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ABSTRACT

This work presents the advances made on a new separator where the particles are
submitted to the simultaneous action of two central force fields: centrifugal and magnetic.
The magnetic field generator presented in ( 1 ) was modified and is now based on a
superconductor ( 2 ). Also the approximations made in the initial analysis ( 1 ) were more
adjusted to reality. New mathematical equations were derived so that the mathematical
model developed may be more adjusted to the present reality of the separator. The limiting
conditions of the manipulated variables are presented for each phase of the separation. A
complete simulation of a typical separation will be presented as well as some design
parameters.

Typical Open-Gradient magnetic separators and High-Gradient magnetic separators only
deflect or collect (respectively) the magnetic particles (3 ), (4), (5) without having the
ability to separate them by classes as accurate as one wishes. The separator in consideration
may achieve that kind of degree of separation due to its peculiar geometry.

PROTOTYPE DESIGN

The Fig. 1, shows the general configuration of the separator. Being composed by a rotating
conical-trunk where the feed leaves the particles, and by a fixed central superconducting
magnet surrounded by a collecting grid, the main ability of the ‘separator is to exert a
combination of forces on the particles such that the non-magnetic ones rise on the surface,
and the magnetic ones descend on it until a critical point is reached where they will depart
towards the centre, being collected there by a specially designed grid.

The conical configuration is adopted because with this configuration the particles will suffer
a higher magnetic force as they are descending the separator’s surface in a natural way -
without having to increase the value of the current intensity at the superconducting magnet:
the magnetic gradient needed for the separation is naturally achieved. This results in a
process where the particles with higher magnetic susceptibility will depart sooner reaching
the collecting grid at a higher level than the following ones. This way, by designing the grid
properly, we may collect the magnetic particles by classes” .

The main difference of this configuration relating to the one presented in ( 1 ) is the
substitution of the electromagnet generator of the magnetic field by a wire superconductor
magnet, because this allows a better separation and manipulation.

MATHEMATICAL MODEL (2),(6),(7)

In this section the mathematical model presented in ( 1 ) is extensively revised as applied to
the new prototype configuration, the limiting conditions of the manipulated variables and
intrinsic characteristics of the particles that must be maintained for the occurrence of the
separation are presented and new approximations, more related to the practlca] reality, are
con51dered . y

- " Classes are defined as a group of magnetic particles with magneuc permaablhty between two limits which
(theoretically) can be as tight as one wishes.
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grid able to collect magnetic
particles by classes

Fig. 1 - Schematic representation of the new prototype. (after (1) and (2))

APPROXIMATIONS CONSIDERED AND T¢g'S
The following assumptions were considered in the development of the mathematical model:
- the interparticle forces are negligible; :
- the particles are spherical or quasi-spherical;
- the particles are assumed to have an initial null (or low) velocity on the tangential
direction, and to acquire immediately the radial velocity of the conical-trunk or having it as
an initial value;
- the friction coefficient is always constant, even at the start of the particle’s movement;
- the friction coefficient in the radial direction is such that the particles “glue” to the
separator’s surface in that direction (but move on the other ones), so that while on the
surface the centrifugal force exerts its action on the particle fully;
- the very weakly magnetic particles which go upwards on the separator’s surface ( because
of their very low magnetic susceptibility ) are analysed as normal non-magnetic ones;
- the drag forces acting on the non-magnetic particles are negligible (because the movement
of the air is also upwards though without as much velocity as the particles);
- the movement of the air due to the rotation is neglected;
- the superconducting magnet behaves like a wire with infinite length; -
- the density of the fluid medium (air) is neglected in relation to the density of the particle,
and the centrifugal and magnetic forces are considered much greater than the drag forces.
This prevents the possibility of a centrifugal classification by densities effect ( 8 );
Any deviations to these approximations are accounted by the so-called theoretical
coefficient global 1 - Tce ( “ Coeficente global tedrico 1) , for the non-magnetic particles,
and theoretical coefficient global 2 - Tce: ( “ Coeficente global teérico 2) , for the magnetic
particles. They are defined by the following equations ( 1),
R =Tca - 1; - for non-magnetic particles ' 1)
R=Tcea' 1 - for magnetic particles (2)
The physical interpretation of these two coefficients is the following one : the real initial
radius of the real separating system is r; , but for the idealised mathematical system to
adjust the reality of deviations we must think of an idealised initial radius rz ( R stands for
the reality of deviations though this is a non-real radius) which is related to the real radius r;
by the coefficients Tcgi and Tegz , but when considered to be the initial radius on the
mathematical model proposed, manages to get the mathematical model to work well. So
the Tce's coefficients are a measure of the deviation of the idealised system from reality.
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NON-MAGNETIC PARTICLES

Fig. 2 - Schematic representation of the force-balance in a non-magnetic particle.

