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Effects of friction on the efficiency of open gradient magnetic separation in dry granular materials

Introduction. Magnetic separation is one of the most effective and widely used techniques for the purification and enrichment of materials. It
plays a crucial role in mineral processing, recycling, and environmental applications, where the separation efficiency depends on both the
magnetic field characteristics and the physical properties of the treated materials. Problem. A major limitation of existing studies is that the
frictional drag force is often neglected in magnetic separation, although it can sometimes completely prevent the separation process. Goal.
To estimate and experimentally verify the effect of frictional drag force on the performance and operational limits of open gradient magnetic
separation (OGMS) under dry conditions. Methodology. An integrated analytical, numerical, and experimental approach was used. The
granular medium was modeled as a complex fluid where friction acted as a drag force. The coupled magnetic and dynamic equations were
solved using Finite Element (FE) — Runge—Kutta (RK4) methods, and results were validated experimentally with a permanent magnet drum
separator. Results. To verify the obtained results experiments were carried out on samples of a mixture of sand and iron particles with
different components sizes (iron particles and sand grains) in a permanent magnet drum separator. Limited to fine granulometries, the
experiments carried out confirmed the results obtained theoretically. Scientific novelty. The study introduces a coupled FE-RK4 model that
explicitly integrates the frictional drag force into the particle dynamic equations, enabling accurate prediction of trajectories and
operational thresholds. This provides a realistic description of dry magnetic separation behavior, which has been largely overlooked in
previous models of dry magnetic separation. Practical value. The findings provide engineers with a framework for optimizing dry OGMS
performance. The developed model defines the threshold separating efficient from inhibited particle capture and clarifies how frictional drag
controls the operational range of magnetic separators. These insights support improved design, process adjustment, and greater reliability
in dry magnetic separation. References 41, tables 7, figures 12.

Key words: finite element method, fine particle, frictional drag force, granular material, magnetic field, magnetic separation,
particle dynamics.

Bemyn. Maznimna cenapayiss — 00un 3 HauiOinbud eeKmusHux i WuUpoKo BUKOPUCHOBYBAHUX MEMO0i8 OuuwenHs ma 36a2avenis
Mmamepianie. Bona 6idicpac eadiciusy ponv y nepepodyi minepanie, 6mOpuHHil nepepobyi ma 0XOPOHi HABKOIUUIHBO20 Cepedosuuyd, Oe
ehexmueHicmb noOLLy 3anedcums K Gi0 XAPAKMEPUCMUK MASHIMHO2O NOMsl, MaK [ 6i0 Qizuunux eracmusocmeli 0OpoONIOSAHUX
mamepianis. Ilpoonema. OcHo8HUM OOMENCEHHIM ICHYIOUUX POOIM € me, WO CUId MEPms Yacmo He 6PAXo8yEmvCs NPU MASHIMHIL
cenapayii, xoua iHodi 6oHa mooice 3asadxcamu noodiny. Memoio pobomu € oyinka ma eKChepuMeHmaIbHA NepegipKa NGy Cunu mepms Ha
NPOOYKMUGHICMb ma eKchiyamayitini mexci 6i0kpumoi epadienmmnoi maenimuoi cenapayii (OGMS) y cyxux ymosax. Memoouka.
Buxopucmosysascs inmezposanuii ananimuuHul, YucerbHull ma excnepumenmanbruli nioxio. I panyivosane cepedosuiye Mooeno8anocs K
CKNIAOHa piouna, 0e mepmsa OiAno AK cuia onopy. 368 s3aui MasHimHi ma OUHAMIYHI DIGHAHHA PO36 A3)Y6ANUCh 3 BUKOPUCTNAHHAM MEMOOig
ckinuennux enemenmie (FE) — Pynee—Kymma (RK4), a pezynomamu 6ynu eKcnepumeHmanbHo niOMeepodiceHi 3a 00NomMo2olo bapabantoo
cenapamopa 3 nocmiinumu macnimamu. Pesynomamu. [{ia nepegipku ompumanux pesyiemamie nposeoeni eKCnepumeHmu Ha 3paskax
CyMiwi MicKy ma 4acmuHOK 3aui3a 3 Pi3HUMU PO3MIpAMU KOMNOHEHMIE (YacmuHKu 3ani3a ma niwunku) y odapabannomy cenapamopi 3
nocmiiinumu maeHimamu. Excnepumenmu 3 Opibnozeprucmum ckiadom niomeepounu meopemudno ooepoicani pezynvmamu. Haykoea
Hosusna. Y docniodcenni npedcmasnena 36 ’s3ana mooens FE-RK4, sika sgHo inmespye cuny mepms 8 pigHaHHA OUHAMIKU YACIUHOK, WO
00360751€ MOYHO NPOSHO3YEAMU MPACKMOPIL ma poboui epanuyni 3Havenns. Lle 3abesneuye peanicmuynuil Onuc NOBeOiHKU CyXoi MAeHIMHOT
cenapayii, KA 3HAYHOIO MIPOIO I2HOPYBANACL Y NONEPEOHIXx Mooensax cyxoi mazHimuoi cenapayii. Ilpakmuuna 3nauumicms. Ompumani
pe3yibmamu Haoaiombs IHJIceHepam OCHO8y OnmuMizayii pobomu cyxux mazHimuux cenapamopie. Pospobnena modens guznavac zpanuyne
3HAUEHHs, WO po30LIAE epekmusHe i YCKIAOHeHe 3aXONeHHs YACMUHOK, | NOSCHIOE, SIK CUld mepms KOHMPOMOE pobouuil dianazomn
MacHimHux cenapamopie. Lli Oaui cnpustomv nONNUEHHIO KOHCMPYKYIL, KOPUSYBAHHA Npoyecy ma NiOGUWeHHIO HAOIHOCMI cyXxoi
Mmaenimuoi cenapayii. bion. 41, tadn. 7, puc. 12.

