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HE who binds to himself a joy
Does‘the winged '1ife destroy;
But he who kisses the joy as it flies

Lives in eternity's sun rise.
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'Eternity’

by William Blake
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ABSTRACT

A fundémenfal physicai model of the fully loaded condition
of particle accumulation on cylindrical wires occurrin% in high gradient
magnetic separation (hgms) is &eveloped: Magnetic, fluid shear and
gravity forces are included in the analysis. The approach is unique
in that Blasius-type fluid shear on particles at the bottom of a
changiﬂé boundary %ayer is considered. ‘

Magnet?cally,ﬂthe model allows for the‘more’complex case of
variablelmagnetic'suscea;ibility as typified by the canted-antiferro-
magnetic behavior of hematite. The Frantz Isodynamic Separator is
shown to bevwell suited for geﬁerating this complex susceptibility

I
information, / 4
The model is verified against the photographic evidence of .

buildup shapes of Friediéender et al. for Mn2P207 as well as by compari-

son with the measured recovery of hematite, chalcopyrite and sphalerite
Lo 2

|

in an hgms batch starator employing a stainless steel expanded metal-
type matrix: . B -

A powerful development of the mddql is that loahing (volume
of accumulated material per‘unit volume of matrix) is uniquely defined
by a dimensionless group, called the loading number,, NL.' From direct
measurement NL proved superior to the dimengionless group proposed by

V

Watson, ﬁﬂ’ as a measure of loading.
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RESUME

Un modéle physique fondamental de condition de charéement
"pleine capacit&" pour l'accumulation de particules sur des fils
‘cylindriques, se produisant lors de la séparation magnétique & Lgradient
élevé (hgx;ls), y est développé. Incluses dans cette analyse sont les
forces; magnétiques, de cisaillement causé par le fluide et de gravité.
L'approche est unifue en son genre dfl au fait que, le cisaillement de
t;vpe 'Blasius' sur leCs particules di au fluide a l’e;ctrémité inférieure
lors d'un changement frontalier de couche, entre'en considération.

) Magnétiquement, le modéle tient compte des cas p}us complexes
de susceptibilité magnétique variable typiquement représenté par le
comportement "iqcliné-antiferromagn?tique" de 1'hématite. Le "Frdnz
Isod)n;amic Separator" s'est montré des plus aptes i fournir cette
complexe information de susceptibilits. )

Le modéle est vérifié en le compayant aux preuves photogra-

_ phiques des, formes de l'accumulation par Friedlaender et al. pour le

Mn_P,0.,, tout comme par comparaison aux recouvrements mesurés pour
2277 : « e /

n -
1'hématite, 1la chalcopgite et la sphalérite dans un hgms i séparation .

»

discontinue einployant une matrice de métal déployé en acier inoxydable.
La puissance du modgle réside dans le fait que le chargement
(volume de matériel accumulé par unité de volume de matrice) est défine
' !

uniquement par un groupe sans-dimension appelé nombre de chargement, NL'
\ P

Basé sur des mesures directes, N s'est avéré supérieur au groupe sans-
v 4

M
'y U;,

dimensién proposé par Watson comme mesure de chargement.
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data fitted constant in bu11dup rate equation -

bare wire radius

radius to n- particle layer
particle radius . °

drag coefficient ,
volumetric packing fraction ° !

function describing the cumulative weight fraction of partlcles

with magnetic velocity less than Vy
capture efficiency T

fluid shear adjustment factor

maximum buildup to wire volume ratio

coefficient in Friedlaender drag equation

applied magnetic field
Stokes number = 2b<“p U./9an
universal fibre parameter
matrix length

ratio of loading to maximum possible wire loading -

wire magnetization

wire saturation magnetization

number of particles entering separator
number of particles leaving separator
counter or exponent

particle retention probability
particle accumulation radius

- - . .
,relative particle accumulation radius =
saturation (i.e. maximum) relative particle accumulatlon radlus

wire capture radius 3 a
particle Reynolds number

R /-a

’

diameter of major fibre axis for non- cylmdrlcal fibres

time ’

outer (potential) flow velocity

free stream velocity

buildup volume 2 -

magnetic velocity = 8ub nHaMw/Qan
wire volume

coefficient in drag equation

nominal boundary layer thickness
boundary layer thickness over which flow
outer flow velocity

fluid viscosity '(absolute), cm /s
particle (volume) susceptibility
capture radius for mechanlcal entrapment
fluid density

particle density

greater than

less than -

s
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CHAPTER III

A scalar potential energy function A ’ |
(Equations (3.9,10,11) only) \ i
field perturbation term .~ 2mM _/H, for cylinders !
perpendicular to H, ) ‘
bare wire radius X ) ‘ i N
radius to’n™® particle layer : .o .
fractional ‘cross-section of flow area ., : ‘
¢ross section of flow area ° . : . .
magnetic induction, gauss / T
Blasius summation of 8 terms 7 :
__particle radius 4
constant in simplified force balance (Equation (3.2-8)) . .-
. mass of material retained on a segment in a time increment dt ;
magnetic force )
Fo radial component of Fy i ‘
FgM °  tangential component of Fy i
‘ FGM gravitational force )
_— : R - ——radial _component of Fj . . S e
FeG © tangential component of F, ) .
Fp fluid drag force
. FB bueyancy force . ' C o
8 net tangential force
F et net radial force
£ net field parameter
£y fractional area of particle shear
gravitational constant
magnetic field, oersteds
applied magnetic field .
radial component’of H ' . -
. tangential component of H (
demagnetizing field = NM N
coercive force, oersteds ' b
.~ empirical constant in wire magnetization_ (Equatlon (3.1-19)) °
mass loading of n'" segment
maximum loadmg (mass) per unit length‘ of wire (-y »
maximum 1oad1ng of segment
1nter partlcle layer distance (buildup model)
‘distance between magnetic poles (magnetic theory) o
characteristic body dimension (€1nid mechanlcs)
length of wire per matrik screen
magnetization, emu/cm
particle magnetization, emg/cm:'!
wire magnetlzatn.on, emu/cm . ,
effective
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magnetic moment, emu
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N d1men51031ess ratio of magnetic-to-gravity force
4 = 2/2H %cA/a(p, - nf)g \
Ny, d1men51 nless r §}§° ? §net1c -to-fluid shear force
) = 2bH,“cA/pfU, 2 the 'loading number'

counter or -exponent . . ,
fluid pressure , ’ ‘
magnetic pole strength (unlt)

particle accumulation radius : :
distance between poles p +P7 | ' .
relative particle accumulation radius = r/d ‘
saturation (equilibrium) r,

radius to nth particle layer

capture radius of wire ¢+ a

initial R, .

Reynolds number = pU'2/v :
particle Re , ;
wire Re .

number of screens per segment @

inter wire distance on screen

time

outer 'stream fluid velocity

relative velocity (between particle and f1u1d)

radial component of U
tangential component of U
free stream velocity
velocity 'in y-direction b

particle volume ,’ ;
-nominal buildup volume ’ ) - .
magretic velocity = 4b2KH 2A/Qan ’
velocity in x-direction
", driving function in capture radius equatlon

Akoto's a . ‘

Luborsky's a :

'geometric correction factor for screens
Yn (mass) loadjmg, g of particles/g of fully loaded wire - . -
Yy " {volume) loading, cm” of part1c1es/cm3 of fully loaded wire
= Yp P WP
V. gradlent oBerator . .
§ nominal boundary layef thickness \
899 5 over which flow has régained 99% of U
E packing fraction

n fluid viscosity (absolute), g/cm-s
6 angle from front stagnation point, (degrees), radians
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pinimum critical angle, (degrees), radians

particle (volume) sgscepxlblllty, emu/cm>-0g

‘effective x, emu/cm”-Qe

particle k, em/cm3-0e ‘. \
medium <, emu/cm’-0e *

‘Susceptibility extrapolated t 1nf1n1te field strength*
(field dependent susceptibility) ) , ‘
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N magnetic permeability ’
v fluid viscosity (kinematic), cm®/s
g transformatmn variable used in stream function
P density : ‘ - |
P particle den51ty = :
pg .. fluid density
z summation operator ; , R
P ,
o - magnetization, emu/g ' - ‘
A , spontaneous magnetizat%on, emu/g ‘
T shear stress, dynes/cm . ,
T shear stress at solid '"wall", dynes/cm2 -
¢ function ’
X , susceptibility (mass], emu/g i ;
Xeo . particle susceptibility extrapolated to infinite field .
— strength (field dependent susceptibility)
Y stream function ~ "
m particle flux rate entering segment, particles/s !
ﬁlo *  particle flux rate entering separator, particles/s
CHAPTER IV . §
D solenoid diameter ‘ . J \ §
d, actual cyclosizer cone cut-off diameter ; ;
de nominal cyclo{sizer cone cut-off diameter ! ) :
dg.m geometric mean diameter
d diameter, .
fl’fZ’ ?) !
3:£4 cyclosizer cprrectlon factors ‘
) magnetic field strength, kOe, Oersteds
dH/dX average field gradient, kOe/cm ' r
Hmax maximum H in pole gap, kOe . ‘ (
I,1 gurrent, amperes :
Iep current at which 50% of feed to Frantz Isodynamic reports to i
the magnetics chute, amperes - ’
Ic current applied to Hall crystal
Ky crystal calibration constant for Hall equation °*
L solenoid length . {
m particle mass, g 3
n number of coil windings ;
fi normal umit vector . ( L
Ry Hall congt'ant ‘svolt-cm/ampere-0Oe ' 1
R electrical resistance, ohms :
r length-to-diameter ratio of spheroids. | !
t Hall crystal thickness, cm -
VH .Hall potential, volts [
CHAPTER V . < ot . )
- / -
£ " field parameter ' - i °
£ integrated (volume)/ field parameter p A\ \
Y c  loading determined. smg field dependent suscept1b111ty '
Y"e loading determined using gf\fectlve susceptibility
, L ~
A ratio of loading to maximum possible wire loading = L/L,
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CHAPTER II - SN

Trajectory models - models which preﬁlict separator, recovery from ,
mathematical descriptions of 'particle behavior in the

viscinity of magnetized wire(s) based on thé differential

equations of partitle motion. . |

Buildup models - predict hgms recovery based on static or probabilfstic
analyses of forces for particles assumed to have already
arrived at the wire/buildup.

Magnetic veloc1ty (V ) - can be considered as the termlnal velocity
L achieved by a spherical particle under the'influence of a i
magnetic force and purely Stokesian fluid conditions.

Capture radius (R ) - o capture cross-section, is the limiting radius
or area about the wire from which all particles are captured,
as determined from trajectory models.

Potential flow - mathematical analysis of flow which considers only
incompressible, frictionless fluids. Approximates the real
flow of many fluids and situations at dlstances well removed
from solid boundaries.

Viscous flow - analysis which considers fluid stresses to be related
to the velocity gradients. Approximates real flows near
solid boundaries and at low Reynolds number. “

Equilibrium or saturation buildup profile - the ultimate outline of

: particle buildup about a wire representing a stable balance

of the acting forces. , . 1

#

Frort or upstream buildup - partlcles collectmg on the upstream side
“of a wire.
. 1 P
Back or downstream buildup - particles collecting on the downstream
(wake) side of a wire. \ \

. '
-

Loading - the process of pafticle onto wire/buildup accumulation, often
referred to in the context of "fully loaded" wires, i.e. the

maximm mass (Y ). or volume (yy) of particles capturable by h

a unit mass or vdlume of w1re under the specified conditionms.

[
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CHAPTER III .

Magnetization (M) - is the magnetic moment/unit volume of a substance.
Materials are characterized magnetically according to their
magnetization behavior as a function of some variable, for
rexample, field strength or temperature.-

D1amagnet1c - materials have a small but negative linear response of -
magnetization to 1ncre351ng field.

Paramagnetlc - substances exhlbié p051t1ve linear magnetlzatlon with
increasing field.

Anti-ferroﬁagnetic - materials are similar to paramagnetics aside firom
showing a reversed temperature dependence of susceptibility
below a critic?l value called the Néel température.

Ferro, ferrimagnetics - have a large and non-linear magnetization which
is also characterized by the phenomena of saturation and
hysteresis.

: >

Canted antiferromagnetics - are essentially anti ferromagnetics with
a small ferromagnetic contribution dependent on the crystal |

- orientation relative to the field.

Magnetic susceptlblllty (k) - the way in which the magnetization (M) . :
varies with field (H). « is of spec1a1 interest to the :
engineer as 1t shows the magnetic respon51veness of a material
to the field. :

Perturbation term (A) - is a field dependent parameter describing the ‘
extent to which a magnetic material disturbs the background !
field.. Other factors effecting the magnitude of A are body
geometry, field orientation and the magnetic properties of i
the material itself. - . s

Stagnation point - in fluid mechanics, a mathematical point at which
a streamline begins or ends. For the present case of a
cylindrical rod in fluid cross-flow, the stagnation points
occur at the solid/fluid boundary along the axis of symmetry 3
in the flow direction.

Blasius solutiop = An analytical solution to the boundary layer equations
available for certain cases of quite symmetrical flows. These
solutions are exact in that they provide accurate (i.e. not

s averaged) descriptions of flow throughout the boundary layer. .

-~

R e R b A BT

Shear stress at the 'wall' (tr_ ) - those stresses between the elements
of fluid trapped next to a solid boundary and those elements
moving in the adjacent layer. In the developed model, the
outermost layer of mineral particles is considered to be the
'wall'.,

. -
J -
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1 AN
Minimum critical angle Qf buildup (6 ) ~ the angle measured from the !
front stagnation point, be?ond which there exists either a !
repulsive radial component of net forces acting on a particle, L AN
or insufficient net attractive tangentlal force to keep the
particle from being swept away. changes with distance
away from the wire, eventually tenslng to zero. ‘ .

Loading number (N = 2bH 2KA/p Ue 3/2 1/2 1/2) - a dimensionless ratio
of magnet1c to-fluid shear forces for a particle of radius, b,
- residing at the bottom of the boundary layer on a wire of
radius, ‘a, in a crossflow, U, In the simplified model .
developed the maximum loading (y ) is charactérlzed by Np
- alone.

Screen -~ ideally refers to a square weave of cylindrical wires and in
practical terms is used to describe an expanded metal lath; -
a widely used matrix medium in mineral processing applications
‘of hgms.

Matrix - the particle collection medium of hgms qgvicés, be it expanded
metal, steel wool, thin ‘rods, etc.

Packing fraction (e) - the fraction of the apparent or nominal buildup
volume actually occupied by particles. Ideally, for close |
| packed spheres ¢ # 0.7, however, the actual packing fraction
for real minerals will be somewhat less.

Driving function (a) - the mathematical description'of how capture
radius decreases from the initial" (bare wire) value as loading
of the wiresprogresses, i.e. R. = R¢ i@ where R, 1is the initial
value of Rc' 1

Geometric correction factor (8) - a factor f&g screens which accounts

for overlapping. capture cross-sectibns of the individual
wires as well as the loss of eff1cléncy whenever the wires
themselves overlap. The 8 correction is applied to the total’
length of wire per screen, L

.

CHAPTERS IV'AND V |

Magnetometer - strictly speaking, any device which measures the magnetic,
response of a material. In this study, magnetometer generally

: refers to devices, such as the Foner vibrating sample magneto-
#Meter, which are used for determining the magnetization of a
bulk sample through indirect measurement and/or calibration ‘
with a standard. In contrast, the Frantz Isodynamic separator
deflects -an individual particle one of two ways, depending on ‘
its level of magnetization, thus permitting a direct calcula-
tion of the relevant property through a force balance.

\ : -
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s : C a R } ;

: u 'Effective’ susceptibility (x_) - for field dependent susceptibility

' materials (e.g. canggd antiferromagnetics) x; is the value

: | ’ of x computed for an average (integrated) vaiue of the field - {
; throughout the buildup volume. - It gives the same predicted

- " loading as when a unique value of « for every particle loca-
L tion is computed.

* ' 'Magnetically cleaned' samples - real mineral samples carefully prepared
on the Frantz Isodynamic separator so as to isolate fractions
, with very uniform magnetic properties (i.e. susceptibility)
' for controlled hgms study.

PV

v Field amplification - an increase in the background field nead one i
wire due to the close proximity of neighbouring wires. This
: effect manifests itself in real matrices but has largely been %
o . ignored in the development of the field equations which apply ’
t? single wire cases. ‘ =
[ . -
| . - . ;
H

\ 4 -

o

A\
L Ay T T b o w4 SR e
— .

L e s i WA AT DA e e -




.
o

e s TR TR TG G g oy e e

Figure

2-9

XV.
LIST OF FIGURES '
d
)‘;
| Page
Iron clad solenoid design of hgms devices. . ! 2
Principal ori:antations of hgms. . 5
. v v .
Watson's dependence of R on = (= -——J. ' "8
o o '
Luborsky and Drummond's e\f\fect of 1ncrea§1ng partlcle
layers (n) on R. (= E) as a function of M Lt M) 10
Vi
Clarkson and Kelland's effect of bour\xdary layer versus
potential flow on recovery of hematite. 14
' 1 ¥
Predicted oscillatory behavior at high Stokes number z
(K) from Lawson et al. . © 16
Luborsky and Drummond's assumed fan-shaped buildup. 19
Watson's elliptical buildup assumption. 19
7/
Watsonqs 'effective’ Re (= -——) as a function of the
normalized volume of captureg material (Vp) at various
&im(= _!li). Ellipsoidal buildup assumed. 24
u, \
. |
Watson's computed surfaces for growth model. | 26
Friedlaender et al.'s sequence of Case B photographs of
Mn,P,04 buildup. Field strength, 4.7 k0e;*flow rate
1. cm/s at times of 5, 10 and 40 s. Photographs (a)
and {b) are of saturation buildup at 17.7 cm/s and
35.1 cm/s, respectively. 31
Ra as a function of U for upstream and downstream wire
bulldup (from Friedlaender et al.). . 32
Liu et al.'s maxamumvrelauve buildup volume (f ) as
a function of M =M ax- 34
UQ Vw ‘\‘&
Liu et al.'s variation in R, with relat1vevbu11dup volume,
on the upstream side (f) at various M (= '35
Uo vV
-]

.
3
}
E]
!
i
S
i
¥
[
A
&
e
i
%
&

~




v o ——

g

(.

3-4
3-5

3-6

3-8

3-9

N

Liu et al.'s magnetic velocity distribution of
pulverlzed feed coal.

>

* Magnetization behavior as a function of field for

(a) diamagnetics, (b) paramagnetics and antifer-
romagnetics and (c) ferromagnetics and ferrimagnetics.

Idealized situation of a spherical particle near an
infinitely long and cylindrical magnetized wire.

Magnetic force vectors in one quadrant about 600 ym
diameter stainless steel wire. Data is for 'standard’
test. Dashed line represents locus of zero radial
magnetic force. Force units are dynes x 10°. )
Flow streamlines for potential flow about a cylindrical
wire.

Development of a boundary layer of thickness § from the
leading edge of a flat plate. ~

Approximations to the potential velocity distribution .
around a cylinder for including successively more terms
in the expansion for sin ¢ in Equation (3.1-42) (from
Schiichting).

*Variation in non-dimensional shear stress and relative

potential velocity over the front of a cylinder.

Shear stress (t_ ) acting on spherical particle re51d1ng
at bottom of boundary layer on a cylinder.

Non—dimensional drag_force on spherical particle
comparing Stokesian drag and an average boundary layer
thickness with the Blasius solution having fb=- .39.

Force components acting on a spherical particle at rest
on the cyllnder wall. |
Loci of zero net radial and tangential forces in one
quadrant about wire. Hatched regions show negative
net force.

The piecewise nature of the matrix. A total of NS
segments, each segment comprised of S screens.

Liu et al.'s approximate solution of critical entering
coordinate R. as a function of M )
U_ V

-]

xvi.

Page

36

41

46

54

56

61

67

69

71

74

77

80

87

92

- s e

-

ot v AT W e *

ke« ek e e

PRSP,




s

Figure
- 3‘1&- }
3-15

3-16

3-17
3-1¢

3-19

4-4
4-5
4-6
4-7

4-8

. 4-9

i - ..
" gy XVil
N Page
Unit grid of a matrix screen. " 97
a) Overlap of capture areas (hatched region) for
R, > 1.
b) Overlap of capture areas (hatched region) for
R <1, - 99
c —
The geometric correction factor, B, as a function of
sw/a for various R, (overlapping wire case). 102
General flow chart of computer program MAG6. , 104
Detailed flow chart of Parg 1 of computer program. 105
Detailed flow chart of Part 2 of computer program. 1 106
Detailed flow chart of Part 3 of computer program. 107

Influence on recovery predictions of the number of
time increments and mqgrix segments chosen for
Part 3 of the computer program. Test conditions
are those for the standard test for hematite, 20

grams of feed and a 40 screen matrix. 109
The Hall effect probe. . 116
Schematic of calibration set-up showing Hall probe

and magnet coils. . 118
Calibration curve for Hall probe. Vy versus H. 120

Variation in H through the bore of the superconducting
solenoid. ! . 122

Calibration curve for superconducting magnet. H

versus input current. 123
¢ ' i

Variation in H through the bore of the permaneng

magnet solenoid. 125

Longitudinal variation H in pole gap of the Frantz
Isodynamic separator. 127

Transverse variation in H in pole gap of the Frant:z

- Isodynamic separator. Measurements taken at longi-

tudinal station #2 (1 station equals 2.54 cm). 128
’ — - ¥

Average field gradient, dH, as a function of Hmax for

the Frantz -Isodynamic sepirator. 130

i

!

B

e AEIET v ske s o




g AP e s Lt vAm o

4-14

4-15

4-16

4-17

4-18
4-19

4-20

i 4-21

4-22

4-23

5-1

Calibration curve for Frantz Isodynamic separator, H
versus input current, 0.5-8.0 kOe.

Calibration curve for Frantz Isodynamic separator, H
versus input current, 0-0.5 koOe.

Calibration curve for Frantz Isodynamic separator, H

- versus input current, 8-13 kQe.

Typical magnetization curve for hematite. Labrador-
hematite, cyclosizer cone #1 material.

Magnetization curves for 'cleaned' and 'as is' cone
|#2 hematite, and minus cone #5 (slimes) material.

Magnetization curve for magnetite isolated from
Labrador ore sample.

Sin 8 versus Ig, for hematite sample on the Frantz
Isodynamic separator. 6 is the side slope.
Comparison between magnetometer and Frantz Isodynamic
susceptibility and magnetization for hematite.

Magnetization curves for stainless steel matrix.
Magnetization curves for nickel wire.

Sedigraph cymulative size distributions of cyclosizer
cone fractions for hematite. :

Scanning Electron Micrograph of hemat ite” Cyclosizer
cone #2 (v 30 um-diameter) particles.

N\

Expanded metal screen. Diameter 3.78 cm.

Sketch of expanded metal strand in cross-section.
Note 'diamond-like' shape.
Equilibrium buildup profile, standard test.
a) 3 kOe, stainless steel wire

b) 9 kOe, stainless steel wire

c) 9 kOe, nickel wire

MnZPZO equ111br1um bu11dup\prof11e (upstream)
a) mogel prediction at 7.9 cm/s

"~ b) model prediction at 2.9 cm/s

¢) model prediction at :23.3 cm/s

N m—— o WAL it A U e

xviii.

Page
13{
132
133
138
141
142
148

149
155

156
162

164
166
169

171

174

et e A




rer—————

o A s, e

Figure
5-3

5-4

5-5

Sj-é

5.7’

5-8

5-11

5-12

5-13

,
3

J

Page
Mn2P20 buildup photograph '(from Friedlaender et al ).
7
a) at'7.9 cm/s
b) at'2.9 cm/s . N
¢) at 23.3 cm/s 176
Sedigraph )culilulative sizé distribution of MnZPZ,O., 177
Measured versus predlcted Ra as a function of flow- A
| rate for Mn,P 0
a) at 2.2 %0
b) at 4.7 koOe ‘ -
c) at 9.7 kOe _ 178
The ratio of loading with an effectlve susceptlblhty
(LK\) to actual susceptibility (LK), for various f as .
a ¢ ff'gnctiOn of applied field, H,. 181
*
Full model predictions of y‘; versus NL for various
minerals. 184
Full model predictions and experimental results of y
versus N, for hematite. The simplified loadmg
equation is also shown with ¢ = 0.7. 187
Varlatlov in X- of the individual matrix segments for
various ‘M. Ym 190
Um \

Experimental versus predicted recovery for hematite. ’
Effect of particle diameter.
a) H; = 3.0 kOe, ‘Us = 9.9 cm/s
b) H; = 2.1 kOe, U, =5.5 cm/s . 192
Experimental versus predicted recovery. Effect of
applied field.
a) hematite, 2b = 11.4 um, U_ =~ 9.9 cm/s
b) ilmenite, 2Zb = 20.0 um, U, = 9.9 cn/s 193
Experimental‘versus predicted recovery for ilmenite.
a) effect of velocity, 2b = 20.0 um, H; = 2.0, 3.0

kOe )
b) effect of feed mass, 2b = 20.0 um, H, = 2.0 kOe,

Uy =~ 9.9 cm/s L 194
Experimental versus predicted recovery. Sf)halerit’e
(U, = 9.9 cm/s) and chalcopyrite (U, = 5.7 cm/s) at
H; = 10.0 kOe. 196

xix.

0
T
~

O

[




[

)

XX.
| ‘ ~
! .
‘ Figure Page
6-1 The sensitivity of predicted recovery to various \ 213
effects as a function of particle size. Hematite
. - test (dashed ‘line) having; H_ = 3.0 kOe, Uy = 9.9
al cm/s, 39 stainless steel screens of 800 gm diameter, , -
f/ Koo = .00114 emu/cms-OB, M, = 1.62 em/cm® is reference.
a) 600 um versus 800 um dlameten wire .
, ; .o b} Hy = 4.5 kOe versusH =~ 3.0 koe
c) ko = .000115 ems/cm3-Je, My == 2.70 emu/cn3, Frantz
, Isodynamic data versus magnetometer data
£ VM VM 0.5
- a— i
| d) R, MU,, A(Um) )
) e) downstream capture equal to upstream capture
—~ e
*
| ,
8
2N




. ’ /- / '
» - . :
l XX1. =
, 4 i i
j ' | . |
- € : :
. s 4 i
. v . - LIST OF TABLES o !
. . i \ {f o
Table | . Page \ P
3-1 - Magnetic Susceptibilities of Various Minerals. 43
3-2 Entered Variables in MAG6 Programme. 111
7/
\ 3-3 . Intez;nal Variables in MAG6 Programme. 3 112
N o ‘Y -
4-1 ! Mégnetic Cleaning of Cyclosizer Cone Fractions
(Hematite). Weight Percent of Products. ) 135
: !
4-2 Susceptibility and Magnetization Parameters of ) :
Hematite (Regression for 3.0 to 10.0 kOe Data). 7139
4-3 Average Magnetization Parameters for Hematite. ‘
- Magnetemeter and Frant: Isodynhmic Data. ~ 150 ;
! . »
4-4 Magnetization Parameters of Other\Mmeral Samples.
! \ Magnetometer Data. 150
too . 4-5 Values of Mg and K for Stalnless Steel Mesh and .
: ’ Nickel ere }% 157 ¥
; » ' . ,»4 -
i 4-6 Cyclosizer Operating Conditions and Calculated K ‘ |
! Size Fractions for Hematite. ’ 160 ‘
b ' §
- H
}i i 4-7  Mineral Densities. . 167 :
t , 2
i 4-8 Other Propertles of Stamless Steel Expanded
g . . Metal Mesh. ) , 168 . Ty
! :
’g . 5-1 Range of Conditions Used in Modelling vy, for N ’ ;
. . .
; - Various Minerals. . 183
. . vV v
! 5-2 Loading versus N; and -ﬁg for Hematite. 186

w©




Ve

e

' Already well establjshed in applications such as kaolin processing

. "o 1. INTRODUCTION '

' .

High gradient m:«fgnetic separation (hgms) is now recognized

as one of _the major industrial advances in magnet technology since-

electromagnetic forces were first put to use separating materials.”

steel mill waste and process water filtration(3’4), such devices are

’ . Loy

.».on the threshold bf enlarging their stature _in mineral beneficiation.
-~ .

Potentidgl uses appear to be the treatment of taconitic iron ores (S)
the produc,tlon of high purlty wolframlte concentratecé) and the puri-

fication of industrial minerals by removal of the stamrﬁg‘zmmerals Q)

o

‘Othfr possible applications are pyrite removal from coal(s), uranium

qux:gding(g), and pyrite and chalcopyrite recovery as impurities fI:om

molybdenite’ concentrate. 5y
At present, batch type-h';ms devices are employed. Inﬁ the

kaolin industry, capac1t1es up to 20 TPH are reported. (10)' Batch

dev1ces are well suited to feeds where the magnetic fraction is small

but in many -of the potent1a1 mmeral processing appallcations 51;15 is
- »

" not the case and continuous ‘hgms devices are required. The first

applicatlion of a' full-scale continuous hgms device seegné*near (10) <

~ The advantages of the hgms desugn over prior art technology

(11) Firstly, the iron-clad solenojd (Figure 1-1) permits

a:je twofold.
the uniform magnétization of a larg?"*throughpu‘t vc;luxile thus becoming'
attractive for high,; capacity a\pplications. Roughly speaking, costs
will escalate lin;ea:é‘ly with increased machine size while throughput

3 FEY *
Ve . , N

(1,2)
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will go up as the square of the size. (12) Secondly, a solenéid-type

4
design allows for close control over the competing forces in the working

¢
v

. volume due¢ to the large scale uniformity of field and flow conditions-

throughout. (13)

“
s

Accompanying the 'e:quipmént development extensive mathematical
modelling of the process has bee;l undert'aken. The ability to s;alect
equipment and predict the performance is cleariy of great value. In
some respe;:ts, the fact that the process is based on quite welﬁ defined

1

forces (i.e. magnetic, fluid drag,gravity) lends hope to t}xe eventual

R -

success of fundamental models. This is in sharp contrast to, say,
flotatiqn.(u) . e

X‘T"I'he fundamental models can be convenien\tly divided into two
areas; viz: trajectory (or dynamic) and build-up (or static) models .
A complete description will require a combination of approaches.

Numerous trajectory models have been developed. They involve
predictions of the limiting trajectories, or capture radii, of small
magneti\zed particles as they are subjected to localized f.ield and flow
perturbations caused by the f:arromagnetic matrix wires.

Less work has been done on modelling the buildup of these
particles once they h\ave arrived at the wires. This process is important,
however, in that the ultimate buildup will determine the maximum lqadiné'
of the wire and hence the total amount of material recoverable. Corg—
siderations of particle accumulation are also important in trajectory
modelling where the changing hydrodynam;ic sixape of wire plus particles
is ‘required. M L&

1
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Three principal orientations of field, flow and wire are of -

S
L

. interest in hgms. These have been designated as the transverse (case A),

the longitudipal (case B) and the axial or parallel (case C) configura-
X @

";

| .
. . ) tions and are shown in Figure (IFZ). The axial case has received parti- i

cular attention‘for'pOSSible filtering of deoxygenated red blood plate-
lets from whole blood since this orientation appears to minimize plate-
let damage.(ls) This investigagion concerns itself with the configura-
tion receiving the majorAindustrial and theoretical attention at present,
"\ ., namely case B, ' ‘ \

The approach taken in the modelling has been to consider B

ﬁagnetic, fluid shear, and gravitational forc¢es on particles at the

] e WP u Seanta e

bottom of the fluid boundary layer as it develops on the upstream side

'

) of a cylindrical wire. Downstream buildup is not considered in the

/ .
analysis. Once predictions of equilibrium (i.e. maximum) buildup are

made for a unit length of wire, the analysis is extended to predict

e 2y w ke ¥

recovery ‘on a single wire screen and finally to a series of stacked

. \ screens or 'matrix'. This then allows the overall performance of a

& el i R

separator to be predicted.
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II. PREVIOUS WORK
L

2.1 Trajectory Models N '

-

In his mathematical study of electrostatic separation,
Zebel(ls) provided the framework subsequently used in the trajectory

models of hgms. His analysis of particle motion under the influence

of f£luid and electrical forces was readily ad%pted by Watson to con-
siderations of magnetic rather than Tlectrostatic interactions.(17)
Thisﬂis possible because of the analogous fashion in which fields of
magnetic and eléctricaf\energy will interact with a body of suitable
material to create a dipolé. In tgg vicinity of such a material,
through the contribution of its owﬁ dipolar field, highly\localized
disturbances are created in the potential energy net. A particle of
sufficiently exploitable properties (i.e. electrical conductivity,

N
\

magnetic susceptibility) travelling near the disturbance may experience

wvery large tractive forces provided its dimensions aﬁe adequately matched

to the size of the field perturbation.
By considering magnetic and fluid drag effects only (gravity

and inertia neglected) Watson found the trajectories of paramagnetics

in the vicinity of a highly magnetized cylindrical ferromagnetic wire

v,
to be uniquely dependent on the parameter . The 'magnetic velocity',
8nb2cH M / =
VM = 5 , can be thought of as the terminal velocity a sphericgl
an . '

particle would achieve in a stationary fluid due to the magnetic field
alone, assuming Stokesian viscous|drag. U_ is the undisturbed fluid

velocity far from the wire.
[

i
H
§
1

'




In order to obtain exact solutions, WatsQn (and Zebel) chose - !
to neglect the short range magnetic force ﬂprm\which becomes important
very near the wire. Field strengths (Ha) in excess ,of those required
for saturation magnetization (Ms),Of the wire (i.e. Ha > Zst) also ]
simplffied_th? resulting calculations since the wire magnetization
becomes constant.

The concept of a limiting particlé trajectory is used .in ‘
defining a unitless capture radius, R.» such that all partieles~passing
within a capture cross-section 2R a, where a refers to the wire radius,
is

will be attracted toward‘and ultimately captured by the fibre. R,

I \ B
determined at a location sufficiently upstream from the wire to be

¢ -

magnetically and ﬁ?drodynamically undisturbed by the wire's presence.
V,

The dependence of R, on UE as determined by Watson for bare wires and
w0 a

i

potential ,flow is shown in Figure (2-1).

A % -

To extend this single'wire model to apply to an entire \

separator, a unit element of thickness, d,, and volumetric packings !

x)

fraction F, is integrated over the length, L, of the matrix. By assuming

. that for a randomly packed steel wool matrix 2/3 of the fibres wpuld be

et gl h

correctly oriented (i.e. perpenﬁicular to the field vector) Watson

.

) expressed the ratio of particles leaving a separator to those entering
: N x .
as:_ ) \ ' .

=

4FR L ' ,
) - \ (2-1)

o]
__._ - ex‘p(-

N; " 3ra

The model is of restricted applicability to actual systems

| )

because it considers clean fibres only and fails to account for a

N !
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decreasing RC due to °particle buildup. This decrease is a function of

)

both time and position in the matrix.” The usefulness of the trajectory
V.
approach to modelling hgms and the significance of M and Rc have .

U

received much support from subsequent investigators.(ls’w]

! e

An extension of Watson's method to include the effects of
buildup on particle trajectories and Rc has been performed by Luborsky

and  Drummond. (20 Figure (2-2) shows this ré].ationship for increasing
L]
numbers of particle layers, n. It is evident that the capture cross
v

section decreases but remains proportional to Fbi in the presence of
) \

-]

retained material, Also shown is the case of magnetica}.lly unsaturated
wires (Ha = 2mM_ ‘assumed) for which a numerical integration technique

\’
was required to solve the equations of motion. The curves suggest that
' ° V

for equivalent lower range 7 @ fibre at or below magnetic saturation
' 0

) 4
will have a greater capture radius than will a fibre at fields well in

(o
ey

excess of that required for saturation.