The non-magnetic particles will suffer the action of several forces as represented in Fig. 2.
These forces are:

Fc = Voly(pp-po)-0>r (8 ) =" m-o>r . 3)
P=Volp(py-p)g(1)="mg - O]
Fo=p-N (7) ®
So, balancing these forces in the 3 dxrectlons and bearing in mind that
t=0=>r=Tce1-Ti, Va=0 (@)
we get the followmg expressions: o
ccl no, b et ary, b -
=) (eVe T o) 2 ®
=r- tg o ®
tangential direction,
Va_ Teerti b . fay at :
Vit T2tz ) (10)
radial direction ( note: radial notr),
= CGl Ti b . Jat —*/E't _ .b. .
Vo= @-(—— > 2-a) (e +e )-w 2 (1)
where on the equations (8)-(11),
b .
__=___§_t_gnz+_y)g_ (12) , «/;=cosa~a)~‘/1—,u-tga (13)

a (1—,u-zga)~a>2

Limiting conditions

Bearing in mind that for the separation of non-magnetic particles in a direction pointing
upwards to be possible Fr>0, we may deduct that we must have the following
conditions:

) Pair mumber one . Pair number two
2 . ’ k
-g-u+o° -Teg-ri 1
0<a<arc(g( gyz G ] (14) O<a<arctgv(—) (16)
p-0° Teg -ritg \u

OR i )
_&H a)>\/ gatp) g 17
©> VTCG -ri ' (15) (A-p-1ga)-Teg -ri an

The difference between the two pairs resides in (17) representing a higher limit for @ than
(15), and (14) representing a more limiting expression for o than (16). So , in cases where

- Pe>>Pr
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a less limiting condition to o is needed we choose the pair number one as the right one,
“sacrificing” o this way, and in cases where a less limiting condition for o is needed we

choose the pair number two, “sacrificing” o this way.

The condition limiting the radius of the non-magnetic particles ( in order to avoid collisions

between them ) may be found if we analyse what happens from turn to turn - how much
“ground” is won in a turn -, and it may be proven that the turn which wins less “ground” is

the first one, and so,

ch'fi+ (J‘r o—VaT 2)
o< ASminor 2-cosa__2-a- cosa (18)
mp <
2 2
MAGNETIC PARTICLES

The movement of the magnetic particles must be divided in three distinctive parts:
a) particle moving supported by the conical-trunk surface (ry, < r < Tcg; - ;)

b) moment when particle departs from the conical-trunk surface (r = ry)

c) particle moving freely through the fluid towards the centre (r < ry,)

a) Particle moving supported by the conical-trunk surface (rw <r <Tece -r)

Fig. 3 - Schematic representation of the force-balance in a magnetic particle.

The non-magnetlc pamcles will suffer the action of several forces as represented in an 3.
These forces are:

Fc = Vol (pp-p@™r (8 ) = mo*r (3)
P =Vol,(py-p)g (1) =mg )
F,=p-N (Z) 7 (5)
2 2
_ L% oy _A-Pr Y
=Cq - 4-——=(2)=mCy vol, 5, 2 (19)

As to the magnetic force we may show (1), (3 ), (4), (3), that if the particle is not
very large, the susceptibility of the fluid is negligible and the gradient of the field is only
present in the r direction, then, considering (only for the magnetic force) as the positive
direction the one pointing towards the centre:
m-y 0B

Tmoor
For the variation of B with 7, we will admit as an approach to the field generated by the
superconducting wire ( 7 ),

Fmag = (20)