Kniouosi cnosa: MeTos CKiHUeHHHMX €1€MEHTIB, APiOHOUCIIEPCHI YaCTUHKH, CHJIA TePTH, IPaHy/JIbOBAaHMIl MaTepiaj, MarHiTue
noJie, MarHiTHa cenapaunisi, JMHaAMiKa YaCTHHOK.

Introduction. Magnetic separation is a powerful
process widely used in the mining industry notably for
beneficiation and concentration of iron ores [1-5]. It is based
on the application of magnetic field that allows the separation
and recovery of the ferrous component in a desired site. The
ore is initially extracted in form of rocks containing several
minerals (iron, phosphor, =zinc etc) with different
concentrations. Before proceeding with magnetic separation
which can be conducted in dry or wet ways [6—10], the
constituting minerals are firstly dissociated by the grinding of
the ore. The finer the grains, the better the dissociation.

Considering the water penury in arid regions on one
hand and to avoid the pollution of the environment that
can be caused by the ejection of water used in this process
on the other hand, dry separation is favored in which
permanent magnet drum separators are commonly used
[11-13]. In these separators where open gradient
magnetic field is used, the granular material to be treated
is generally fed through a conveyor belt.

In fact, the separation process results from the action
of applied forces that depend directly on the size of the
constituent components (particles and grains). The
fineness of the latter, which is advantageous for the
dissociation of the material constituting minerals, can be a

disadvantageous factor for the separation. In granular
materials, the main forces acting on the particle to be
separated are magnetic, gravity and frictional drag forces.

Numerous studies have investigated dry magnetic
separation in granular media and various separators were
designed without considering the frictional drag force
that, in some cases, can have dominant effect [13—-16].

The goal of the work is to estimate and
experimentally verify the effect of frictional drag force on
the performance and operational limits of open gradient
magnetic separation (OGMS) under dry conditions.

The generator of the magnetic field is itself the
capture element [14, 16-19].

The friction of solid object in non-cohesive granular
media was studied in several works related to other
problems. It was found that the domination of the
frictional force depends on the object shape, velocity,
depth and the medium specifications notably the
packaging rate. To calculate the dynamics of the object,
different models of the friction force were used, where the
coefficients are determined experimentally according to
the specifications of each problem [20-30].
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Because in our application there are other conditions
where the particles to be separated move randomly in a free-
falling granular material (the material is not fed by conveyor
belt but ejected vertically from a container under the effect of
gravity), such models cannot be applied. Therefore, the
moving granular material is modeled as a complex fluid in
which the frictional force is approached to the fluid drag
force for which an analytical model is used [31].