By‘assuming 1/3 of ribbon-1like fibres (felt to geométrically
more closely resemble the ciogm:’?steel wool strands than a
cylindrical approximation) to be‘ correctly oriented for capturing

particles, Luborsky and Drummond write the total fractional recover);',

R, of paramagnetics: as

R = 1- exp{- %—L(Rc + £)} ) / T(2-2)
© ]

JE
where S is\ the diameter of the major fibre axis, and F, L and Rc ar

°

as per Watson's: Equation (2-1).
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In order to permit comparison with an available body of
Cu0-A1,04 experix;xental work they introduced the parameters f and !g,
where f is termed the fcapture efficiency' and represents 'the fraction
of total fibres ‘which perform as described in the model, and ¢ is a
capture |radius for mechanical entrainment of particies. Both f and
a separate constant in the expression for { were data fitted to yield
the best possible aglieement between model and experiment. A value of

f}‘ 153 pyrodu'ced a reasonable fit. The model predi_lcted Cu0 recovery

well but consistently overestimated CuO grade.
The approach of Luborsky andw has been criticized in
(21)

‘ ’ part by Watson on account of their capture criterion and because

'

the stability of the accumulated particles on the wire was not considered. .
h ,

v s '

In later work(zz) Luborsky and Drummond do consider the stability of
accumilated material as well as an averaged boundary layer effect.
This“results in a small improvement bletween experiment and theory.

‘ They reported the data fitting to be insensitive to the value of f
chosen provided that an adjustable parameter was introduced into the
expression for viscous drag in the boundary layer. ‘ i ,
. The different appraaches to particle buildup will be coVereci
‘in detail in :che sectionion buildup models but the general conclusion

is that for H »>> 21rMS the limiting volume of material captured is

v ;
dependant upon T alone. To support this result Watson cites experi-
s @« V

mental evidence from clay systeﬁ;s (at high U—M-) where an up to tenfold
-]

v
change in field strength and flow velocity varied the Uhi by a factor

o0
of 20.(21) The limiting amount of magnetics captured remained linearly !
v : > ‘ )
dependent on ‘Uﬂ with a correlation coefficient of 0.95 for 30 measure-

ments. | ' \ 1
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A recent investigation by Cummings, Prieve and Po;vers(zsa)
analyzed Lcraj ectories assux;ling creeping rather than poteftial flow
behavior of the fluid medium. They found that capture crdsg-sections
were considerab'iy reduced since the particles feel the hydrodynamic
effects of the wire much further upstrea;n). In the vicinity of the
wire, the no-slip criterion at the cylinder surface. which is associated

" with creeping flow is physically more satisfying than the inviscid
approximation. Potential flow is likely to be better at distances
further away and for higher (flow) Reynold;: r}ﬁmbers.

In order to account for both viscous and inertial fluid body
forces at low to moderate Reynolds numbers, Clarkson, Kelland and l(ing(24)
superimposed a boundary layer on the solution foxr potential flow for
elliptical fibre shapes. Thé model treats magneticélly saturat‘ed wires
as well as non-lineaz; magnetization response to applied field for less
than saturated wires. Gravitational and near-field magnetic effects
are also included in the numerical calculations of particle trajectories.

Recovery is defined, as per Watson (Equaticn (2-1)), with a

'

I
'universal fibre parameter', Kf;

(—ZKfFRcL) -
% Recovery = 100(1 - exp ——————) (2-3) .
v wmab’' .

Ke lallows for random fibre-fibre interactions and orientation
effects much as Luborsky's f (Equation (2-2)), and #ab' is the cross-
sectional area of the fibre. The influence of particle buildup on
fluid flow is achieved assuming a char;ging elliptical shz;pe of buildup
while the capture radiu/s_i; allowed to éxponentially decrease toward,

zero for fully loaded wires.
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By isolating closely sized fractiéns of fairly pure}hema-
tite (a—Fezbs) for which they had obtained accurate magnetization data,
Clarkson et al. showed very good correiation between predicted and
measured recovery. Kf was fitted as a funct;on of the particle-to-
fibre size ratio. (4°) Values of K, from .01 to .06 were obtained for

particle-to-fibre raties of roughly 1 to 0.1.

The results in Figure (2-39 led Clarkson et al. to concliude

that, for their and similar systems, assumptions of potential flow

alone (without the superimposed boundary layer) were acceptable for
1

particle sizes greater than 5 um provided that the fraction of mechanical.

7entrainment was not large. Be%gw this size the 'shidlding' effects of

the boundary layer on particles from the otherwise very large near-wall
drag forces of potential flow become increasingiy significant and
should be included. Their work also suggested that for similar hydro-
qynamic conditions to those investigated (low to moderate Reynolds
number), gravitational and inertial forces could be neglected for less .
than 30 um diameter particles.

An additional aspect of thé Clarkson and Luborsky models
merits commgntf‘ The fitted parameters (including orientation assump-
tions) suggest that 94-99 percent of the stainless steel wool filaments
in an hgms filter do not contribute to particle capture as modelled.
Alsufficiently satisfactory discussion of this has yﬁt‘to be provided
but it has been reflected upon ?yoDrehmel and Gooding.(zé)

In an elegant étudy, Simons, Lawson and Treat(ls) examined

the dynamics -of particle attraction -assuming potential flow about a

~
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cylindrical wire. Included were inertial effects, gravity, as well

i ) . :
as the consequences of the near-field magnetic force term. They

N s €K 5 e B A S 2 b 0 1A

established ranges of conditions for which it is permissable‘ to neglect

these con51derat10ns in calculations of R Generally, for Stokes
2b%o_U ) \ , .
number, K "'———Es— (a measure of particle inertia to viscous flow ;

effects), greater than unlty inertia should be accounted for while for «
V

K small (i.e. < 0.1) gravity can be neglected. Underjconditions of ‘ﬁ— ,

(-]

below 10 and low K (say 0.1) inclusion of the short-range mhgnetic

force term has a positive and increasing (with de{:reasuxg (T_)~ effect

«©

-on the capture cross-section. Within the boundaries of these limita-
tions, Simons et al. concluded that the relationships between R and
V 1 N

M . 1 )
T developed by Watson and others were completely adequate.
(-] - 0

EH

e
3

L T

In their mathematical study, Simons et al. also predicted

+ il

the interesting occurrence of oscillatory particle trajéctories (shown

QVMB \ i\«“

‘in Figure (2-4)) under conditions of both highf U: and K such as might ~
be "experienced during hgm§ treatment of paramagnetic dusts in hiéh ‘ l;
velocity gas streams. This phenomenon has since been experimentally * %. »«
confirmed by them in a video rec;ordmg of Mno2 particles attracted by . “

magnetized n1cke1 wire in an.air stream. @@n

. tekly and Mmerv1n1( ), 1n)study1ng the shape effects of .

cyllndrlcal and elllptlcal fibres on R o’ showed that the initial capture

cross-section is determined by the projected frontal area of the w\ire

and is largely‘independen% of the aspect ratio of the major to mindtr
axis (up to a ratio of approximately 4:1). However, bare wires with
1
]

increasing aspect ratios but of constant volume produced a steady
i a

decline in the initial capture radius. Their results should enable

y
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the conclusions of studies on cylindrical wires to be more widely ¢ -
\ : . .
applied to other®shapes of filamentary type matrixes since they sugs

gest that only the wire dimensions perpendicular and not parallel to !

| .
the field and flow significantly effect the capture cross-section. i
’ H

2.2 Buildup Models A \

As discussed in the preceeding section on trajectory models,

the use of single wire capture radii in predicting the performance of

\
a large assemblage of filamentary stainless steel in hgms'units requires

rather hefty fitting factors to achieve compatability between theory

“and éxperiment. Efforts have also been directed toward réléting the

e B e A

important éystem parameters to,the maximum amount of material captur- ¢

1
'

able on a single fibre. These are the so-called "buildup models"; some

.
e

aspects of which have already been touched upon. in reviewing the tra- B
\ H ] . Kl
jectory work of Luborsky and Drummond, Watson and Clarkson et al.

These two classifications (trajectory and buildupj, far from

Tt oF v <

ing independent in an analysis of hgms, have uéually been complementary

o

in the m ~lling approaéhes to overall separator performance. Trajectory
models provide initial capture cross-sections for a specified set of
.9 conditions and all parti

&
this area are assumed capture

les entering the viscinity of the wire within

Buildup models then predict the profile g

of the accumulating material which In turn has a bearing on the\hydro—

v ie .

dynamics and hence (it is postulated) on t \capture cross-section as
\ i

seeh by pérticles subsequently appYyoaching the partially loaded wire.

.

\ .
The second function of buildup model§ is to determine th ximum loading

{
capability of a wire element, and herdce the total mass recovery potential

of hgms devices based on the limiting (or equilibrium) buildup profile..

i N
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Debate has focussed on both the profile of the accumulating

material as well as the manner-in which the capture radius, Rc’ changes
\

as loading progresses. .Part of the problem has been the difficulty in

(19)

‘ ‘
obtaining experimental verification of buildup shapes , particularly

i
« for the configuration of greatest interest, longitudinal of case B.

t

'

Luborsky and Drummond

/
Early attempts /Kt accounting for particle buildup involved
Fuessing a suitable profile and then seeing the subsequent effect on

calculations of particle trajectories 'and capture cross section. In

(20)

their initial study , Luborsky and Drummond considered two possible

fan-shépc;d geometi-ies, shown in Fi.gure (2-5), based, in part, on the
observations of Himmelblau.(zg) " Case {(a) fans out in a 90° arc while
case (b) assumes a narrower, blade-like builciup in which\each layer
holds ;;he same number of particlbs--The fluid sees a changing radius,

a , for each layer () of buildup for both \case‘s given by:

h S
i
a = a+ 2bn
n

@

where a refers to the bare wire radius and b, the particle radius.

They found that as loadihg progressed R, decreased as: ’

VM a z ' ’
Re =z &) R (2-4)
L@ n .
|I \/ a 2
for case (a) provided\ Uﬂi _21/2(a—n-) and as;
\ : R ‘
\
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2-6

}

Watson's elliptical buildup assumption.

-

Schemlnc of ribbon-like fiber, infinite in z-direction, with ap-
particle, showing two possible modes of build-up of par-

proaching
ticle layers; case (a) and (b).

Luborsky and Drummond's assumed fan-shaped buildup. -

*
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R= &) _ (2-5)

<= for case (b).

As noted previously in Section 2.1, . Luborsky and Drummond
t] ./ * 13 » 3 . :
used two data-fitted constants (viz. \flbre efficiency and mechanical
entrainment at zero field) to achieve a reasonable correlation between

their filter model and the experimental CuO-AIZO3 recovery results of

Oberteuf,fer.cso) For this they assumed the case (a) mode of buildup
‘ /
as no values of the adjustable parameters provided a good fit for

case (b). Since the stability of the accumulated particles was not
\

\
considg\red (an objection raised by Waj:son(n)), the maximum buildup

profile and hence the fully loaded conditions of the filter could not
) 1
be predicted.

&
After deciding that '"the worst approximation in (their)

modelling was the arbitrary configuration assigned to the buildup of

w

' i
particles on the fibers' Luborsky and Drummond(zz) refined their earlier

i

approach by ton%idering a balance of drag and magnetic forces on the
individual spherical particles \\within an average fluid bofmdary layer
thickness. T \

“on the 1.xpstream side of the ribbon-l1ike wires the buildup |
was considered stable provided the magnetic force on a particle was
radially'attractive. Also, the magnetic fgrz:e was required to exceed
the Stokesian drag tangentially. The outer (potential) ‘flow velocity, -
U; was reduced by a factor 32—9 to account for a decreased velocity in

the boundary layer of thickness, 699. Assumptions made were that 2b <

)
699 and that 69 could be approximated, over the 90° region of interest,

9
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'

(52)

as that given by Schlichting for flow along a flat plate:

, 1/2
\ § = “1/2(2320 / \
99 CHpgT .
N P

- . Hence, the fluid shear force becomes proportional to:
-
' - bZU3/2p 1/2n1/2
f
§
This is a different dependence than when Stokesian drag is

considered alone, which has the sheat related to:

\ bun ‘ |

~ \

Critical angles at which the $omponents of tangential force
I

exactly balanced were determined for each successive layer of particles.

The loci of these angles described the ultimate buildup pro-
; file of t@e captured material. The changing profile radius, a, was
' ’ used to adjust the capture cross section of the wire for the incoming

particles by the relationship for case (a) (Equation (2-4)).ﬁ»

Back cépture was modelled in a similar fashion by balancing

the radial components of magnetic and shear forces. The boundary layer
thickness was approximated by that at the end of a flat plate. The
results showed that a much greater amount of retained material could

. \
be expected downstream than upstream.

In fitting this revised model to the experimental recovery
LS

\ .
. datd of Oberteuffer a somewhat improved correlation was—achieved after

o ‘ N

L ad e on
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\ employed instead.

2 (0 |

\ | 2. L

the previously defined fibre efficiency factor (f =

= 0.25) was\

3

;

t

.153) was set to "
i

unity and an adjustment to the fluid shear force (f !

The effect was that of increasing the boundary layer

thickness, by a factor of 4, thereby reducing the velocity gradient

899>
and the shear force on the particles and increasing the amount of
material captured.

In light of the somewhat better fit ;esulting from this
approach whgre boundary layer considerations’have provided a more
physically satisfying model there remain several aspects meriting
comment. Boundary layer theory requires that wire Reynolds numbers
be considerably greater than unity and eQethhen the resulting relation-
ships are generally only applicable at a distance somewhat downstream ,
from the leading edge of the object. For the ribbon-like fibres of

Luborsky (.002 cm x .02 cm) which have been approximated as flat plates

with buildup ét the leading and lagging edges, the required conditions

at the upstream and espécially at the downstream location are Sﬁspect.

Here, boundary layer separation, possible wake effects and the changing
hxdrodynamics occurring.as a result of buildup at the fibre front

could play a major role. “Averaging the influence of the boundary layer

1\35 qualitatively  led to the correct interactions between varlables

but in order for accurate buildup profiles to be predicted the shear - “

fe i b

Torn

stresses should probably be calculated as a function of particle position.

The predominance of back capture predicted by the Luborsky p

z

. model hias not been experimentally confirmed. It would seem that back ‘ :
\ ‘ ! ;

capture modelling by this technique is inadequate and that attaching

too much physical significance to the fitte&ibarameters should there-

fore be viewed as hazardous.

e e .
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Watson
(17)

In a series of papers ﬁollowing his initial study of capture
Watson examined the effects of including a probability of retention for
particles having already collided with the fibre, This probability was
coupled with the traditional capture radius to yield an overall or
\ teffective' value of Rc'(31) Figure’(2-6) shows the assumed ellipsoidal

cross section of buildup used to deflect fluid streamlines on' the upstream

side of the collection wire. Watson found the initial (bare wire) R_

V, n ,
was solely dependent upon ﬁ—-and remained constant as the volume of :

o

buildup increased. This contrasts with Luﬁbrsky and Drummond's fan-
shaped profilé where R, decreaséd in an inverse squa¥e manner with
increasing accumﬁlation radius.

A numerical technique was used to calculate inviscid flow
(over the profile divided into numerous surface elements. Boundary -
layer effects were not considered. Upon arriving in a magnetically
(r;dially) attractive element, a tangential balance of magnetic, Stokesian
drag and friction-like dissipative forces on a‘partiéle decided whether
it remained or was swept away. A probabiliLy of reténtion per collision
per element of surface could thus be determined and summed over the
entire profile to yield the overall probability of retention, P, %nd
a total effective capture cross section, ZRCP.
The results, illustrated in Figure (2-7), showed that for

v

M
low‘ir— (< 1) and small volumes of captured material the effective capture ¢

radius was small but tended to increase as buildup progressed. Watson
attributed th%s phenomenon to an increase in surface'area (and hence.

the number of retention sites) and the corresponding decrease in potential
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3

. |
velocity associated with the assumed ellipsoidal shape. At higher

';; {(say > 1) and greater amounts of‘retained material, ZRCP remained
constant with ‘increasing- buildup volume.

The initial assumption of'buildup profile shape is iﬁportant

and in a recent paper(sz) Watsoﬁ, after, commenting on the limitations
of his earlier study, wQ}ch considered uniform growth in all surface

* elements, included several modifications to allow for growth to proceed ;

independently starting from a bare wire condition. Again, employing.
the numerical technique which calcjlates inviscid flow velocities over
any blunt-nosed profile, and including a boundary layer adjustment to
ihe surface velocity as per Luborsky and Drummond, Watson calculated
the probability of retention in each surface element. ﬁa:ticle contri- ;_

butions to a unit of area included those attracted directly onto it

plus any migrating there from adjacent segments. The volume of each

elemqnt was then allowed to increase in proportion to its retention ‘ '
probability thus generating a new profile for the buildup and a new
\ ) :

The m&del predicted continuods fan-shaped growth with final,

flow distribution over it. ,

L)
rapid development into regions where the radial magnetic force becomes

3 ' y
repulsive (see Figure (2-8)). Watson speculated, h9wever, on the macro-

teas Won B ot ras e s o

scopic stability of such oﬁtgrowths and one is lead to wonder about the

SO

applicability of the numerical technique in the region about the cusps. .

As in the earlier model for ellipsoidal profiles the effective R, showed .

. an initial increase (at low ﬁ—D for reasons’of increased surface area

i o

and the resultlng decrease in velocity. Watson cites e*serlmental

ev1dence of Parker who noted an initial increase in the qff1C1ency of
| n - v

\\

v
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5 +

a clean filter.' An obvious question would be that if growth of the
overléps does not occur (due .to, say, instabilities) would the pre-
dicted capture cross secfion still show the initial increase?

As the volume of buildup, V, increased the effective Rc
declined much like the Luborsky model and led to a similar relation-

ship; viz.
‘R
R Cinitial
Ceffective (1+ 5!J
Yy

where Vw is the volume of the wire.
Overall, the conclusions of Watson's growth model support

the fan-shaped profile of buildup and the considerably less complicated

model of Luborsky and Drummond.

1
!
i

Stekly and Minervini, Clarkson and Kelland

In their previously mentioned investigation (see Section 2.1)
concerning shape effects of a matrix wire on R., Stekly and Minervini (28)
also studied material accumulation on the upstream side of the fibre.

By assuming an elliptical profile of buildup._they found that capture
cross sections for both circular and elliptical wires showed an initial

- - . \‘/—“‘ - 3
decrease followed by a levelling-off as buildup progressed. Stability
and ultimate profile of the accumulated material were not considered. ,

(25) a1s0°

In_their trajéctory apprbééh, Clarkson and Kelland

allowed for the influence of wire loading by adjusting the flow patterns

A

to a changing elliptical shape on the upstream side while aSsuming zero

* capture at the back. The resulting chpture radii were allowed to decrease

T Ew kot

iv




_ ) 28, *
. . 0 |
exponentially toward zero as a function of L/Lm, the ratio of inaterial
captured (L) to the maximum poss’ible (Lm). This maximum was defined

through a static particle force balance and included the effects of an

e ? 1 [ B s
. ’ averaged boundary layer thickness. It should be pointed out that in . Y.

) .
. allowing Rc to be a maximum for bare wires and zero for 'fully loaded'
N “ . o 1
ones, the approach of Clarkson and Kelland differs considerably from

. those of Watson, Luborsky and Dngmond and others where relationships

for the influence of buildup volume on capture radius do not necessarily

' lead to zero R at maxiM buildup volume. The differences are eépecially

/
evident at lower values of /VM/UQ.

N a wmeen aar n

»
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Cowen, Fri’édlaender, Jaluria
The desire for photographic' evidence of buildup shapeP and

]
(3¢-37) to initiate a serjies

accumulation-rate data prompted Cowen et al.
of studies covering the three orientations of flow, field and wire axis
! of interest. They employed a hot-wire anemometer method and correllated '

heat loss from the wire undergoing loading with timed photographs of

[ v N QU A

: the buildup. Case B proved to be the most difficult experimentally.

i , o A lack of tlosely sized mateirial ﬂ(Mn~2P207), uneveri accumulation on the

e vt

’\ wire, plus difficulties in obtaining sufficiently clear photographs

P

prevented direct comparison with the available models. Fan-shaped,

b,

rather than elliptical buildup was observéd on the upstream side and
&

some downstream collection at higher flowrates (> 17 cm/s for 125 um

H - v N

[ ' diameter cylindrical nickel wire) was also noted. The anemometer method,
! they concluded, was adequate for monitoring the initial rate of buildup

' but proved poor in determining the fully loaded condition.

T
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Fr{edlaender, Takayasu, Rettig, Kentzer, L
|

. These workers developed a video system with improved image

resolution for continuous-.monitoring of particle accumulatioh on indi-

. l
vidual wires. All three orientatiohs of field, flow and wire were

studied forlparamagnefic'capture on cylindrical nickel wire.(ss)

. A rate equation for the relative accumulation radius, R,

(= radius of buildup along axis of symmetry : radius of wire) was found .

.
’

for the parallel stream coﬁfigu:ation (case C) to be
. , /
Ce RE = At ' N St

1

where A and n were data-fitted constants which depended strongly on
the magnetic field and slurry concentration, and t was buildup time.

A model based on theory which considers a changing drag coefficient,

w

p,'wasﬁaeveloped

and shown to be conmsistent with the experimental results. Phis modifi-

CD’ for different ranges of particle Reynolds number, Re
N

cation recognizes the fact that conditions in hgms devices are often

,_/1

such as to violate the assumption which pérmits Stokesian drag on
particles (i:e. Rep < 0.2) to be employed. Friedlaender et al. used a

value for the drag coefficient given by,

» . N -~

-2 \
Cn = gRe® ‘
D g p 2

or -

where o varied from 1 at low values of Rep (<-.3) to 2 at high values

2
> 103) and g was a coefficient between 24, at low Re_, and .45 at high

p
particle Reynolds<number. Although a ?omparable rethod of analyiii/has

o

R
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_not yet been performéd for cases A or B it should, in principle, be.

possible, and would result in models of broader applicagility than

those based on Stokesian considerations alone., Several follow-up .

(39,40)

papers reported on the experimental results of work with para

and ferromagnetics plusidata on wake formation for case A. The photo-

-,giaphs in Figuré (2-9) show that case B upstream collection qualita-

ti;ely fits a Luborsky or Watson model of fan-shaped buildup. Down- 9

-

stream collection increased with velocity, U,, and passed through a

maximum while the upstTeam relative saturation accumulation radius,

'

Ras’ decreased continually with increasing Uu as shown in Figure (2-10).
Interégiingly, Friedlaender et al. found the average of front and back
Ra% to be largely'independent of fluid!velocity over the range con-

sidered, a phenomenon not yet seen in published operating data.

Liu, Oak, Lin

By using a model af builduﬁ very similar to that oquuborsky

and Drummond, Liu 33.313(41) develdped argumenis for negle?ting the
decrease in capture radius wiéh increased wire loading.‘ Their model
found that maximum buildup volume was ﬁsually reached before an -
‘apgreciably large reduction in R, Bcc&rred. In defining fluid drag

forces, two cases of réiative particle-to-wire si;e, b/a, were considered;

namel& (i) b/a close to 1 and (ii) b/a << 1.. For larger particles

"(case (i)) the carrier fluid, it is argued, will pass through the inter-

ot

stices of the buildup and henhce Stokesian drag on the gpheres can be assumed.

-3

The flow field was not adjusted for the wire/buildup perturbation in

14

balancing radial and tangential cdmﬁﬁnents‘of the forces. - N
) : 8

-
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. 1.5 cm/s at times of 5, 10 and 40 s. Photographs (a) 1
- and (b) are of saturation buildup at 17.7 em/s and ‘g
35.1 cm/s, respectively. N i
) \ ; i
: e -7 . . -~

SR TP Ay dlle? bl AR

wtx



2-10 °

Ry, a8

) . PR

Il

-

v, {cm/s}

Saturation value of relative accumtllhtion radius R,y of up-|
stream and downstream collection is plotted versus slurry velocity
Up(Mn3 P304, ¢ = 0.4 g/1).
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32.

function of U for upstream and downstream wire
bulldup (from Friedlaender et al.).
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_ With VM greater than Vy

Figure (2-11) shows the manner in which the maximum relative

i

buildup volume so determined, fy,, (=volume buildup/volume wire), is
v, 2/3
a function of (U—)‘ for the assumptions listed on the diagram and
. o v
that there exists a minimum value for buildup at roughly [—}1 =0.5,
-]

For particles much smaller than the wire (case (ii)) Liu et al. incluéled

an average\d boundary ‘layer effect as per Luborsky and showed that f
V), 0.8 508 max
depends both on (l—l—) and (-1;) , where ¢ is the boundary layer:

thickness and b the particle radius.

The overall filter model, developed fc;r case (i\)\ only, led

Liu et al. to conclude that for quantitative performance predictions

of hgms, capture radii variations with buildup volume could be neglected

~—

since the capability of the wire matrix in“capturing particles remains

high and practically unchanged up to buildup saturation (Figure (2-12)).
) n

Hence, maximum buildup volume was felt to be the most important factor

to consider in the experimental verification of their model; an’ industrial

coal beneficiation probiem.

o

The effect of distributions in particle size, density and
magnetic susceptibility was well handled by considering the magnetic

velocity distribution of the feed stream (Figure (2-13)). If-F(Vy) is
//V/ '
the /function describing the cumulative v weight fraction of feed with
P
o
magnetic velocity less thanVy, then 1-F(Vy
. - — minimum
fraction captured when subjected to the condition that all particles

) corresponds to the

are retained in the filter! This
minimum
Y is specified by the equilibrium wire loading as per Figure
minimum ,
(2-11). The total weight fraction recovered by the separator is deter-

mined by numerically integrating (1-F (VM T )) for increments of feed.
minimum\

-
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Although Liu et al. argue that their approach is valid for
. V
the entire range of ﬁﬁ the experimental conditions were such that ﬁy-
- -] v ~ s [--]
was, in general,, considerably greater than unity. Conditions which
N V .
would test both the model at lower ﬁﬂ- and the postulation of a minimum
\' ) o
- ﬁﬂ of about 0.5 do not appear to have,been i}westigated. e
s

N N
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\ ) , I1I. THEOR.ETICAL- CONSIDERATIONS i

W e eeme ey

3.1 Forces

3.1.1 Magnetic Force
Principles

v

. - had Ae e a3

Coulombs Law states that the magnetic force, FME, on a pole
of strength p, a distance r from another pole, Pys is given by the :

relationship;

e ™ g

o
o
~N

F, = —Z¢ (3.1-1)

where ? is a unit vector* directed from P toward Py The inverse !

|

constant of proportionality, the permeability, u, has a defined value N

J
L
!

T

of 1 in_a vacuum_and can be,takenuas\AAin air {¢gs—units}o— - —m— ——
The magnetic field strength, H, is then given as the force

on a unit pole, or:

e, s e A i s w8y

(3.1-2)

=]
1
T"lz ’

S This leads to the definition of the unit of field strength,

the\Ggrsted (0e), ‘as the field required to exert a force of 1 dyne on

1

a unit fmle. A useful concept in representing H is that of 'lines of. -

force' (i.e. lines to which a compass needle would be tangent) which

———

by convention radiate from north toward south poles. A measure of H

AN

| (’) 1 *Note that the circumflex, ™, above a symbol in an equation denotes a
| vector quantity. . '
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be;:omes the number Lof lines per u?)it area perpéndichlar to the field
direction. As the field strength at the surface of a sphere of 1 cm-

\ radius centered on a unit pole is one Oersted, it.follows that there
mist be 47 lines of force issuing from it since the area of the surface
is\ 47 cmz.l A pole of strength p, therefore, has 4m lines of force

leaving it. |

Though single poles are kuseful aids to thought, poles occur
in nature always as pairs; #therefore, the magnetic'dipole is considered

a more appropriate entity for study. For two poles, of strength +p and

-p, separated by a distance % along the unit vector ? and perpendicular

to a field of one Oersted, the magnetic moment, m, of the resulting

free couple can be shown to be:

(3.1-3)

b

fi = pif

In spite of their being difficult to quantify individually,
the products of p and £, the dipole moment, can be precisely measured

and ‘has been given the fundamental unit of emu (electromagnetic unit)

AN

or ergs/0e in the cgs system of measurement.
!

, A body sﬁbjected to a field will become n‘lagnetized in' some

¢

proportion to that field due to the aligning of the dipoles of the.
material.. Another useful quantity is the magnetic moment per unit

1 volume or magnetization, M, where:

M - n

—-——-——v'olume (3.1-4a)
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Since volume is equivalent to cross secgiodal area times a

AN -

\ +
length, & it follows from Equation (3.1-3) that M may also be expressed

as the pole Strength per unit area, i.e.:
P gth p ”

kY

R : (3.1-4b)
/ area -

It is 'sometimes convenient to have the magnetization in terms of mass

rather than volume, hence;

It .

t3.1-4c)

el k4

where p is the density of the material and o has units of emu/g. .
Magnetization curves are very useful in identifying the various

types of magnetic materials and may broadly be classified into either

linear or non-linear responses of- M versus H. JIn‘Figure (3-1) curve

a) shows a diamagnetic material having, typically, %-of the order -10'6

emu/cm3-0e. Curve b} could be the response of either a para- or anti-

ferromagnetic for which %,is roughly 10’5 emu/cms-Oe. Under normal’

conditions these substances retain no magnetism when the field is removed.

The non-linear behaviour shown in Figure (3-1c? is that of a ferro- or
ferri-magnetic for which M is of the order 106 times greater than for

paramagnetics. Two other phenomena are also exhibited by these materials.

i .

At sufficiently large H the magnetization becomes constant at its satura-

tion value, Ms. When the field is subsequently reduced to zero, ferro-

and ferri-magnetics show hysteresis as the magnetization remains at some

finite value, mr,in Figure (3-1c), calléd the residual magnetization or
I

s
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\g« « ( \
Magnetization behavior as a function of field for
(a) diamagnetics, (b) paramagnetics and antifer-
romagnetics and (c) ferromagnetics and ferrimagnetics.
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minerals.

42,
G o -

T ? P - ' ’ -
remanence. M can again be brought to zero by the application of a
reverse field 'known as the intrinsic coelz‘civity or simply the coercive
force, hc, in Figure (3-1c¢).
A material is characterized not only by M but also by the
way in which M varies wit/h H. This leads tc; the definition of magnetic
susceptibility, K, a parameter of great interest in the study of minerals
as it shows the Tesponsiveness ’of a material to the magnetic field.

Magnetic susceptibility is commonly expressed in either of two ways,

namely:

. |

¢ - M volume suséeptibil\ity \(-E"E_.)
H cm3-6e
. evee.(3.1-58)
X - g. - 5 mass (or specifi‘c) susceptibility
A emy (3.1-5b)

g~0e

kY

Table (3-1) lists the ranges and average values of ¢ for various
(42-44)

Referring “again to a material in a field H, magnetized to a

)

value M by the alignment of internal dipoles, one finds that an additional

field now exists in the body. Since M can be ‘conslidered as the pole |
strength per unit area and (Equation (3.1-4b)) thereby contributing

4nM lines of force, it follows that the net result of this plus the '

contribution due to the field itself is B lines of force per unit area, )

t
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., o “TABLE 3-1 : )
. Magnetic Susceptibilities of Various Minerals -
| emi/ cm’ -0e:g106
.Type Telford et al. 42 Taggaz'ft” Andres"d'4 )
graphite -8 -4.7,-30 13 | \
quartz -1 175-438 -Lg.,- 27
rock salt © .1 1,2 “1,-1.2
anydrite, gypsum -1 ] - -2.4,-4.8 \
calcite -0.6 - -1.0 -1,-1.1 “ -9.8, 3¢
coal 2 - - ““
clays ° 20 . -7 '
Ochalcopyrite 32 3.6 533,1680 ' “
sphalerite 60 -1.1 -1,-1.4 !
cassiterite R 9{0 - 1,200,-10-
siderite o 1100-310 : 320-550 378,246
‘pyrite 4-420° 20-150 © 1,265 .
limonite 20 700-800 51,85
arsenopyrite ' 240 - 48,820,1430
hematite 40-3000 110-1,100 104, {500,3600
chromite 240-9400 - 71,350
franklinite 36,000 2,500-3,700 ferri-magnetic ‘ '
pyrhotite 125,000 340-5,800 1,070
flmenite 25,000-300,000 1500 450 '
magnetite 100, 000~ . 120, 000- " ferri-magnetic
1,000,000 3,000,000 .
galena - -2.6 o -2.6 - |

*Note - underlined values are for pure minerals.

-

s

X e S i 2 e

*

R
LY bt Rl st sy 4




s 1 = o, o
G ) p” Y
i .

me s e e g

o rr g e et g

g -

0

Known as the magnetic inductign or flux density of a material,

c thas units of Gauss fG) and represents the total field within the sub-

.
¢

- stance. Outside the body, since there is no material to magnetize, B

. simply equals H.

. Py

“ The ratio of B to H is termed the magnetic permeability, p;

that is » A ' |

s e Yo AR T e e s e e

o~
=2 ’ (3.1-7) [
H H

i

~ which was first encountered in Equation (3.1-1). By combining Equa-

hEab

tions (3.1-5,6,7) the expression for u is easily related to the magnetic
s 1 ‘
. susceptibility in the fashion:

Lo \' £y

. , Lou == 1+ 4k (3.1-8)

N
3 a B

- Note that although units of B, H and M are the Gauss, Oersted

and E“E”respectively, they are numerically equivalent and ‘'no conversions
cm : , °
/

are required.

3

+
9

Force on a Particle

. ) Vo
“The vector magnetic force on a magnetized body, F, ‘may be

B
!

derived from a.scalar potential (energy) function A, viz.
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where A is obtained by considering the energy involved when the material

interacts with the field. That is; - \
. N\
A = i@ .H) (3.1-10)

.which, in integral form for a volume V, becomes;

.
1}

‘A =} S D)V ' (3.1-11)
v
o

Substituting this expression for A into'Equation (3.1-9) yields;

, F & - 1WM™.Hfda : (3.1-12) '
' v |

oo

{
as the relevant equation for magnetic force.
Aharoni (45) has shown that the volume integral in Equation

(3.1-12) may be evaluated exactly. However, the difference‘which ‘

results from assuming, :

1
F = lz’.vai. ) (3.1-13)

¢

is not large and greatly simplifies the resulting component equations.

?
o

\
Magnetic Field ’ ,

Consider the situation illustrated in Figure (3-2). A.
particle of radius b has its centre located a distance r from the centre

of a wire of radius a, wheTe § forms the angle between the unit vectors

: | | | I /

o e
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of T and the applied field, H . In cylindrical coordinates, the field

components may be expressed as: (46) o
ﬁr - H, cos' oL + A ) : , (3.1-14a)
. 2 :
\ ]
; ~ e ~ az ‘(i
Hy = - H, sin 8(1 - A ;-—2-) (3.1-14b) . i

A}

. (Note: at this point vector notation is discontinued as no new vector
\ p

. 3 . ° - - a2 - \ 3
' quantities need to be introduced in the analysis of magnetic force).

e o st

The perturbation term, A, for a cylinder is defined as;

- (3.1-15)
‘where the magnetic permeabilities of the wire, w,, and the background

medium, u, are given by Equation (3.1-7). For the case of water or

SR~ PO ST

§

:

; .