L a o gt
= a7 with a= - 1)
and so,
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m-a‘y.
Fope = 22)
T gy
So, balancing these forces in the 3 directions, and keeping in mind that
t=0=>r=Tce2-1;, V=0 (23)
we get the following expressions:
tangential direction,
Vi)=vVA+B+C+D ] (24)
where, ’
4= zqz 2_e-qu(r-Tcosz)_1§_+ 2 -9 ‘eﬁl("TcG,"’?)_‘IZ‘ql ©5)
T .ri r It‘(;2 'rI r
G
B:—-—?—-(q _gl].e‘QI(’"TCGz"i)_,_i.(q“ _q_3) ’ (26)
91 q1 q1 q1
ar
=g -g2.e-0" . {" i
C=gr-q - [l = @7
" 2-93-Tcg, i g drT . . -qs -
D=—M~e q‘( k@*).,_%& (28)
q1 q1
and N
-3 G | __02-1.(“ ‘18a).q3 =02 -(1+ u-1ga), g4 = - (iga-u) (29)
N mcesa 92T T H-1ga),q3 = Kga),qy=-g-liga-p
the integral -[r’ £ i‘" & may be solved numerically or folloﬁving the approximation ( 6 ),
oG2'h
qr n N
[f—dr=tnpy+ 3 @1 (30)
r -1 ity
. J'ql-r et n
with an error, 0 -;l—!-(ql-r—t) dt 31

Now, with the expression (24) in mind we may see that,
."TCGZ"; ar

r cosa-Vy(r)
and so after calculating V, (r) we may calculate r= f (t) numerically, and then substitute
this value in (27) in order to get Vi (t).

t= (32)

We may also recall,
zZ=r-tga )]
which is valid for this phase of the movement.
Radial direction,
Ve(t=a-r(t) (33)

Limiting conditions . .
The limiting conditions may be derived from the main condition Fg, >0. Solving this
condition we may prove that we must have the following limiting conditions:
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[
(SMAIA) . Ii:o : . SR ,7 . .
© tga-p o ,
az-z> 1+p-1ga TCGZ.r,..e‘h'Tcm-fi(l-l)-(E+F+iQ<o @9
g M Tega-n . edrTearn{a-1) (E+F+H) 2 .
@ ' o
meza {2-1)
at-z 1+u-1ga Toga - TN (B4 F+ H)
0,
g'/'b<chz'r,“eq"rcm”"(l-l)~(E+F+H) 92 >Osga>n G9
L 92
where
1 a-9° [
E= -——gz:;—ql——:; . (——2— - e—ql.TCCQ -);().—l)) a7 . F= ——'—2'1—2- (— - e--“h.TCG2 .’}-(A_l)) 38),
2-T° -r’ \2 T2 P\ '
CGy I
3 : T 1A
T r{ A= 929 gy T T wicGy M
94 aleen{2) 39y oo ., qchc—,M‘j‘le dh-— 92 - o),
TcG, T 2-TcG, i 1 A Bt
CG i
: ' \ ~q1Tec, il A-1)
—aq- r{a- e : 1 r
I=(cosa+ p-sena)-|e wloei{A-D) _ + @)y, A= @)
1T, n a1-TcG, h Teg, *ni
OR"~
2. E+F+G+H )
@ <——}— (34)
(SMAIB)E+F+G+H>0 and knowing the other parameters ( 7, a? ) we may implicitly
obtain a condition for & of Ipar. 43
OR
g3 . L2
F H- .
(SMA2) E+F+G+ m I>0 and knowing the other parameters ( 7, a*,®)
we may implicitly obtain a condition for @ or fyay. (44)
OR
7@ T pare) glga-s)
S - E @ Tpart) 2 l+p-ga .
a2~z< P P—— I-G ; (E+F+H)<0A w?< T if 11>0,1ga > u (45)
(SMA3)| mo (1+ﬂ.tga).w 92 g-(ga-u)
& . m%—'fi‘l—;—'ﬂ-iftko (46)
a3 1-G PACE S
a-z cosa + u-sena (E+F+H)
i 0 47
to >(1+/1.tga)~____(E+F+H) 7 ~@ “n
L -9z
TIcg, ri{2-1)
etrTecey il -1+q;-Teg, -1
where I1= (48)

qi
To understand the reason of several systems of conditions instead of only one, we must
realise that they represent the same general limiting condition but that allow each
manipulated variable to have a value more or less limited at the expenses of limiting less or
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more, respectively, the other manipulated variables. This results in a flexible system of
limiting conditions. For example (SMAI1A) represents a more limited value for @® and 5
less limited value for a’ but the opposite happens in (SMA3) where a’y is more limited
and @ less limited than in SMA1A. The limiting values of a% and @, Ty are presented
together because they have the same limiting condition, and in order to determine one
parameter we must know the other one (except in the cases where we have a limiting
condition for f (a, ) and another limiting condition for o alone).
On the other hand, we need that the friction acting in the radial direction is enough to avoid
the effects of the drag force on the particles’ radial movement. In order fulfil this condition,
3 C4 P
= Ld FL 2,2
Tpart P
Fy2Fyj=u> e (49)
a -
wz-r-sena+g-cosa- 5" sena
-r

b)Transition (r = ry,)
To calculate v , the point where the particle departs from the separator’s surface heading
towards the centre, we must set N=0, and so,

