered that our feed was only
constituted by generical non-magnetic particles and by wol-
framite particles 100% pure. As the first optimization-goal of
this blank simulation we have considered the separation between
the non-magnetic particles and the particles of wolframite 100%
pure, and as the second optimization-goal we have considered
that after the initial separation the wolframite particles would
descend on the surface of the trunk of the MAGCLA™ for a
while, and at a certain radius (r1y) would be classified and thus
“lift-off” towards the central collector, where they would be
collected at a certain height.

The main characteristics of the particles (magnetic and non-
magnetic) considered were typical ones (and are presented in
Tables 1 and 2) and the values considered for the processing
variables in this blank simulation are summarized in Table 2.
The latter were chosen in order to achieve the two optimization-
goals, and at the same time allowing the future variation of
the values of these processing variables (in the simulations
of the determination of the influence of the processing vari-
ables). The limiting conditions considered and the minimum
values required for the rotational friction factor are also pre-
sented.

The results were divided into two main categories: non-
magnetic and magnetic particles. Bearing in mind the magnetic
particles, the results obtained for the two main stages of
the movement were also presented: movement of the parti-

Values used in the blank simulation for the main processing variables, and limiting conditions followed

Material: Wolframite

o w (rad/s) HMtang Mo Tpart (pm) 1(A)?

ri (cm)

Tcal Tcon pp (kg/m?) x (m*/kg)?

30° 6 0.2 >19 100 3 x 10° 30

0.95 1.05 7510 1.2x 107

Limiting conditions followed [12,13]: [(CNM1.2), (CNMI.4), (CNM2), (CNM3)], [(A15), (A21)]®

a is the angle between the body of the separator—classifier and the horizontal, w the speed of rotation of the body of the separator—classifier, jttang the friction
coefficient in the upwards/downwards direction, g the friction coefficient in the rotational direction, rpar the radius of the particles, / the electrical current intensity
supplied to the superconducting magnet, r; the initial feeding radius, Tcg1 and T2 the transition coefficients between ideality and practical reality, o, the density

of the particles and x their magnetic susceptibility.
? Only concerning magnetic particles.

b As referred in Refs. [12,13], some limiting conditions contain others, and therefore the most limiting conditions are presented and followed.
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cles upon the surface of the body of the separator—classifier
and movement of the particles in flight towards the central
collector.

The values in percentage refer to the degree of purity
of the wolframite particles — typical case — which are sep-
arated considering the values of the processing variables in
question. This percentage was computed considering that the
magnetic susceptibility of pure wolframite particles (100% pure)
is 12 x 1077 m3/kg.

-0.25
-0.5 r(m)
r(m)
02 05 0.25 0 -0.25 -0.5
z (m) 0.1
0
(A)

02 05 0.25 0 -0.25 -0.5

01,
gos © M

r(m)
0.5 0.25 0 -0.25 0.5
0.2
z (m) 0.1 —
0
(E)

3.2.1. Non-magnetic particles

The trajectories followed by the non-magnetic particles,
obtained by simulation considering the parameters given in
Tables 1 and 2, are shown in Fig. 2. The paths are presented
for different elapsed time periods. Fig. 2F presents the com-
plete path followed by the non-magnetic particles from the
time they are fed until they reach the radius r¢ (tf~0.455).
The time #; required for a non-magnetic particle to reach the
top of the trunk of the separator—classifier (starting from the

z (m)
r(m)
02 05 0.25 0 -0.25 -0.5
z (m) 0.1
0
(B)
r(m
-0.5 (m)
0.2
b
E])Ius 2 Hmy

r{m)
0.5 0.25 0 -0.25 -0.5
0.2
z (m) 0.1 ——
0
(D)

r(m)
0.5 0.25 0 -0.25 -0.5
0.2
z (m) 0.1 <:—
0
(B

Fig. 2. Trajectories followed by the non-magnetic particles (tri-dimensional and side views), for: (A) Ar=0.075s; (B) Ar=0.151s; (C) Ar=0.2265; (D) At=0.302s;
(E) At=0.377s; (F) At=0.452s. The side view graphics are seen from the surface A of the tri-dimensional ones.
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Table 3