To estimate the effect of the frictional drag force on
the separation efficiency and so on the use limits of the
OGMS, we compared between the particle trajectories
computed with and without considering such a force. For
this purpose, and in order to take into account the coupling
of the magnetic and particle dynamics phenomena in a
study domain of complex geometry, a numerical resolution
of the separation problem based on the coupling of Finite
Element (FE) and Runge—Kutta (RK4) methods was
carried out [16-19]. In such configurations, finite element
methods are commonly employed for their robustness in
dealing with irregular geometries and strongly coupled
field—particle interactions [32, 33].

To verify the obtained results experiments were
carried out on mixtures of sand and iron particles with
different sizes and concentrations. For this purpose, a
horizontal permanent magnets drum separator producing an
open gradient magnetic field was used. The obtained results
confirmed qualitatively what was found theoretically. They
showed that the friction have significant effect that, in some
cases of material granulometry and applied field, can even
prevent the separation.

Modeling of the separation problem in dry
granular medium. To separate the magnetic particles a
static magnetic field is used. Because the permanent
magnet drum is driven at a constant speed (Fig. 1), the
spatial distribution of the magnetic field is computed at
each rotation step by solving the equation given by [34]

vx[lvaj:leB,, (1)
Iz Iz
where A4 is the magnetic vector potential; B, is the
residual magnetic flux density of the magnets; u is the
magnetic permeability.

Container

u Permanent magnets

@ Ferromagnetic particles
® Non-magnetic particles

Conveyor Belt

Separation Reference Limit (SRL)
Fig. 1. 2D view of the considered dry drum separator

To compute the magnetic force applied on a magnetized
particle, different approaches can be applied [35, 36]. In order
to know the distribution of the magnetic force F,, and its
nature in the environment of the separator, it is preferable to
apply locally the formula given by [16, 18, 19, 37]:

Fy=po [(M-V)HAV > )

Vo

where H is the magnetic field strength; u, is the magnetic
permeability of vacuum; M is the particle magnetization;
V, is the particle volume.

The major disadvantage of (2) resides in its high
sensitivity to the quality of the FE meshing of the study
domain. The existence of FEs of bad quality can lead to
singularities which generate significant errors. Such errors
may significantly propagate during the computation
process, particularly when successive spatial gradients are
evaluated. For this reason, and given that the particles are
rigid bodies, the Maxwell stress tensor method is applied.
For an elementary surface dI'" of the rigid particle, the
force is given by [36]

dF,, = —%ﬂondF +up(H-dMH,  (3)

where dI'=d/'n, where n is the unitary vector normal to
the surface of the particle body.

When the particle displaces in the granular medium,
it enters in collision with the medium grains. Such
collision results in a drag force that prevents its motion.
To take into account this effect in the study of the particle
dynamics, the granular medium is considered as a
complex fluid for which the drag force f, is approached
analytically by [31]

0.68
fi= 37ngpvrel(l+O.15Re 7), (4)

where 7, is the granular medium viscosity; D, is the
particle diameter, v,,; is the relative velocity between the
particle and the medium; R, is the Reynolds number of
the particle.

The Reynolds number of the particle is given by [31]

R, = pe|vrel|Dp/’7g > (5)
where p, is the effective density of the granular material;
Pe = ps-@, Where p; is the mass density of medium grains;
@ is the packing fraction of the granular medium.

To distinguish the effect of the granular drag force
on the particle behavior, it is necessary to study its motion
without considering such a medium. In this case, one of
the acting forces that merits to be considered is the drag
force of air (fluid) given by [14]

1
fD :EAppaCD|vrel|vrel > (6)

where 4, is the surface of the particle; p, is air density; v,
is the relative velocity between the particle and air

(continuum phase); C,; = 24(1 + O.ISRGO'687 )/ R, is the

coefficient of drag of the particle. The Reynolds number
is given by the following formula [14]

R, = pa|vrel|Dp /77 > (7
here 7 is the fluid (air) viscosity.

The other significant force applied on the particle is
the gravitational force:

f g =mpg, 3
where g is the gravity acceleration; m, is the particle
mass.

According to the 2™ Newton’s law, the computation
of the particle motion requires the resolution of the
dynamic equation given by [16—19],

d

v
mpd—tp:fg+fD+Fm, 9)

here v, is the particle velocity.
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Resolution method and obtained results. To solve
the separation problem, we have coupled the FE and RK4
numerical methods. Before proceeding to such a
resolution, we firstly verified the accuracy of the
magnetic modeling equations and the reliability of the
developed FE computing tools. Such verification was
based on the computation of the distributions of the
magnetic field and force in the environment of the drum.