} air u can be taken as unity leading to; |

b i - - .

i[' K ;’_','1? z
R % . B-H 3.1-16a) !

t; B+ H ‘ ! ( ) 3

| \

1 o '

‘ : or, since B = H+ 47M_ (Equation (3.1-6)):

i - ) .
p 41er : . )
- 3.1-16b
- 2H + 47M, ( )

\ ! \ A

Here M refers to the wire mngnet:,zatmn and H 1s the actual

field 1ns1de the material after demagnetizmg effects have been accounted
for. _ The internal demagnetlzmg field, Hy, is that of the 'induced' poles

? -
: <\) and gcts in opposition to the applied field, Ha’ hence;

5.
.
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48.
where
oo o “ (3.1-17)

and N is the demagretizing facntor. Most shapes require N to be experi-
mentally measured. Below \saturétion only elli;o)soidal bodies magnetize
uniformly thereby permitting N to be calculated exactly.: Infir;ite
length rods magnetized perpendicular to the long:axis, have an exact

demagnetizing factor of 2w. (47)

Hence, the expression for A to be used in Equations (\5.1—14a,b)

\ \
becomes;

A= ¥ : : (3.1-18)

\
}hich is the ratio of demagnetizing to applied field. In the form,
2

Aa

— because of its strong dependence on r, this expression is often

T .
referred to in the.literature as the 'near field' or ‘'short-range' term

of the radial magnetic force.
o

Wire Magppetization

9

In the presence of dn increasing field, the initial rate of
magnetization for ferri and ferro-magnetics is geometry and field

orientation dependent* while Ms, the saturation value to which M ulti-

.

*The initial rate of magnetization also depends on size when the dimen-
sions approach those of the magnetic domains. - ,

et <t B wp rmtm w2 . JEESYRIIOIE
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! .

mately tends, is a characteristic of the material itself. Following

o

the example of Clarkson(48), a simple exponential fit to experimentally
! . .
measured curves was used to relate Mw and H, thus;

- _K C 2 1o10)
, M, exp( H) (3.1-19)

1

where K is an empirical constant. Upon substituting for H from Equa-
“ tion (3.1-17) one obtains:

-

- __L___ -
M, M exp( - ZnMw) (3.1-20)

whenice it is evident that the magnetization is a function of. itself '

and requires a self-consistent calculation for its evaluation at a

d ' particular Ha'
Particle Magnetization .
“ . Traditionally most minerals have been considered either para-
magnetic or diamgnetig. This means that, in accordance with Equation“
(3.1-5a), they magr;etize in proportien to the field, i.e.;
, : Mp = «H : (3.1-21)
! ' |
where the magnetic susceptibility, x, is constant and Mp is‘tllle particle
~ magnetization. R
Most previous models (17,20,27) have ’made use of Equation
(3.1-21) which has led to the following expressic;n for magnetic force
(W) ' on para (ard dia) magnetics, . L | a

AN




u)ﬁ-

i . 50‘

- % W _ (3.1-22)

Strictly speaking, x in Equation (3.1-22) should be expressed
as
K = (KP - Km)

-
[

where the subscripts p a;xd m refer to ;usceptibilities of the particle
and medium, respectively. In most instances of hgms, where the medium
is either water or air (water is, in fact, slightly diamagl\etic), Km

<< K‘p and the approximation that « = Kp may be safely used. In cylin-

drical coordinates, Equation (3.1-22) transforms to;

2 2 )
F_ = - 2VeH. 2 A2 (o5 20 + A2 ' (3.1-23a)
r a 3 7
Mo T r
: ‘
) 2 Aa2
F, = - 2WH. 232 sin 2 (3.1-23b)
GM a rs .

upon substitution for H from Equations (3.1-14a,b). These are the

3

'traditional' equations for magnetic force as employed by most workers.

In trajectory medels, the near-field term, %—,~ is often dropped from
' : T
F_ since r is large compared with a.

™™

Work by Pastrana and Hopstock (49) on taconites has pointed \

out the importance of considering the field dependence of magnetic .
susceptibilit;.«" They suggested that a relationship of the form typically

used to describe 'parasitic ferromagnetism' or 'canted anti-ferromagnetism'

be used to describe particle magnétization. Hence, Mp can be represented
N
\

'
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by the 2-parameter equation;

g = q *+ xH ! | (3.1-24a)

where the spontaneous magnetization, o anc{ the magnetic susceptibility
J .

o’

extrapolated to infinite field strength, x_, are constants in specific

(i.e. mass) units. The equivakent relationship in volumetric terms is: °

et b v 3 Y

M, = M.+«kH o~ ) (3.1-24b)

It was thought prudent to rework the expression for magnetic

force i(Equation (3.1-13)) taking into account the additional magnetiza-

| 5
tion term, Mo, thus giving:
[

Py = - ,‘z’. VM H + ¢ ) (3.1-25)

The assumption having been made that;

n
=)
j= o)

MH
0

I

which is equivalent to stating that the particle magnetizes isotropically

and is free to orient itself with M, parallel to the magnetic field
vector, The detailed mathematics may be found in Appendix I with the
(

results of transforming Equation (3.1-25) into cylindrical coordinates

being; ’

N

\h




2 2
F, = - 2VH_ 22(cos 26 + Ry (e H o+ M) (3. 1-26a)
' M r3 r2 °
N .
Fg = - 2vH_ A3 in 26(cH +£M) - (3.1-26b)
M a ®a 0
where f = 5 1 5
2(1 + 2 A< o5 20 +ﬁ:‘.i§
‘ r2 rt
and is termed the field parameter.
i . Note that Equations (3.1-26a,b) reduce to those for para-
. /

k3 ¢ 3

magnetics (Equations 3.1-23a,b) when MO is set to zero and k_ to k.

The field parameter f depends on both position and the near field term

but for r large it tends toward 0.5. . |
The expressions for total magnetic force on paramagnetics

‘obtained from Equations (3.)!;23a,b] is:

t |
'

V2  Aa . -
F = —H“r=_ (3.1-27)
Miotal f‘-a r3 oo ‘
i
¥ °  und for canted anti-férromagnetics bécomes (from Equations (3.1-26a,b)):
Vo2 Aa.z !
F - Lu28 oy (3.1-28)
Meotal £ 3 a o

i

Interestingly, one finds f appearing in both equations independent of
the type of particle magnetization. .

Equations (3.1-26a,b) and (3.1-27) also suggest that an

1

‘effective' magnetization, Mp , defined as; - )
' e

R

v Mo = kH, * M . (3.1-29)
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| ‘ .
might be used to simplify the analysis of magnetic force for the field
§ependent tase. When r is large, as in trajectory models, f could be

taken as close or equal to 0.5.

Maggétic Force About a Wire

A material placed in a magnetic:field becomes, due to its
&ipélar nature, a magnet itself, thereby setting up regions of attrac-
tion and repulsion in its vicinity. Using Equations (3.1-ééa,b) the
vector forces about a cylindrical stainlegs steel wire (a -:.03 cm)
were calculated for'a typical situation, viz; field strength (Ha = 3000
Oe), partiéle size (b = .0005 cm), magnetization constants (k, = .0001i4

¥

emu/cms-Oe, M, = 1.62 emh/cms), and pertu;bation term (A = 0.9).
\ .

Figure (3-3)\ shows these force vectors for one quadrant
(the others are mirror images) about the wire in which the regions of
attraction (parallel to ﬁa) and repulsion (perpen&igular to ﬁa) are
evident. From the/dashed line representing the loci of zero radial
magnetic force, i.e. the transition from repdlsion to attrFétion, it
can be seen that attraction extends to 8 = 74° at the wire surface.
The extent to which the attractive region exceeds a 45° sector is deter-
minéd by the relative magnitude of the near field term in Equation
(3.1—26a); For instances where r is not large and A is near unity,
the effect of the neaé field term in extending the attractive region

i

is considerable and, in all likelihood, it should not be heglected.
B i

This caution is obviously more intended for buildup than trajectory

>
models.
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units of force
22[ are dynes x |05
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3-3 Magnetic force vectors in one quadrant about 600 pm

diameter stainless steel wire. Data is for 'standard' .
test. Dashed line represents locus of zero radial
magnetic force. Force units are dynes x 10°.
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3.1.2 Fluid Force ' (
Principles -

When considering fluid flow around a body the problem is
often simplified by assuming ideal ‘(frictionless and incompressible)
fluid behavior. Viscous forces are therefore neglected and this
:fpproximation, called potential flow, is often sufficient to realistically
predict the flow patterns at sufficjently iarge distances from solid
boundaries.‘ Streamlines for ideal flow past a cylinder are shown in
Figure (3-4). )

The velocity components, in cylindrical coordinates, for this

case are(so), ‘ / o
a2 ‘
Ur = U, cos 8(1 - -;2-) o ‘(3.1-303);
and ) )
2 - :
U = -U sing(l+2) ' (3.1430b)
8 ® rz

where U_ is the undisturbed free stream velocity far from the cylinder

and a, r and O are as defined fqr the magnetic case. Note the existence
of poiﬂts of mathematical singularith corresponding to flow stagnatiorz
points (marked S in Figure (3-4)), both upstream and downstream on the \
cylinder profile. ° .

In making the conversion from ideal to real fluids it is

necessary to consider the resistance to flow between adjacent fluid

layers. For Newtonian fluids (51) (i.e. gasses, water and most single

phase, non-polymeric fluids) this resistance in the x-direction is .

termed the shear stress, t, and is proportional to the velocity” gradient

en s e i i e v s e
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(the rate ofnchange of strain) in the y-direction, -g% . The constant '

4

of proportionality is the dynamic (or absolute) viscosity, pn, so the

equation for t becomes: o .
. :
bp - - n%’. ’ L (3.1-3D)

.

’

Fluid velocity at a rigid surface must of necessity be zero,

’

the so-called 'no-slip criterion'. Further away the velocity must

larpproach the main stream’velocity. Viscous effects, therefo(te: pre-
dominate in the regio\n adjacent to the surfaLce where g.';'. i¢ large. This
region of large velocity gradient, the 'boundary layer', is often.
assigned the nomixzal Boundary layer thickhess, S99, which represents ‘
the distaﬁce over \;hicﬁ the vel<‘>city has recovered 99% of the outer

flow velocity/ Schlichting(sz) gives an estimate of this thickness

for'a flat plate parallel 1:0{"Ua° as; -

.° R 4

Sgg = scl‘;_". (3.1-32a)
or ’
s g = 3% - 3 (3.1-32b)
® " Gl | .

4

i . N .
where £ is- the characteristitl: dimension, in this case length, v is the

kinematic viscosity and Re is the“' Reynolds aumber of the plate. Equa-

tions (3.1-32a,b) predict that §gq will increase (thus decredsing shear)
along the plate in proporti‘on to z‘l‘ while -diminishing in relation ta Re‘l‘ .
u '\ c ‘\

if the Reynolds number alone is altered.

e
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So-called 'Karmsn vortex strget’.

. ' 4 ' -
< The ratio of fluid inj;;ial to viscous' fgrces is given by
A - !
- . ! ¥’
the Reynolds number, Re, where;
ULp o
Re = __f. . :
n

. ' ~ /,/h\
Consider the case of a cylindrical wire perpendic;ii?»tg.tgs )

>

L
flow direction in a free stream. For low wire Reynolds nupber;-

l
and flow around the cylﬂhd?r is gmooth
~

In the range of

1ating~eddiqs imq?diately'behind:the cylinder;6yi§p flow bécominéz

smooth again{fur@hér“dounstream. Above Re Sopﬂ’inertial effects pre-
¢

- dominate in, thb fluid and fhere is complete turbuléht mixing in the

wake of the cy11nder. In the 1ntermed1ate region 6f Re 60-to %000, the

“

phenomenon of alternate sheddlng of the edd1es in the.wake occurs the

For bodies of increased bluffness,

L Y » 4 ,
\ -~ Typical ranges of operatfing conditions for wet.hgms are wire

, diamegpers from 20 to 1000 um and flow velocities from 1 to 20 emlg. |
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particleé Reynolds number, Rep, from .01 to 10,

Boundary Layer Equations . .

<

12

For water, (v =.01 cm2/s), this gives a three orders -of magnitude i

range of wire Reynoclds number, Rew 0.2 to 200, and a value-Rew 60

as typical for an operation with 600 m wire at 10 cm/s-flow rate.(sz)

Particle sizes treated by hgms have, typically, diameters of

1 to 50 um, which also gives a three orders of magnitude variation in

A 10 ym particle in a

10 cm/s flow has an Rep of unity.

The fluid drag force, Fp, on a spherical particle of radius
b.in a uniform freg stream can be calculated from Stoke's drag 1aw€54);

¢

!
7

(3.1-34)

F., = 67bnU’' o *

¢ . i
\ % :

where U' is the relative velocity between the particle and fluid. ~

>

Equation (3.1-34) applies for Reynolds numbers where the fluid inertia

D
)

of 0.2 and less.
G els ensive ’
Trajectory models have made extensive use of the Stokes'
1 . .
relationship to describe fluid drag on particles. Considering the'

is hot large, i.e. Rep

, :
nature of the flow and the relativély large interfibre and interparticle

the approximation seems a“valid one. The usefulness of ,

L
Equation (3.1-34) is questionable, however, for particles residing at

nor free from the effects of nearby surfaces and other particles. A .

brief review of boundary layer theory seems in order.

K

\

By considering - the developmeyt of a Uﬁundarﬁvlayer ona? sur-

, &
- -
‘e
‘ '

or near the bottom of a boundary layer where the flow is neither uniform -

RIS
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face where ¢ is small in comparison with the distance x (Figure (3-5)), -

A]

the Navier-Stokes (N-S) equations (i.e. equations of motion for

incompressible fluids) can be transformed into the relevant boundary

e oz 2

layer.equations. In two-dimensional flow the N-S equations are 55); t
. . . e

s . 2 \2 ;

u_.9.+vgl1.---—-.§ﬂ+/v_a._2+v——2 (3.1-35a) :

ox Y Pg 3X ax? ay? ' I

and ;
1 2 2y - .

u ey ool p 3y 3y (3.1-35b) ‘

ax 3y og Y X Byl i §

b L

where u,'v are x and y components of velocity, p is the‘pfessure and -

p. the fluid density. . ) ’ |

£

' The two left-hand terms represent inertial fluid forces \
y

whilst the first of the right-hand expressions is for pressure forces

and the second and third are viscous stress terms. From the continuity
W

fu 5

equation (i.e. conservation of mass) one has: R : ' . ’
. o ) i . i
Ly odu o, av i ’ '
R 1 et =l = () 3.1-36
A ax a3y (3.1-36)

\

2

An order of magnitude estimate of terms shows that;

g

o - ’ @ \

u = oy - ’

K

d 1
— wm Q=
&
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" 35 De\;elopment'of a boundary layer of thickness § from the
leading edge of a flat plate. ,
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/- ,
where U is the velocity of the outer stream (i.e. beyond the boundary

t
layer). Hence;

a n U . ;
¢ — ‘0 - \
= =0 :
. \
and from the continuity equation; \\
v U,
= - 0e)
ay
and ! \
A ] O(U—G' ’
\ x a

e

With these estimates the relative sizes of the terms in |

Equations (3.1-35a,b) become;

¢

U U o133, 0 ~ (3.1-37a)
‘ X X pf 9X x2 62\
and ‘
G u? 1 U
U s+28 o 1L 3, ,U08,,0 (3.1-37b)
X X Pg 3y x3 &x . .

In Equation (3.1-37a) the first of the viscous stress terms is seen to
be mich smaller than the second and can be dropped. Hence, the x-

component N-S equation becomes:
[ 3

2 ;
w8 o 1 p, 02U 3.1-38)
Yax Yy Rg X 3';2' y ( ).

[

that t§o inertia and viscous terms of the y- component equation are all

" ,

Upon pomparxng like terms of Equatxons (3.1-37a,b) it is seen .

i gt
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i

-

smaller by a factor~§. They can, therefore, be neglected relative to

the x-coniponent terms and Equation (3.1-35b) is reduced to simply:

3

o am A S i s s

3

This shows the pressure distribution' in the boundary layer

to be independent of the y-coordinate and the assumption is made that

p simply equals the pressure in the ;uter flow. The relevant boundary
/

'
[ SNSRI 1Y

~
layer equations are, therefore, (3.1-38a) and (3.1-36)}.

If the outer flow is a potential flow, the Bernoulli equation
\

v

is valid, whence; ]

\ !

P 4 %UZ = constant
zpf

from which:

-1 3% . gdU
pf aX dx .

Substituting this result into Equation (3.1-38a) leads to an

i

alternative form for the boundary layer equation:

» 2
du du du 3 u
uddse 8 g, 32 1-3
! 9% 3y ax  ° oy (3.1-39)

“

The boundary conditions acéompanying these equations are:
i)\ the no-slip condition at the 'wall, and
ii) the requirement that' the velocity, u, must return to the
: .

. : [
1 ‘outer flow velocity, U, far from the surface. by
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- N ! .
Strictly speaking, these relationships should not be used
too near the leading edge (i.e.ufrdnt stagnatign point) of flow since
the assumptions are no longer valid there. It can'also be shown that
the required assumption §/x << ‘1, is equivalent to Re  >> ‘1.(56) As
the Reynolds number approaches unity, the applicability of the boundary
layer equations becomes more su%pect. As already /sh_o,wn, there exist
potential Siguatio'ns of slow flow ratés and fine wires in hgms where

[

this limitation would apply. o

Solutions to the Boundary Layer rﬁguations ’

These can be divided into exact and approxima?;e types.. Exact
solutions are complete at all poi;lts over the entire range of the
boundary layer and can be obtained by either analytical or numerical
methods. However, there are relatively few exact analytical solutions
due to the éomplexities of the non-lineat™ equations involved.

Approximate solutions, on ’;che' other hand, satisfy the dif-
ferential equations of motion only in the average over the boundary

i

layer thicknqss.\ Integral relations such as momentum or energy equa-

LN

tions provide mean value functions which can then be integrated over

the boundary layer.\ En 'complex flow situations, these ai)proximate —

methods often provide the only realistic means 'of obtaining boundary

layer infoma‘tion. A popular approximate method is that by Karman and
. i

A -
[57’58), who use a fourth-order polynomial to represent the

\

Polhausen

velocity profile in cémjunction with the general momentum integral.
Exact sblultions are available for a number of well defined

situations such :fas flow \over plates, wedges,) cylinders, spheres and ‘in

wakes, laminar jets and channels. Finite difference and implicit methods

v [ '

\ ' . . ‘ \

S

N e
-,
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- have been developed for solution by computers and these are considered

to be as accurate as the analytical method.

\ For the case of a cylin;:lrical body in a fluid s’t'ream with
flow perpendicular to its axis t;wre exists a particularly convenient
method of analytical solution known as thefBlg,sius soiution.(sg) It
seemed appropriate, therefore, to try this approach in defining shear
stress in the boundary layer since the required functions were readily
available in the literature. ' .

. \

Blasius Solution(®9) . ‘

In order to reduce the two boundary layer equations (Equations

(3.1-36), (3.1-39)) to a single equation, a stream function, y, is

introduced such that:- \
\ ®
u =Ny Ll ‘
3y 9x

Hence, Equations (3.1-36) and (3.1-39) are reduced to; <

2 2 3
Wy _Yay _ ydu, 3y (3.1-40)
By 3,3y X 32 dx = 3y3

with the accompanying boundary conditions; -

i) 3y 0 \,. o ] at y 0

a.nd_ . !
N TR " e
h,.) g U(x) aty

L I U T
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$a

Blasius' method now makes use of a power series expansion to
define '?éx}e outside potential flow about the gylinder, U(;c). At the
cylindezi wall, the assumption is made that § << a. Hence, the fol-
lowing is obtained from Equation (3.1-30b):

U(x) = -U - 2U.sin o ‘ (3.1;41)

Olr-a

o

e ama s e

After introducing the expansion for sin ¢, Equation (3.1-41)

)
becomes;

3 5 -7 9 11

- 0,8 8 .6 _ 8 - ,
U = e -f et b8 () ,

s

for O(=~ %) in radians. The approximatiqn to Equation (3.1-41) for suc-

cessively including more terms in Equation (3.1-42) is shown in Figure

i

(3-6). It is seen that the series as far as ‘es (Ps in the diagram) is
/\;\ Isuff‘iciently accurate in describing the sine function between 0° and ;
\ 90°, the region of interest. In the present analysis the set of terms g

! up to and including o1l is used as the solution was re‘adﬂy available.
In analogy with Equation (3.1-42) the stream function is also

. . . i} PR 1} P .
chosen as a power series in making use of a similarity type of 5olution.

Hence; ‘ ) oo
\ .
TR B NT(3) |
where r
) ‘ y 2u r 1/2
¢ - ‘r( v ) S . o
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(&: and- the boundary conditions have been adjus*ed accordingly. E&pres-

sions for u and v in terms of Y are then obtajmed and substituted back

v

into boundary layer Equation (3.1-41). The resulting \system of simul-

[P

taneous ordinary differential equations may be numericallr}I solved to

a high degree of accuracy and are considered to be exact solutions.
) N

' Tabled, values of the resulis, applicable to any symmetrical:ly cylindrical
(60)

R b

shape, are provided by Schlichting.
The shear stress at the wall,_ro, can be found, since ¥ is °

»
v ' ]

now known, from:

n— ‘ -
< \ )

v -~ ‘\ ay2 y=0

This leads to the following expression, valid from the stagnation point

to the position of boundary layer separation:

| T UT 1/2 n
\ ¥ S (=) = 6.973% - 2.7320% + 0.2926° - .018307 |
\ ;pfuco
9 11 ' :
+ .0000430° - .ovo1156" (3.1-43)

Note that the shear stress has been made dimensionless by

|

means of thé kinetic energy of the free stream, }p fl!mz. Sometines

called the 'dypamic pressure', it is a concept fa‘milliar in the, appliga-
tion of the Bernoulli equation. Equation (3.1-43) is presented as

curve A in Figure (3-7) which sﬁows‘lthe site of maxifmum shear to occur |

' ' o A

’

P 2|
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3-7 Variation in non-dimensional shear stress and rllatiVe )

., potential velocity over the front of a cylinder.
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at about 59°. 'Those models (1 e. Luborsky etoal. (22) , Liu et al. (41))
1
having average boundary layer thicknesses and adjusted velocities, based

on the outer flow velocity (Uw) will hai/e shear on particles varying in,
proportion to curve B in Figure (3-7) showing a maximum at 90°.

Note also tha:t the. point of separation for curve A where the
shearing stress is no longer present since the boundafy layer has ’
lifted from the wall due tb‘the adverse pressure gradient, occurs at
approximately 109°, This is considerably beyond the region of intérest
for upstream modelling of particle buildup. For smooth cylinders,

?
transition from a laminar boundary layer to a turbulent one begins at

an Rew of the order 3x10° (61), well in excess of those encountered in

hgms.

- .

k) >

Drag Force on a Particle
s I .
The drag force, Fp, which results from a shear stress, t

o!

.

acting on an area, A, can readily be obtained by integration:
) ' Coe

Fp = [r,dA (3.1-44)

By assuming that <t o for a cylinder acts-in a similar fashion

©

qp the 'wall of particles' building on a wire the drag force on a

single particle has been determined in the following manner.

Consider .the situation in Figure (3-8). A monolayer of
: I ’ R
particles of radius b resides on the surface of a wire of radius, a, \\

]
with the stipulation that b is considerably less than a. One can assume

that the disturbance to the boundary layer will be slight if the ampli-

tude of the sqrfacef rogghness, % b, is small compared to the thickness
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I
»
.

‘'of the boundary layer, 8. Very near the front stagnétion point this
" condition will not be met since & is very small. Calculations show
that, typically, for 600 um diameter wire at 10 cm/s flow rate, § varies
from 20 to 50 im over the remaining portion of the cylinder g}ont. A-
10 ym particle would, therefore, yield a é/b of from 0.25-0.1 and this

roughness can be expected to give a somewhat larger;ro than for the

(62)

smooth cage. However, the analysis is complex and for low and

moderate Re, (say, < 2000) should not lead to appreciable error in T4

if calculated with Equation (3.1-43). \

‘7L_The assumption is then made that Ty is constant on any given

particle thus permitting Equation (3.1-44) to be written:
. t . '@

Fp = fb4nb2r° , (3.1-45)
i

Assuming spherical particles, fb is the fraction of the total surface

Al

(4"b2) on which T, 3cts. To determine fb one approach is to integrate
the iléomponent of shear, T sin 6, over the upper half of the sphere,
ahd divide by 4rbZc . Hence(8%),
\ robz T 2 .
. fb - .___7__.f S sin®e dede
« 4ub Tg 00O

4

[}
]

o

0.39 , eren(3.1-46)
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Arguably, eddy poq}s in the crevasses betweeh‘particlés

should be considered which could reduce f, below 0.39. The projected

b
. area of the spheres parallel to the flow, nbz, might also be used - !

thereby yeilding an fb'of 0.25. As no clear cut preference could be
’ found the lafger value was chosen. . :
"An alternative form of Equation (3.1-45) is: R

« 2
. - Fp ==.g_ bt _ (3.1-47)

S VI

¢

[y

| This relationship plus Equatioh (3.1-43) is then sufficient to describe

PR

the ' £1uid drag on a single particle taking into account the changes in_

[P

boundary,iayer behavior on the cylinder, i.e.: : )

- : 2,2
L _ 1b 13/2,v.1/2 3 5
L0 FD - ) prw (r)

+ 0.292¢7 -

« aam VB a Sean

(6.9738 - 2.732¢

!

[

Uy G-

'

L L W I 2

.018§z7 + .0000430° - 0001156

LY

ta w2 X

A comparison between the fluid drag resulting from Equation

' .~ (3.1-48) with that predicted by Stokesian drag with an averaged boundary
.. 1/2 J
layer thicknes§, § ==(%!£J , as modelled by Luborsky and Drummond(22)~

o ot DT S

;

and Liu gg_g}:(41) is shown in Figure (3-9). The drag force, F,, has

D’

been normalized to give;

FD Ur 1/2 ' ‘ :
d T AR
b iprw
I

in order that the curves be a function of 8 only, the location on the

wire. It is seen that the Blasius approach (curve A) predicts consider-

U S U -
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ably less shear on the particles than does modified Stokesian drag
(curve B). The difference becomes, increasingly significant for

5
increasing 0, particularly beyond%so. As buildup in this sector (i.e.

> 450) may be expected; the necessity for correctly modelling the fluid o

drag is self-evident. ) . .
‘ ¥ ! ) <
o . H
3,1.3 Gravitational Force - :

1

] ' The total gravitational force acting on a body is proportional

. to its mass; ' - .

FG = - mass g
total. ' .

P
*

where g is the gravitationa‘l constant, usually taken as 980 cm/sz.

2

If the body is immersed in a fluid of density, pg, an opposing buoyancy

i oAy dctnce 4 o e e Pt o i o G b 8

/-/S ‘ force, FB, equai to the mass of the'displaced fluid also actg, i.e.:
't ‘ , .

«

o Bk o SRR AR

n

FB = volume (2

7 @
Hence, the net gravitational force, Fg, is the sum of both

~

° \\ N | - AN

effects, viz;

—~

Fo = - volume (op - pgel8

where pp is the density of the body. For a sphere of radius b this

S
s \

net force becomes; ' !

f

= e o r—— A W s

<
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‘ 411'b3 )
- —\ ! - o=
| Fg . (6} - pglE | (3.1-492)
and, when transformed into cylindfical coordiﬁ/ates: '
4'n'b3 :
’ FeG - 3 (pp - pf)g sin 6y ’ (3.1-49b)
3
47b
FEG -3 _(pp - Pg)g cos 6 )

4 . i

and is stationary, at least momentarily.

~

g e S
arrived, whether impacting from the fluid or migrating from adjacent

location, is not considered. If the net resultant/qf magnetic, gravi-

tational, and fluid shear forces is itoward a reg/on of greater attractive

-

force, then the particle remains on the wire, if not,'Wbe swep

away. The surface where these forces are in equilibrium ‘defines the

so-called 'equilibriim profile' of the buildup, from which the maximuni

loading per unit length of wire may be readily detédrmined. This .

‘idealized situation, with forces resolved into tangential and radiail

s

comﬁonents, is illustrated in Figure (3-10).
{ . s ) i

-~ b '

. g-components . ' ;

- Ve
The ‘,net tangential force, Fe , is given by the, summati
net -
of magnetic, gravity and fluid shear terms, i.e.:

i

NP

R T
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3-10 Force components a::ti'ng on a spherical parbicle at rest

on the cylinder wall. ' . ‘
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Upon substitutiion for the individual forces, (Equations (3.1-26b,49b,48))

this becones:

2

Aa . .
- F9 - ZVHa = sin Ze(l(mﬂa + fMo] + V(pp - pf)g sing
net ' ) T .
2,2
™b“p 1/2
f . 3/2 v 3 5
+ U 6. 973 - 2. 732 + .292
— U ._77_( @ 9 8
‘ | ;
| - 018367 + .0000438° - . 000115611y .....(3.2-1a)
r-components s \ .
n / I
The net radial force, Fr » is comprised of magnetic and
: g . net .
) gravity terms only, he_rxqe: .
T\\ . - Iz
3 F - F_+F
neﬁ ™ G

' After substituting for the individual forces (Equations ]

: (3.1-26a,49¢)) one obtains:

i

2 ’ 2 ' ’
a © . Aa .
F1~ - - 2v1-1a %(cos 20 + T) (KWHa + fMo) - V(pp - pf)g cosh

net T T
..... (3.2-1b)

~

- An attached particle will experlence an attractxon both

- |

radially toward the wire and tangentlally toward the front stagnation

S e L AV e v

Ppoint. By solving for 6 at increasing r for the conditibn's Fe and
("“} : - net

~

1A s S
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F_ . = 0 two sets of critical angles,

T
net

79.

i

® , defining the regions of

particle attraction about the wire will result. The loci of ec's are

shown for the general case in f1gure (3-11). Since a negative total

net force is requ1red ‘for bulldup (thereby satisfying both the afore-

mentioned cntena) the equ111b\%1um proflle may be expected to follow

the F = ( curve

net
F e - 0 curve
. net A

tion. '

(in

Figure (3-11)) for initial layers and the
e

(in Figure (3-11)) for the final layei‘é of accumula-

.

Accomodating Particle Buildup

A discrete, layer-by-layer approach, _ii suggested by Luborsky(zo)

is used in adjusting the radius of buildup, r. By presuming that buildup

occurs one layer at a time, it is implied that the profile of wire plus

\

particles remains cylindrical from the point of view of the fluid flowing

AN

over the front. Although flow patterns and shear stresses at the sides

and back will alter as a result of buildup, the upstream pressure distri-

I
v . pution, and hence ¢

-

and U ,
o oo

remain largely the same irrespective of

changes occurring downstream. (64) recent study -of Puildup »shape by

Watsontsz) found that (if the frontal surface, divided into'numerous

segments, was allowed to grow in proportion to the particle retention

probability of each segment, the resulting shape was indeed. similar to

that of an expanding cylinder. This result also agrees with the time-
4

‘sequence photographs in Figure (2-10) from Friedlaender et al.

It is felt that considerable evidence has accumulated to sup-

v

¥

port the layer-by-layer approach as being both r\ehlistic as well as
’ :

conceptually useful for calculation purposes.

!
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where £ is the interlayer distance defined as:

A\l
-
i
"

3

The distance from th/e centre of the wire, ‘of radius a, to

the centre of a particle, of radius b, on the nth layer may be u?ritten;

o

r = a+b+ (n-1bg | K (3.2-2)

Ve r

distance between the particle centres of adjacent layers
b

‘\n

A close-packing arrangement having & = v 3 was assumed which

is equivalent to a packing fraction of .698 or about 70% filling of the

volume. In comparison, the void filling of randomly loose-packed spheres

(65)

b ey e et b AN b s = e

has ‘been reported as around 555% by Kelly. Empifical evidence of

j 1
Friedlaender et al. (38) suggests a maximum packing efficiency of

roughly 70% for buildup of various closely-sized oxides for the parallel
!

-~ -
PP P I .

stream configuration; while the theoretical maximum ‘packihg fraction for

PR

single-sized spheres has:been reported as 74.1% (66) The distance
y

between adjacent ro‘é of particles along the wire has also been taken |
e |

v

bt

as bg.

X e T LR

The effect on & of a changing r as n increases is considered
sufficiently small in comparison with ¢ itself to be neglected. It is ¢

also recognized that although the forces are assumed to be acting at
L

the particle centre of mass theefluid shear acts on a surface somewhat

. . ,
further out. This small increase in radius has a minimal effect on

[ '

decreasing the magnitude of Fj.
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Once the minimum critical angle\ for each of the n layers, 84
’ s .
has been determined (Equations (3.2-1a,b)) the total mass of particles

pér unit length of wire under fully loaded conditions, Lm' can be

found from;
j -

“*

ot ek b B A WXl e

‘ ‘ N Zﬂ'brnenp ‘
L = 2 I ) - ! (3.2-4)
m‘ 'h'l 32' i
v AN
- . //
° . o ‘ \ i
where en is in radians and pp\ is the particle density. The factor of . {

2 arises from buildup on both sides of the stagnation point. It will
also prove useful to define two additional loadiﬁg parameters, y, and-
Yy, relating the mass and volume of material per unit mass and volume 3

of wire, respectively. Hence,

L«
mo \
' and
p .
Yy = Yy ¥ : (3.2-6)
v m pp N

A

where o, is the wire density.

Development of a Loading Number “

" A significant simplification in the model predictions would
be achieved if the loading could be related to a dimensionless 'loading

| Mumber' much as Watson attempted to relate R, and loading to the Bﬂ

ratio. /

' Figure (3-11) suggests that buildup may be represented, to a
first approximation, by a 90° segment of,constaﬁt radius r. The magni-

. \ ,
tude of r will roughly be determined by th\e\ curve Fe =0, i.e. from
\ net

— .
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Equation (3.2-1a);

\\

- _ 2 ;A.a_. 5 - i
0 '2VHé1 K = sin 2¢ +V(pp \ pf)g sin ¢ + 73

r T

-

\ {a'}f . (3.2-7)

where x.is the (field dependent,: if applicable) susceptibility;

/ s
J 3 5 7 9
{B'} = {6.9736 - 2.7320 + .292¢ -|.01836 + .0000430

- 00011501y, |
. /

. o | 41lrb2 prQS/Zvl/Z
Dividing through by. -
3 r1/2

convenient dimensionless form for Equation (3.2-7): Also, since maximum |

will result in a more\

buildup is being considered it is sufficient to evaluate the above
quantities at theigp location of maximum value over the range 0°-45°; ‘

namely at @ = 45°, Hence, Equation (3.2-7) becomes:
o \ ,

2 blop "~ o)gr/? l

2
ZbHa KAa'.

- 3 _
0 - - + + 3{4.24}f " (3.2-8) .
— 7l
'p—"TfUms 272572 .7 p,fuf/z\,l/z b

L“——l"“—"

. C=2.50
(mdgnetic) (gravity) (£1luid)

L]
By first considering only the magnetic and gravity terms and

H
/ - .
rearranging it can be shown that: '

Ny . ' \

2 . ’ Zwbzprwslzvl/Z

[ U
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- that a minimum loading number for buildup might be so‘défined (i.e,

2

B

. v ' 84.

2/ 2 HazxA 2/3

2 (N2 g B -
T, L&) ) (a(pp " pf)g)
_ n.2/3

N - s v
This is the'desired order for r since nominal buildup volume (i.e.

assuming 100% filling) can be related to ra—2 .
For a typical ;:ase of hematite recovery (viz; »!f{a = 3000 Oe,

k = .000654 emu/cm>-Oe, A = 0.9, a = .04, pp = 5.25 g/em’, pg =1 g/en’, |
/ - : : o
g = 980 cm/secz)NG, the ratio of ‘magnetic to gravity force in equilibrium

at r,, has a value of 90. This large N, suggests that for the - purpose ‘

G
of approximation _f;}}ggravity term-in Equation @vM}_ga_Lbec neglected,

By equating magnetic and fluid terms only it can be readily

shown upon rearranging Equation (3.2-8) that;

. )
A . 2bH_“kA 4/5 4/5
2 .2 a 1 1 :

T = (D)4 = 3 = (N, .3) (3.2-10)

a a pfums/zvl/za;/z C L. '
where )

26H_? kA .
N = and C=2.5 (3.2-11)

. L pfUm:S/:z\)1/2‘,11/2

NL is termed the loading number. It represents the ratio of magnetic '
to fluid shear forces required ‘for an equilibriﬁm buildup of radius Tg
- \ AN

. A value of NL equal to C would have r = a @)'e. bare wire) and suggests

N, =G 2.50). 0 . ‘
min

!