2 4 az'l ‘
oy +cotga-g-r1v3— o =0 ! (50).

from where we calculate the value of ry, , as a function of ®, a*, % and a.
Now, if we solve the equation N=0 in order to x, and realise that the particles which arrive
to r, without jumping towards the centre, will fall on the base collector, we may determine
the critical magnetic susceptibility below which the particles will not depart,
2 4 3
x</10 mz Ta +/’0 °°tg‘21g"a ‘ 1)
a a

Solving N=0 in order to the other manipulated variables allow us to control exactly which

class of particles departs at a determined radius 1, chosen by us.

¢) Particle moving freely through the fluid towards the centre (r <ry)

—
¥—
[}
(y)
r X
YA

Fig. 4 - Schematic representation of the force-balance in magnetic particles “flying”.
The non-magnetic particles will suffer the action of several forces as represented in Fig. 4.
These forces are: I

P = Vol (p-p)g (1) = mg 4

pr-V
Fa=Cq- AL (@)= mcy 2 L2 (19)
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at?

m-azz

and equatmgtheforces mthethreedlrec’aons keepmgmmmd that el
t_tlv:>l'—l'h,-‘:>V =Vu, V.= =Vua,Ve=Von =0 - ) Co : (52)
we may derive the following expressions, .
r direction (neglecting the contribution of Vi in this dxrectlon)
Vi@)=JJ/+K+L+M . . R mon (53)
where
J=& eKa(’?v"') K;‘ G4, K=M.eKa(’7v")_M (55),
rlv r n r
r aT
L=Ky -K2-eK" [Z—a  (56), M=V,§-eK"(""") 57
v
3. C4 P 2
and Ky =42 g X =
4 Tpart Pp Ho .
on the other hand,
I‘h, (b (59)
r V() - (r)
z direction:.
v, (z)=\/K1 1Ky Bl (60)
8 P, 8 7 P 3 C; »
where g =S.,.702% Po o _p2 8 Tpat Pp 3 Ca Pf o, _ 61
k=3¢ c, K=V, -3¢ C, p/’K3 e 2z (61)
t=tx+N+O (62)
K-(K -z)
2. ,/K +K; 2-4Kj+K 34
where N = 1 2 _ ‘/ ! é (63), and
3

: K3{K4~2)
2-JK K +Ky-e5 2. JK K +K
0= L trcg ‘/ i - L -Arctg/{-————“zl (64)
K3 JKi < JKi

x direction (the direction tangential to the point where the particle departs - the

direction of the Vigy):
a?. x__3 Ca Loy )2

0} 8
é+g—‘--(§i) £ £ -(x-x1) =0 (65) with f(p)=20 ") Tpart p”

2
Equation (65) may be solved numericall;'.

r(®)

Limiting conditions ‘
We must first realise that the conditions for this section of the movement probably will be

less limiting than the ones of the section a) and so the conditions of this section are always
respected (theoretically) as long as the ones in section a) are.
- Derived from \Jk = k>0 in r direction,
. 2
(SMC1A) J+K+ L+]f/1'> 0 andknowmg the other parameters ( z, a~,w)
we may mmplicitly obtain a condition for Tpart- 67)
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Y

OR

2
2 'Zmyhavemyvdueifit%:ﬂ>0 (68)
(SMC1B) ;"
. at-y -M (J+K+L) .
w  GrRAD T g <0 : (69)
-Kb
- Derived from Fg,. > 0 for the r direction,
(SMC24) P+£2‘¢-(J+K+L+M)>0 and knowing the other parameters ( 7, a%,w)
we may implicitly obtain a condition for Tpart- . (70)
K,
whereP=-r—;’ (71)
OR
L |
2 -SiM
(SMC2B)}a”-z | - i -{—--z%.(uxdpo 72)
: o “E-ﬁ:~(J+K+L) b b
o Fp, .
- Derived from —= < tga,
Fp,
( Ka 2
g+— V;
(SMC3A)} 1o, » ZK l (73)
_Kb.g.Td-.l/’z
OR ‘
(SMC3B)J(73)  and knowing the other parameters ( 7, a%,,a)
’ we may implicitly obtain a condition for Toart- (74)
OR :
(4502 )-leons) o)
az. N - P —
(SMC3C) Ja -2 | 5 [’f:’ S T (75)
! —— 2 (J+K+L K 2Ky

The limiting conditions presented above may present different limiting values for the same ~
parameter, and when this happens we should choose the more limiting value as the correct
one.