Applied magnetic field and generated force. To
compute the distribution of the magnetic field in the
geometrically complex domain, a 3D FE program was
developed and used as in [38, 39]. To facilitate the
interpretation and understanding of the results, we
considered the case where the drum is static. The resolution
of (1) and the exploitation of (2) for a drum of diameter
D,~0.1 m with 8 identical NdFeB magnets of B,=1.1 T, cross
sectional area S,=0.01x0.012 m’ and depth d)=0.1 m
arranged periodically with a spacing angle a=45° (see Fig. 1)
have given the results presented in Fig. 2. Figure 2,a shows
a periodic distribution of the magnetic vector potential
that corresponds exactly to the chosen magnets polarity
and arrangement; Fig. 2, shows that a field of attractive
magnetic force is obtained around the drum (to obtain the
zoom, we presented only the force vectors in elements
located out of the circle of radius 8-10* m).
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Fig. 2. Distributions of the magnetic field and force in the right
side of the drum (plane (y, z)): a — magnetic vector potential;
b — magnetic force density

To know quantitatively the specifications of the
spatial distribution of the generated magnetic force, we

computed the variations of its components following the
3 space directions x, y, z represented respectively by line 1
(x, D/2+75-10* m, 0), line 2 (0, y>D,/2+75-10"* m, 0)
and line 3 (0, D/2+75-10"* m, z) (see Fig. 3).

Line 3 —»f

Fig. 3. Chosen lines for the representation of the variations of
the magnetic force according to the 3 space directions
respectively x, y, z

For the shown position of the drum magnets, we
obtained the results presented in Fig. 4. Figure 4,a shows
that along the length of line 2, only the component F),,
can have effect. It is high near the drum surface and
decreases sharply when we move away from it. Along the
length of line 3, F,, is negligible and only the
components £, and F,. can have effect (see Fig. 4,b).
The domination of each component depends on the
evaluation position in relation to the magnets. Figure 4,c
shows that on line 1, except weak effect of the component
F,, at the drum edges, there is a clear domination with
quasi homogeneity of F,,, along the length of the magnet.

When we move along the perimeter of the drum, we
find the same result for F,,, with a decreasing of F),, and
increasing of F,,.. The two components can have the same
value near the immediately following magnets. At the lowest
and highest magnets, it is F,,, that becomes dominant.

In absence of significant effect of the F,,, component
and due to the quasi homogeneity of F,, and F,,. along the
depth of the magnets, no considerable deflection of the
particles according to the x direction can happen and the
separation can occur indifferently along the depth of the
separator. In these conditions, a 2D study of the separation
problem in the plane (y, z) can sufficiently provide all
information about the separation performance.

To compute the magnetic force applied on a
magnetic particle, we used (3). Applied on the particle
external surface, such a model permits the reduction of
calculation errors linked to the quality of the meshing. For
a cylindrical particle with a shape closer to a sphere of
relative magnetic permeability x,=115, diameter
D,=1.6-mm and height /,=1.6-mm located at the position
shown in Fig. 5,a, we obtained the distribution of the
force density presented in Fig. 5,b. The latter shows
attractive elementary forces applied on the particle side
opposite to the drum and repulsive elementary forces
applied on its rear side but a resulting force oriented
towards the drum. To verify the obtained force, we
recalculated the force by applying (2), which has given
for the same computing conditions the distribution of the
force density presented in Fig. 5,c.

In Fig. 5,c the force is zero inside the particle, what
we see inside the particle are the central points of the
elements, where vectors of the elementary forces are
computed and presented. The quantitative comparison
between the results obtained by (2) and (3) has shown that
the attractive resulting force is perfectly the same in terms
of value and direction.
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Fig. 5. Distribution of the magnetic force applied on a cylindrical
particle of radius D,=1.6 mm, height /,=1.6 mm, u,=115 for a given
position in respect to the drum: @ — particle position;

b — Maxwell stress tensor method; ¢ — field gradient method

To consolidate our verification on one hand and to
show that the force is globally attractive whatever the
particle position on the other hand, we compared in Fig. 6
between the resulting components of the force obtained
with (2) and (3) for different positions of the particle in
respect to the drum. Such a comparison shows that the
results are perfectly the same. Both the components of the
global force are negative which means that they work to
attract the particle towards the drum.

x10°
F,, N

Yy, m

_20 0.01 0.02 0.03 0.04 0.05

Fig. 6. Variation of the components of the magnetic force density as

a function of the distance between the particle and the drum surface:
a — Maxwell stress tensor method; b — field gradient method