The nominal buildup -volume per unit length of wire, VB’ is

simply;

\

P
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d when d1vimy the wire volume, ga“, becomes; /
! (v ’ . ’ -
= < Yol buildup _ Frg? - D) (3.2-12)
/ %“az Vol. wire
s T \\\
where r, = =
a o

- Converting from nominal to actual volume and mass of particles

!

per cm3 of wire requires a packing“fraétion, e, whence;

~

1 v ‘ E 2

. \ - = - 3.2-13

) Ty 7, - D l , (3.2-13) |
ana : ‘ ) \ o
. 0

- B 21 R : 3.2-14

va 4!”3 ) ey’ ' i ) ( ) '
" )
" where Py and b are wire and particle ‘dens=ities, respectively Replacmg

- A% i
ra2 1n Equatlons (3.2- 13 14) yields the follbwmg for the loading para-

- i » -

! meters y, and Ym' : :

o

N 4/5 = 3 . L )
t .
, v, = SlEH - 1pEmRazcies (3.2-15)
* . cm’ wire v .
" N 4/5 articles ’ ’
= 1}-3(5-1————) - (3.2-16)

Py g wire

|

I

These relation;hips suggest that the loading'of the 'wire may be quanti-

fied by one dimensionless grouping, NL. : ,

- \ . us
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r

NL may be split into ‘the more familiar groupings already

>

“discussed; the a to b ratio, the wire Reynoldé number, Rew, and the

V

. . . M
magnetic to fluid velocity ratio, T “Hence;

©

9 .a 1 1/2 VM
/ 2 Rew o
2.y 2 !
Vy T 4bSd %A .
where e m
U, 9anU,
‘ 2aU,0, V
and Re = ——_ '
- . w n
Liu et al. (41)

particlﬁ drag that raz

is dependant upon (ﬁ—)

N
AN

(3.2-17) -

have shown for = not large and Stokesian

v, 2/3°
The preceeding

[}

analysis shows that when boundary layer considerations are important,

/
namely at grea:ter % and Rew considerably{‘a}bove unity, these additional
!

groupings assume importance and enter into the expression.

L

3.2.2 'Recovery 'I'ﬁroggﬁ a_Length of Wire Screens

, . A R
.It now remains to extend the analysis for maximum buildup on
- ° 3

a jinit length of wire to predictions of how a regular assemblage of

-
wires will recover particles. Consider the matrix constructed in a

regular fashion as shown in Figure (3-12) with uniform. flow velocity,

v

o ?

;, typical of .expanded metal matrices.

i

throughout the cross-sectional area, A, This configuration is

‘For the modelling, ljm remains unchanged throughout the

I

separator volume, no magnetic interactions between wires are considéred
®

/ M
and buildup on a give%ﬁreen&groceeds without interference from any

H
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NS segments comprised
. -of S screens ‘each

segments, each segment compri

|
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!

The piecewise nature of the maprix. |A total of NS
ed of § screens. .
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other. Although each of these factors can be expected to have some |

effect they are judged to be of secondary importance. - !

\ AN

’ +

Equations of Recovery

o

Consider again the situation in Figure (3-13). It is con-
venient to deal with the matrix iﬁ/a piece&ise.ménne;; i.e. on the
}/Basis of NS segments, each segment comprised of S screens behaviﬁg - K
identically. This approach simplifies the development of the equations A \
.and bears a physical rese%blance to the actual sifuation. In principle,

|
| therefore, the recovery on a single screen could be measured. A
cautionary note is that there wgst be sufficiently gfeate£ numbers of
segments than screens per seément\for all but the simplest situations
in order that the analysis be valid.

At time, t, in an increment, dt, the amount of material ‘

AN retained within a segment, n, will be; . , !
z ‘ | |
3
% e (,

dms (n), = m(n)tAf(n)tS dt . ) (3.2-18)

" ffective capt £ 0" screen :

L o where Ag () = effective cap ureAarea of n= scre
-~ A x - N .

4 \ ' ] 1

.

m(n) = flux of particles tbo the nt segment i

§ = screens per segment

‘ N

If Af(n) remains constant with respect to time, m(n) becomes

simply;

e . o

h l ‘ t ’

i AEI A

[NRIPPRT- PN
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. . N ’n-l - 4 ‘/_
m(n) = mo(l - Af)
AN
. - A s
where mo is the flux to the first segment. For the more general case

th

where Af(n) changes with time, t, the flux to the n~ segment may be

evaluated from: ) C

() = (m - zl(d“‘s(l))) (3.2-19)
i== R

Eﬁuation (3.2-18) transforms, therefore, to;

ans(n),| = (n, - z (d“'sm)) Ag(n),S dt (3.2-20)

=N\
‘and since "B is usually constant it is seen that only A (n) needs to

be determlned for each segment at each increment in time.

o

It will prove useful to define several other loading paxa-

-

meters; the loading of segment n at time t;

L(n)t =

v

oM

dms(t)n\' (3.2-21)

and the fractional loading of the same segment:

‘o

tm, L, i s
- . (3.2-22
Epax . LpSty ‘

Here,#ﬁﬂe maximum loading of a segment, Lmax’ is the product of the
(mass) loading per unit length,"“Lm (Equation (3.2-4)), the total Ilength

of wire per screen; %,, and the number of screens—per segment;S$o—— —- —

e 4

B
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Fractional Capture Area:of a $ingle Screen, A_ )
-
- The- concept of a capture radius has been previously intro- _.

4

duced (in Section 2) and it follows that each unit length of wire will

/.

have an associated “capture area" as a fraction of the total flow
cross-section. Particles flowing past in the time inéremﬁpt, dt, will

;;\}ecovered in proportion to this fraction. A screen can simply be °

regarded as a finite length of wire, zw,-with a resulting fractional

capture area, Af, given by;

ZRtaILw .
| Af - IT . B , (3.2-23) .

-

where 8 is a geometric correction factor which allows for overlapping
capture areas and is, therefore, a function of Rc and the screen geometry.

Capture Radius, Rc \ \

N !

Watson(17) has shown that for bare wires, RC may be aﬁproxi-

mated by;
\/ v ’
- 1M M 1/2 _
Rc RN for-ﬁ—-i (2) (3.2-24)

8

-]

.
) .
»

when the near field term in the magnetic force equation is neglected.
V 0
Rc is somewhat greater at lower a!-when the near field term is included;
U, . v
however, Equation (3.2-24) affords a reasonable approximation. For M

greater than 21/2 tﬂe‘capturefradigs is indeterminate, a mathematical

singularity, and must be solved numerically. However, Liu ggugl.(4l)

¥ kol t

found that by neglecting the short range terms in both magnetic and
/ .
{

i ‘o )
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fluid drag equations R, was given by: X L
v, 1/3 v |
3/ 3. M M \
Réf - —4—-(U”) for IJ: > 1.0 (3.2-25)

, |
Figure (3-14) (from Liu et al.) compares the approximations

o ™
as per Equations (3.2-24,25) with the full numerical solution including

the near field term (A = 1.0). For this study the simplicity in esti-

“mating Rc from these relationships precluded the complexity involved

-

in obtaining the precise values.

. kd
To achieve a continuous set of fgnctions for determining
»
initial R , Equations (3.2-24,25) were solved simultaneously to yield

v ¢’
[;1- 4.19. Hence, initial capture radius was defined as:
® %1
'y v ' o v _
R = 73: . for %54.19 (3.2-268)
- /
V. 1/3 \'f
3W 3. M M
Rci -TF-QE? for ﬁ:” 4.19 ‘ (3.2-26b)

As shown by Luborsky and Drummond(zo), and Stekly and Minervini
P
Rc will decrease with buildup as fluid is deflected further and
further from the large field gradients and hence large magnetic forces

in the vicinity of the wire. . Various relationships exist for describing

"the manner in which the initial capture radius is decreased but, in

general, they are either a function of the buildup radius, r,, OT of

the loading ratio, ifli" of the wire. For this study tﬁg term 'driving
max i )

.function', given the symbol a, is applied to these relationships..

Hence, the capture radius at any time during loading will be

1

given by: - |

(28

)

g o
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3-13 Liu et al.'s approxiniate‘ soiution of ﬁritical entering
coordinate R. as a function of "M (= _M_).
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Driving Function, a

The relationship found bWJLuborsky-énd Drummond 29 and used

93.

(3.2-27)

by others (e.g. Liu 33_51:(41)) for the change in Rc with increasing

buildup radius, ra, is;

v

. ’ e _:'_1 AN S

. 1 2 U , ’ﬂ&"f{,‘u‘{

4 = C'r—) - S e

. a . . 2t
e , : s
° T \ . ., - ' (o]
where T, = T and r is the radius at p =0".
Hatsoncsz)

practical purposes adequately represented by @ .
/

Akoto(67) has suggested a linear function based on the loading

ratio, i.e.;

L

Lmax| ’

G.A”l-

Clarkson and Kelland(zs) chose a function of

showed that o may- increase initially but is for

-

with an
X

exponential decrease .toward zero as loading progressed toward the

o

maximum.

~ ’ts\

@

. It is readily seen that the Luborsky relationship does not

.7 . . . S
tend to zero for maximum buildup radius, ras' In practical terms,

7~ 3

however, capture of particles has ceased so tﬁg effective Ré must by

definition be zero.

[l

Watson(31) has suggested combining a ﬁrobability of stick%pg
4

to the wire with the probability of arriving thére, as given by the

A

7/
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2 .
capture radius, to yield an 'effective' capture radius. The definition
of Rc in this study (Equation (3.5-27)) shall be the effective value,

which always tends to” zero at maximum loading.

(28)

© " Stekly and Minervini showed that Rc decreased steadily"

as the' frontal projected area of buildup increased. Since the frontal

area of an idealized 90° segment is proportional to the radius of
ny - |

buildup, r,» to the first power, a relation'ship for o proportional to

P T, is obtained by considering the following limits;

'

i) T, +T for o - 0 (fully loaded wire)

as
ii) T, > 1 . for a -~ 1 (bare wire)

I

|

The simplest form of such a function is:

- T (r. - 1)
@ =25 % L. 2 (3.2-28)
as ~ 1 (ras- 1) B

It will prove more useful to have o in terms of the ioading

. L .
ratio, 1—-, to be computed for each screen segment af"gach increment

£ : max

in time. By conmsidering a 90° sector of buildup im\which the mass of
. I‘

3 particles will be proportional to this volume (i.e. packing density '

remainsg constant), it is possible to write:

L _ __volume buildup
Lpax  max. volume bujldup

T 2 ol
4 _ 7T "%
T 2 T v
4 Tas T 1
r2-1
-a ]
rz—l

UV VOIS TIPSR VI S

G w3 A

2 e

S e o o e,
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Rearranging/and/solving for T, yields;

L 1/2
I, = fL
/ { “max

2
(Ihs - 1) +#1}

-
. ' “wks .
and substituting this back into Equation (3.2-28) results in: ; '

{ - . B
2 4 -

(3.2-29)

{(t-%ax—(rasz -0 nl%- 1 p

(ras - 1)

h <
" The limits of a for very small and very large buildup are:

¥ a-’(l-

e e e o

hH]

< i} for rgg > 1 (i.e. very large maximum buildup) é
’ 1/2
R
max '
~ | !
. . 1) forr 1 (i.e. very $mall maximum buildup)
@ {1 - )
; max

1

/ Limit ii) is the same result as Akota's (i.e. aA) and is

felt to be more applicable for small maximum buildup where there arec
& T

-

B T A Oy F Y UL I ST

approkimately equivalent numbers of (unisized) particles per layer.

(] AN

1

Liu gg_gi.(4{3 have pointed out that for -large EM-(i.e.‘> 4.19,

Equation (3.2-26b)), R, will/memain constant with loading until a

s

critical value of L is reached. Above this Ywading; capture radius
X
decrease will proceed toward zero when

+.1 accordiﬁf to Equations
. +max : L ,
(3.2-27,29). ' This critical value is arrived at’ by solving for T 3

when equating ({3.2-26a,b,27,29); hence; -
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L ‘a3 '
max critical (r 2 -1

e (3.2-30)

Geometric Correction Factor, 8 v

5
The wire screen, approximated as a square weave of cylindrical

wires shown in Figure (3-15), requireé a correction to account for both
2 »

o

overlapping wires dnd capture areas since the buildup model has assumed

infinitely long wires.

For an interwire distance, Sw’ and wire radius, a, a unit

—
—

grid has an area:

{
NN

2.
s, * )7

§
The total number of unit grids in a cross-sectional area, Ak’ is therefore:
\
‘ L)
Ax
—_— . (3.2-31)
s, + 28)% "

[ 1y 1

°

# grids =

An expression for the mass of a unit grid, with wire density,pw, is simply;

/

2.0
™ +
2ra” (S , aje . ;

if no overlapping of the wires occurs at corners, and; \ /

) .
2ra (Sw + 2a)pw

. .

Cif overlapping is assumed.

Ve

.
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- ‘ .
For a screen of total mass, m,s the number of unit grids will be;
~ ¢ . © N i

@

m | .
#, grids = 5 L (no wire overlap)
27a (Sw + a)pw . -
. m . |
and # grids = o L/ (with wire overlap) °
2ma® (S, + 2a)p, . o ,

-

Equating both these expressions with Equation (3.2-31) yields an

alternate form for the area of a unit grid, (Sw + 2a)2,{ viz;.
0 v ®

2ma’(s, + alp A, /

v

° S, * 2a).§ - - {no wire overlap) (3.2-32a)
W
5 2ma(s, + 23)p, A -
and (s, +22)° = = (with wig}dverlap]
’ w e ’ ’ *;

ven..(3.2-32b)

@

from“which’ it is possible to solve for the-ihterwire spacing, Sw. Hence;

Sw - —;—(Z' + ZZ - 4az)y2) - 238 (no wire’overlap) §3.2-33a)

o

and qu - 7 -2 (with ;iire overlap) (3.2-33b)
Zﬂazpr '
where 7 = —aX .
My : o

To determine the fractional capﬁure area, Af’ obf a \énit ,{grid,
one must go;\sider the situation of Rc boj:h greater -than and less than
one, shown in Figures (3-16,a,b). For Rc > 1 it is seen -Eh?.t 4 of
the oveflap (shaded) regions mu;t be stbtracted from the sum of the =~

individual areas of each length of wire, i.e.:

. * TS

N i

N Hma v B

&b s b Ve
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o

capture area P

f areas of unit grid v 8

. 2
_ 4(8w + Za)Rca - 4(Rca) .

2 ©
(Sw + ZaJ

4Rca(Sw + 2a - R a)"
' < R >1" (3.2-34a)

. s, + 2a)°

N\

i

¥ .
For Rcui 1, 4 of the dverlap (shaded) areas plus 4 of the areas marked

B must be subtracted from the, total of ihe.individual‘areis contributed

i

by the sides’ of the unit grid, hence: . ’

i ,\\

A - ‘4(Sw + 2a)RCa —’4(Rc.a)a

SN (s, +f2a’)2 ,

4R a(S + a)
. - < ¥ . R, <1 (3.2-34b)
(s, + 2a)°

Replacing (Sw + Za)2 in Equations (3.2-34a,b) with Equations (3.2-32a,b)

and including zw, the length of wire per screen, where;
o

[N

&

7 . | o
Trapw h ! !

!

leads to the following relationships for the fractional area of capture:

! \ \
4Rcamw - '

ma prx
/'/ﬂ M ’ @
ZRcalw . ’ !

N v
.x )

! ' s \

*(3.2-23)

B, the/geometric correction factor, is given by;
1 ;

| o
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) 101.
i) for no wire overlap;
!
L ‘ . (S, *2a - Ra)
> - 3.2-35
R B G, * 8 ( =)
(s, +a) \ ’
R <1 B o= i
c- ’ (s, *aL
\\‘ AN
| -1 cerr.(3.2-35)
ii) for wire overlap; g
_\\\:
(Sw +2a - Rca)
R, > 1 B = - (3.2-35¢)
’ (Sy * 2a)
. (Sw+a) N
R, <1 N - 3.2-35d)
c - \ B (S, +[Za) (3.2-35d)
Expandeé;metal matrices exhibit considerable wire overlap so

, \ S
this case, illustrated in Figure (3-17) with B as a function of 525 is

considered for the present study. Since 'blinding' of the screen
openings occurs at 8 = 0.5 (i.e. the capture area equals the flow cross-

section) it is suggested that Figure (3-17) could serve as a guide to
. : S
designing the inter-fibre distance of a matrix. At a given ;1, little

increase in filter efficiency would be expected at an RC which yielded
. A

'

a B much below 0.5. h

For this study, recognizing that the expanded metal unit

-~

grids are not perfect squares, the ;ﬁ-ratio is roughly 13.5 which yields

)
a value of 8 ¥ 0.94 for R_ typically 1 or less. ' \
\ )
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3.2.3 The Computer Model

The computer programme, written in Fortran WATS language on

the McGill University System for Interactive Computing (MUSIC), was

* i
.prepared in a fully conversational mode for user access from remote

teletype terminals and CRT unitsl A general flow diagram of the programme
appéars in Figure (3-18). Detailed outlines of the sections labelléd
Parts 1, 2, and 3 are found in Figure; (3-19,20,21), respectively.
Part 1 begins by célculating various parameters from the 16
entered variables. Values for wire magne£izatiog, Mw,‘and the pertur-
bation ?erm, A, are determined from Equations (3-18,20) by Ngwton's
method (see Appendix II) for converging on the 'root of the relevant
equation. The program then calculates the required forces and their
der@vatives to,find radial and tangeﬁ%?ﬁl critical angles, 6, (Equa-
tions (3.2-1a,b)), for each layer of particles. A modified Newton's
method is used to solve for ec since the exact derivaéives are not

A
easily determined. As magnetic force diminishes with increasing r,

the tangential ﬁc also decreases until a preselected stop criterion is
{

« reached {usually 10°) at which point the buildup is assumed complete
o\

and the calculation sequence stops. Selecting a stop criterion avoids

the singularity at the front sfagnation point and since no buildup of

significance occurs at eefi 10° no error is introduced.

Par; 2 determines the equilibrium buildup profile as well as
the maximum logding per unit length of wire, Lm' by choosing the lessér
of the critical angles, either tangential or radial, for each bf the n ¢
layers. The locus of these minimum BC gives the buildup profile. Values
of minimum ec.are then uged to calculate the total ﬁumber and mass of

particles in each layer and the results are summed, according .to Equation

\

|
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input
Variables

Calculation of Various
Paramaters and Radial
and Tangential
Critical Angles

- Detar!
‘..  Figura 3-19

1
1
i
1
I
]
1
Datermination of I;
Buildup Profile l,
|
v : Data
jme Figure $~20

Calculation of Total
No. and Mass of
Particles Captured

_.___

Brint List of Variables
and Critical Angles,
Partl 1 fg
Sk fayerTand 2

For_tota) build

Separator
alcul:tions

Yas >

" input )

Veriablas

+

]
Determination® ;
of Separator t
Performance
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(3.2-4) to yield Lm' As calculations involving ec are in radjans the :
R A .

’

angles are converted to degrees prior to printout.

of wire to overall recovery of material throughout a length wire .

screens. An additional set of entered parameters (6) is required Yor

this section.

The separator length is made up of segments, each segment
comprised of a specified number of screens, which requires the loading
per unit length of wire determined in Part 2 Be converted to a maximum
segment loadin . ° 1

g loading, Lmax
.Recovery to each segment is calculated for successive time

L . :
increments, dt, in accordance with Equation (3.2-20). The fractional

capture area, A £ is based on the capture radius (Rc), loa/ding ratio

(L/Lmax), and geométric correction factor (8) at tHe end of the previous

time increment. Figure (3-22), for typical conditions and a less than ‘ !

fully loaded matrix, shows the effect on“predicted recovery of'varyir,xg

the number of time increments and segments for a 40 screen configura-

] 4

tion. Fifty time increments and forty segments were judged to be a

good compromise between accuracy (i.e. less than 1% relative error)

A
and computer-time economics.

LY

After each dt, segment loadings (L) are compared wi‘th-0.99

Lma;c/WhiCh’ for practical‘purpose§, represents a fully-loaded segment. .

If L > .99 L the time required to reach this condition is recorded. ] 3

o

Should all ségments load to 0.99 Lmax the matrix is considered fully

1

loaded and the calculations terminate.

»

£ vt o B St ittt i .- . e i s e . T




i

8,

'\% relco‘ver‘y,

o ®
.o @

®
+

m 1
N

‘

no. of segments

4

[ P11 1 1 i
10 254 6 10 20 40( ) screens per segment

{ i
3 5 10 25 50 100

(B

3-21

. Part 3 of the computer program. Test conditions

N vk bt s T8 e S ke wme e Ay N L

1
500
) no. of time increments ,At" .-

Influence on recovery predictions of the number of
time increments and matrix segments chosen for

are those for the standard test for hematite, 20 ~
grams of feed and 'a 40 screen matrix. ’
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and density; particle packing arrangement, background f1e1d strength '

210,

%

Finally, Part 3 sums the individual segment L values té give
ove'rall separator loading and material recovery. A defaul‘t condition
arises if the product of the fractional area of loadinga(Af) and the
number of screens per segment (S) is greater i\:han one. This avoids

°

violating the mass balance for the segment. ] ) :
Variables . » v .
The loading and profile deﬂ;ermination calculations (Parts 1
and 2) require 16 entered 'variables", listed in Table (3-2), and allow,
for the investigation of particle diameter, density and magnetization;

o

wire diameter, density and magnetization; fluid v1sc051ty, velogity

and gravity. ) - ’ , ! .
~ Six aglditio;xal variables must be entered for.th‘e evaluation

of separator performance (Part 3); namely, feed mass, siﬁgle screen

mass and diameter, and the number of segmentsl, sc;reens per segment and

time increments. A listing of these may also be found in Table (3-2). )
Code;i internal-programme variables with a description of each \

are listed in Table (3-3). A printout of the entire programme (MAG6) ‘

is appended (Appendix IV) including a sample hardcopy of the conversa-

tional input/output. : . T

| N \
|
|
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, %ABLE 3-2
’ “  Entered Variables in MAG6 Programme - .o
i
N : i ) “
Symbol in Programme
Parts Equations Variable Description
1 and 2 + . s2b DIAP -particde diameter (cm)ﬂz °
0 e RHOP -particle density (g /cn®) '
ncf CHIP . -particle susceptibility extra- .
g polated to.infinite field ‘
. - (emu/cm3-0e) 9
Mo‘ . SIGR -particle sponta'neous magneti- .
zation (emu/cm ) -
fh SF -fractional shear of area of
spher1ca1 particle (41[b )
2a DIAW -wire diameter (cm)
-oPy, RHOW ~wire density’ (g /em3)
M WMAGS -wire saturatlon magnetifation
(em/cmd) - .
. K- AH -wire magnetization constant (0Oe) /
RN} ETAF -fluid viscosity (Stokes)
(cmé/sec) - *
u, VELF . -fluid velocity (cm/sec) .
p§ ' RHOF -fluid density (g /em3) i
) ELLSQ -square of interlayer packing
. ) distance as a mult1ple of
. particle radius, b (cm)
H, HO ~background f1e1d strength (Oe)
g~ G -grautational constant (0 or -

980 cm/sec?) ..

- . DTHETS -stop criterion for tangential . i
b critical angle (degrees) -
. ) §
Total: 16 y
i
H
3
3 mo* FM -feed mass (g) 1
m, SM -mass of one screen (g)
s - 8s -nunber of screens per segment '
- NS -number of segments
4A, 1/2 ** o d
N G B DIAV -screen diameter (cm) \
. T. M -mmber of time increments
\‘ '
" Total: ‘6 X , '
. N 5
& N !

The fluk rate is equivalent to the feed mass® since the total time
equals one unit of time. .

el A, is the cross sectional area of the flow.

Y - -
B R ————}
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Internal Variables in MAG6 Programme

*

i

.
E

4

. Symbol in Programme °
Part Equation . Variable Description
1 an1 2 - THETAS ~-stop criterion (radius)
7 b RP wparticle radius (cm)
) 1 a . RW -wire radius (cm)
v - voLP -particle volume (emd)
- %mbsHaaz FMTI -mag force (tangential) term #1
K“H ¢ FMT2 ~-mag force (tangential) term #2
M £ \ FMT4 -mag force (tangential) term #4
A%sin 20/r3 FMT3 -mag force (tangential) term #3
A{cos 26 + Aaz/rz)/r FMR3 -mag force (radial) term #3
M f FMR4 ~mag force (radial)} term #4
H° \ .H -internal (wire) mag field (0Oe)
£(H) FH -function f(H) in Newton's
method
£ (H) DFH -derivative of £¢H) in Newton's
.method
g (H) GH -function g(4) in Newton's method
- DELH -Abs (g(H)-H)/g' (H)) x 100
. . convergence criterion
X A -field perturbation tetm > f
i . ’ H
T R(N),RR -radius from'wire center toa
) P . layer N,
n N -particle layer buildup counter
2A cos 20/1° DFMT3.  -derivative of FMT3 ~
£ FACT -factor, £, in mag force eq's
F 'FMT ~-tangential component of magnetic
8m force (dynes) .
- DFMT ~derivative of FMT
-2A sin 26/r3 DFMR3 -derivative of FMR3
F. FMR -radial component of magnetic -
M / force (dynes) ‘
- 8 DFMR -derivative of FMR
8 THETCT(N) -tangential critical angle
. (radians)
(9.861 5 +,
.0000569) ssc1 -shear stress term #1
pf(U v/8r)O 5 §SC2 -shear stress term #2.
DSSC1 -derivative of SSCl
Fp , ‘FDT -drag force (dynes)
- DFDT

-derivative of drag force

; ...3.(cont'd.)




o mman e v e e w % €W

_,“..,,..1

L\_ﬂ

()

. « 113,
) V.
TABLE 3-3 (cont'd.) ~ -
- - \
Symbol in Programme
Part Equation Variable - Description '
Fg sin 6 FGT ¢ -tangential component of
gravity force (dynes)
- DFGT -derivative of FGT
-FG cos 8 FGR -radial component of.
gravity force (dynes)
- DFGR -derivative of FGR
Fe FT -net tangential force and
\ net - function £(8) in Newton's -~
: . method
. h(8) . ) DFT -derivative of FT and func-
) C tion h(8) in Newton's method
g(®) GT -function g(@8) in Newton's
method
’ - - DELT -Abs (g(8)- )/g(8) x 100
convergence criterion
F. FR -net radial force and func-
net . tion £(8) in Newton's method
h(8) DFR -derivative of FR and h(@) in
! i Newton's method
g(8) GR . -function g(8) in Newton's
) method .
] THETCR(N) -radial critical angle
‘ (radians) '
L ELL -square root of ELLSQ
‘ ] THETM(N) -minimum of radial and critical
¢ angles for a layer N (radians)
- PN(N) -no. of particles in layer N
- PM(N) -mass of particles in layer N
- f PNT -total no. of particles on
¥ layers 1 + N
Ln PM(N) . -total mass of particles on
8 layers 1 = N
- DTHECT (N) *-THETCT (N) in degrees
- DTHECR(N) -THETCR(N) in degrees
) o - DTHETM(N) -THETM(N) in degrees
‘ o Total: 52 ' -
3 L, / \ LPs -length of wire per screen (cm)
Ay XAREA -total cross sectional area of
. screen (and flow) Ccmz)
K CHIPO ' -particle susceptibility at H,

v : - verss(cont'd.)

P

PRSP
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TABLE 3-3 (cont'd.) \

| \

Symbol in Programme

Part Equation - Variable Description '
V/Uq, VMUF -ratio of magnetic to fluid ;
velocity .
Liax LMAX -maximum loading per segment :
(g .
dt DT . -inc):relixent of time |
t T ~-time
- , FLT -time, for segment to reach
1,99 L/L111 ,
T.s BMA -radius OF maximum buildup
(at o = 0°) (cm)
(L/Ly)eritical CRLS -critical loading ratio of ) .
. segment {
- KO -counter .
- : KJ1 -counter §
- , KS -nunber of segments having i
reached .99 L/L . o
S ) FSP -inter wire distance in screen . .
‘ (cm) '
Rc ’ RC -wire capture radius (dimen- :
‘ sionless) ‘ :
L \ © LS’ -loading of segment (g) =
. B . . BETA -geometric screen correction
factor ‘
Ag FAREA -effective capture area + A, A
- EFA. -product of A¢ and S for \ :
first screen (default test) '
dms . DMS -increment of mass captured
ent ing time, dt :
— ?E)segm during ti d :
IZdms SDMS ' -sum of incremental mass :
recoveries for segment (g) ‘
L/Lpay RLS . ' -ratio of segment loading to :
' maximum segment loading 3
o ALPHA -capture radius driving function z
- SLS -sum of segment loadings at N
time = 1, IL :
- SRLS -average segment loading for

\ O . separator (g)
h - PFMR -percent recovery of feed mass
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IV. DETERMINATION OF MODEL PARAMETERS

4.1 Magnetic Parameters

4.1.1 ?ield Measurements

Generally, when using the cgs_convention for defining the

’ primary magnetic field, that in a solenoid is an H field, in Oersteds,

since there is little if any contribution by imnduction. In contrast,

the field in thé gap of a convent1ona11y -wound iron-yoke electromagnet

isa B fleld, 1A Gauss, due to the 4nM contribution of the magnetized

|
iron to the flux per unit area. For 51mp1icity, the fields measured

in both solenoids and conventionally wound electromagnets will be

referred to as H fields. -

-

A var1ety of magnetometers and gaussmeters are avallable for
the measurement of magnetic fields, from fractions of a ngma (10~ -3 Oe)
to several hundred k0e. One of the most common and versatlle devices
for use in the intefmédiate range is the Hall probe. It makes use of
an effect {the 'Hai}'effect'j\occurring in all current carrying conduc-
tors in the presence of a traﬁsverse magnetic field.

‘Consider the rectangular conductor with four wire connectioﬂs
illustrated in Figure (4-1) where the thickness, t, is much less than
the other dimensions and the field vector, E, make§ an angle, 6, with
the unit vector normal to the plate, n, Ifa current, Ic,“i§ appplied
in the two leads as shown a 'Hall potential', VH, due to the deflection
of the electron path in the conduhtor, is observed across the other two

! +
leads according to: (68) !

-

O

e AT Ry b h e e

§
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ou'rpt;t voltage
V= K I.B cos©

<
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4-1 The Hall ceffect probe.

’
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Ry~ s .
V, - e Ic(n . B) (volts) : 4.1-1)

H

RH’ the Hall constant, is a property of the material and is
much larger in semi-conductors than other substances. For a given
Hall crystal (i.e. fixed RH and 't), at constant current, this emf
becomes a measure of the field strength. Hence, Equation (4.1-1) may

¥

be rearranged to; )

. Vy ]
H = —_—— ) (4. 1"2)
K{I.cos 6

where Kl'is a constaqt to be determined by calibration in a known
magnetic field. For Hall pro?es, in general, the linearity between
VH and H is good to within one percent and only becomes ma;kedly non-
linear for fields exceeding 10 to 20 kOe, depending on the crystal.

Hall Probe Calibration ’

A suitable Hall probe (model HR-66, Ohio Semitronics Inc.))

—~was calibrated against a know& magnetic field determined with a rotating-

coil gaussmeter. The magnet, a conventional water-cooled unit with
conical pole pieces for increased range, produced a maximum field of

113 kOe across t?p one-inJh gap. A schematic illustration of the cali-

bration set up appears in Figure (4-2). The Hall probe, located in the

gap close to the pole face such that 8 in Equation (4.1-2)} equalled

zero, was hooked up to a constant DC durrent source (200 £ 1 milli-
1 X ,
amperes). For optimum probe linearity a 16 ohm resistor was connected

in parallel with the voltmeter measuring VH across the crystal.

- - 3 ]

N

/

o
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120 VAC

power supply

! 4

Hall crystal (?

\ ‘ magnet coil T:j‘— magnet coil

rotating coil probe

I
—{ e l| -
120 VAC _ y @ | |

i

constant current source WS 164

gaussmeter
\ Ic= 200 mA . ' ;
. | | :
- "7\ 5
| | ;
™ mV ( VH ) ;
a ’ :é
4]
4-2 Schematic of calibration set-up showing Hall probe -
C - and magnet coils. o
i .
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The calibration curve, shown in Figure (4-3), is judged to
be linear for H up to 10 kOe, above which a positive deviation from

straight line behavior occurs. Hence, the Hall probe calibration

yielded (in kOe);

H = 25.88 x volts . (4.1-3)

) for H < 10 kOe

. | :
with a sténdard error of + 0.05 kOe. Kl (Equation (4.1-2)) is, there-
fore, 1.932x1074 volts/ampere-Oersted and may be used to deduce the

’

relationship between field and Hall emf for other input currents. In
the region H > 10 kDe where the calibration deviates from linear

behavior, the correct valqe of H versus VH should be read directly

§
{

from Figure (4-3).
N

Sgperconductingﬁ§olenoi&- ! .
N

The experimerital equipment for tests at fields up to 20 koOe

consisted of a superconducting solenoid, of 8 cm i.d. and 30 cm length,

whose operation and characteristics have been described in considerable

(69) ‘

detail elsewhere. Over the middle half of a long solenoid ‘the ¢

; fielq is very uniform and tends to a value at)the ends about half that

at the centre. The field at the centre of a coil of diameter, D, and

length, L, can be calculated from (in»Oersteds);(7o)

- = 4mi, L 3 o ] -
JH 0L (92 4 1512 (4.1-4)
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12 b Hall crystal calibration R
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i al ~ for H< 10kOe , Io= 200mA ]
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o / 4-3 Calibration curve for Hall probe. Vy versus H. =
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(m ‘ K where n is the number of windings and i the current in the wire. It
is obvious from Equation (4.1-4) that, everything else constant, the
field produced within the magnet will increase in direct proportion to
the input current. The advantage of superconducting solenoids (i.e.
zero cgiﬂ resistance) over conventional ones is that they avoid the
cooling requirements associated with ohmic heating (aiZR, where R is
the coil resistance) and large power draw which become significant in
the latter'at fields greater than 1-2 kOe.
Figure (4-4) shows the results of a field measurement survey
along the axis of the magnet bore. Note th;t over the central half
(15 cm) the field decreases less than Sg\from ﬁaximum while the devia-
tion from Hpax &ver the middle one-sixth (5 cm) is negligible. During
- all teskwork the matrix was located in this central region of very
‘ ) uniform field./, . v s
With the Hall probe positioned along the bore axis at, the
location of maximum field, the solenoid was calibrated as a function
of input current* and yielded the-results of Figure (4-5). A linear
regression gave;

. H = .6508 x amperes ' , | (4.1-5)

A

r oun i Vo A ae -

with H in kOe and a standard error of estimate + .05 kOe. Despite the
/

calibration fﬁnge in field being only to 13 kOe, the excellent linearity E

3

!

3

| .
j

of H vérsﬁs current éuggests that Equation (4.1-5) may readily be applied

\

*Although a superconductor has essentially zero resistance, a supple- ‘ N
h . mentary resistance of 0.2 ohms external to the magnet coil is part of
} - gn P

the overall circuit to allow proper control of the current-generated °

field. -

[USpRp———
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? 4-5 . Calibration curve for superconducting magnet. H
versus input current.
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Jover the entire 20 k0e (i.e. 30 ampere) range of the magnet.