SIMULATION ( 10)

A complete simulation of the separation of a typical feed, will be presented at the
conference. It is to be hoped that it will be compared with some results achieved in
practice. Also the charactenstxcs of the superconducting magnet ‘generator will be

THER CONFIGURATIONS (2)

~Some other ‘configurations are also being considered. As an example we refer to the
configuration where the conical-trunk is fixed and the centrifugal effect is induced by a

e “tangential feed that delivers the particles at the velocities needed (2). The mathematical

model support of the theory has several differences relating to the one presented here.
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NOTATION
A - area resultant of the projection of the particle g - “real” theoretical radius
" in the direction of movement Tce: - theoretical coefficient global l
a - constant of magnetic field Tee - theoretical coefficient global 2
B - magnetic field t;, - time gone until particle’s departs from trunk
Cd - drag coefficient V. - particle’s volume
F, - friction force V; - particle’s velocity
F. - centrifugal force V. - particle’s velocity on r axis
Fq - drag force Vi - particle’s velocity on r axis at departure time
F4 - drag force on r axis Vi - particle’s velocity on tangent direction
Fq, - drag force on z axis V. - particle’s velocity on tangent direction
Frug - magnetic force ‘ V. - particle’s velocity on z axis
Fg, - resultant force on r axis V. - particle’s velocity on z axe at departure time
Fg; - resultant force on tangent direction Ve - particle’s velocity on faxis
Fg, - resultant force on z axis Vew - particle’s velocity on 6 axis at departure
g - Earth gravity constant : time
by - conical-trunk total height ‘ 2, - particle’s height at departure
le' observedmmalhelghtﬂ " ‘ o - angle between the conicaltrunk and the
current intensity flowing on the ' magoet horizontal
m - mass of the particle ] . X - specific magnetic susceptibility
N - mgnm force made in the particle by the AS ginee - the minor of the spaces threaded on the
p comcaéo-mmk tangential direction after one determined turn.
- weight ee . u - friction coefficient
"‘”P‘fa‘*“‘f‘ksm“.““mmd‘“s Mo - permeability of free space
I, - grid’s maximum radius . . . .
. N . . Pr - specific weight of the fluid (medium)
Ir - conical-trunk’s maximum radius . . .
I: - observed initial radius . p,-spgcxﬁcwexghtofthepamcle
Iy - radius at which particle departs T - period of one tum -
Tpen - particle’s radius ) @ - angular velocity
LITERATURE CITED

(1) - Augusto, P. A, Martins, J. I; “A new prototype to separate solid particles by
centrifugal and magnetic forces”, International Symposium on Filtration and Separation,
Salamanca, eds. A. M. Machin, A. Estévez, E. Jaraiz, Salamanca, Sept. 1995.

(2) - Patent submitted

 (3)- Stradling, A. W, “The physics. of open-gradient dry magnetic separation”,

International Journal of Mineral Processing , p. 1-18, v39, 1993

(4) - Svoboda, J., 1987. Magnetic methods for the treatment of minerals, Elsevier,
Amsterdam.

(5) - Oberteuffer, J. A., 1974. IEEE Trans. Mag., 10 (2) 223-238

(6) - Kreyszig, E., 1988. Advanced engineering mathematics, 6*Edition, Wiley, New York

(7) - Halliday, D Resnik, R., 1987. Fisica, Vol 1,23 4, 4"‘Edmon, Livros Técnicos e
Cientificos detora, S3o Paulo

(8) - Pombeiro, A. J., 1983. Técnicas e operagdes unitirias em quimica laboratorial,
Fundagdo Calouste Gulbenlcian, Porto

(9) - Shames, I. H., 1982. Mechanics of fluids, 2*Edition, Mc. Graw-Hill International
Editions, Singapore.

(10) - Wolfram, S., Mathematica2.0 for Windows. 1991 Wolfram Research.

348