Particle trajectory. To compute the particle trajectory
that provides all information on its separation, we solved (9)
where the particle body is taken into account (geometry and
magnetic permeability). To permit the distinguishing of any
effect of the granular frictional drag force on the separation,
we firstly computed the particle trajectories without
considering the granular medium. In this case, magnetic,
gravitational and air drag forces modeled by (3), (6) and (8)
respectively were taken into account. For ferromagnetic
particles of diameters 7-10° m < D, < 10> m, height &, = D,,,
mass density p, = 7874 kg/m?®, u, = 115, g = 9.81 m/s’, we
obtained for the particle initial positions of Table 1, the
trajectories presented in Fig. 7.

Table 1
Considered particle initial positions
Particle number | Position y, m Position z, m
1 525107 9107
2 575107 9107
3 6.25-10 9107
4 6.75-10 9107

Figure 7 shows that in absence of the granular frictional
drag force, the capture occurs from a distance
Yo = 1.25:10% m from the drum surface. Particles initially
situated at the same position are almost captured at the same
site, which means that for this range of particles, the particle
size has no effect on the capture zone. On the contrary, the
computed separation times (except the singular values
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written in bold) presented in Table 2 show that for a given
initial position, the particle of higher size is captured faster.
Table 2
Capture time of the separated particles without considering
the granular frictional drag force

Particle diameter Particle capture time, s
D, (x10° m) 1 2 3
70 0.1190 0.1278 0.1422
150 0.1187 0.1280 0.1410
300 0.1186 0.1278 0.1415
800 0.1184 0.1278 0.1417
1500 0.1181 0.1277 0.1416
3000 0.1175 0.1273 0.1411
6000 0.1161 0.1262 0.1394
10000 0.1137 0.1239 0.1364

2] )
)

Fig. 7. Particle trajectories obtained for different particle sizes
without considering the granular drag force:
a) D,=70-10"° m; b) D,=150-10° m; ¢) D,=300-10"° m;
d) D,=800-10"° m; ) D,=1500-10° m; 1) D,=3000-10"° m;
2) D,=6000-10"° m; #) D,=10000-10 ° m

To estimate the effect of the granular frictional drag
force on the separation, we recalculated the trajectories
considering that the particles are included in a granular
medium (sand) with homogeneous grains with a packing
fraction ¢=0.41 [40]. For the same previous computing
conditions, we obtained the results presented in Fig. 8.

Figure 8 shows that the particles of diameter less
than 300-10° m are not separated. Separation begins to
occur for larger diameter particles initially falling very
close to the drum (distance y < 0.25-10° m from the
surface of the drum). We see also that the separation
improves significantly with the increase in particle size.
Unlike the previous case where the particle falls in air, in
a granular medium, the size of the particle has
considerable influence on the capture site.

<] 2]

Fig. 8. Computed particle trajectories obtained in granular
medium: @) D,=70-10 ° m; b) D,=150-10 ° m; ¢) D,=300-10 ° m;
d) D,=800-10"° m; e) D,=1500-10"° m; ) D,=3000-10"° m;
2) D,=6000-10"° m; #) D,~10000-10"° m

The evaluation of the capture time of the separated
particles has given the results listed in Table 3. It is clearly
seen that the larger size particles are also captured faster.

Table 3
Capture time of separated particles in presence
of the granular frictional drag force

Particle diameter Particle capture time, s

D, (x10° m) 1 2 3

70 — — —

150 - — —

300 0.1387 - -

800 0.1290 - -

1500 0.1251 - -

3000 0.1204 0.1333 -
6000 0.1170 0.1283 0.1483
10000 0.1141 0.1248 0.1382

The computation of the particle trajectories and
capture time for other packing fractions ¢=0.21 and
»=0.61 has given almost the same findings.

The achieved theoretical study has shown that the
frictional drag force has important effect on the separation
efficiency. In granular ores of fine grains, such effect can
dominate the magnetic force and may even prevent the
separation.

Experimental verification. To validate the achieved
theoretical study and verify the obtained results, experiments
were carried out on mixtures of sand and iron particles of
1,=115 experimentally identified. In order to reduce the
effect of the magnetic dipole-dipole interaction that leads to
particle agglomerations before their separation (case in
which the frictional drag force will not be applied
individually on the particles) [41], mixtures of weak
concentrations of iron particles were considered.
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The used OGMS

separator is a
Conveyor bel permanent  magnet
F B=1.1 T) drum
separator (16}
equipped with a
* . .
‘ container allowing the
— feeding of the granular
material by gravity
instead of its

Separation reference line & .