Permanent Magnet

/

A smaller, ferrite, permanent magnet solenoid was used for

°

exploratory testwork in studying thelloading behavior of hematite on,
expanded metal screens. The central bore of 5.7 cm i.d. and length
18.4 cm exhibited a lesser degree of field uniformfity thaﬁ the réiam
tively longer superconducting solenoid. Figure (4-6) shows the résults

\
of field ‘measurement surveys along both the ax%P-and the side wall of
< ’ ;
the bore. The field is uniform to within + 5% of the centre-line

maximum, 776 Oersteds, éveg the middle 5 cm. K

Frantz-Isodynamic Separator -
| *

This laboratory device, best known for its geological -and

L

mineralogical application in achievigg precise separations of minerals
of different magnetic susceptibilities(71), has also been used to

provide an indication of the amenability of a mineral mixture to

. processing by magnetic methods in genera1(7Z)

(73)

, and by hgms in parti-
cular.
The separation of particles occi¥s in a tray positioned
lengthwise in Ehe gap (appfoximately 25 c; long) between specially "
designed po{; éieces of a powerful electromagnet. The cross-section

v

/ of these 'isodynamic' poles is such that the changing field gradient

exactly balances changes in the magnetic field to yield a constant .

'

product and hence uniform magnetic force throughout the gap. Since

gravity, thé only opposing force (adjusted by chaﬂging side slope of

I3

o e e = e = [
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4 ‘ , \
the device) dlso remains constant, a separation of particles is
. A '
achieved thch is totally independent of their mass and solely a

function of individual magnetic susceptibility. = @

?

; In addition to a field vérsus input-current calibration

of the Frantz-Isodynamiéf detailed Eurveys were done of H both longi-

°

tudinally and transverself in the gap. Input current was measured *\
N ¢ ;

with a 3} digit multimeter ;;ich provided much improved current

‘consrol over the original instrument éﬁmeter. The precision of sepa- » o

rations could thus be more closely monitered. o .

iongitudinal variation of H in the pole gap appears in
; - o
Fiﬁhre (4-7).Q It shows that particles enter and exit uﬂaer essentially
ozerowfield conditions while being exposed to a constant H Elonéitudinally)
in the séparation zone. A splitter in the tray parts the feed into
magnetic and non;magnetic fractions. Beyond ;his point the field
smoothly and rapidly decreases allowing for centinuous rémoval of both
broducts. .
. 0 An indication of the transverse gﬁriation in field appears
in Figure (4-8). A Qord of caution isjin order since these attempts

| )

at measuring field gradients ,were made w?th a probe over whose dimen-
siéqs (0.5 cm) there sometimes occugred,a significant variation in the

X

<?ield. An averaged valu¥ of H, and hence gﬂ, was in fact measured, ‘but
the location of maximum field may nonetheless be determined and is seen

(Figure (4-8)) to occur at position -0.1. lover)the width of the tray,
positions -0.1 }q +0.5, the gradient roughly doubles as H is halved,

a result in keeping with the isodynamic nature of the poles.
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. cross-section of pole pieces

, | |
\
tray \
\ ", . " ‘
isodynamic
. N poies ,
..'
- I ' ,
I . . ; ! A
-2 -l | ; +2
r \ ! : transverse survey
\ LO F i at longitudinal station no2
N |
|
08 r i -
4 | °
'E* idth '
robe wi . -
H 0.6 B P - : R
| '
Hmax og | )
02 r N
. N 1 '
0 — ,
\"2 '! 0 \ +1 42
station no. ,(in. from O)
[
4-8 - Transv} e variation in H in éole gap of the Frantz
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The averaged gradient for this gap region, gﬂ, {vas determined
X
as a function of Hmax by locating the Hall probe in the gap at pésit'icms

- =-0,1 and +0.5. The resulting regression (5 measurements) through the

P

origin (Figure (4-9]\) gave, in kOe/cm;

Ty

o 2728 .Hmax (4.1-6)
\ ’ \
Field calibration of the Frantz-I‘so'dynamic was 'perfor\med with

!

the Hall probe positioned at maximum transverse and longitudinall H.
| The curve (Figure (4-10)) was judged to be linegr\‘fmm\0.5-§.0 kOe

according to;

H = 12.30 x amperes ‘ - (4.1-7)

¢

_where H, in kOe, has a standard error of + .05 kOe.
The extent of hystérési; (also shown in Figure (4-10)) sug-

gests that for accurate ‘work an increasing current always be used to

reach a required value. Expanded-scale curves (Figurels (4-11,12)) are

provided for the regions of H between 0-0.5 k0e and 8.0-13.0 kOe,
| S
respectively. 7

e

Since the Hall probe/c;lib*raﬁ?m/ itself only reached 13 kQe
‘thfe Tegion beyond_thts/li;it/has been estimated and aﬁpears as a dashed
li'ne in Figui'e (4-10). The operatiné limit of the device appears t? be
about 1.6 amperes due to both ‘magnetic saturation of the yoke and |

excessive heating of the coils.
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versus input current, 0-0.5 kOe.
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—~._~—for each cone as well as the overall average. The procedure is time
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4.1.2 Particle Magnetization Measurements

A

As seen from Table (3_1),' the reported magnetization

behavior of a mineral may ;rary by }up to three orders of magnitude.
Andres(44) discusses the subject in detail. In previous times of less -
sophisticated magnetic separators it was sufficient to classify minerals
as either 'strongly, weakly or non-magnetic'.(m) Only the strongly
magnetic ones. (e.g. magnetite, pyrrhotite, ilme.:nite§ were amenable\ to
separation. However, hgms devices héve extended the range of magnetically
recoverable minerals to include even the \previously non-magnetics.
Thus, the use of handbook values is at be%t risky and the accurate
mgnetization data required for prediction purposes should be obtaine;d
by direct measurement of the samples to be treated.

The testwork was largely c\oncerned wiqh a sample of Carol
Lake (Labrador) specular hematite ore'previlously cleaned of sil\ica and L

/ (75)

‘ground to minus 400 mesh by Partridge. Subsequaint size classifica-

tiSﬁ 7611?17?&1'};&;1 ny‘cloisizerr;;rc’)fduced five closrely sized fractions of
fairly pure (v 95% Fe,0;) hematite. )

Each fraction was then magnetically 'cleaned' on the Frantz
Isodynamic by ;:'irs'c passing the samples through at a low current setting
' ’ (0.1 amperes) to remove any highly magnetic material such ag magnetite.
Retreatment of the non-magnetic fraqtion followed atf a sufficiently
high current setting (0.3 amperes) to,pull the hematite into the

magnetics chute but leavir\g the silica and other minor contaminants to

report ‘as non-magnetics. Table (4-1) shows the resuiting weight split

consuming (up to several weeks for one cone fraction of 50-75 g) die to

\\
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TABLE 4-1

Magnetic Cleaning of Cyclosizer Cone Fractions .(Hematite).
Weight Percent of Products. .

' Weight Percent of Product
Magnetics Non-Magnetics Magnetics
" Cyclosizer Cone # - € 0.1A € 0.3A @ 0.3A
1 2.0, 0.7 97.3
L2 1.9 2.2 95.9
3 2.2 | 7.1 90.7
4 2.1 6.4 91.5
5 - 4.2 1.5 94.3
average 2.5 3.6 93.9
____description Fe:,,o4 mostly §i0,, some FeZQS’ " pure Fe203

some 'pipe scale!'
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i) low throughput rate on the Frantz Isodynamic; ii) frequent stoppages

for removing magnetite buildup i/:'rom the tray; and iii) the required

low-humidity and free-flowing éandition for pa'rticlés, especially at

finer sizes.
Magnet'ization measurements were made using both a force
baldnce method, i.e. the Frantz Isodynamic, and a magnetic induction

I
technique, the Foner vibrating sample magnetometer.

4

Vibrating Sample Magnetometer

(76)

" The Foner magnetometer is a device of high precision

(£ 0.5% relative accuracy claimed) which determirnes tuagnetization

properties by monitoring the voltage (on an x-y plotter) induced in a

set of stationary detection coils by the moving dipole field of a sample
vibrating perpendicularly between the coils in a uniform field. Samples
were contained in a threa,ded Teflon holder 3 cm in length, 0.64 cm o.d.
and 0.25 cm i.d. Care was taken to compl;tely £i11 the volume with
sample to avoid movement of the material relative to the holder. Any
relative movement would result in a reduced vibration rate for the
sample and hence a decreased signal from the coils. Sample size ranged
from .09 to .16 g.

Calibration was with a high purity nickel plug of known mass
t.128 g) and saturation }:\aénetizationcﬁ) (54.39 emu/g). Foner claims |
an abs:olute instrument accuracy of * 1% by thié calibration method.
Readings from the x-y plotter for the nickel lstandard were judged ?:o
be wlithin\i 0.1 emu which translates to an accuracy of + 1.4% at satura-

tion. Repeatability of hematite measurements after repositioning and

-

recalibration of the pickup coils was ¢ 2.5%.
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. hysterisis is evident.

" form of Equation (3.1-24a), describing field-dependent susceptibility,

' to the inverse field. Table (4-2) lists values of x, and g, for the

-

? 137.
/ S
Since the magnetometer measures bulk magnetization of] the

sample, the presence of any strongly magnetic matetfial (such as magne-

tite), in even minute quantities, will drastically influence the apparent .

\

magnetization of a magnetically weaker material. The complete removal
\" 1 . b .

of, for example, all free magnetite from the hematite was, therefore,
essential to obtaining reliable magnetization data.

A typical magnetization curve for hematite (cone #1) is shown |

T e B i S A L

in Figure (4-13). The considerable degree of weak ferromagnetism and

This results in the mignetic susceptibility,

given by the slope of a line from the origin to a point on the curve,

S

P

decreasing as the magnetizing field is increased.

The actual magnetization curves were fitted to a rearranged

\ v

namely; '

'

)

>

1
f —

+
= 0

where X

]
Tja

To obtain the constants x_and o o’ X ¥8s least-squares fitted

' |

coné fractions and although some variation is evident it is seen that:

no definite trend of values with respect to particle size occurred.
Average values were, therefore, determined fgr use in the modelling:
Xo ™ 2.189(10'5 emu/g-0e(k, = 1.14x10'3 emu/cmS-Oe) and o, = 0.308 em/g

(Mo - 1.62 emu/cms).

AT
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4-13 Typical magnetization curve for hematite. Labrador- ) .
- hematite, cyclosizer cone #1 material. ’ v
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. TABLE 4-2 — } :
[ ) . R %
- Susceptibility”and Magnetization Parameters of . : N
Hematite (Regression for 3.0 to 10.0 kOe Data). - §
‘ @ “ o ® ) T
. - ! . ] -
9 < ¥
] Cone #- ) walos(emu/cmz-OG) Mo(emu/cm3) : xmx106°(emu/g-Oe) 0o (emy/g)
$] 1.27 . . 1.62 . : 24,2 .307 :
+ R i A ¢ i
#2 ’ ~ 1.26 1.61 23.9 .306 g
s ’ H
'3 ) .09 1.44 20.8 .273 é
s 1.03 1.60 19.6 .305 | - o
. . - ~ | :
f5 1.07 - 1.85 . T20.3 - + 351 . ) ‘
average 1.14 "1.62 21.8 * 2.1 .308 + .028
#2 . -
not ‘'‘magnetically - . <o . ,
N cle‘gned' +1.14¢ 6\'*;6 21.7* 1.21*%* \ ¢ :
-#5 - . ‘
. slides 0.96° 9.10 18.3* 1,73** !
'regressio;z 9}10 kOe )
#*regression 7-10 kOe ¢ —
~ ] * ('al
& ’ 7 : - | .
e / )
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A comparféon between 'two magﬁetically 'as is' samples and a
‘cleaned' sample is shown in Figure (4-14) with corresponding values

of x and o, appearing in Table (4-2). The -#5 fraction is too fine
%or 'cleaning' on the Frantz-Isodynamic while the ‘as is' #2 cone
material contained roughly 1% free magnetite. While X, remains about

the same for contaminated and cleaned sample, note the much larger

A
values of o for uncleaned materials. The importance of removing
vk -

\strongly magnetic impurities from bulk samples is clearly evident.

" A sample of magnetite isolated from the same ore had the

magnetization curve shown in Figufe (4-15). The saturation magnetiza-
(78

i

© l -
tiom, 91.1 emu/g, compares well with published valug;_éf 91-92 emu/g.

N\

- - A )
SR . \ )

Frantz Isodynamic Separator

. €

Since the path travelled by~an individual particle is deter-
‘mined by the net resultant of magnetic and gravity forces, an estimate
- e 4 - -

of particle susbept;bility may be made using the Frantz Isodynamic.

’ Hess(71) gives the approximation for mass sﬁsceptibility, x (emu/g-~0e)

v

as;

-
o v - ©
.

iy -5 T
x - 2 sin 0 x 10 (4.1-8)

° ° . Izu

]
< ’ ’ ) N

vhere 6 is the side slope of the device and I the minimum\inpuf current,
"in-amperes, for which a particle reports to the magnetics chute. 1t is

- not known whether the constant, 23:10'5 ampzemulé-Oe, ispmathematically a/ﬁ#

v

derived or results from a.calibration against the susceptibility of a

B ¢ 4 -
standard. Lf‘/
@
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‘ © 414 Magnetization curves for 'cleaned' and 'as is' cone

#2 hematite, and minus cone #5 p(ﬁlimes) material.
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When treating materials exhibiting field dependent suscepti-
'bility with a Frantz it mus t be recognized that since H changes, y will
also change with pafticle position in the pole gap. A decision is
required as to the critical location at which a balance between magnetic
and gravity forces should be struck. An argument is made for selecting
the centre-line of tge chute. IAs all particles enter at this location,
one which experiences an exact balance between forces will travel along
the centre-line and ‘have a 50-50 chaﬁce of reporting to either side of
the chute splitter. The current at which 50% of the feed sample goes
each way, -the ISO’ is taken as a measure of the balanced forces and can
be used to determine sﬁsceptibility. Essentially, this is the same
approach as used for paramagnetics.(69’791

Consider a single particle in the chute of the Frantz Iso-
dymamic. A balance of gravity and magnetic'forces yields:

/
- mg sin" 6 = l‘é_V(o.H) (4.1-9)

i

For field depéndent susceptibility of the form;

. “ i
o = o, *xH . (from Equation (3.1-24a))
\ ' .
\

after substitution into Equation (4.1-9) and differentiating, one obtains;

. - j

g

", o dH dH
- - em—— —— ——
g sin 0 2 dx Xl dx

4

the assumption being that aoﬂ =-d, * H (see Equation (3.1~25)): Rear~
. \ . .
ranging gives;

!

Rl T it SR, e AR TR T MO v T




, . ‘ ‘ . ' 144,

i 1 dH., H dH '
- sin @ %g 1) * %l T . (4.1-10)

as the éxpressién relating side slope (#8) to\t\he magnetization para-

meters o, and X !

. In order to evaluate %H; and Hﬂ as functions of current (1

dx 50)’
use is made of the isodynamic nature of the pole design, where by .defi-

~ s

nition: i ’ :

|
CHES t .1-
H ax constant i (4.1-11)

éolving this diffneren?ial equation for ‘the following boundary

- conditions (from Figure (4-8) at the positions of maximum chute width},
¥ / °

i.e.;

B.C.

i) H =\H ) at x=0 cm -
max . \

i) H = 38X ‘at x = 1.52 cm

yields the solution: ‘

o

H o -1, .,1/2 :
T = (1 - (.493 cm )x) ! {4.1-12)
max ; ) . ’

I
1

e

An underestimation of the maximum field (Equation (4.1-7)) :
. s

will occur since the width‘ of the Hall probe (0.5 cm) is considerably

greater (v 4x) than' the H ,, peak (Figure (4-8)). From Equation (4.1-12)

and Figure (4-8) an estimate is made that Hiax is low by 6-13%. Assuming
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»

]

an average 10% undepyediction, Equation (4.1-7) for the Frantz Iso-
{

H = 12.3 x amperes x 1.1
max \

= 13.5 x amperes ceen. (4.1-13)

\

for field in-kOe.

o

| . - The second boundary condition for Equation (4.1-11) now

changes to; ‘

ii) H = "454nHmax at x = 1.52 cm

s

which yields the revised solution: —

.
~
]

B - a- (525 enlynl/? : ‘ (4.1-14)

. ax

for field in the gap.

It is readily evident that;

a (.262 cn™h) -
dx (1 - (.525 cn lyx)l/2 max
-and -
dH _ -1 2
Ha—x- - (.262 cm )Hmax . (4.1-16)
- & ~— N ' ﬁ
Evaluating Equation (4.1-15) at the splitter location, X =

0.76 cm, and then substituting the necessary values for Hmax’ g g—H;,

H -:—::- in Equation (4.1-10) yields;

~
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o

| sin 6 = (2.33 0)I 4@4.:;8x104xm)1502 (4‘314)‘

as the-relationship for determining field dependent susceptibility

parameters from the Frantz Isodynamic.\\Note that, unlike the Hess

relationship where sin [ is prop9rtiona1 to 1502 (Equation (4%1-8)),

Equation (4.1-17) has sin‘Q varying with I50 as a second order poly-

nomial through the origiﬁi . \
Ifha0 is zero, Equation (4.1-17) reduces‘to;

i ' f

! -

< -6
R 20.5 sin 6 x 10 \ (4.1-18)
‘ 1502

¢ A\
A\

which is virtually identical to the Hess equation for x. It would
appear that Equation (4.1-17) is a more general form for x deterqina-
tion #pplicable to both field-dependent and field-independent susceptible

materials. \ -

\

I., values for the hematite were determined by successively

50

‘ retreating‘the\von-magnetics fraction of the originally 1 g samples at

small-incremental increases in current until all the sample had reported
to magnetics. The Ig, could then be read‘féom a plot of the resulting
'magnetic profile' at 50 cumulative weigﬂt % to magnetics versus current.
The procedure was repeated for ; range of side slopés, 8, which is o
equivalent to measuring susceptibilities at different H.
Resultglgenerated in this fashion proved very repeatable.

A standard error in the I50 readings of + .007 amperes was determined
9

from the pooled variance of 35 measurements for cone fractions #1 and
’ -

- #2.  This included up to 4 repeats for a given sample at 6 from 5° to

A
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(see Figure’ (4-16)). ' .

]

450. Due to the similar llehavior of 'all sizes suggested by the magneto-
meter study (Table (4-2)) the remaining cone fractions (#3,4,5) were not
investigaged.

Following Equatioﬁ (4.1-17) the results of I;, and 6 were data
‘Fitted to a second order polynomial, and are shown in Figure (4-16).

’

This gave;

) - : 2 .
v sin 6 1.20 Iso + 1.07 I50 + .012 —(4.1 19)

from which the magnetization parametérs could readily be calculated:
o, = .515 emu/g £ .03

%, = 21.9x10°% emu/g-0e * 1.8x107°

| .
The ranges are due to the uncertainty associated with the

maximum field estimate on the Frantz Isodynamic. Note that the 40?

and 45° values of I, were not included in the regression since these

steep angles appeared to exceed the operating limit of the device

A comparison between Frantz Isodynamic and magnetometer
generated 00 and X, appears in Table (4-3). While x_ values are
virtually i&entical, the Frantz method yields 9% almost 70% larger

than the magnetometer value.

Figure (4-17) shows hematite susceptibility, X, and magneti-

3
zation, 0, calculated from the X, and o values of Table (4-3). Note
- c. \ ¢
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Sin 8 versus Ig, for hematite sample on the Frant:z

Isocdynamic separator. ¢ is the side slope,
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susceptibility and magnetization for hematite.

!

5

-

hematite _—-®
’/
600 | e , 4600
\;/ - Gp=XH
8 500 \ 1500
. \ 0
\ o .
EF 400 - € —— n 400.0
E >
- (D) Magnetometer o,
O 300 ® Franiz Isodynamic 1300 °
x - \ ---- effective , X = Xt zi;ﬁ g
e i ) \\ O calculated using Hess eq'n N
. 200F ~ and field correction: _*200'0
N H=0.775 Hpmqx
« f
l00} - ® 00
X = 'Xm*j-l—i'(?- T Tt Tm === ®
i O /] 1 1 1 1 O
OJ 2 3 49 5 7
H, kOe
4-17 Comparison between magnetomet‘er and Frantz Isodynamic '
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TABLE 4-3

Average Magnetization Parameters for Hematite.
" Magnetometer and Frantz Isodynamic Data.

4 , | \
| Method x&;106/emu/g-0e g, (emu/g) \
lMagnetometer' 21.8 + 2.1 .308 + .028
Frantz Isodynamic 21.9 £ 1.8 .515 + .03 I
TﬁBLE 4-4~

Magnetization Parameters of Other Mineral Samples.
. ---Magnetometer Data.

al
' A
. 5 Sample
Mineral Coxx10° o°x103 Field Origin
ilmenite 66.1 243 > 2 KOe Allard Lake, Que.
. . ‘ .
___sphalerite o 6.95 68.9 > 4 KOe Geco Mines, Ont.
chalcopyrite . 4.10  97.6 > 4 K0e  Geco Mines, Ont.
igh
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the large field dependence of ¥, espeéﬁally for H beiow 5 kOe. 'Treatiﬁg
J .
susceptibility as a constant in this region would be a poor approximation
as already cautioned by Pastrana and Hopstock.(49) Particle magnetiza-
tion, qp, based on magnetometer 9, and y,, is seen to be about two-thirds
that calculated from the Frantz data. N

[

\

If the Hess relationship is used to calculate y a correction
is required since the field at the splitter location is less than the

maximum (i.e.’H = 0.775 Hmax)' Values calculated in this manner

splitter

tshown as circles in Figure (4-17)) represent an 'effective' susceptibility
gu ep P

which may be approximated from X, and 9, by:

.

. g
- 0.

| Xeff Xs " o4 (from Equation (3.1-2a))

|

Xopg 1S shown as the dashed line in Figure (4-17) add is seen to agree

closely with the Hess points. The advantage of being able to easily

go from the effective value to the magnetization constants or vice versa

via Equations (4.1-8) and (4.1-17) using the proper adjustments is obvious.

Other Samples ' )
The magnetization behavior of a number of mineral samples from

(79) were also examined on the vibrating sample

a, previous stﬁdy by Dobby
magnetometer. The purpose was to generate input data for the model to

permit a comparison between predictions and the experimental results

of Dobby for ilmenite, sphalerite and chalcopyrite.

Although, magnetically, none of these minerals are called

antiferromagnetics, the analysis of their magnetization in,te}ms of

£t bt
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H

X» and 06 permits the separation of paramagnetic effects fromwiossible
ferromagnetic contributions of any impurities. The results are seen

in Table (4-4). Some hysteresis was noted for the ilmenite. It is

also noteworthy that these samples were not as free of minute quantities
of impurities as was the hematite in that they had been used for consider-
able test work since their original preparation by Dobby. Some contamina-
tion can, tberefore, bevexpec%ed to have influenced the measurement. -

4.1.3 Wire Magnetization Measurements

The measurement of the magneEic behavior of ferromagnetics
below saturation is somewhat complicat;d by the necessity of accounting
for dem;gnetizing effects in the samples. As explained in Section 3.1,
the demagnetigi;ion factor, N, relates the demagnetizing field, HD, to

the magnetization, Hw, through:
H, - NM | (3.1‘17) )

N may only be calculated for ellipsoidal shapes, since only they experi-
- . AN
ence uniform magnetization throughout. -
A cylindrical rod can be considered as a prolate Sphefbid

v

for which the demagnetizing factor perpendicular to thg long axis has

been given by Stoner(80) as; ‘
N T mi(r+ (2 - MY -y -
' (r? - Dl - )2

Dy

cone. (4.1-20)
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= where r is the length-to-diameter ratio. For r very large (i.e.

infinitely long rod); ‘ : .

N\

TN % 2x

~ 1
Y

Within a non-ellipsoicfal body, the internal field), and hence

\ “

the magnetization, is non-uniform and consequently 'HD must be estimated '

e o SR

’ ‘through measurement. During initial magnetization thé internal field
| <
is very small lin comparison with Ha and Hy so it is possible to write

-

——

~

i
4

Hy = W , o
- m\ . .
" W

It is evident that the N may be ‘estimated from the initial

-

slope of the magnetization curve: -
J . .
- . : ' u
— \ - N | (4.1-21)
dHy “initial ! )
" Infinitely long rods, for which N equals 2r, should therefore 1

exhibit magnetization curves of initial slope %1? or 0.159 emu/éms-Oe.

*

Nickel Standard, Nickel and Stainless Steel Wire Matrices

N e

. - : K :
. The calibration’ standard was a cylindrical high-purity nickel’
plug of length 0.340 cm and diameter 0.245 cm with a known saturation -

— magnetization of 484.1 em/cm"‘. The measured initial magnetization slope

/
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o (at H <1, S’ﬁOe) of 0.215 emu/bm -0e was in excellant agreement with

’ 7 =
L, . '
p—

the value of 0,212 emu/cm Oe calculated from Equation (4.1~ 20) having

) r = 1.39., This good agieement sgggpsted a.method for obtaining valid X
N ' . Y ™S PN

. - magnetization curves of infinitely long rods (required by the model)

..  from ih?'measuged magnetization slopes of the relatively short-and not -
quite cylindfical cross-sections of the samples. The transformatipn i
_was nec@ZSary to dchieve compatability between real wire magnetization

2ﬂM
- . and the perturbatxon term (—H——J for the infinite-wire model at fields
.~ Q .

[3

-~ . “\ P
below saturation. . p)

. - . - . L "
The procedure used was te first determine the initial slope
»

“ '

("%J from the measured fiagnetization curves of both matrix samples

. (nickel wire and stainless steel meay). From this, the/sgmagnetizing i

s ’ \\swx .
field, Hy(= MM ), and internal field (=H_ - H ) as a function of M, —~
W a "ol % W \N
could be found. - The applied fields necessary to generate the Same Mw

in infinitely lohg rods was then calarfated by adding the gnetizing ?&K
A

;\.
f1e1d H (™ 27M ), to tﬁp preV1ousi? determined 1nternal field Va{uei_

o These magnet:zatlonfversus app11ed field curves for infinite rods were %
then fitted to the»s1mp1e exponential relatlonshxpdguggested by Clarkson(ssj;
< - ¥ zf T
SRS P , .
A¢ , Ve X ’ . X ,
- ’ A f - v

. _ X
M ﬂs exp ( ‘H}

”

(3.1-19)

-
]

o

w

\ . ’ o ‘(/ 5

P

N e ek e

v

where K is an empirical constant, H.the internal fieldﬁﬁ- Ha - Zwa)

S

1\ Ny '] ' . -
. + ™ and Ms the saturation magnetization. Curves showing the measured and

corrected qagnefization behavior are shown in Figures (4-18) and (4-19) ¢

W t » v i

together with the fits to Equation (3.1-19). Valies of K and M_ are —

. . . a s ﬂ ) '
. . presented in Table (4-5). "It is seen that the nickel wire’satﬁrates)
' -

(‘) ‘ ' ’ | - . oy
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stainless steel s
N : -
160 |- 7
\
10
_E ,
Si20F -
, 3
: £
R
{ . ; 80 i (0) measured magnetization _
‘2 .
(b) corrected for infinitely
long rod
(c) modelled by: o
40 T e ]
M, = |9o( exp( _-_3_9_0) )
R H
« O 1 i ) 1
0 2 4 6 8 10 12
. HQ , kQOe .
: © A '
\ 't
i O ‘ 4-18 Magnetization curves for sta\inles‘s steel m;trix. - ) .
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(@) measured magnetization

(b) corrected for infinhé!y
long rod

(c) modelled -by: .
My = 544 ( exp( -34.9))0. ] ‘
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Magnetization curves for nickel wire.
. y
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* TABLE 4-5 g
Values of M_ and K for Stainless Steel Mesh and Nickel Wire.
N
:
\ N ! §
\ ' Matrix Type i
Magnetization i ) i
Constan{s* - . Stainless Steel 4
for Eq. (3.1-19) Nickel Wire Wire Mesh i
. L 1
. (em/cm®) \ ' 484 RV
M -
S (emu/gm) 54.4 190
K (0e™ 1) . 34.9 400
*The lower limit-of applicability for Eq.(3.1~19) appears to be ~ 900 Qe
(FH,). < .
' \\ v
|
\
™
\ ’ \
f )
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(, quickly (at 3-4 kle) to a value approacﬁing 54.4 emu/g while the
stainless steel begins, at 10-12 kOe, to saturate toward & magneti-

o

zation estimated at 190 emi/g. -

4.2 Particle Siie Measuremenf

4,2.1 The Cyclosizer e
r ., Glosely sized fractions of real minerals for the test work
- Were‘generated with a hydraulic cyclone elutriator, the Warman Cylco-
sizer, described in detail by Kelsall and McAdam.cal) This device,
\consisting of 5 cyclones in series, separates up tp 1oo°g* of feed at
a time into a roughly 1/vY2 décrgasing series of 5 sizes in the sub-
sieve, 50-8 um*, range. It is claimed(%l) that Stokes' Law applieﬁ to
classification in the cyclones where large centrifugal forces and high
fluid shear result iﬁ rapid classification times (20-40 minutes) with

. Minimal dispersion problems.

The unit is precalibrated to a silica standard with a nominal

cut-off size for each cyclone (d,) based on infinite elutriation time

and a set of standard operating conditions. Correction factors are
i

-

then required for the conditions; i.e. water temperature (fl), specific

gravity (fz), flowrate(fs) and running time (f4), which differ from the

\

. standards in order to gene}ate a set of actual cut-off diameters, da’

|

for each of the cones, viz;

4, = & . £ . £, £ . £, (4.1-22)

7 7
*Nominal values for silica, the calibration standard.
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\
In theory then, each cone fraction contains those particles

of equivalent-settling size which lie between its own cut-off size,
y e {
d_. , and that of the previous cone, d . A geometric mean size, d ,
an . ¢ an- 1 N gnl
defined as;

(4.1-23)

)
1

was used to characterize the size distribution of particles within the

F
fraction n. .
The operating conditﬁons, correction factors, cut-off sizes,

ané geomefric means for the hematite are presented in Table (4-6). The

very fine #5 cyclone undersize was collected for the first 20 litres
i

. L]
(approximately 2 minutes) of operation. - |

Table (4-6) shows the largest correction factor to be for'

specific gravity as a result of the large density difference between
hematite (5.25) and the silica stan#ard_(Z.éS). Up to 10 cyclosizer

runs of .50 g feed lots were requiréd to produce the 20 to 60 grams of
' 4

. each cone fraction needed for the experimental runs.

v .
a7
il

|
4.2.2 The Sedigraph

In order to further investigate the ability of the Cyclo-
sizer to generate closely-sized fractions and as a check on-the calcu-
lated equivalent Stokesian diameters, the‘s;ze distribution of each of
the cone fractions was determined on an x-tay sedimentometbr; the Micro-

meritics SediGraph 5000D.

\
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. TABLE 4-6
Cyclosizer Operating Conditions and
Cdlculated Size Fractiops for Hematite.
|
Cut-off Sizes
D * ~
Cone # d_ (um) d, Range dgm
1 397 26.1 26.1-37* 1.1
2 30.2 19.8 '19.8-26.1 - 22.7
3 22.5 14.8 \ 14.8-19.8 17.1
4 15.5 10.2 10.2-14.8 12.3
5 12.1 8.0 8.0-10.2" 9.0 l
-5 - -8.0 -

*Feed sample is undersize from screening at 400 mesh.

°

- Variable Operating Value Correction Factor
i
. water temp. 14.6°C ‘ £, = 1.073
specific gravity . 5.26 f, = 0.622
flow rate 11.6 litres/min £, = 1.000 ‘
running time .\60 minutes \ f4 = 0,985

PR
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This device employs a finely collimated x-ray beam to measure

{he change with time of particle settling concentration in a sample

cell. The cell also descends relative to the beam so as to minimize the

-

L ot B o e

time required for analysis. Additional operating details are given by
Olivier 53_31.(82] The size distribution reports on an .x-y plotter as \

cumulative weight % finer than versus the equivalent Stokesian diameter. \

A kb

Particle sizes of 0.2 to SOIum can be determined; the range depending
W ‘

on the relative specific gravity difference between solid and liquid

[

SUIOE PN

and also the liquid viscosity.

“A 0.2% Calgonitewin-water solution and 15-20 ;inutes of
stirring ensured complete dispersion of the farticles prior to measure- ;
ment. Each sample was Tun’ twice, Sedig?aphoresults for the cone frac- 1
tions are shown in Figure (4-20). Also indicated’are the/calculated
Cyclosizer size’rangg§. Note the‘considerable overlap‘Pf progressive 1 ]
size fTTCtiPns plus the Presence"of ~ 10% oversize material in each of ‘
the cones. The #1 and #2 cones show less of a difference than the N
others, possibly a result of the feed having been dry screened to minus
400 mesh (nominally 37 um) before cyclosizing.

Agreement between the Cyclosizer and the Sedigraph is better . | .

-

across the total size\distribution of all cones than for the individua}
| ]

fractions; the Sedigraph showing wider ranges and somewhat larger mean

Y

sizes, especially for the finer cones. . \
It is worth remembering that only truly spherical particles
obey Stokes Law and that dev1at10ns will occur for any other shape.
The equivalent Stokﬁ% d1ameter merely represents the size of a sphere o
N

which would settle at the same rﬁte as the particle under observat1on.




Pt 7

°

CUMULATIVE MASS PERCENT

Density - - glcc !
~_preparation 19 Min stirring before analysis

2 runs for eoch cone .

PARTICLE SIZ”

SAMPLE IDENTIFICATION hematite - magnetically cleaned on_

LauipWater- 0.2 % calgonite

MSTRIBUTION

e P

DATE -

By . N
TEMPERATURE _______ __°C
RATE STARTDIA. _  um

I} micromeritics®

nNstrumMment corporation

telephone 404/44B8-8282

5680 gashen springs road « norcross georgis 30071 « USA

telex-76-7450

=

EQUIVALENT SPHERICAL bIAMETER

4-20 Sedigraph cumulative size distributions of cyclosizer
cone fractions for hematite.
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4.3.2. Particle Densities

. ' 163.

!

For real particles the term 'diameter' is a far from rigidly specified

parameter and will to a large degree depend on the measurement system
(83)

i

)

as pointed out b}y Allen.

Scanning electron microphotographs of the hematite particles
(Figure (4-21)) serve to illustrate their deviation from true sphericit‘y.‘

1

Note the angularity and variety of shapes present for th%s' 20-30 um

diameter #2 cone material. .
- \ N 7
For ilmenite, sphalerite and chalcopyrite, the Dobby(Gg)

I . i .
Cyclosizer data-on particle size were used.

1
i
4.3 Measuremef;t of Other Parameters
: < N

4.3.1 Fluid Velocity |

-

Average velocities through the camnister were calculated from:

S ¥ o adi

measured volumetric flows over a period of time. A set of different

inFemal-diameter bored plugs was used to adjust the velocity over the

range of interest, 2-20 cm/s. These were readily interchangeable in

S M Bt SPRDRD

the exit piping. Fll)w was from a constant head tank positioned 2 metres
above the matrix cannister and discharged freely into a collection

vessel about 0.5 metres below the cannister.

4

\

The specific gravity of hematite was determined on a Berman

torsion-type density balance.(s“? Toluene (C7H8] was used as the dis- §

. l
placement liquid because of its low surface tensioh (29 dynes/cm )
giving easy wetting. The specific gravity of the Carol Lake hematite
was thus accurately determined to be 5.250 +.021 g/cms, which compares

well with the range of 4.9-5.3 reported(8%) for hematites in general.

1

sy e - e e
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4-21 hScanning Electron Micrograph of hematit]e. Cyclosizer
cone #2 (~ 30 um diameter) particles. ) ’
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Density measurements for the other minerals of interest,
using. conventional specific gravity bottles and water, are listed in

Table ’(4-‘7). Except for the chalcopyriteé', reprd'ducibility of the

i

results was good.