Simulated results obtained for the blank simulation concerning the non-magnetic particles

r (m); v, (m/s) z (m); vg (m/s) 6; vy (m/s) nvolt; ¢ vy (M/S); ay (m/s?) v, (m/s)
t=1t;/6=0.075s

0.288; 0.048 0.080; 1.729 25.9°;1.732 0;3.211° 0.097; 1.344 0.084
t=1;/3=0.151s

0.298; 0.104 0.085; 1.788 51.9°; 1.800 0; 6.615° 0.207; 1.615 0.180
t=1:/2=0.226s

0.316; 0.173 0.096; 1.895 77.8°; 1.926 0; 10.351° 0.346; 2.108 0.300
t=2x14/3=0.302s

0.344; 0.266 0.112; 2.065 104°;2.133 0; 14.458° 0.532; 2.890 0.461
t=5x14/6=0.377s

0.387; 0.396 0.137;2.322 130°; 2.453 0; 18.834° 0.792; 4.069 0.686
t=1t;=0.452s

0.450; 0.580 0.173;2.700 156°; 2.939 0; 23.254° 1.160; 5.808 1.005

Output variables as defined in Ref. [11].

feeding radius and ending at the larger radius of the trunk of
the separator—classifier, rf=0.45m, see Fig. 1) was computed
solving Eq. 3.18 in Ref. [11] bearing in mind the boundary con-
dition t=t; = r=r¢. It is interesting to notice the ascending
path of the particles on the trunk, namely that they only describe
half of a turn before exiting the trunk, and that the path is as
expected.

Table 3 summarizes the values obtained for all the relevant
variables, for the final time #; and five time values in between.
Notice the low value of the exiting time of the non-magnetic
particles, and the moderately high velocities of ascension and
exiting, and also the continuously increasing deflection angle,
and acceleration values. These results show that part of the first
optimization-goal was achieved, and they also indicate that the
values chosen for the parameters and variables are appropriate
for a blank simulation, has they induce that there is enough

margin to vary the processing variables in future works (in
order to determine the influence of the processing variables
in MAGCLA™ performance), and that the blank simulation
represents a good comparison case.

3.2.2. Magnetic particles

In the case of magnetic particles is important to define the
following variables (see [16]): xmin, the lowest value of the mag-
netic susceptibility that the magnetic particles must possess in
order to be separated from the non-magnetic ones at the feeding
radius (and which corresponds to a certain degree of purity);
Xbases the lowest value of the magnetic susceptibility (which
corresponds to a certain degree of purity) that the magnetic par-
ticles must possess in order to depart towards the central collector
(allowing their classification) before reaching radius r,, at which
they will fall into the base collector; xmaxclas, the highest value

Table 4
Blank simulation results of the magnetic particles movement
XminrR (m3/kg) Xbase (mslkg) riy (m) z1y (m) Oy nvolt fy ()
Part 1
8.753 x 1077 (72.94%) 2.637 x 1077 (21.98%) 0.238 0.051 69° 0 0.201
Xmaxclas (ms/kg) vi1y (m/s) v,y (m/s) g1y (m/s) vely (m/s) vTly (M/s) Plv
Part 1
2.619E—6 1.324 1.147 0.662 1.427 1.947 43°
re (m) Zc (m) fc (8) Uy (/) Vg (m/s) vre (m/s) Be
Part 2
0.12 0.002 0.254 4.339 1.175 4.495 15.154°
7 (m) z (m) 1(s) r(m) z (m) t(s)
Part 2—intermediate results
0.220 0.041 0.214 0.150 0.011 0.246
0.200 0.031 0.226 0.140 0.008 0.249
0.180 0.022 0.235 0.130 0.005 0.251
0.160 0.015 0.242

Output variables as defined in Ref. [12]. Movement of the particles: part 1, while on the surface of the trunk of the separator—classifier; part 2, while in flight towards

the central collector.
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HO

15 17.5 22.5 25 27.5 30

r(cm)

Iy

Fig. 3. Value of the required friction coefficient in the 6 direction vs. r. The
interception of the line with the r axis corresponds to rjy (=23.8 cm).

of the magnetic susceptibility that the magnetic particles must
possess in order to be classified at the central collector, as all
the particles having a magnetic susceptibility value higher than
Xmaxclas Will be collected at the same level in the central collector,
and therefore will not be classified differentially.