F transporting by
conveyor belt (Fig. 9).

In this way, the friction

= between the particles
to be separated and the
belt is entirely excluded, and only the friction with the sand

grains is considered.

As we previously mentioned, the iron ore is crushed
to small grains before proceeding to magnetic separation.
Therefore, the experimental verification is limited to iron
particles of diameter D, < 10~ m. In order to reduce the
study cost, ranges of particle diameters D, < 8107 m,
210" m<D,<410*mand 6:10*m <D, < 10° m
experimentally identified are treated (Fig. 10).

A

Fig. 9. Experimental used separator

Fig. 10. a — identified ranges of magnetic particles; b — identified
ranges of granular material grains; ¢ — used sieving device

To verify the nature of dependence between the particle
size and the separation efficiency theoretically obtained on
one hand and to obtain basic results subsequently making it
possible to distinguish possible effects of the granular drag
force on the other hand, a first series of experiments have
been performed without considering the granular medium.
To permit a comparison between theoretical and
experimental results, the same operating conditions must be
considered. Accordingly, we have chosen a container orifice
w =107 m, a lift-off e = 3.4-10? m and shifting distance
d=2-10" m, which gives a feeding limit / = d+w =3-10"m
from the drum surface (see Fig. 1).

The injection of a same volume V; = 10° m’ of
particles in the separator gave for the considered particle
sizes the results presented in Fig. 11. The qualitative
examination of the non-separated quantities (quantities
circled in red «1») for each case shows that the larger the
particle size, the greater the separated quantity (quantities
circled in yellow «2»). Here, the particle is considered
separated if it is captured by the drum or fallen behind the
separation reference (see Fig.9).

In order to consolidate our verification, we
quantified the separated volume of particles. Such
quantification gave for the considered cases of particle
size the results presented in Table 4. The latter confirms
clearly the proportional relationship between the particle
size and the separation efficiency found theoretically
through a comparison of capture times (see Table 2).

l

Fig. 11. Separated particles obtained for w= 107 m, e=3.4-107m,
d=2-10" m without granular medium. The considered iron
particle diameters are: a) R, < 810°m; ) 2-10*m< R,< 410 m;
0)610*m<R,<10°m

Table 4
Separated volume of particles
without considering the granular medium

Particle diameter D,, m|Separated volume, m’°
D,<8107 176.1-10”°
2:10*<D, <410 260.6:10”
6-10*<D, <107 357.3-107°

To verify experimentally the use limits of separation
without considering the granular medium, we quantified
the separated volume of particles for different shifting
distances d (see Fig.1). The obtained results for the
considered particle sizes are presented in Table 5.

Table 5

Separated volume of particles (separation efficiency)

without granular medium

Shifting distance Sep arate;i YgglﬁlVSD(Xl(gjg}? D

-2 s . . m
d(x10°m) | D,<8:10°m Dp<4_104nﬁ D,< 103 m

0 990.8 928.7 930.8

1 770.5 580.2 625

2 176.1 260.6 3573

4 33.6 45.8 118.1

6 <9.2 <18.3 42.8

8 0 0 9.2

10 0 0 0

If we neglect the singular values written in bold, we
also see a proportional relationship between the particle
size and the separation efficiency. A significant separation
is approximately obtained for a limit y, = 6-10% m, which
is really greater than that found theoretically

yo=12510"m.

The difference between the experimental and
computed values is mainly related to dipole-dipole
interaction neglected in the theoretical study [41].

To estimate the effect of the frictional drag force on
the separation efficiency, we treated samples of a mixture
of sand and iron particles for different sizes of sand grains
and particles. To obtain homogeneous dispersion of the
particles in the sand, the mixture is well prepared.

To permit a comparison between the results related to
each case of the composition size of the mixture, we always
treated the same volume with same fractions of sand and
iron particles. Practically, we inject in the separator, each
time, a sample composed of a volume ¥, = 6-10* m® of
sand and a volume ¥;= 10" m’ of iron particles.

For the same operating conditions of the drum and
geometrical parameters w = 102 m, e = 3.4-10% m and
d=1.5-10" m, the experiment effected with sand of grains
size D, < 0.2:10° m has given for the considered size

8
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ranges of the iron particles the results of Fig. 12. In the
latter, the separated particles are circled in yellow.