1

i

4.3.3 Wire Size, Diameter, Dénsitx

A photograph of a single expanded metal screen appears in ~
Figure (4-22)/‘ with relevant properties listed in Table (4-8). The
cross-section of the wire, sketched in Figure ('4-23) , is that o‘f‘a
skewed diamond having -one long Q] .09‘}c;n) and one short side ( ®
.06 cm) projecting toward the flow, The question of a suitable wire
bdiametzer for use in the model remains. It was decided, after examining
alte’matives such as ﬁh:)l'dr;ulic radips and equivalent volume diameters,
to select a diameter which gave the correct number of unit grids to a
screen, i.e. 35.* From Equation (3.2-31), taking S the inter-wire

spacing, as 0.5 cm* for the 3.78 cm diameter screen, it is readily

evident that} L
. . . .
) ,
# grids = (3.78) %
(.58)% 4
l‘\. ‘ ’
- 33 L o

v l ‘
if the wire liameter, 2b, is chosen as .08 cm.

| :
For modelling on nickel Jv\lires,, a densi\ty of 8.90 g/c:m3 (86)

and a diameter of 125 um was used. ' . \

\ ’ r~

*Values determined by measurement, on an expanded metal screen.

’
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Other Properties of Staimless Steel Expanded Metal Mesh: 2
' * -
hY . ' t
' - Property Value . \ )
o .
screen diameter 3.78 cm
¢ ¢ ' ©
scTeen mass -1.41 g  (average) |,
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V. MODEL PREDICTIONS VERSUS EXPERIMENTAL RESULTS

~

5.1 Buildup on a Unit Length of Wire

5.1.1 Equilibrium Buildup Profile
, - <

N
-

v

Standard operating conditions which might be typical of an

hgms installation treating a hematitic iron ore were defined as:

Buildup profile shown -in Figure (5-1a). The presence of material consi-_

- particle diameter, 2b

particle density, pp. N
magnetizati@% parameters, x_

. -

N
\ [ (o)

N 0

' applied field, Ha
flow velocity, U,

fluid density, Pe

fluid viscosity, v

wire diameter, 2a
4

-

I o
, gravitational acceleration, g, >

]
—

’ \‘ .
10 ym

5.25 g/cm®
[

emu/cm3~0e

1.62 emu/cm3 s

114x10°

3000 Oe
10 cm/s
1 g/em”
.01 S
600 uq,(stainless steel)

2 »
980 cm/sec -

[

For this 'standard' test, the model predicted the equilibrium

B}

derably beyond 45° to either side of the upstream‘stagnation point, is

v

" particularly significant,

With the field increased from 3 to 9 kOe the magnitude of

L4
buildup increases but the extent of accumulation beyond 45°, especiall

~ ' ¢

e e ke 4 Kb peadn wons Y
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5-1

- EQuilibrium buildup profile, standard test.
L

a) 3 k0e, stainless steel wire
b) 9 kOe, stainless steel wire
¢) 9 kOe, nickel wire

-

D e o e ame | < =
N
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(Figure (5-4)). / These sizes correlate well with those already reported

,' . : ' 172. )

- {

bulge more at the very front alfhough this i°s not as evident from the
figure d4s from the numerical results themselves. If identical nickel
wire'(Ms - 484 emu/cms) replaces the stainless steel (MS- 1472 emu/cmz)

buildup at 9 kOe is considerably less as evident from Figure (5-1c).’

Interestingly, if the wire is bottom fed rather than top fed

{i.e. the sign of gravity is reversed) the standard test predicts 16% .

more buildup at 3 kOe and 8% at 9 kOe. The explanation is that for N
) - ~ : - ¢

\

bottom feeding, gravity adds to ‘the ;aﬁgential magnetic. component

- : (/7\\_ i

thereby helping to oppose the fluid drag.

> -

5.1.2 Comparison with the Work of Friedlaender et al. . B '
\ A set of photographs of théir video images of manganese

pyrophosphéte (MnZP207) buildip on single st}‘an’cti nickel wire was made
/-

available by Friedlaender and Takayasu. (87) . . .
Magnetic susceptibility of the Mn,P,0. was taken as that

measured b‘y Friedldender et al. (88), = 8:’:x10_6 emu/g-0e rather than
- etal X 5

6

the reported handbook value(89) (x = 102x10°° emu/g-0e) since assaying

by atomic absorption (42.3% Mn + .3%) showed the material to be some-_

what different from stoichiometrically perfect anPZO7 (38.7% Mn). An - '
! J

x-ray powder diffraction study, which identified the material as having
an MnZP207 crystdl stru‘cg;re with a small amount of impurity (possibly.

another phosphate), and the atomic absorption were performed on a sample

provided by Friedlaender.

\

Sedigraph size analysis showed a Stokesian size distribution

. \
with a mid-point (50%) value of 8.0 pm‘and a 10%-90% range of 4.0-13 um

e

et

st

a .
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- Both experiment and theory agree on the occurrence of buildup beyond ’

~

173,

’ , _‘—l - : \ .- - "v . ' . 5
' ; . (3 ) ‘ N o ’a/v - .
. ‘for the material ~by othet 51z1ng methods. The spec1f1c grav1ty {

° was taken as 3371; that for- pure manganese pyrophosphate. Our own "~ .
t A

nickel v'lire magnetizatibn data l(Tabfle (4-5)) were used. "I'he propertles -

of mterest were felt ‘to hdve bé&en sufficiently defmed to permlt a

SRR v

valid Comparison between the pho%ographlc eviderice and the model. -

Previous velocity measurements reported by Friedlaender et al.-
\

. -~ have been for average flow_"ra_tes’- ;'hgdugh the 'samplevcul'eliivery tube.
€90)

'

More recent measurements

-

of velbcity at the wiré location (i.e. the -

centre line) have shown these to ‘be greater than the averages by roughly = ° 1
a factor of two. These more recent centreline values were used for the

‘modelling. ‘ . ’ S k

-

A c’omp'arison between the Friedlaender photographs and the * . )
° . ) N . ’ [ ,\
model pred,{ctions of equilibrium buildup at 5 kOe and various flow

“velocities appear in Figures (5<2a,b,c) and (5-3a,b,c). In general,
th‘a traced outlines are in good adgreement with the model profiles.

", . the 90° sector; the experiments showing more accumulation than predicted

,
.
A R A VRSN Yo

’ for distances further from the wire surface. ' .
’

for

. ki

Results of saturated relative accumulation radius, Ras’

s

Tk,

anl’zo7 have also been reported by Friedlaender et ﬂ.,(39), where Ras

v

s is the radius of buildup measured at the stagnation point divided by

the wire radius. In addition to the published values at 12.2, 4.7, and )

Ve b

9.7 kle, a set of unpublished data at 5 kOe were also made available

by ‘Friedlaender, d
The: comparisons of R g’ versus Uy, including the effects of .
. > . ' ”
. the size dlstnbutlon, are shown in Flgures (5-5a,b,c). Experimental

< '

v
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equilibrium buildup profile (upstream).

Mn_P.0
a)z 1%0301 prediction at 7.9 cm/s
b) °*.model prediction at 2.9 cm/s
c) model prediction at 23.3 cm/s
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e e e

:nZP207 buildup photogra

) dt'7.9 em/s
b) at 2.9 cm/s
c) at 23.3 cm/s
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" values for 4.7 and 5 kOe appear together., Ih}s isenot «felt to be a
serious misrepresentation as some values of RaS at the higher field,
4 I

contrary %o expectation, are less than those at the lower field. This,
it is felt, gives some indication of the uncertainty associated with
™ . t A ‘

- ({ s :h~é§teement between the theoretical curvés and experimental

points is gudged to be good; bgth defining similar shapes and ranges

- of Ros for the flow velocities investigated. The restriction that
h ’ ° ) ’ T R ,
Re,, >>\1, required by boundary layer theory, limits thﬂ’;odel from ] .
2 .
. being dpplied at very low flows. At high velocity, the model predicts

. \“~% bare wire condition (Ras = 1) at a lower flow rate than is experi-

o

mentally observed. Agreement is se %o improve considerably when the

effect of the size range is incoxporfated. X L

\

MC*’ P ' o “ ’
S . 5.1.3 FiJ;;/Depen rit versus Constant Susceptibility .

5 \?o/__‘) ’
* A1807 investigated were the consequences of assuming constant

. rather'than field dependent magnetic susceptibility for materials
, .
exhibiting magnetic behavior of the form;

"-Qc% A
. ° +

-

(5-1)

:lz
o

Since the magnetic field varies with location arouégfa wire,
Y ' .

the susceptibility of an individual particle will depend on its posi-

o

The proéram performs the detailed calcula-

. !
tions once k_ and Mo have been specified. Itdould prove useful go have

¥

an "effective", and constant; value for « for all particles collected.

tion relative to the wire.

. Such a ‘susceptibility, Kes would depend solely on the applied field and

! , \ %

© their measurJB values. .

et
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Following Equation (3.1-29), such an effective susceptibility is

woti1d _predict the same loading as if each particle

define%by; '
° . R ;
' M_ . ) v
Ke ™ K + } (5-2)y .
- t a .
“where f is the average field parameter, f, through the buildup volume. ° . ;

error incurred if susceptibility as measured directly by (say) a magnet- . ‘

The ratio of predicted wire loading using "é to that for

K .
variable.susceptibility «, —2, is shown as a function of Ha in

~ Y’(
Figure (5-6) for selectsd values of T. Maghetometer values were used

Q

for the hematite magnetization parameters. It is seen that for f =1

+

i
a large overestimation (157% at 3 kOe) of loading is made, an effect

which decreases with increasing Ha' The f = 1.0 curve represents the

ometer is used for prediction purposes, without accounting for the v
effect on magnetic susceptibility of the non-uniform field. A value :
Y ’ A
. K
of ¥ = 0.42 was judged to yield -—2 sufficiently close to 1.0 (* 5%)
Y ™D T

" ‘to be acceptable over the range 3-12 kOe. The value T =0.42 was also

3

confirmed for ilmenite (magnetometer data) and hematl:ite using the
Frantz Isodynamic data‘f&ind it is tentat"ively’proposed that f - 0.42
holc;s true for host cases of intere(st at thesle fields. An alternative
way of vie;ir;g f is that the etjfective field throughout th;.e &uildup

volume is —__—af or 2.4 H .

a ;
f ! L o
At higher fields, say Ha > 7 kOe, a better value of f seems { ;
y , ‘
to be 0.45 which yields ?E—e- within a few percent of unity. v q
+ K '
1 z ' ,
&
» . e A M I PR WNF WY SR, VN
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\ ’ 5-6 The ratio of loading with an effective susceptibility
(\) (L, ) to actual susceptibility (L), for various f as
} a "€ function of applied field, H,. Y
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5.1.4 Loading ‘as a Function of N . @
~ N L

1

>

. The equilibrium wire lo%ding,/év (cm3 of material/cm

4

- 3‘of wire)

’ -

given by Equation (3;2—6),~was determined using the full model for a
series of 93 '#esfs' covering the wide range of conditions and minerals

cited in Table (5-1). ¥, has been plotted against the loading number,
2bH, A 2rM !

- W
L a1/2p 1/2n1/2U

N 377 (F1ggre (5-7)) .with A = H and ¢ as the -
effective susceptf%ility (% with f =0.42). Also shown (solid line)

a \

is the simplified relationship for Y, (Edua%ion (3.2-15), i.e. zgro

gfavity and buildup in a 90° sectorlassymed);

N, 475 ‘ y : S /
£ L ' LI
St \ 3.2-15
Y O p (3.2-15)

N \\ \ ‘ ‘_ :

The volume packing—fraction, e, has been taken as 0.7 for uni-sized (

spheres -(see-Sectien (3.2:1)).-—— ——r

In addition to suggesting a minimﬁm N, = 2.5 required for

L

_particle collegtion, Figure (5-7) shows the computer experimental points /
to closely‘&escribe a curve redarkably consist;nt wifh; though somewhat
above, the simplified felationéhip of Equation (3.2-15) for Yy

In order to test the viability of NL as a déscriptor of

equilibrium loading, a set of experiments using closely sized heﬁatite .
(descéibed iﬁ Tables (4-3,6,7)) was c;nducted witﬂ a small (4 screen)
matrii soﬁas to insure thé\gttainment of fully-loaded conditions. Thes:
four stainless steel expanded metal screens, of uniform mass (1.39 g‘[
each), were sandwiched between similar, and essentially non-mégnetic,L /
aluminum screens. The purpose :f the aluminum screens, 4 upstream and

skt ¢ ettt M o s i e e e e =,

?

b

A > o 1 A b s D

2 i
\2 downstream, was to minimize fluid-flow end-effects on the stainless_

_ steel screens sandwiched in the middle.

et - i . - P - LT e S e e e e e
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) TABLE 5-1
Range of Conditions Used in Modelling Yy for Various Minerals. i
K] 2 :
Range of Parameters -
Mineral b K _ H, (kOe) a T v " Us
(# tests) ~~(um) (x106 emu/cm3-9e) (A) (cm) . (s) (cmfis)
hematite 5-35 454-190 2-9 .015-..12 .005-.015 , - 2.5-15
(25 tests) (.88-.81) _
ilmenite 7.5-13 '564-416 2-5 .04 SN} 4-30 -
? (23 tests) (.88-.89) .
sphalerite 5-22.5° 27.8 6.5-25 - .04 ) .01 9.
(21 tests) (.87-.36)
. chalcopyrite 3.8-20 16.8 5-22.5 .04 T o1 - 5.
(24 tests) (.89-.40) ‘
*Fluid density taken aS“l g/cnn“5 in aéil cases. -
—
‘ h
_ o g
— S
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E &7 computer ‘experlmentsﬁ,‘
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! “OI " é/ o ilmenite (23 tests) -
| NS L F T oasd/ : - 4
>O / o sphalerite (21) 1.
"' - N g ‘ ' d chalcopyrite (24) ‘ : ‘
- \ P/ ‘ -

hematite (2%
]
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( | 5-7 Full model predictions of v, versus N, for various -
J Il ; minerals. 3 ‘
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Exploratory work on the permanent magnet with #2 cone hema-

.

tite at 4 cm/s flowrate consisted of numerous runs of/ increasing feed Lﬁv}

| mass. From this a loading curve of grams of magnetics retained versus . ;

A

grams fed was obtained. The results suggested that feeding 20-30 times

LS

-
T DRI

the equilibrium loading mass was required in order for the matrix to

reach equilibrium conditions.
- s v h

Estimates of Yy for each of the 8 planned tests were obtained
from Figﬁre (5-7). These were increased by the factor of 20 suggested |

by the exploratory work to give the feed mass used in the experiments.
' N ) \ .

L) A
Due to the limited quantity of prepared material, recycling of the non-
magnetics product during testing was required for some runs in order to

achieve the‘target feed. Sodium silicate (added as 1 kg/tonne solids)
. \ \

plus vigorous agitation of the slurry prior to feeding assured adequate

dispersion of the particles. Test conditions, including repeats, are

2 -

listed in Table (5-2) and Appendjx III. A Sala Magnetics Inc. (model ,

g , )

10-15-20) unit at CANMET (Ottawa, Ortario) was uséd for the testwork. :
\,\\ K . . . - M
%\EE‘in~{he_§xployatory run, some physical entrapment at zero .

[V —————— b

field and retention of particles with no matrixhpresent (under ‘some
condiiions) should be accounted for. Since these adjustments, albeit

small, have yet to be determined, the tests reported must be considered

T

preliminary. ‘Interestingly, the phenomenon of capture with no matrix
' 7/ ,
seems to be the result of sufficiently large field gradients in the

vicinity of the inside edge of the iron collars which are part-bof the

-Sala magnet design. AN

The experimental results are plotted in Figure (5-8) as Yy

against NL’together with the computer modelled points for hematite

and the curve of the loading Equation (3.2-15). A bar connecting two

/

[UP. A AT 8t R T e [P — PO
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. T. 5-2 .
. ' Yy L
i\‘ Loading versus NL and T for Hematite.
. - ' / ) VM
. Zb* U Ha e ° Ym ' YV —
Test / (cm) (cm/s)  (0e)  (g/g) \gcm3/cm3) Npre o T e
f /\ ) ' - — ° " R 1
A | .00123 15.2 2580 .081 . 0.120 3.4 .180
B £00228 2.9 © 2580 1.89 - 2,79 75.7  3.24
¢ .00123 2.9 2580 1.28 1.89 40.8 .942
. .638 4942
D . 00228 15.2 6710 .709 - 1.047 2.4 © 1.71
.665 .982
E .00228 15.2 2580 .201 .297 6.3 .618
F .00123 12.0 4240 .363 .536 9.1 « .39];_
G .00123 15.2 4240 .194 .286 6.4 .309
AN
H .00123 8.0 4240 .604 .892  16.8 587
* (Cyclosizer data. _
** Based on My = 2.70 emu/cm"’, £f=0.42."
***Baséd on M, = 2.70 em/cm®, f = 0.50. o
See Appendix III (Section 6) for complete results of CANMET runs. )
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< - E ,// e  detailed computer model -
! . . ‘
"’E } . / — — — simple loading equation
‘ . 4
“alk , T S Y= g((—N—L s ™
- ~ { o/ ) 412 -
>2 N | w —— experimental ]
/ !
" ! // Lexpanded metal matrix)
[} pa—
— | Frantz Isodynamic
| | 7/ - magnetometer } K -
[ .
|
! : / _
3 i E * h o =
t
| |
0l 112_.51:1 IR U RTENY I L EE R N
T 10 " 1 100
. 7N NL
5-8 Full model predictions and experimental results of Yy I
» versus N, "for hematite. The simplified loading ‘
(”‘\) equatJ.on is also shown with g = 0.7.

1

e it s




188.

1

' points is associated with each experiment; the smaller value having NL \

N

. . based on the effective susceptibility determined with magnetométer

! ‘ data Lhile the larger value is for.xe'based on the Frantz Isodynamic Lo
data (see Appéndix III for complete results). The resultjpare.iﬁ very
good\agreemeﬁt with thf predicted curves which, one is‘;;ﬁinded, are

for buildup on infigitely lohg cylindrical wires.. ReggdducibilitY“of
I?e‘repeat tests: (set D) was good; i 5% stan&a?d error for the %mount A
captured and * .2% of the total mass fed:, Some levelling-off for Y, '
values if‘gigh NL can be expected iflthese points drop somewhat for

the reasons previously cited.  Attention is drawn to tests E and G

\ B
which; for diffeéznt experimental conditions, have virtually the ‘same

: ' ‘ N (6.3 and 6.4)%; the y/¥s afe the same (0.297 and 0.286) to within
- i v v

. the reproducible error, { Watgon's —M-foi these tests, however, differs ' ,

by a factor of two (0.618 and 0.309).** Note also test pair E and H .

V _ 1
for which16§~is about the same (.618 and .587) but having N, afﬁost ;

00

tripling (6.3 and 16.3). Experimentally,lyv was 0.297 and 0.892 for
/ o

i

E and H, respectively. H

W

iy ] . ! A * {
' 5.2 Recovery through a Length of Screens : ' ; .

\ . ra N
‘ 4 A good indication of separator performance may still be obtained
. ‘ v i
i ' from the size of the ﬁﬂ ratio, a widely accepted indicator. A set of four
il
]

-

-

@

computer 'tests' having increasing was run ‘or hematite with the purpose

of viewing how the predicted‘loading varied internally as a function of

©

!

' ' *Frantz Isodynamic data, M = 2.70 emu/cm3 and g, = .000115 emu/cmZTOe, -
f - .42. " ' '/
- . ' . M
. ‘ **Based on Ko with f « 0.5 since trajectory models, for whlch,ﬁ— was
i ('} developed, "assumes particles are far from wire. o

N '
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,‘(‘2 J
distance into the matrix. This information is readily obtained from

.

the computer printiout which also lists the individual segment loadings,

- ) i
L/L (= /7). | ; , , |
From Figure (5-9) it is seen that at low UM (curve 1, ﬁﬂ-—~ é

)

0.15) the 40 segments of the separator have loaded to about the same

o0 <o

extent, Y of 0.32 to 0.47), well below saturation for 5 g of feed.
- ’ Ym V.
| As field and flow change such that ﬁﬂ-increase§, the loading curves
- -3

(numbers 2, 3 and 4) assume a shape which approaches that of an advancing

front of saturated screens. It is evident from this type of simulation
. v .
M . e s
that unless the T is high .(say >> 1) the overall matrix will not be

«Q

¢
P A

fully loaded for reasomable quantities of feed. A fully loaded matrix
- ' v .
can -always be achieved for all Uﬂ-provided sufficiently large amounts <

. (]

s

: ! ' .
: D / Typically, conditions which predicted 20-90% recovery of 20 g of hema-

of material are fed but the % recovery will be correspondingly low.

PO R o

, tite on 40 screens had X— from 0.6 to 0.9 for the overal]l matrix.
Ym

5.3 Recovery Prédictions versus Experiment

) A comprehénsive body of experimental work by.Dobbyieg) pro-

iy wrod B b 2 TSI oy il o o

“vided a_good basis for comparison between measurement and model predic-

it

N Lol
tion. The experimental procedure has been reported in detail elsewhere

- ‘ /
(79) and may be described as a constant-head gravity-fed batch operation.

B

A non-magnetics product was first collected before shutting the field off

and flushing the collected magnetics product from the matrix. Flowrate -4

was adjusted by means of calibrated bored plugs in the discharge line.

Dobby's matrix donsisted of 39 stainless steel expanded metal
7
.0N , \
{ (~ , screens, identical to those previously described, of average weight 1.51 g.
. &

(
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4
: . .

Typically, he fed 20 g of closely sized uni-mineral samples whose

s

relevant properfiés have already'béen presented (Tables (4-2,457)).

In comparison, the similar testwork of the present study employed a 46-

a

screen matrix of average weight 1.41 g. The magnetometér magnetiza-

tion data were used for thé model.

o
[y

Experimentally measured recovery of hematite as a function

of particle diameter is compared with predicted ré@ults in Figures
- - A
» B o * 3] .
*(5-10a,b). As a measure of the uncertainty of sizing the calculated
v o . ‘ o I )
size range of each Cyclosizer cone fraction is shown ih bar form. The ¢

=

predicted curve fadls somewhat below the measured values for both the o

.o o
3 k0e-9.9 cm/s and 2.1 k0e-5.5 cm/s cases; however, thg range in ’ : i

particle size over which recovery increases from 0O to 100% and the o ‘

trend of the increase is similar betweqqmgfperiment and model.

&

The relationship between applied field and recovery of 22.8 um-

diameter hematite at 9.9 cm/s appears in Figure (5-1la). The expéri-

mental curve is seen to level out at, about 80% recovery while the model
§ . n

tends toward 100%. However, the coﬂsideraéle influence of particlé'

size on the predictions is evident from the dashed lines which repre;ent
the range (9-14.4 um) of this Cyclosiier fraction. Size effects would

be expected to contfibute to less than 100% recovery at higher fields. - .
Similgrly, Figure (5-11b) for 20 um ilmenite-at 9.9 cm/s, shows good
agreement between'model and experiment. The trend of the prediction§

'

. i
in both_ilmenité and hematite cases is to underestimate at low and to }
' . . [
overestimate at high % recovery.
Figure (5-12a) showg the efFect of flow velocity on the same

20 ym ilmenite pt 2.0 and 3.0 Koe. Again, predicted recovel¥ éompares

»
.
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f

well with measurement when the influence of the. size range (15-26 um)

1
is incorporated. The results of a series of tests in whicg increasing

’mass'(5-60 g of 20 mm iimenite at 2.0 kOe and 9.9 cm/s) was féd to the
matrix are presented in Figure (5-12b). As the amount of feed increases
‘and the matrix approaches the fg}ly loaded state, both ‘experimental and
predicted recoveries 5egin levelling off, with the model tending to -

again underestiggte recovery by about a factor of two.

L ETE T

Recovery of sphalerite and chalcopyrite (minerals with con-
siderably lower magnetic susceptibilities than either hematite or
i}men%te) as a function of particle size was also tested against the
hodell In pure form these minerals are known to be true paramagnetics.
The s%all spontaneous magnetizations (co) detected‘by the magneto-
meter measurements (see Table (4-4)) were, theréforé, attributed
to m%nLte quantities of impurities either present in the ofiginal ore h
(e.g. pyrrhotite) or possibly picked up during previous testwork since

/" the samples had been reused. Susceptibility was treated as tonstant,
with x = k_ and Mo = 0. Figuré {5-13) shows the results at 10 kOe and
flowrates of 5.7 Em/s for the chalcopyrite an4’9.9 cm)s for the sphalerite.
Agreement is good, the model te;ding to underestimate at low recovety |

N

and overestimdte at high recovery as was the case for ilmenite and hema-

ctite., .

n
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VI. DISCUSSION i

\ \ ‘ \

' - 6.1 Theoretical Perspective X

To date a large portion of the theoretical work relating to
hgms has revolved around thé development of trajectory models and
I

determination of capture radii for paramagnetic particle systems. By

neglecting gravity and considering only Stpkesian fluid drag and mag- .

[y ! N V
netic force, the value of Rc has been shown to uniquely depend on EE

N a o -
Lith a contribution from the field perturbation term, A, if the ferro-

magneti¢ matrix is, near or below magnetic saturation, The importance
of the Stokes number (particle inertia/viscous force) for high speedk .
i flows and low density fluids has also beén shown.(ls)

In adapting these models to predictions of filter performance, |
generally J;ry large fitting factors have been required to correlate
experimental results with the developed theory. These factors often
suggest that as low as 1-6% of the steel wool strands are actually

* behaving as modelled. Interaction and overlapbing effects aside, the

;> . fact that 95% of the filter is not performing as expecied poses the :
| dual question of model validity and efficiency of the filter design. ' 3QL\\‘
No doubt this Eerplexity heiﬁed to prompt the investigation of other

3

' events related to the retention of particles.

A U 2 ik Few

Some attention has been focussed on buildup profiles with a

view to estimating the maximum reta1nab1e amount of material, .notably v
(31,32)

T e

% : « the work of Luborsky and Drummondczz) and Watson on modelling

and Friedlaender 33_313(38’39’40) on photographing the single wire case. N

(v .- : ' 2 j .
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The comprehensive equilibrium buildup médel of Liu 35_553(41), developed i
from a theory based on Stokesian drag and simplified magnetic force, : ;

was carried through to final predictions of filter performance without
fitted parameters. An assumption was that capture radius remained ’ o
constant at the bare wire value until at fully loaded conditions it
became zero. Liu's model, théﬁgh correlating well with experiéent,
may not have been sufficiently tested by the scope of his test work.

Although the initial theory cdnsigers cases having both particle and

wire sizé of the same order (small 2 ratio) as well as particle size

b
mich smaller than the wires (large %-ratio), Liu's complete model is
. V
developed, for the small %-cése only. Interestingly, a minimum ﬁg-of “

@x

% 0.6 for buildup to occur is predicted which seems at odds with some R

4

operational data from the clay industrytgl) where material has been

- V

reported successfully 'captured at ﬁﬂ-= 0.1 and below: o
-]

To date, as noted previously, thiere has been less work on : g

,

1 ‘
buildup than trajectory models and virtually all of this has considered

- magnetic steel wool as the matrix medium. Some theoretical work by

Birss gﬁ_gl.(gz) has been reported for woven screens and a number of

'experimentél compaiisons of steel wool, fibre metal (assumed to be \

3

expanded metal) and woven screens have been performed by Collan et al.

The present buildup model would appear to slot into that gap

in the theory which considers fine particles and larger wires (largé %
N \

ratio) such as occurs in many of the potential applications of hgms to-

mineral processing. Here, continuous devices employing metal matrices |,

(400-1000 ym diameter) will be treating particles of the order 1-100.:%F'

!

/
at relgtively high slurry flow rates (5-20 cm/s).
3 ‘ M

¢
4

\
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Model Development

The current equations of the literature describing magnetic !
force between paramagnetic particles and infinitely long ferromagnetic

wires have bee&l mod1f1ed to include ‘materials exh1b1t1ng f1e1d dependent
M
suscept1b111ty of the gem@ral form k =« + H—o. The assumptmn that

Mo orients itself parallel-to H, as in the case in the development of
Equatié;l (3.1-25), may not always be realized in practice‘ but mono-
cr]ystalline particles will tend award this condition even \if never
fully achieving it. Alfﬁough typically used_to describe the mag;xeti—

zation of canted antiferromagnetics, such as the taconites cited by

N\

Pastrana and Hopstock“gj, the field-dependent susceptibility relation-

@ ‘ ship is alsprof a form rendering the equations applicable to paramagnetics
{

containing ferrimagnetic impurities or inclusions. In view of the present

potential for developing hgms as an altemative(5’7) to flotation and

/

X .
flocculation techniques (94) for fine particle recovery of taconites,

the revised force equations would appear to have an immediate relevance

to industrial processes. \

1
—_ -

"
Incorporation of the involved (but readily handled by comp}xter

or programmable calculator) self-consistent calculations required for
the evaluation of wire demagnetization and A, the perturbation term,

may be unnecessary at fields considerably in excess of those required

e’foi' wire saturation. However, since the applied fields for the applica-

, , tiong of interest lay below or near matrix saturation levels, incorpora-
. tlon of this variable was judged to be important for the fu?’l mogel ) /
4b K‘H A
M
Also for this reason, Watson s — is used in its general form
2, U 8mbZicH M_ U
(where A ), rather than as the limiting cases; S, (saturated
H, S ( 9anu,,
‘ AN
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( wires) and Wxﬁﬂg_ (unsaturated wires), for which an abrupt discontinuity

exists at the saturation value. This caution applies especialfy to the

’ a

stainless steel which,,as seen from Figures (4-18,19), saturates more

slowly than does the pure nickel.

In defining /fluid drag on the captured particles a different

/approa,gh to traditional Stokesian drag, used indiscriminantly on occasion,
perhaps, has been taken. The Blasius solution describjing shear stress,
To» ON @ smooth cylinder in a free stream cross-flow, is used to approxi-
N v | /

\
/ mate fluid drag on particles residing at the bottom of the developed

”

boyndary layer. Surface roughness due to the presence of the particles

" can be expected to increase drag. However, the effect should be small

i

) for hgms where wire Re well below those for transition 7:0 turbulent

bound&ry layers (95) are found. T ‘

(/
The fractional area of sheéar, f p» a0 important quantity in !

3

the present ,approach to £fluid drag, is admittedly d1ff1cu1t to 1solate. )

\ The comparlson made in Figure (3-9) suggests that those models havmg

assumed an average boundary layer thickness and Stokes' Law (Luborsky

A

and Drummond, Clarkson\e_t_. al. and LiJ et al.) will overestimate drag

by roughly 50% above theé Blasius approach with fb -%. It is n“oéeworthy v

that this difference is too small and not in the correct direction to
account for the large fitting factors-required by some of the models.
. - For ease of analysis, pa*}ticle shape has been idealized as
sphencal a geometry which minimizes the surface-to—mass ratio. This
will maximize magnetic relative to fluid drag forces with the" result

. that for any deviation from sphericity, the model should tend to under-
pred;'Lct fluid drag and, henc%, overpredict- buildup.- A pos/sible “fefine—

() | . - ment for handling._real. particle shapes (l‘:igure (4-21) serves @ga use- .

@

r ' B N
.

"
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« ful reminder of th‘is problem) would be through a suitable choice of fb'
N Parti:cle-on—pa%ticle friction has also be‘er\ neglec!:.ed relative i
to magnetic and fluid forces. This may not be fully justifiable for
buildup near the front stagnation point where the radial to tangential
magnetic force-ratio becomes Jlarge (see Figure (3-3)). Since friction
is proportional to the radial force its effect will be a maximum in this '
frontal region. Choosing a value ffor the coefficient of friction is ' :
difficult, (Watson has suggested 0.3)(31), and precluded the accomoda- J
| tion of frict;.on in the analysi;/
Gravity, also recognized as a second order effect, is easily.
accounted for and its/ inclusion in the analysis permitted the examina-
tion of interesting variations such as top versus bottom feeding of the

device, ;

The extent of downstream wire buildup or 'back-capture' is

\

far from satisfactory resolution. Photographic evidence of Friedlaender :
et al. (87) (Figures (S-‘Sc)) suggests that under condi;ions of sufficiently

large Rew (estimated at 40-60 based on the radius of upstream buildup, e
Ras)’ the extent of backcapture approaches and may exceed that on the

front. There is speculation- that what is observed in these photographs *

B tha b O i S0 e T S L s M1 407 S5 DU N 0 RS T SN SN TSt w2 o

is an end of the wire effect on field and flow resulting in some localized
' L

backcapture of material. Although the mechanism of backcapture is not

.2

y considered in the present model a provision exists permitting an esti- :

¢
\ i

mate of such an effect on overall recovery in the full length matrix

model. This backcapture effect is achieved by increasing the number of

4 -

screens per segment variable (=S) to a value greater than actual.

\

AN > «
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. mating applied field amplificathn due to the latter has recently been

ahwr A e e e emr

Assuming potential flow, Simons and Treat (27 investigated \the collective
fluid and magnetic disturbance in a regular b'ut highly simplified lat-

!
tice. They found the capture radius fmce fibre to differ

§

significantly from the isolated fibre case. Deviation from free-stream
conditions toward more,disturbed flow are expected as wa'increases to .

yield downstream eddies and vortex shedding in the wake of the wires. -
. N -

Such deviations can be expected to increase flixid drag on any particle

(96) ‘ L [y \\

buildup which occurs.
The model accounts for overlapping wires and capture areas
on a first-order-of-effect basis only, as outlined in Section 3.2. The

~

screens themselves are assumed to behave independently, however; i.e. |

N

N t
neighbour interactions such as shadowing of incoming particles and .

mutual magnetization of wires have been neglected. ~ A method for esti-

[ S

| .

(97)

reported by Yaniv et al.
It is also worth remembering that the expanded metal in use
industrially is neither a square lattice nor of cylindrical wires as (

-

modelled; however, the approximation is felt to be sufficiently valid

PRRCNR—

N
in view of other assumptions.

<

. z s
v In summary, numerous influences, phenomenon'and complicating
interactions are envisioned in the analysis, many of which may arguably

be relegated to the status of second and third order effects. The conse-

\ N .

quences on recovery of some of primary importance will {eceive additional
|

comment in the discussioh.

|

N
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6.2 Equilibrium Buildup

6.2.1 Profiles

General

I The predicted fan-shaped equilibri{m buildup profiles for .

hematite \(Figures (5-1a,b,/c)) are seen to be in agreement with the

Luborsky and Drummond. 'case a' (Figure (2-6)) and Watson's 'growth'

\ 4 -

model (Figure (2-9)) as well as the photographic evidence of Friedlaender
et al. (Figures (5-2,3)). This contnbutes to evidence against the

elliptical outlines of the !earller models of Watson (Figure (2-7)) and

(24,28)

.others and Luborsky's 'case b' blade-like buildup (Figure (2-6)).

Note the predicted retention of particles beyond the 90°

14

m .
sector. This is a direct result of including the near field term,
2 p !
;AE_, in the magnetic force equations. The quantity of material outside

T
the 90° sector be\comes particularly significant at applied fields {)elow

-

or|near wire¢ saturation where the A term is close to 1. At fields in

exce§s of saturation predicted buildup bulges near the stagnation pointﬁ

on of an 'ekpanding cylinder' for fluid flow appears
to remain justified, a priori. ! ] \

Manganese Pyrophosphate (Mn,,_l':‘_zg_.l)_

Fortuitously, ‘the current work of Friedlaender and Takayasu
o N

provided a suitable pool ?f experimental results ggainst which to further
test the modgel. l’

u Comparison between photographs and predicted equi'libri:um
proflles of Mn29207 (Fl‘gures (5-2,3)) show that, although the observed

buildup is not e.ntn-ely symmetrical, agreement between the shapes is-

hd -~

S
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remarkably good. Some rounding at the outer corners of the actual
buildup is evident, Alternatively, this could be viewed as a gradual

E‘D/in;:'rease in bui-ldup radius toward t{xe ‘front. The possibility of a
) . - - \_\‘
final contribution to particle accumulation in the frontal region being

due fBﬁEITanicai~en%mpment has previously been raised by Cowen et "al.