0,10 7
0,09 1
0,08 4
0,07 1
0,06 1

—_

E 0,05

~N
0,04
0,03
0.02 4

3

0,01 +

0,00

Table 4 presents the results obtained for the simulations
carried out for the magnetic particles, with the values of the
parameters and variables presented in Tables 1 and 2. In Fig. 3
a graphical method for the determination of the r, (the radius
at which the magnetic particles depart towards the central col-
lector, dividing the movement of the magnetic particles into two
main parts [ 11-14]) value is given (this is based on the depiction
of the friction value required to maintain the particles glued to
the surface of the trunk [14]). The bi-dimensional simulated tra-
jectories for magnetic particles in question are shown in Fig. 4.
In Fig. 5 is presented a graphical depiction of the distribution
of the magnetic force density in the separator—classifier created
by the value of electrical current density considered in this case
(3 x 10° A).

Regarding the results present in Table 4 and Fig. 4, notice:

(a) That with the values chosen for the processing variables, the
lowest value of the magnetic susceptibility which the mag-
netic particles must possess in order to be separated from
the non-magnetic ones at the feeding radius, corresponds
to 8.753 x 1077 m3/kg (which correspond to a degree of

— wolframite (100% pure)

surface

0,00 0,05 u.m‘ 0,15 0,20
r (m)

0,25 0,30 035

Fig. 4. Bi-dimensional trajectories followed by the Wolframite magnetic particles (100% pure). The displacement in the 6 direction was considered negligible (see
[12]). r, is the radius of the cylindrical part of the body of the separator—classifier trunk and ¢ is the external radius of the magnetic particles central collector.

I15em

- 8.49E7 Nm™3

— — — 6.68E6 Nm3 —

— — 1.83E7 Nm3

(a)

_ 6.68E6 Nm

P I W Y

(b)

Fig. 5. Volume distribution of the magnetic force density in the separator—classifier for an electrical current density of 3 x 10° A: (a) tri-dimensional view; (b) top

view.
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purity of 72.94%), which is higher than xpase, the low-
est value of the magnetic susceptibility that the magnetic
particles must possess in order to depart towards the cen-
tral collector (allowing their classification) before reaching
radius r,, thus implying that if any other particles of differ-
ent purity were present in the feed, all the ones with a purity
higher than 72.94% would be separated and classified; the
highest value of the magnetic susceptibility that the mag-
netic particles must possess in order to be classified at the
central collector corresponds to 2.619 x 1076 m3/kg, much
higher than the magnetic susceptibility of pure wolframite,
therefore the latter will suffer classification.

(b) The low value of the lift-off time of the magnetic particles
(during the trajectory supported upon the trunk), and the
moderately high velocities and deflection angle they present
at the radius of “lift-oft” (ry).

(c) The very low value of the flight time of the magnetic par-
ticles (from the moment they lift-off from the trunk until
they reach the central collector), and the moderately high
velocities they present in the arrival at the central collector.

(d) The detaching path that the magnetic particles follow in the
second part of their movement, and the height at which they
are collected.

These results show that the second and part of the first
optimization-goals were achieved, and as before (in the non-
magnetic case) they indicate that the values chosen for the
parameters and variables are appropriate for a blank simulation,
has they induce that there is enough margin to vary the process-
ing variables in future works (in order to determine the influence
of the processing variables in MAGCLA™ performance), and
that the blank simulation represents a good comparison case.

4. Discussion of the results and conclusions

In this part of the work we report the results obtained for
the blank simulation, which will be the basis of comparison in
future parts of this work, when we will analyze the influence
of the main processing variables on the performance of the new
magnetic separator and classifie—MAGCLA™,

The values of the parameters and processing variables for
the blank simulation appear to have been well chosen, as the
trajectories obtained are clearly within what was expected, and
there seems to be enough margin to vary the processing variables
widely enough to determine their influence.

The values obtained for the exit times of the non-magnetic
particles and for the times of collection, in the central collector,

of the magnetic particles are low, and their velocity is not too
high, which is due to a speed of rotation moderately high and to
a high electrical current density (which creates a magnetic force
density profile quite high). These results are beneficial when
separation—classification of the particles is desired.
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