Va — L4 e ¥ Vi
Dy<0.08mm 0.2mm<=Dy<0.4mm 0.6mm<Dy<lmm

Fig. 12. Separated particles obtained for w= 10> m, e=3.4-10"m
d=1.5-10" m with granular medium (sand) of grains diameter
D, <0.2- 10~ m. The considered iron particle diameters are:
@)R,<810°m;5) 210 *m<R,<410"m;c) 610 *m<R,<10° m

The qualitative comparison between Fig. 11 and Fig. 12
shows clearly that the separation efficiency degraded. The
same findings have been found by experiments achieved
with sand of grains sizes 2:10* m < D, < 410" m,
410*m<Dy<6.3-10* mand Dy >6.3-10* m.

To estimate the degradation of separation efficiency,
we quantified the separated volume of particles for the
considered cases of particle size. The assembling, for each
case, the particles captured by the drum and those fallen
behind the separation line gave the results presented in
Table 6. The latter shows that in presence of the granular
medium, the separation efficiency always increases with
the increase in the size of the iron particles.

Table 6

Separated volume of particles (separation efficiency)

with granular medium

Sand grains Separated volume V,(x10~° m®)
. s |2:10°m<D,[6:10*m<D,
diameter D, (D, <810° m D, <410 m| D, <10° m[
D,>0.63-10°m 49.9 81.4 107.9
0.4-10° m<D,
18. 2 .
D,<0.63-10° m 8.3 68 139.4
0.2:10° m<D,
. 1 122.1
D,<0410" m 285 63
D, <0210 m <9.2 49.9 42.8

Looking at the results of Table 5 obtained for the
same w and d = 2:102 m, we see that without granular
medium the separation efficiency is very important in
relation to that obtained in presence of the granular medium
with a lower distance d = 1.5-10> m, which verifies clearly
the important effect of the frictional drag force.

Another reading of the results of Table 6 shows that
(apart from the singular values written in bold) for a given
size of the iron particle, the separation efficiency degrades
with the increase in the grains size of the sand.

To know the effect of the frictional drag force in
relatively weak applied magnetic field, experiments was
achieved for a larger container orifice w = 3-10% m. The
results obtained for the same values of e and d are
presented in Table 7. The latter shows that apart from the
degradation of the separation efficiency due to the
decreasing of the field, the proportionality between the
particle size and the separation efficiency is lost.

Table 7

Separated volume of particles (separation efficiency)
with granular medium, w=3-102m

Sand grains Separated volume V,(x10~° m®)
. 5 |210*m<D,[610*m<D
dameter Dy | Dy <8107 m |} 4104 m| D, <107 m
D,>0.6310"°m| <<I183 45.8 40.7
0.410° m<D,
<<
D, <0.6310° m 183 34.6 21.4
0.2:10° m<D,
20.4 28. .
D,<0.410°m 0 8.5 275
D,<02:10°m | <<I83 9.2-18.3 <<9.2

Conclusions. In this work, the effect of the frictional
drag force on the efficiency of OGMS in dry granular
material is estimated and experimentally verified. To
permit such estimation, we have computed the particle
trajectories where the granular material is approached to
complex fluid for which the frictional drag force is
assumed similar to fluid drag force analytically modelled.

To wverify the theoretically obtained findings,
experiments were carried out on mixtures of sand and iron
particles of small size. The choice of sand is justified by
the fact that, on one hand the used analytical model for
the frictional drag force is valid for this type of material,
and on the other hand, the mixtures do not differ much
from real iron ore.

The achieved experiments have approved the
theoretically obtained findings. The differences between
the computed and experimental values are mainly related to
the dipole-dipole magnetic interaction neglected in the
theoretical study. Practically, such effect leads to particle
transient agglomerations, which encourages the separation.

The singular values in tables written in bold are
mainly related to measure errors committed during the
injection of the material through the container or the
assembling of the separated particles.

Finally, it can be concluded that, if the size of the
iron particles to be separated is very important compared
to that of the grains forming the granular medium
(magnetic purification of materials), the frictional drag
force can be neglected. But in granular materials, where
the iron particles are of the same size of the grains (case
of enrichment of fine grinded ores of low concentration of
iron particles), the frictional drag force must be taken into
account in any designing study.
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