(35) and a discussion on the role of possible friction forces has been

covered in Section 6.1.2.

Also intriguing in the Friedlaender photographs is the not
insignificant quantity of materia-l outside the predicted regions in Y
the replusive areas on either side of the wire. This is particularly
evident in Figure (5-2b). By again referring to Figure (3-3), one is

reminded that only a weakly magnetic force acts radiallyﬂ (outwardsn) in ’

LS

this region. It must be considered a possibility that‘interparticle
. \ 4
surface forces are sufficiently large to overcome this magnetic repulsion,

~ thereby contributing to accumulation. Indeed, after studying 0.4 and 0.8

um diameter ferrite precipitates in an hgms system, Collan et al. (93)
suggested that such surface forces may play a larger role in retaining

1

(very small) particles than the magnetic force itself. Andbther considera-
- .
tion is the frictional force which may, again be playing a significant

role in the retention of material since the tangential-to-radial force

) 4

ratio (see Figure (3-3)) is large in this region.

A

At the wire surface the buildup angle approaches that predicted.

°
[

This is not unexpected since the transition here from strong attraction
to étrong repulsion‘is much more localized than further away. -

The experimental conditions relevant to Figure (5-2b) yield

an Rew of about 4 for the 125 um diameter bare wire. Thus, it would

2

seem that a key assumption in the development of the boundary layer

—y

3
3
3
.
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equations is violated, namely Rew >> 1./ Yet agreement between measured

and modelled profiies remains good. .If the Reynolds number based on - o

the final accumulatign radius is eonsidered instead, Rew is nearer 20, ) j

which is in the %cceptable range. Hence, with this proviso, the

applicability of the model is possibly extended to include even lower ¢ \
Re,,. o : . - ,
6.2.2 Saturation Buildup Radius i ‘ Y

The ¥n,P,0, results for R__ in Figures (5-53,,6) show the
model adequately handles the effects of flow velocity and applied field
both above and below nickel saturation magnetization. Even the 'knee' ,
at about 8 cm/s in Figure (5-5b), for example, is present in both pre—\

dicted and experimental curves. This good agreement is felt to_be

’
[ R

.
«
[ A P SR WS SPL S

particularly important in that field and flow represent the two main

a

operating variables of hgms devices.

® °

As evident from Figure (5-4), the closely sized material

nevertheless shows a considerable distribution of Stokesian equivalent

v

diameter (SED). Also included in Figures (5-5a,b,c), thereforg, are
‘ : co
curves for the size limits covering 80% of the distribution, 4 to 13 um,
[ . :
with a 50% passing size of 8 um. The results reveal the considerable \ :

influence of particle size on Ré; and underline the impértance in this

type of experimental work of isoj&ating the narrowest size distribution
. /

possible. |
e

The additional question is raised as to what definition of

~ !
<

1

particle dimension is best suited for hgms and if an average size is

itself gn appropriate parameter. Ideally, some 'magnetic equivalent

o

> v
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diameter' should be obtainable but the SED values appear to adequately

[y

perform the task. This may beureasonabie since the mechanics ;f both
hg&s and elutriatipn are a balance of body ;orqeg (magnetic and/or
gravitatipngl) and competing fluid drag. ‘
In Figures (SLSa,b,c) the 50% passing size (Suﬁ) underpredicts
the vélocitf)at which Ras - i, and suggests that this condition may be
betéer preseﬁged by the upper~size of EPe distribution. It coulé be
argueq that Ras will always be governed by the largé§fE$ize present. N
If, o] the othe? hand, it is considered that” £luid drag is laré;r th;n
calculated for real, non-spherical particles, this cotild bring thelﬁre-
dicted in 1line with\the experimental evidence.

In view of the. assumptions made and the range of particle
sizes present the possibility of a fortuitous cancelling of errors
being partlx responsible for the good agreement should be entertained:
As in grinaing studies, where the 80% passing size is\adequate for the
models3 so it may be in hgms that the 50% passing size will give good
predictions as well. Some evidence supporting this postuiate has been

§athered here. The éonclusion'remains, therefore, that the model ade-

quately predicts both equilibrium profiles and accumulation radii for

single wires without resorting to fitting techniques.

v

°

6.3 Buildup on Wire Screens

6.3.1 Loading Behavior through the Matrix
Admittedly, the capture radius of a single wire is a difficult

quantity to experimentally verify and for stacked wire screems in close

A
proximity it is expected to be even more uncertain. At best, it may be

[}
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» @, are found in Section 3.2.

_evene when the operating conditions and recoveries changed.

. .. 207,

thought of as a mathematical tool which permits loadfhg to proceed

from zero toward the fully load;d condition. Various, methods for

¢ y . - s
relating RC to the initial capture radius through a driving function,

1 ‘ \

'Figure (5-9), showing the loading ratio %— through a matrix,
m
is presented as an illustration of the way in which the model handles
Ve V. . |
buildup internally.
\/ U,
(1)and @ber.ls and 2.8 ﬁﬂ- respectively), appear to correspond to

Watson's 'weak and strong coupling limit' description of.separator o

13

performance. Experimental verification of such curves is difficult

but prbgress in back calculating from an analysis of 'concentration
breakthfough curves‘“for filter effluent has been reported by Collan, =

et a1.(93:99)

i If the objective of magﬁetic separation is seen as the maximum .

recoverﬁ or removal of a product then loading behavior similar to curve
| ,
@) in F[gure (5-9) (i.e. an advancing front of fully loaded screens)
7

will ma‘e the most efficient use of the available matrix volume.
[

normal operating conditions, a fully loaded state for the entire matrix
L

Under

will rarely be achieved and the simulations suggested that overall .
was chsistently in the range 0.6-0.9 for recoveries of 20-90% for the

| 9 L :
various minerals. For a given minenal, i remained approximately constant
d m

The conclusion

5 . ,
is that for reasonable changes in operating conditions, %— will not
PN N |

6bange significantly while the actual loading and, hence, recovery will

behave similarly to the equilibrium loading, Y, The ability to predict

Yy is, tkerefore, seen as an important development in hgms design.
\

| : ]

o ————— Sy 22— =

Curves for the lowest and highest M considered (curves

.
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6.3.2 Yyand N, ) ' - "

As evident from Figure (5-7), the computer predictéd Y, for
minerals of different susceptibilit} under a wide variety of conditions
. I
plot up very consistently against the loading number, NL. This consti-

tutes support for ‘the numerous simplifying assumptions made in the

derivation of NL’ Somewhat surpriging is/ the remarkably good guide .

to the complex computer calculations which the simple equatiom,

b ' ‘
\ N 4/5 .
- Epc L - -
Y T GR 1 | (3219

' -’ /

~

)

](also plotted ip:the figure with ¢ =0.7) provides. The simplification
should tend to fall somewhat below the‘predictions since material retained
beyond the 90° segment %s unaccounted for. This difference will be greater’
at lesser buildup, i.e. low NL' Both the -computer model and Equation
(3.2-15) tend to a minimum NL of 2.5 for\particlé retention; a value

at which the magnétic‘and'fluid drag forces are in a 1:1 balance.

The experimental results for hematite (in Figure (5~8)) showing

'Yy versus NL plot in a very similar fashion to the computer generated

curve, Some difference should be expected, if only’'for the reason that
expanded metal strands are an approximation of infinitely long cylindrical

wires. The choice of magnetization data, either magnetometer or Frantz

Isodynamic, will affect the amount of overpredictién’to a small degree

.

but both must be viewed as being completely adequate for susceptibility

determination. \

t

If, as expected, the results for the two highest loadings drop

somewhat (see Section 5.1.4) then the actual trend would appear to be

e

¢
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levelling out at a Y, around é. Such a levelling may result from the
screen packing arrangement in which the individual laths are sufficiently,
close to be touchi?g at points. If buildup on one screen has iproceeded
untillghe screen next tg/it physicallyiprevents additional particles
from accumuléting, theni;)'mechanical' rather than magnetic limit wihl

|
have been reached. Testwork with increased spacing of the screeﬁ; and
at high N; values should resolve this question. | , .

The results have shown that for the type of hgms system under

study, N, is a fundamental’grbuping from which the equilibrium loading

L . v

(Yv) may be ﬁuantified with good accuracy. Watson's UE has been shown
/ . ‘ ®© V. f
to be only one of several terms making up NL' The inadequacy of UE'

- -] @

&
in dealing with .systems where large %.ratios and Rew >> 1 predominate
is due to the oversimplification arising from the analysis of fluid
shear based on Stokes' Law. Boypdary layer effects ih these systems
| ! N ’

cannot Be\neglected. However, the simplifying assumptﬁons associated

with the development of the loading equation;

. N4/
o= HE -1} (3.2-15) '

Al ’ 1
i

more than compensate for loss of prediction accuracy over the full

model if a good indication of Y, behavior is sufficient.

| |

6.4 Recovery Predictions versus: Experiment ’ )

. ) Ve
6.4.1 General '
~ . The comparisons in Figures (5-10a,b), (5-1la,b), (5-12a,b)
1

} . i >
and (5-13) show the fundamental model to adequately handle the effects

NI 0t
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S




ey

N oty

" prove capable of predicting conditions required for the recovery of

. conditions of Figure (5-12b) as an example, it seems unlikely that the

210.

e N , {
of changing paﬁticle size, applied field, flow velocity and magnetic

susceﬁfibility. Based on fundamengal measurements alone, it should ’ I

iy e

most minerals. This is seen as being of direct benefit to mineral

processing in viéw of the very good correlation claimed for scale up

»

from laboratory batch units to continuous industrial devices.cs)

-

Some aspects of the experimental versus predicted comparisons
4
merit comment. Firstly, in the lower % recovery range where fully

loaded matrix conditions are more likely to be approached, fhe'model

[y

consistently underpredicts by roughly a factor of two. Taking the

or o e et e

additional recovery is contributed by Qery-high localized gradients on
the somewhat irregular expanded metal since such an effect would have
been rendered negligible by the large feed mass (up to 60 g). This

I
magnitude of underprediction is also evident in the equilibrium loading

i
et 1 RRCORR xR b e e A

experiments of hematite at comparable Ny (i.e. NL of 6-7 in Figure (5-8)). *

Obviously, predictions of lower range % recoveries are inherently more
difficult than predictions nea%ing 100% recovery; differences between

the real and modelled systems baving their largést influence when only

A ot 0

small amounts of material are retainable. It is worth remembering that
criticism of the experimental testing of the model of Liu et 31:(41)

stems from the fact that-they concerned themselves with the somewhat

1

\ —

easier near-100%-recovery predictions.
! Secondly, the measured recovery curves are not as steep as
predicted. A distribution of real”values rather than the unique quantity

assigned when mo&elling will contribute to such a smearing effect. From
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the point of view of the model, an underestimate in éhe rate of capture

radius decrease (i.e. the driving function, «) would also lead to pre-
A

dictions of material more easily retained in the matrix and hence

steeper % recovery curves than actual.

1.

§

6.4.2 Sensitivity to Likely Effects

In view of the numerous influences discussed in Section 6.1,

a brief investigation into the repercussions of the most likely'and
' '

quantifiable of these seemed appropriate. Using the experimental

. N
- conditions of Figure (5-10a) as a basis, the effect on % recovery of

the following were investigated:

a)

b)

c)

d)

Wire diameter ¢f 600, rather than 800 ym (for the same

mass of screen). This refects the uncertainty in esti-

.mating the diameter.

f
1.5 X applied field to simulate amplification due to

mutual screen magnetization (estimated from the analysis

! -

of Yaniv EE.El'(97) for a screen half-spacing-to-diameter

N
1

ratio of 0.56). - !
Employing Frantz Isodynamic rather than magnetomeéter
magnetization data for the hematite.

A\

Choosing initial Rc considerably larger; using an approxi-
7 \/ :
mation-cited by Watson(loo) for low G!-(< 1):

0
'

v Vv, 0.5

1.'M M

R P — —
¢ = T AR

{
Assuming back'captpre equivalent to ffont capture, an
assumption used by Liu,gg_gl:(41)

\

<

g
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ot

/As seen from Figures (6a,b,c,d,e), each of the adjustments
displaces the gukve toward higher values of recovery. Field amplifi-
cation and back!capture (Fié;res (6b,e)) have the effect of adding 25- 1
30 recovery %, while the Frantz Isodynamic data and assuming 600 im
wire (Figures (6c,a)) show less influence; adding 15-20 recovery % to
the original curve. The rather considerable c change altered the
curve by only 5-10 recovery % (Figure (6-d)). ‘

In all probability,. each of these contributes someth: g to
the true sysfem and would help in explaining the factor of tw under-
prediction at low recovery. On the other hand, inflﬁences not con-
sidered such as greater drag from flow disturbances in the matrix and
incré;siné fluid velocity as the volume of magnetics builds would tend

to push the true curve down, especially for buildup approaching maximum.

The preceeding analysis does suggest that events such as field amplifi-

cation and back capture in the matrix might %?ve considerably more
1

influence in correctly pred1ct1ng materlal(%égbvery than would tying
down the final intricacies of capture radii. As such they constitute

a rather promising area for further study.

K

6.5 Magnetization Measurements

The Frantz Isodynamic force balance approach is an acceptéd
;ethod for determining the susceptibility of paramagnetic minerals at
the mineral engineering level of intérest.(iOI) Greater accu&acy and
the Study of unusual magnetic behavior requires complex devices &knerally
available only to physicists. An extension of the Frantz theory has

permitted the field dependent susceptibility of canted antiferromagnetic-

I
f
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6-1 \ The sensitivity of predicted recovery to various

effects as a function of particle size. Hematite

test (dashed line) having; H, = 3.0 K0e, Up = 9.9

cm/s, 39 stainless_steel screens of 800 gm diameter,
o Ke = .00114 emu/cm-0e, M, = 1.62 emu/cm” is reference.
' a) 600 um versus 800 pm diameter wire .

b) H; = 4.5 kOe versus H = 3.0 kOe

c) Km - .000115 emu/cm3-Be, My = 2.70 emu/cn®, Frantz

Isodynamic data veérsus magnetometer data
VM VM 0.5
d) Ro=iG-*AGD )

o« -]
' \
e) downstream capture equal to upstream capture

. .
\ i

Y
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type materials, such as hematite, to be determined in terms of the

" spontaneous magnetization, o, and the infinite field susceptibility,

'

! i
Xo- Excellent agreement between the Frantz and magnetometer generated

values of X, (Vv 21.8x1078 emu/g-0e, Table (4-3)), attests to the viability

il
of the Frant: method. !

<
| Interestingly, these values of x_, albeit for a hematite from

¢

a particular location, are similar to those reﬁorted by Pastrana and
Hopstock for some other nqtufal hematites (23-39x'10-6 emu/g-0e) and for
reagent grade a—Fe203 (26.5)(10'6 emu/g-0e). The extensive work presensed
here on Labrador type hematites would appear, therefore, to apply to

he&atites in 'general.

\ The Frantz gt\enerated o, (Table (4-3)), 0.52 em/g, is 1.68.
times the magnetometer value of 0.31 emu/g. ChevaLlier(;OZ) has shown
that. o, for single crystals of hema;i£e'is dependent on.the orientation
between field ané*ihe crystal gernary axis (i.e. perpendicular to the

(103) that

basal plane of the rhombohedral structure). It is now known
. v

the canted antiferromagnetic moment lies in the basal plane such that

when field and plane are parallel, the cryétal magnetizes with a maximum

o, If the plane and field are perpendicular, no spontaneous magneti-

t

zation occurs. 192) For a packed powder of randomly oriented monocrystals,

a \

the observed effect is an average of all possible or?entations for which

the resultinig magnetization is roughly 2/3 that for the single crystal

case.(104) ) | ’

This ratio is very nearly that observed between the Frantz

‘

and magnetometer values. It is suggested that the packed poﬁder in the
N

f magnetometer sample tube sees the aJeraged effect while individual crystals

'
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{: in the chute of the Frantz are free to orient themselves in the field,

§ it ard AR s oA RS 4

\ thereby experiencing a greater ¢

.

o Hence, the difference’ in O, between .

Frantz and magnetometer determinations would appear to be real and due .

1

to anist&opy effects related to crystal orientation.

4 {

" Given that a particle undergoing capture.in a magnetic

b Thd ARttt 4 pheacind < %

PR,

* “separator is, within hydrodynamic limets, also able to freely orient
itself in the field, it is argued that simple particle force balance ]

methods like the Frantz yield values of susceptibility more appropriate -
f \ \

to hgms study than methods involving bulk powders. Examples of bulk

powder methods are the Gouy and the Faraday, used by Pastrana and T,

L\

Hopstock. Also, single particle force balances are not liable to

o A o Bt &

potentially large errors due to minute quantities of strongly magnetic
impuritigs. A treminder of this is Figure (4-14) showing the difference
A\

4 \
: ( . in .magnetometer magnetization behavior between 'cleaned' and 'uncleaned'

o kY

hematite. - . /

°

— A 3/2 correction applied to o, generated by bulk powder methods

g~

PN AP

is aléo feasible provided the mineral sample is monocrystalline and known

, to spontaneously magnetize in one plane only. Of course, no correction
. / :

is required for paramagnetics since they have no true 9g component of

TN

3 \

: magnetization. < ! i
\

% One may, therefore, concludg:;;;{/zge Frantz method[of suscepti- 1

Q | bility determination can be applied to magnetically complex minerals,

AN
such as hematite, and that magnetization values thus generated compare 3

b well with the traditional magnetometer methods, provided anisotropic

effects are considered. This Frantz method should prove useful to the
’ |

engineer since'the device is widely available in the mineral industry

Ci |
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\

: . o
and easy to use compared with the relative scarcity and complexity of
,sophisticated magnetometers.

y Y

6.6 ConcludingﬁRemarks

’

Consideration of the shear force at the base of the developed
boundary layer has resulted in an improved theoretical understanding

‘of particle buildup in{hghs. The static model as developed, in addition

" to comparison with the work of others (Watson, Hopstock and Pastrana

and Frledlaender et al.), should .prove useful in dynamic models where 7

 the changing proflle of wire plus accﬁg;latlng particles is requlred

The development of the loading number, N , in predicting

LJ
maximum loading is seen as a major advance in hgms design theory since
V
it improves upon Watson's already_establ1shed ﬁﬁ' Although not yleldlng

! © o

such detailed information as the full model, the loading number approach

v

is particularly attractive because of its simplicity; it may be easily

»combined with any available matrix 'recovery model.

All parameters required for determining N, may readily be:
obtained Py‘fhg processipg engiQeer; susceptibility representing the
. greatest chailenge if, as recommended, book values a;é'to be avoided.
It was shown here th?% the Frantz Isodynamic separator, a simple and -
widely available device, is capéble of susceptibility determination(
fgr eten magnetically complex mifierals such as hematite. The dry.
Frantz ;} 11m1ted by partlcle size (~ 10 um) but the recent appearance

(105)

of a wet Frantz should extend this ‘lower limit con51derab1y since,

the role of interparticle surface forces will be further reduced.

: , . . LN
Certainly these devices are very compatible w%th hgms studies in ‘general.
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As a final point, it is again worth remindiwhat as the S

development of the classic boundary layer equations assumes Reynolds

. number much greater than 1, there exist potential situatjons in hgms

of low flow rates, high v.iscosity fluids and/or fine wires where the

applicability of the model will be exceeded.
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VII. CONCLUSiONS AND FUTURE WORK
. ' ‘ )
7.1 Conclusions, ' T e . y
1. A fundamenéal static model of upstxeém;barpicle‘buildﬁf in
hgﬁé which, considers Blasius-type fluid shear at the bettom . !
of a changing boundary layer err a cylindrical wire has 'j \
been developed. ' .
2. The cqmputéf model is eiberimentally verified by photbgrath
and data of Mn,P,07 buildup on nickel wire. Very good agree-

«. ment is achieved for equilibrium profiles and saturation .

Ethr ¢ SRS et s e e

buildup radii as a function of field and flow rate. e
3. The model is extended to simulate recovery through a stacked
metal screen matrix of the type typically used for mineral

\ processing abplications of hgms. Agreement between experi--

mental results and predictions for various minerals is judged

°

L]
to be good in view of the many assumptions required to bridge
the conceptual to the real situation.
4. Particle buildup beyond a 90° upstream sector, not considered

- \

'in the literature, is shown to contribute significantly to,

Ui i i ok AT

recovery under conditions of wire magnetization below or near

saturation. . PN . .
§ STy NN ‘ 3
5. The accomodationqof field dependent susceptibility in some

minerals, such as hematite, is shown to be important for

predictions of recovery. This.constitutes quantitative sup-

port for the claims of Pastrana and Hopstock.

G am e e [
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1{} . \ é. A simplified form of the analysis shows loading, Y, to be:
o uniquely dependent on the loadifig number, N, :

L. *

? ' i

N, 4/5

u-_E_l_'._ -
v = 16D 1} :

o

: o : w'here_: ’ . - ] " 2

4 - » (4 1
4 . .

; . 2 :
T \ . 2bH KA B ! - 1
; . e N = a o ;
o > 4 - L all2, y 3/2,1/2- . . : :
& . f @ /

- s
v ° 4 a

e L. ' 7. The dependence’ of loading on N, is confirmeé’ through tests '

' : o . . S with hematite and a stainless steel expanded metal matfix.
. £ o N N v '
‘ ‘ c ! . - M .
: . 8. NL is, therefore)| proven superior to Watson's E—-as a descriptor .
- ’ V. ©
. " of loading. NL reduces mathematically to ﬁhi when %and Rew
/ N a ' B

’ : - v o
(:} . approach unﬁty thus enabling ﬁg-to apply for certain conditions.

' - o

i 9. The Frantz Isodynamic separator is shown to be capable of g
‘ | providing accuraté susceptibility measurements of' the magne- t
. tically complex arftife.fromagnetics, such as hematite, as well
as’ of paramagnetics. This allows the mineral ’er}’gineer to
. - " determine with readily availaple equipment the value :f an

effective « to be used in N]:. .

3~
The Frantz Isodynamic is especially suited to hgms studies,

it appears, since it balances magnetic and particle forces
in much the same way as a 'particle caf)tured lin' the vicinit);
‘of a wire. A 3/2 correction to o, is probablly required for
canted-antiferromagnetics when determined by bulk sample
nggneto?eter methods. The Frantz method developed here eli-

minates the need to account for/fgch anisotropic effects, \
; g N — :
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7.3 Suggestions for Future Work -

1.

7.2 Claims for Original Research

t PR ] e e wmtm————— o o =
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1
The development and verification of a fundamental model of

hgms without fitted paramefers and capable of accurately

ot

predicting the effects of numerous variables on equilibrium

buildup profiles, wire loading, and overall separator recovery.
‘ 24

The extension of the traditional magnetic force equations in
hgms to include materials such as the canted anti-ferromagnetic
hematite, exhibiting field dependent magnetic susceptibility

of the form:

ag
o]

X -xm'i'.._
) H

:

Maximum loading, y;, is shown to be a function of the dimen-
: ZbHaZKA \ 1
hich has b

alfzp - 3/2v1/7" wa as been

called” the loading number. fe §,

s -

Use of the Frantz Isodynamic' Separator for field dependent

sionless grouping, NL

1
1
|

susceptibility determination has been successfully developed

and verified for hegzgﬁte against the Foner vibrating, sample

magnétometer. -

1
° i

a

The incorporation- into’ the relevant force balance equations
of }nterparticle forces (e.é. friction) 'in order that the
potential of such effects, especially to frontal buildup and

side accimulation beyond the 90° sector, may be evaluatedT

e e APIAE = s ot et
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!

? ( . 2. . JAn experimental progfamme testing a\ll the variables comprising
NL should be conducted, preferably using cylindrical wires.

. 3. . A’'study into the hgins recovery of equally rigorously' 'cleaned’

t )

: and prepared multimineral and multisized feeds would be a
: /

logical extension of the present work which concerned itself

L4

e e NN e At e 4 A o bt e S

.with“closely sized unimineral samples. This should include
the anaiysis of botlh single-wi}re and full-filter size and N
mineral distributions. -

4. . F;xperimenta} and theoretical work is required on minimum . ; "
‘recoverable size, with respect to both economical and tech-'\'
nological limits.

5. Field amplification and back capture in filters were identified ,

as having poten/ti/ally major influence on performance and o 4

-

deserve further theoretical and -experimental attention.
! _ 6. The matching of particle size with wire diameter and spacing

should be examined with a view toward optimizing processing -
;0

e

rate/recovery/economic performance.

e e eia————— it
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i APPENDIX I. DERIVATION OF THE MAGNETIC FORCE l‘EQUA'I'IONS
d , : , FOR FIELD DEPENDENT SUSCEPTIBILITY.

] - I
"

e Aw a ham o ke

. N \
As stated in Eqwation (3.1-13), the magnetic force on a

~ particle is given by;

B

-V
i . Py T3

(M, L H) ) ‘ -(A-1)
' 1
where the particle magnetization is represented by‘the 2-parameter

e equation:

: My, = Mt cH (A-2)
: o )
) v -
i 1
; Note that Fy, Mp and H are actually vector quantities.
! Substituting for'Mp in Equation (A-1).yields; N
| .
£ o= VYomn+ endy (A-3) \
f . M 2 o i
‘ e
the assumption having been made that !
P E LR N
. MH = MJ H ‘
l///‘
< \ |
The radial dnd tangential components of the field, H, "are:
22 ‘ )
H, = H cose(l + A=) (A-4a)
r . B Yo
(: o s \
¢ f‘ -
, 7 ‘
i
8 ; ’ / ) ’ ”
W\
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2
. ( . . SN |
. ‘ He - Ha sin 6(1 - A —rz?

(A-4b)

0

| ) ,
\ I

' Squaring Equations (A-4a) and (A-4b) and combining terms, °

¢

ST T R T T
[y

yieids an expression in/H?j;

- {
H? = 2. i, - ;
1 r .
. N\
' 2 2 4
- H %(1+24 3 cos 20+ A2y (A-5)
a 2 4
T ")
N ! i
‘ By defining a field factor, f, such that;
i %
H ~ ) \
, ) (
£ - ! , o \ i
; ‘ 22 A2a4 ;
4(1 + 2A—7 cos 28 + 7 ) NS i
. T r A \ 3
E ' Equation .(A-5) may be written:
Ha . !
H T —— B A"6
5 . (A-6)
" 4
@ \
In order to expand the expression in brackets in Equation g
.~ (A-3) one requires the gradient operator in polér coordinates, i.e. !
i / N 1 2
o, ) v, 4 14
— ¢ v /(dr *r 33)' /
Making use of the Chain Rulg which states that, in
- dd ]
~ e )] -
() - 1 amn? % s
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‘ . |
- o1 d 2 \
n )

.

" Equation (A-3) becomes: | . ‘ |

S &
~Yd  ldyqp+
Fw = 2%E 0 T as M 3y o
v M 1d.ym2 ’
- _____ + 3
TR TR Al 5
B !
d ' ' |
1d 2 ’
- e — — _7 5
. , C(dr > T de) (H ) [ . (A \\) g
. r !
v M
where C = -(E% * 'k ) .
2 -
|
énd H2 is given by Equation ()\-5). Evaluating the gr;dient operation }
! s
w.r.t, Hz leads to; . 1
v’ ‘:‘ ‘ - o /’\J
' 2 2.4 )
d 2y =y 2 - Aa” Al .
E?(H ) I-la (2(-2) rs cos 28 + (-4) G )
el 2 ”
- -4H 2 T(COS 26 + -A—az—-) .
r T
and , 2
' 1d % - Eal—(2)2 -‘-‘-‘LZ-(- sin 20)
r 4 T 2
¢ T ) i
P 2 , '
- 4HL2 Aa sin 26 | .
r i

* -

Finally, the expressions for the radial and tangential compo-
[
nents of magnetic force may be found, viz.;

.

.

e e et e - e e e - .
; . . T W SN i
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‘ ( '
t
o= clmd
rM dr
Aa’ Aa’ ‘ °
- -ZVHal 1.T(cos 20 +‘—2—) ((mﬂal + fMo) ‘ (A-8a)
r
- cld_y2 ’
and FeM ¢35t ’
2 ;
= _2yH —— sin 206(x H + fM " (A-8b)
oAl e a o) ~ o ( .
|

The total magnetic force is, then, simply;

[ 2 KmH P ///-’
Fy - vuiha - 2 ) - (A-8¢)
total - 2 r3 o P . i
— //

which reduces to the well known expression for paramagnetics if Ky ™ K‘\

L]
«
! 3
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“APPENDIX II. NENWTON'S METHOD

¢ r

[3 ! ?

- N - (106) ‘ .
tn general, Newton's Method“™ "/ can be employed when seekin
mployed » g

v
i

the real root of an equation of the form;

' f(x) = 0 o
- ///y v
where f£(x) is an equation of any degree, even transcendental. .

-~

’ Provided that the derivative of £(x), £'(x), can be deter-

mined then a new function, g(x), will yield a new approximation of the

root as given by: - \{ A n \

I v “

. ’ AN
o Jg(x) - X - i_(% (Newton's Method)
‘. '(x .

{ n
a
. - \
The accuracy of the solution is detérmined by the number of

. successive computations of g(x) performed by the following iterative

procedure, ° ' C y

i
. . o .
' i

previous guess + g(x) = x - fx) _ + new guess

X ‘ g(x)
+ - \ %

- x = glx) + . B ‘ :

N ) o
‘It is, however, sufficient to have an approximation of f'(x) ¢
x ~ i,

if exact,dliffyerenti.ation is not possible. Hence, if h(x) ’Mﬂ f' (x), then

)

b

>

W
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A

P

~t

a3

I
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o

£(x)

- (Modified Newton's Method)
g(x)

r ¢

can be used.

In the application of this method both an initial guess for
the root, x, and a convergence criterion ‘for the difference between

* o
successive iterations, Ig(x) - x|, is required.

- Use was made of this technique to determine the wire magneti-
*

zation, Mw’ fﬂor an applied field, Ha’ and for evaluating the roolt\s of

both radial and tangential net force equations.

a), Wire magnetization, M
> w

e (H

. . s - B
. f(H) =- Ms exp(-K/H) -

2m

. KM

233

£ (H)

°

initial guess:

a

a

!

- S

He -

o

exp' (-K/H) + -%r-

-

H P
a

-
H =t

15

criterion for convergence: ° ]l—{-—'-‘-ml < 0.1%

N g(H)

b) Tangential net force, F_

LY

I

= net
- ° Aaz "
f£(8) = -2VH sin 20(x H_ + M ) + V(p,, - p.)g sin g =
s . | a ;3_ ' a ? ,,P f
- ITEARIE 3 :
¥ fb41r1? pf( o ) ' (9.8618 - 3.8636" + .4136'
' " - ’/ .
‘ 7., a9
- .02618" + .0000567)

-0

Il
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The modified Ne&ton's Method is used since differentiation

of the magnetic force term with respect to 6 is rather complex. Hence,

f is assumed constant in evaluating:

n(e) % _£1(g)

v
a8 Aa’
, —4V!-la ;3- ct\)s 29('%53 + fMo) + V(;;p - pf)g cos @
, Uiz .
+ £ 4mbp_(——) (9.861~ 11.5896° + 2.065¢
b f* 8r
6 + .000450%

- .1827¢

< s ™ s
initial guess: @8 = Eradlans .

criterion for convergence: |—9—-'—-§—)@2-| < 0.01%

g(

-

¢) Radial net force, F_

net ’ 7
Aa® Aa® |
£(0) = -?VHE1 ;T(co§729 + ;2——) (%Ha + fMo) - V(pp - pf)g cos @

¢ Ve
h
t

Again, the modified Newton's Method is used to give:

' [
8 .
k1l

h(e) ¥ £'(9)

2
- Aa‘ i . 3 1
4VHa :z-dsm 20 O‘uﬂa + fMo) + V(pp - p*f)g sin @

. ’ . 9 o
b A v
‘
.

T s gt b, Yapios S htn © 7




S IR 1295 S RN IR b At e,

(3
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e s T :
initial guess: 6 = Z-radmns

»

~" criterion for convergence: I?__-__g_(ﬂll < 0.01%

5
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APPENDIX III. 'TES?FORK DATA

1. Hematite magnetization measurements by Foner vibrating sample

magnetometer.

o

ﬁegression Ranges

" 1.0-2.5 kCe 3.0-10 kOe
-Cyclosizer Cone # X ** oo* X oo*
1 . 000224 1.36 .000127 1.62
2 .000215 1.38 .000126 1.61
3 .000198 1.18 .000109 1.44
4 ! .000204 1.35 .000103 1.60
5 . 000254 1.44 .000107 1.85
average .000219 1.34 .000114 1.62
* emu/gm 7 4
**emu/gm-Oe
&
AN
L
p

B TN gy S i = e
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2. Hematite magnetization measurements by the Frantz Isodymamic Separator.’

!

front slope 7 350

current at which 50% of 1 g samples report to magnetic

(amps)

|

side slope of device in degrees

vibrator setting:

Cyclosizer Cone #1

6

s chute
AN

i
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Sample, 1 Sample 2 Cone #2
8 ISO H*(kOe) Igg H* 150 H*
5 .063 “.%7 .065 .80 .044 .54
.10 .132 1.62 <127 1.56 <125 ©1.54
15 - .176 2.16 +183 2.25 176 -2.16
20 .233 2.87 229 2.82 .228 2.80
25 .275 3.38 .227 3.41 .268 3.30
30 .313 3.85 .314 - 3.86 315 3.87
35 .354 4,35 . 356 4.38 .360 4. 43
40 .400 4.92 . . 396 4.87 .386 |4175\
45 .451 5.55 . .451 - 5.55 .456 5.61
N ‘
repeats .
10 <127 1.56 ‘
15 .171 2.10
20 .225 2.77 )
30 . 315 3.87

*H = 12.3 x I50 (Equation (4.1-7)).

\

I., data used in Equation (4.1-17) tokgenerate x_ and o_ values given
.50 = @ 0
if Table (4-3).
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{
3. Specific gravit;y determination of hematite. g K |
Sample [ s.g. Tepeat s.g.
1 5.2598 5.2598
2 5.2214 " 5.2214
. 3 5.2671 5.2550

' Average: 5.2474 g/cm3

.~ Hematite samples isolated from cfclosizer cone #1.
A .
Measurements made in toluene (s.g. .8632 at 24°C) employing Berman
Density Balance. | . “ ' f

A AN

emrm m— =

s
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Results of exploratory run on permanent magnet.

-

239.

-/

\

i
1

Test Feed (g) .Magnetics (g) = Non-magnetics §g§ Field Matrix

1, 1
2 5
3 3
S 9
6 v 7
7 11
8
9 1

10

11

12

13

14 1

15 18

16 36

17 36

18 36

Conditions:

0 ~J W = =N

.23, .24
.85
.62
1.26 t
1.02
1.4

.12 (N‘\v

.27

13 0

.06

.24 -
.18 ‘

1.26

- 0 , ‘1
water - temperature, 19 C; sodium silicate added as

1 kg/tonne solids

.67, .67
4.03
2.30
7.70
5.98
9.56

4.79
10.65
2.88
.94
8.68
6.74
17.45

16.10
32.89

35.09

357

hematite - cyclosizer cone #2

U, = 4 cm/s

on
on
on
on
on
on

off

of f

off
off
off
off
off

\

on

on
off

on

-~

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes *

yes
yes

yes

o

’ -

matrix - 4 s. steel (1.39 g each) between 6 aluminum

(4 upstream, 2 downstream, 1.51 g each)

H, ~ 0.78 kOe
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5. Results of runs on superconducting magnet.

Cyclosizer Weight %
Test Cone fractlon gb {cm/s) . Ea {k0e) to Magnetics
1,6 3 5.5 2.08 79.56, 78.85
2 1 5.5 2.08 93.66
3 2 5.5 2.08 90.25
4 5 5.5 2.08 46.42
‘5 4 5.5 2.08 65.53
7 1 9.9 1.04 64.08 .
8 4- 9.9 1.04 31.13
9,10 2 9.9 1.04 57.22, 58.04
11 3 9.9 1.04 43.05
12 5 9.9 1.04 21.04
13 2 15.2 4.13 81.42
14 1 , ‘(\,15.2 4.13 84.63

Conditions: 20 g feed mass

matrix:

water:

W

temperature 20°C :
sodium silicate added as 1 kg/tonne solids

N

. steel screens (1.41 g each)

P4

uu
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Results of runs on CANMET Sala magnet.

Magnetics®*

T MG T g E e

. | »

Wﬁﬁ‘g"

~ Aod - SRR
= PN B ') ﬂ,m»’y:?a;:

, 3 .
Code Feed (g)  Magnetics (g) % of Feed (§;E§§223l53 (Sm_magnetics -
] - - g matrix - cm’ matrix
. - e - T
F S0 — 2,02 24.8 .363 .536
., E 26 1.12 23.3: .201 . 297
D 58 (2x) 3.70 31.4 .665 .982
A 15 0.45 33.3 .081 .120
B 93 (4x) 10.49 35.5 . 1.89 2.79 - o
H 50 (2x) - 3.36 29.8 | . 604 <~ .892 .
D 58 (2x) 3.94 29.4 - . 709 1.047 : -
Cc 62 (2x) 7.09 . 35.0 1.28 - 1.89
D 58 (2x) 3.55 32.7 .638 .942
G 26 (2x) 1.08 24.1 .194 .286
* greater than 20 ratio suggested from exploratory run for fully loaded condition.
~
. Cyclosizer VM VM
* * leww LT Y
Code Ha (0e) A ( my 2b (cm) Cone # NL NL 0. o
F 4240 .895 12.0 ~ .00123 4 6.6 9.1 . 248 391
E 2580 .888 15.2 .00228 2 4.3 6.3 .385 .618
D 6710 .870 15.2 .00228 2 16.2 21.4 1.11 | 1.71- -
A 2580 ".888 15.2 .00123 4 2.3 3.4 .112 .180
B 2580 . 888 2.9 .00228 2 51.5 75.7 2.02 3.24
H- 4240 .895 8.0 .00123 74 12.0 16.8 .372 .587 -
D 6710 .870 15.2 .00228 , 2 16.2_ - 21.4 1.11 1.71
C 2580 ~ .888 2.9 .00123 4 27.8 40.8 .587 .942
b < 6710 .870 15.2 .00228 2 16.2 21.4 1.11 1.71
G 4240 . 895 15.2 .00123 4 4.6 6.4 . 196 - .309
* Mo = 1.62 emu/cms, f = .42 (magnetometer data) 4
*x Mo = 2.70 emu/cm), £ = .42 (Frantz Isodynamic data)
wekk - 1.62 emu/cm?, £ = 0.5 (magnetometer data)
" 2.70 e u/cm3, f -= 0.5 (Frantz I%odynamlc data) .
matrix: 4 s. steel screens (1.39 g each) between 6 aluminum

(4 upstream, 2 downstream,

1.51 g/each).

-1-9 *fw
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ALIN PROGRESS : !

OO0 000n

.

MAG4, FROGRAM FOR MODELLING HGMS EQUILIBRIUM RUILDUF

ON CYLINDRICAL FIBERS OF UNIT LENGTH AND FOR
CALCULATING RECOVERY THRDUGH A LENGTH OF SCREENS.
J.E. NESSET AND J.A. FINCHs, HCGILL UNIVERSITY,
CANADA { 1977 1,

FART {¢: DETERMINATION OF EQUILIBRIUM FROFILE

/8YS TIME=328
/LDADL WATS

c
c

oan

14

'CALCULATE VARIOUS PARAMETERS FOR FORCE EQUATIONS

REAL LOFyNTsLFSyNDOTsLMAX

* DIMENSION THETCT("OO);THETCR("OO)7THETM(’00)yFN("OO)vP (200)
ADTHECT (200) y DTHECR(200) » BCTHETM(200) 1R(200)

DIMENSION RC(lOO)vDHS(IOO)rRLS(lOO)1FLT(100):FAREH(100\

REAL H»sHOyLS(100)

WRITE(4:5)

REAB(?,X%) DIAFsyRHOPCHIP,»SIGF»SF

WRITE(6,15)

READ(?»%) DIAW,RHOWsWHAGS »AH

WRITE(S,25) :
READ(® &) ETAF,VELF,RHOF
WRITE(&,35) R
READ(9s &) ELLSD!HO!GIHTHETS ) B
PI=3,141592654

THETAS=DTHETSAFI/ 180

B

! P \ B

P=DIAP/2

RW=DIAW/2
VOLF=(4,0/3.,0)XPLK(RPXX3)
FMT1=-2%XVOLF¥HOX (RWXX2)
FHT2=CHIFXHO
ELL=SQRT(ELLSQ)

|

DET’N OF PERTURBATION TERM IN MAG FORCE EQ‘N

HsHO/15

FH=unaasxe§gz-nH/H)—(HOLH)/<2xP1) ‘
OFH= ( AHKWMAGS/ (HKXD ) ) KEXF (~AH/H) 41/ (2P T

GH=H-FH/LFH

DELH=(4BS{GH-H3 /BH} K100

IF(DELH.LE.C.1) 50 TO 14

HaGH -

60 TO 6 )

H=GH - o
AA=2RP TXWMAGSKEXP ( —AH/H) /HD

C CALCULATE THE MAG FORCE,FMT,AND DERIVATIVE,DFMT o

36

c

N=1

THETCR(1)=F1/4,

THETET(1)=PI/2

RR=RW+RF+(N-1) XRPXSGRT (ELLSQ)
R(N)=RR

FMT3=(AA/(RRXX3) IXSTN(IXTHETCT (NJ)
FACT= 1/(”*(1+“¥AAX((RU/RR)XX“)*COS(“*THETCT(N))+(AA*X°*((RU/RR)X
*k4) ) ) X%X0,3)

| FMT4=SIGF¥FACT

FUT=FMTLXFMTIXR(FMT2HFMTS)
DFMTI=2% (AA/ (RRXX3) ) KCOS(2ATHETCTLN))

‘ DFMT=FMTIXDFMTIR(FMT24FNT4)
c
.C CALCULATE DRAG FORCEsFDT»AND DERIVATIVE,DFOT

S8C129, 861X THETCT (N) =3, 8634 (THETCT (N)kX3)+0. 413k ( THETC T (N) k%k5) ~

’ X0, 026 1K (THETGT (NI X%X7)+0,00005K ( THETCT (N) ¥X9)

§8C2=RHOF XSQRT( (VELF AXI) XETAF/ (8%RR)) Y
FOT=SFX4XFIX{RFX¥2)XSSCIASEC2 !

DSSC179 .861%11,SB9XK(THETCT (M) KX2)+2% 0865k THETCTIN) £k4)=0.1827+(T
KHETCT(N) X%4) +0 ., 0004Tk(THETCT (M) XX8)

DFOT= SF*4*FI*fRPKk“)*DhSCLKS:P” :

ety bt Ak ok e n e %

mponetim s
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h I
CALCULATE GRAVITY FORCE/FGrANI DERIVATIVE,DFG

FGT=VOLPX(RHOP~RHOF)XGXSIN(THETCT(N))
TFGT=VYALFX (RHOP ~RHOF ) kGACOSCTHETCT (M) +

DET'N THE CRITICAL ANGLEs THETCTyWHERE FHTHFGTHFDT=0

FT=FMT+FOT4FGT
DFT=DFMT+OFDTDFGT

GT=THETCT(N)~FT/DFT

DELT=(ABS(GT-THETCT(N) /6T %100

IF(DELT.LE.0.01) GO TO 46

IF(BT.LT..0001) GO TO 4é

THETCT (N)=6T ‘

60 TO 34

THETCT (N)=GT - p

4 N

CALCULATE RADIAL MAG FBRCE»FH#;ANH DERIVATIVE »OFMR

FMR3I=(AA/ (RRXX3) ) K (COS(2XTHETCR (N) ) +(AAX (RWXX2) / (RRX42)))
FACT=1./ (2% (142X (AAY X (RW/RR) XX2) XCOS(2XTHETCR(N) ) + {AAXX DK ( (RW/RK
X)X%4)) ) %%0.5)
FMRA=SIGPAFACT | -

B

FMR=FMTLXFMRIX(FMT2+FMRA) ]

DFMR3=-2%(AA/ (RRYXT) IXKSIN(IXTHETCRI(N))
DFMR=FMT 1 XOFMR3IX (FMTI+FMR4) . o

CALCULATE RADIAL GRAVITY FORCE,FGRyAND DERIVATIVE,DFGR

FGR=-VOLP¥ (RHOP-RHOF ) kGKCOS (THETCR (M)
DFGR=UOLP* (RHOP~RHOF ) kGXSIN( THETCR(N) ) , :
DET‘N THE CRITICAL ANGLE,THETCR,AT WHICH THE RADIAL FORCE IS
\ZERO
FR=FHR+FGR . N )
DFR=DFMR+DFGR
BR=THETCR{(N) ~FR/DFFR
DELT=(ABS(GR~THETCR (¥) ) /GR) %100
IF(DELT.LE,0.01) GO TO 58
THETCR (N ) =GR . .
80 TD 48 -
THETCR (N} =GR

CHECK FOR STOP CRITERION

IF(THETCT(MIMTHETAS) 66+ 56956
NaN+1 N N
L=N-1 \

THETCT (N)=THETCT (L) i

THETCR(N)=THETCR (L)

GO TO 248

PART 23 MASS RECOUERY CALCULATIONS FOR A UNIT LENGTH OF FIBER
¢ UNIT LENGTH-I cM )

CHOOSE SMALLER OF RADIAL AND TANGENTIAL CRITICAL ANGLESFOR
PROFILE DET‘N

[0 86 I=1,N

IF(THETCTCI) .67, THETCR(I)) GO TO 76 ) “

THETM(I)Y=THETCT(I)

G0 T0 84

THETM(I)=THETCR(I)

CONTINUE

CALCULATE' TOTAL NO AND MASS OF PARTICLES IN EACH LAYER AND

5UM .
no 96 Is1isN ;
PN(I)=0 °
PHM(I)=0 ;
CONTINUE N
FNT=0
FHMT=0
00 106 I=1sN )
PNCI)=THETMCDIARCT) /(24SART (ELLSE) XRPXK2) —_
PHIYaVOLFAPN( 1) ARHOF /
FNT=PNTHPN(T)

FMT=PMT+FMLT)
10464 CONTINUE

’ |

S e e e g T | b




c f

C CONVERT A%GLES TO DEGREES , ?

c . ’

v DO 116 I=1sN -
DTHECT(I)=THETCT( T)*180/F1 N
OTHECR(I)=THETCR(IJIX180/F1
DTHETM(I)=THETM(I ) X180/F1 y

116 CONTINUE ‘

c
WRITE(S,10) - .
WRITE(4520) DIAF.RHOP:CHIF»SIGF,SF ° .
WRITE(6,30) DIAW, RHOW WMAGSrAH -
WRITE(6s40) ETAF,VELF/RHOF '
WRITE(6,50) HO»H,AA . '
o WRITE(4,60) ELL,GyDTHETS
WRITE(6,70)
WRITE(S69¢B0) (I DTHECT(I)»DTHECR(I ) y DTHETH( D) hR(IV»I=1+N)
WRITE(S,90)- v
WRITE(S»100) (TsPNCI)sPHCI) v I=1sN) !
WRITE(67110) PNT,FMT '

i

H

i

)

|

i

!

c ;
£ FRINT DATA »CRITICAL ANGLES, RECOVERIES ' : ]
¢

3

i

{

3

— c ! ' .
b FORMAT(’ ‘»'ENTER PARTICLE DIA,DENSITY.SF.SUSCrSP.MAGNsSHEAR AREA
X’
b 15 FORMAT(’ “+’ENTER FIBER DIAyDENSITYs»SAT.MAGNsHAG CONSTANT ) .
25 . FORMAT(’ ‘»/ENTER FLUID VISCOSITY.VELOCITY,UENSITY )
35 FORMAT(‘ s’ENTER ELLSQrHACKGRQUND FIELR»GRAV CONSTs THETA STOF CRI
XTERION'Y
10 FORMAT{’1’»27Xs 'STATIC HBMS MODEL’s//» "EXPERIMENTAL CUNDITIONS A v
#LL UNITS CGS 3
20 FORHQT(/!SX"PARTICLE ! DIA ‘yF7.,5+¢’% DENSITY'+F3,2s'; SF,SUSCE
. KPT/7E11.45’3'¢/918 SP.MAGN’,EL1.4,77 SHEAR AREA’sF5.2)
30 FORMAT(/ ¢SXs’ FIBER ¢t DhIA ’,Fé.4s’F DENSITY »FS5.2¢F SAT.MAGN
K sF7589 879 /915X, 7, MAG.CONSTANT’,F7.1)
40 ORMAT(//SXs”’ FLUID } "UISCOSITY’»F8.3,'3 VELOCITY »FS.1»°5 DE
*¥NSITY sFé6.1) [
30 FORMAT(/ +3X+’ FIELD ! RACKGROUND',F7.0,’; FIBER’,F7.0»°% FERT
&*UR‘B TERM’ »F7.4)
490 FORMAT (/s SXr ' INTERLAYER DIST'»F7.4»" RAD’r’5 GRAVITY sFé.1»’F 3T
#0P CRITERION‘,FS.1,’ DEG")
70 FORMAT(///+ 'RESULTS ‘' »/15Xy "LAYER' r 13X, 'CRITICAL ANGLES (DEGREES) ',
£1SXy 'RADIUS’ »/ 716Xy “ TANGENTIAL »5X5 RABIQL’O?Xv’HINIHUH')
* © 8@ FORMATC” ‘26X I398XrFo. 2y ?XFa 202X sFb.22PXsF5.4)
20 FORMAT(///35Xr'LAYER’112Xs "PARTICLE. RECUUERIES\ABS)'y/vEQX"NUﬁBER
£° 211Xy "MASS(GMS) ") ,
100 FORMAT(’ 7»6XsI1319XsE12.595X,E12.5) .
110 FORMAT(/»SXs ' TOTAL’ s PXsE12. S+ TXEL2.S5/7//7 /)
PART 31 MASS RECOVERY EALCULATIONS FOR A MATRIX OF NS
. SEGMENTSH EACH SEGMENT OF §S SCREENS

e e A e A A Pt S

T

TERT Aty e

IvoNy]

WRITE(6,115)
. READ(9,%) NO1L
IF(NO1,EQ.2) GO TO 137
117 WRITE(4:10%) -
READ(9s%x) FM+SM»S5sNS,DIAV M
C CALCULATION OF VARIOUS PARAMETERS
c B

)
N .

i
LPS=5M/(PI KRHOWX ( RWXX2)) ' :

o

XAREA=(PIXDIAVXXD) /4, roC. .
CHIPO=CHIP+SIGF/HO AN
VMUF=("$CHIPO*(DIAP**”)*(HO!*”)*AA)/(9*ETAFXRHQF*DIAUXUELF)
LMAX=S3SK2XLP SAPNTXVOLFARHOF” g v,
DT=1.0/M ) Q—-
TT=DT ‘
RS=0 . I -
DO 167 I=1,NS ' -
s FLT(I)=1,0E12 , T
107 CONTINUE - ] M
. BMARR(N-1) /RW | ¢
- ~ L CRLS=0.0
TFLUMUF.LT . 4.19) GO TO 187
CRLS=((({ (BMA=-17%{1~1.9%SGART+ 3. >/\unvax 66067)))+1)K¥°) 1>/<<ana«
£x2)=-1)
187 CONTINUE
nO=1 !
KNJ1=0 .
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C DETERMINATION OF FIBER SPQCING ! ' . !

. RDF:XAREA#“*PI*(RU**”)*RHOU/SH 4
o FSP-RDF—“*RH
' c . ‘ ~ 4 *
C CALCULATION OF INITIAL CAPTURE RADIUS AND FRACTIONAL. AREA OF
C CAPTURE
IF (VHUF .GE,4.19) GO TO 47
DO 57 I={,NS °
~ ‘ RC(I)=0.SRVUMUF
57  CONTINUE
S 60 1O 77 .
. ‘ ' 47 DO 47 I=1,sNS, o : .
RC(I)=0, ?SXSART(3,0) X (VHUFXXQ, 33333) o R .
' 67  CONTINUE :
; 77  RCI=RC(1) ‘
! DO 177 JalsNS e
LS(N=0.0 . L@ -
o 177 CONTINUE "
. *78 DD 87 I=1,NS |
, b IF(RC(I).BE.1.0) GO TO 79 "
. BETA=(FSP+RW) / (FSP +2%XRW) '
"GO0 TO 81 ° : !
79 BETA=(FSP+2XRW~RC (L) XRW)/ (FSP+2%RW)
81 FAREA(I)=BETAX2XRC(I)XSM/ (P LARWARNOWXXAREA) }j
IF(FAREA(I).GT.1.0) FAREA(I)=1,0
87  CONTINUE L
\EFA=FAREA{1) %8S
IF (EFA.GT,1.0) GO TO 217 e : )
« ' 60 TO 227
217 WRITE(6r13%) :
G0 TO 1;7
. 227 CONTINU
. c
e '€ CALCULATE RECOVERIES ON EACH SEGMENT FOR EACH TIME INCREMENT DT
, ‘ .

. DMS (1) =FMXFAREA( 1) XDTXSS . '
SDMS=DMS (1)
LSC1)y=LS(1)+DMS(1) . .
‘ - RLS(1)aLS(1) /LHAX
DO 97 K=1,NS -
JEK+1
| IF(J.6T.NS) GO TO’207 . I
DMS(J)a(FH=SDMS/DT ) AFAREA( J) XDTXSS ¢ ’
N SDMSaSDMS+DMS (J)
. LS{J)=L3(JI+DMS(J)
RLS(J)=LS(J) /LMAX~
207 L=KS+1 . e
IF(L.8T.NS) GO TO 97
A IF(RLS(L).LT.0.99) GO TO 97 . - -
’ KS=KS+1
FLT(KS)=TT
97  CONTINUE
IF(KS.EN.N8) G0 TO 147 '
, IF(TT.BE.0.999) GO TO 147 :
. c d .
C ADJUST CAPTURE RADIT FOR NEXT TIME INCREMENT
c -
400 TT=TT+DT ) °
ng 107 I=1,NS -
(RLS(I).LE,CRLS) GO TO 107 .
ALPHA® (1= ( (RLS(I)R({BMARK2)~1)+1) 8%X0%,5)=1) / (BHA=1) )
RC (1) =0.SkKALPHARUMVF ‘
f 107 CONTINUE -
o GO To 78 -

-

e

/ g SUM MASS RECOVERIES OUER ALL SEGMENTS

. . 147 SLS%0.0
. DO 157 J=ieNS
SLS=SLE+LS () .
157 CONTINUE - ’ 4
1 P SRLS=S5LS5/ (L Max %113)
. PFMA= 3L5, T %4.%

"
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< 137 WRITE(4»125)

e

- -

L4 &~

¢ o
C FRINT LOADING ANDI FRACTIONAL LOADING TIMES FOR
C EACH SEGMENT AND FOR ENTIRE MATRIX -

» . ~ -

WRITE(6+45) By "

WRITE(6,55) FM)UMUF,NS,S5/,8SM,DIAV,MsRCI

WRITE(65465). ' N

. MRITE(6s75)¢1sLS(I)sRLS(IDsFLT(I)»I=1sNS)

. WRITE(4,B5) SLS,SRLSsPFHR ) s
WRITE(4,95) -
READ(9,%) NO2, . ‘
(F(NO2.EQ.1) GO TT 117 « : N

READ(9,%), NO3

‘\ IF(NO3EQ.1) GO TO 1 N

45
55

43

‘7%
8s

9S
105

113
125

FORMAT(////7%" 'y ’MATRIX AND FEED CONDITIONS (ALL UNITS CGSr‘ -y
&'TIME DIMENSIONLESS) ’) oo
FORMAT(/s9Xs 'FEED.: MASS’sF6.1s"i MAGAFLUID VELOCITY’ sFb.3,
X/7719%s ‘MATRIX ¢ NOJSEGMENTSY +I4y ‘7 SCREENS/SEG’ F3.,0s °
%'; HASS/SCR ENJ';Fé.2y/;11X"HZ§RIX TA'+F5.,2,75 NO., ‘s
*'TIME INCREMENTS'»I4»‘; RC INIT¥AL'/F4s4)
FORMAT(' * 54771 RESULTE1/931Xs ‘MATRIX LOADINGr/1S5Xs * SEGHENT* »
X117y “MASS(GMS) /112X ' L/LHAX ' » 12Xs 'TIME(,99) )
FORMAT(’ * »SX»13:12X,E12.4r11XsF6.4513XsF4.4)
FORMAT (/15X s “OVERALL " s 9XsE12.4911XsF6.49// 15Xy ‘PERGENT“ 912X> °
$F6.2) ‘ \ -
FORMAT(///» *MORE MATRIX CALCULATIONS? (1=YES,2=NQ) ")
FORMAT(‘ *, ENTER FEED MASS,MASS/SCREEN)SCREENS/SEGMENT s .
X'NO. SEGMENTS»’s/17Xs*MATRIX DIAMETER)NO., TIME INCREM /7
AWENTS')
FORMAT(///, ' MATRIX, CALCULATIONS? (1=YES,3=N0) *)
FORMAT(’ ’, “MORE MODELLINB?(1=YES,2aN0O)’)
FORMAT(/15Xs - SEGNENT SIZE TOO LARGE; CHOOSE FEWER’»
%' SCREENS PER SEGMENT’ »//)

sTOP - ' - ) £ :
END 2 . ’
M f
A .
™
~ h
\ )'/ - ~nx “ S\
. LA R ,
. “ .
N N ~
. .
[ .
. - :
. - [N
NCE v .
* ® . e
“ ¢ T
k] « v " -
-
. ' c
- =7
~. \ o ‘ s
.
] Al -
. . -
. - ’
<« 4 4 i !
- ' ,
~ | ) ' : ?
L] \‘ l
T . > . 2
oot ¢ s d ‘o -
-
> &
X .
1 ]
o ~ RN {‘ - l / .
- . ~ A
. i
\ N [ L4

[RUREIE

A s v R et By

o




-

rcotor g B 8 ey 5 e e e e B 4 meon v e o

<

: ’ 248,

f . \ ! i s
¢ s ° "
A
- M /
NI .
[ ¢ y
f r t “
f - ]
i M .
B - 4
(l .. ’ )
!

» Vo - .
1 i
H
} -

\ s
i ' ‘
/r 1 !
i ' :
N Co v J
(Input/Output Hardcopy of MAG6
» 'v }1 \
| N \ -
3 >
: - Lt e
N , _ u
‘. ¢ $
. b o
P , . .
-/ G n :
] 4 ]
#~ -~ ' )
| - | ’
- - JJ; £ o
. &
\«’ ! ! .

-
' " 4

[T~



e

MAGS

249.°

- XIN PROGRESS
f -
' IGI032I % NULL PROGRAM
HAIN = 00440C
009340 BYTES USEL . -
EXECUTION BEGING 5.98
ENTER PARTICLE DIA»DENSITY,SF. susc,sp MAGNs SHEAR AREA

?

+001 S5.25 .000114 1.62 .39

v 7

08 7.75 1472 400 '

ENTER FLUID VISCOSITY7VELDCITYrUENSITY

»
+01 10 1

E?TER FIBER DIASDENSITY,SAT. MAGN:MAG CONSTANT

-}

AN

ENTER ELLSQ»BACKGROUND FIELI,GRAV CONST.THETA STOF CRITERION '

”2
3 3000 980 10 ,

STATIC HGMS MODEL

EXFERIMENTAL CONDITIONS ( ALL UNITS
-

!

CGs )

%

SF,SUSCEFT 0.1140E-03;

PARTICLE : DIA 0.001004 DENSITY 5.25
SP.MAGN 0.1620E+01; SHEAR AREA 0.39 :
b FIBER ! DIA 0.08005 DENSITY 7.79; SAT.MAGN 1472.0i
MAG.CONSTANT  400.0
FLUID : VISCOSITY 0.01000; VELOCITY 10.07 DENSITY 1.0
. FIELD : BACKGROUND 30Q0.3 FIBER  323.i PERTURE TERM 0/8924.
INTERLAYER DIST 1,7321 RADi GRAVITY 980,07 STOF CRITERION |10.0 DEG
RESULTS o
K LAYER CRITICAL ANGLES (DEGREES) RADIUS
. TANGENTIAL RADIAL MINIMUM
1 87.75 7550 75,50 0.0405
2 864.88 P73.54 73.56 0.,0414
; 3 85.92 71.91 71,91 0.,0422
! 84.84 70.48 70,48 0.0431
> 3 83,61 69,21 ., 6%9.21 0. 0440
4 }X 82.18 48.08 48.08 0.0448
7 80.47 67 .06 67,06 0,0457
8 78.3% 66413 66,13 0,0466
y ? 75.59 65.28 65,28 0.0474
10 71.53 54.50 64.46’/ 0.0483
11 63.34 43.78 63,34 0.0492
: 12 0.00 ‘ 63.11 0,00 0.0500
\ ,
LAYER | PARTICLE RECOVERIES(AES)
P I NUMBER HASS(GMS)
1 0.61821E+0% w» 0.16939€-03 ) .
2 0+61323E+05 0.16857€-03
'3 0.61207E+05 0.15682%E~03
4 0.61218E+05 0.14828E~03
5 0.41324E+0% 0.14B58E~03
. 4 0.61510E+05 0, 16908E-03
- 7 0.417%4E+05 0.14974E-03 -~ ,
. 8 0.62053E405 0.17058€~03
] 0.4239%840S 0.17152E-03
: 10 627795E4+05 0., 17256E-03
11 - 0.42758E+05 0.17251E-03 N 2
12 - 0.66925E+00 0,18397E~08 .
TOTAL 0.,67994E+05 0.18691E-02

~

b

F o

R Y S S R




to. - MATRIX CALCULATIONS?(1=YESs2=NQ) .
f ? : -
: L
‘ ENTER FEED MASS»MASS/SCREENsSCREENS/SEGMENTsNO. SEGMENTS,
MATRIX DIAMETER,NO. TIME INCREMENTS
- ,? -
10 1,42 1 40 3.78 50 *

4

MATRIX AND FEED CONDITIONS (ALL UNITS CGS,TIME BIMENSI%NLESS) .
L,FEED @ MASS 10.07 MAG/}LUID VELOCITY 0.146

MATRIX ! NO.SEGMENTS 40+ SCREENS/SEG 1.7 MASS/SCREEN: 1.42

‘ , MATRIX DIA 3.787 NO. TIME INCREMENTS 505 RC INITIALO,0730
R B i
. - RESULTS - —
. : : MATRIX LOADING )
‘ SEGMENT MASS(GMS) - L/LMAX TIME(,99)
: ' 1 0,9760E~01 0.7163 HERKKK
: ¥ 2 . 0,9713E-01 0.7128 KRXKKK ’
} A 3 ' 0.96464E-01 0.7093 AXXKKK
‘ 4 0,9618E-01 0.,7058 XEXKKK
. 5 0,9570E~01 0.7023 e KKKKKXK
6 0,9521E-01 0.,6987 EXKXKK
. 7 0.9472E~01 0.4952 RERKKK
8 0,9423E-01 0.6916 HAKKKRK
9 0.9374E-01 0.4879 AXKXKK
10 ¢ 0.9324E01 0.4843 AXERKK
. 11 0,9274E~01 ) 0,6806 KHKKKK .
‘ ' 12 ' 0,9223E-01 0.6769 KHKKKX \
1 13, 0.9173E~01 0.6732 HKRK KK
\ B 14 0.91226~01 0.5694 KHRHKK
RN RS 0.9070E~01 0.5656 ' KKEKXK -
14 0,9019E~01 0.6619 ARKKAK
17 0.8947E-01 0.4580 KKEKRK
- 18 0,8915E-01 0.6542 CKRKKKK - .
19 © 0.,8862E~-01 0,6504 o KRKAKK
. . 20 0.8809E~01 0.4465 RKRKK
; 21 \ 0.8756E-01 0.6424 KRAKKK
22 0.8703E-01 0.46387 | KKKKKK
23 0.8449E-01 0.6348 AXKRKKX
* 24 . 0,8595E~01 0.4308 - HARKAKK
' K a5 0,8541E~01 0.6268 KKXAKK
1 ) . . 26 0.8487E-01 0.4228 ) AXARK
\ 27 0,8432E-01 - 0.,56188 KKAKKK -
. t 28 0,8378E-01 0.4148 KKKKKK
[ 29 0,8323E~-01 10,6108 v OKKKAKR
30 ) 2s7E~01 0.6067 REKKKK
' 31 0.8212E-01 ' 0,4027 KEKKRK
. 32, 0.,8154E-01 " 0,5986 CKKRAK
y ! ‘ 33 0.8100E=01 015945 KRk
\ 34 0.8044E-01 0.5904 XRRK KK
K 35 0.7988E~01 . 0.3862 < KXXXNK
34 ’ 0.7932E-01 10,5821 SRR ¢ ¢ 378" \
37 0.7875E-01 0.5779 XXKKE
R . 38 0,7818E~01 0.5738 KK KXXK
39 0.77461E~-01 0,%5694 KXERKK .
40 © 0.7704E~01 0.5654 * RRRKKK \%
, OVERALL l 0.3506E+01 0.6432 S :
- . ’ FERCENT ‘ 35,06
1 ' *
o , .
e 3 ! rutoery /




7

v

FCRY

q;;bﬂ‘m“

ey

S

B 4Bt

RN

T

E]

MORE MATRIX CALCULATIONS?(1=YES,2=NO)
? .

1

ENTER FEED MASSsMASS/SCREEN,SCREENS/SEGHM

MATRIX DIAMETER,NO. TIME INCREMENTS

7

30 1.42° 1 4G 3.78 50

)

ENT,NQ., SEGMENTS:»

MATRIX AND FEED CONDITIONS (ALL UNITS CGS»TIME DIMENSIONLESS)

FEED :

MATRIX ¢

RESULTS

i
SEGMENT

N ONO LD LR
.

&

+

'QVERALL
PERCENT

MASS

30.0i%

NO.SEGMENTS 4
MATRIX DIA 3.78; NO.

MA
MASS (GHS)

0,1331E+00
07 1330E+00
0.1330E+00

0.1329E+00

0.,1329E+00
0. 1328E+00
0.1328E+00
0.1327E+00
0. 1326E+00
0. 1326E400
0.1325E400
0. 1325E4+00
0. 1324E+00
0.1323E+00
0.1323E+00
0, 13226400
0.1321E+00
0.,1321E+00
0.1320E+00

0.1319E+00 -

0.1318E+00
0.1318E+00
0. 1317E+00
0.1314E+00
0, 1315E+00
0.1313E+00
0.1314E+00
0+ 1313E+00
0+1312E+00
0+1311E+00
0,1310E+00
0.1310E+00
0.1309€+00
0.+ 1308E+00
0.,1307E+00
0.1304E+00
0,1305E+00
0, 1304E+00
0.1303E400
0.1302E+00

d.5272E+01

05 SCREENS/SEG 1.5 MASS/SCREEN;

TIME INCREMENTS

TRIX LOADING
‘ L/LMAX
0.9758

0.9764

0.,9760

0.9756

0.97%52

0.9748

¢ 69743
70,9739

| 049734
0.9730

0.9725

0.9721

0.9716

0.9711

049706

0.9701

0.9696

0.9491

MAG/FLUID VELOCITY 0.146

S04

"

0.9686

0.9681
0.9675
0.7470
0.9644
0.9459
0,9653
0.9447
0.9641
0.9435
0.9629
0.9623
0.9417
0.9411
0.9404
0.9398
0.9591
0.9584
0.9577
0.9%70
L 0,9563
0,9954

0.9672

1,42
RC INITIALO.0730

TIME(.99)
ARKXKK
2 XIERKK
ARERAKK
KXKKKK
KKK KK
N p22 et
ARk KK
KHKK KK
KKKk KK
KAXKKK
AKRRKK
AXAKKK
ARk KK
XKKRKK
HEKAKK
AXAKKK
AKX
KkkkkK
KRRk XK
KRRKKX
*RKRKK
KKKk K
FRRAKKXK
KRRKAKK
KhKRKK
KRKKKK
T okkXKKK
KRKKKXK
KRKKKXK
g AKX
KRKKKX
A0k 3O X
ERRKKK
KAKKAKK
KEXKRK
KEKKKXK
w KKK K
ERKXKK
KERRKX
KEXKKK

o

VRSN R )
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MORE MATRIX CALCULATIONS?(1=YES,2=NQ)
?

1 .
ENTER FEED MASSrMASS/SCREENsSCREENS/SEGMENT »NO. SEGMENTS»

MATRIX DIAMETER,NO. TIME INCREMENTS
?

8
40 1.42 1 40 3.78 §e

\ ! ! .

‘
<

MATRIX AND FEED CONDITIONS (ALL UNITS CGSsTIME DIHENSIDNLESS)
_ FEED § MASS 40,05 MAG/FLUID VELOCITY 0.146

\

MATRIX ¢ NO.SEGMENTS 40+ SCREENS/SEG 1.7 MASS/SCREENS

<

°
i

RESULTS
MATRIX LOADING
SEGMENT MASS (GMS) L/LMAX TIME(.99)
\ 1 0.1354E+00 0.9936 0.9200
2 0.1354E+00 0.993% 0.9200,
3 0.1354E+00 0.9934 0.9200
4 0.,1333E+00 0.9933 Q.7400
5 N 0+1353E+00 0.9931 . 0.9400
6 N 0.1353E+00 0.9930 0.9400
7 0.1353E+00 0.9929 0.9400
8 0.1353E+00 0.9928 0.9400
9 0.13S3E+00 0.9926 ‘ 0.9400
10 0.1352E+00 0.992% 0.,9600
11 0.,1352E+00 0.9924 0.9600
12 0,1352E+00 0.9923 | 0.9600
13 0.13S52E+00 0.7921 0.9600
14 0.1352E400 0.9920 0.9600
15 0.1351E+00 0.9918 0.9600
16 0.1351E+00 0.9917 ] 90,9800
17 0,1351E+00 0.7915 0,9800
18 0.1351E+00 0.9914 ' 0.9800
19 0.1351E+00 0.9912 0.9800
20 [ 0.1350E+00 0.9911 0.9800
21 0. 1350E+00 0.9909 1,0000
22 0.1350E+0Q 0.9908 1,0000
23 0.,13S0E+00 0.9906 1.0000
24 ' 0.13S0E+00 0.,9904 1.0000
25 0.1349E+00 ' 0.9903 1.0000
26 < '0.1349E+00 0.9901 11,0000
27 N 041349E+00 0.7899 | RRKRRK
28 0,1349E+00 0.9898 CAREKKK
29 0.1348E+00 0.9896 KRKKKK
30 0.1348E+00 0.9894 . KKK R
31 0,1348E+00 0.9892 HRKK KK
a2 l 0.,1348E+00 . 0.9890 KXKKKX
33 . 0.1347E+00 0.9888 AKKKKK
34 0,1347E+00 0.9886 KKK KK
35 | 0.1347E+00 0.9884 LRIKKK
34 0,1347E+00 0.9882 KEXKKK
37 0.1344E400 0.9880 HARK KK
38 0.1346E+00 0.9878 TRKKKK
39 0,1346E+00 0.9876 KKK K
40 ’ 0,1345E+00 0.9874 KEKRKK
.QVERALL 0.5401E401 0.,9908 .

PERCENT 13.30

MORE MATRIX CALCULATIONS?(1=YES,2aNO)
”?

2

2
MORE MOLELLING?(1=YES,2=N0O)
? - il

a ~ . - N
-

1.42
MATRIX DIA 3,787 NO. TIME INCREMENTS 505 RC INITIALO.0730




