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" ABSTRACT

~ ®
A

. A Frantz Isodynamic Sepafatot was mddi%ie& in order to carry -
out a singl’e_ yre study of a longitudinal high gradient magnetic separator
(hgms). Manganese dioxide axd hematite were used under a variety of test
conditions with tt;e b‘uild—up profiles recorded photographically. Exper-

iments using 1abc;'rato;}; scale hgms were also carried out in conjunction

with the single wire study. 2
It was seen that the Loading Number, NL s Epg}édicté ont and
~ v .

total capture very well using ¢ as a data fiﬁi constant. The magnetic

velocity to fluld velocity ratio, Y_I'_I_ , appeared to determine the rel-

o
. t
at{ve amount of front to back capture. The varia"tion in back capture

profiles was qualitatively correlated with the flow characteristics in

»

V\ the wake b®hind the wire. ) , ,

. It was seen that a spaced magryx in a hgms caused \up to twice
’ N
the mass of material to be captured than on a closed matrix. It was

4

suggested that the open matrix acted more closely to a matrix of single

a
3

\wires. . j
A v . 5
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’ On a modifié un séparatéur isodynamique Frantz afin d'étudier
dbns un gystéme & un fil les sdparateurs magnétiques & haut gradient
; .

(SMHG) longitudinal. Des alimentations de dioxyde de manpgandse et

)

d'hédatite furent employées pour déterminer photographiquement les

.

profils de chargement sous différentes conditions d'op&ration. En
parallgle & ces Etudes, on a éggalement complété gdes essais de concen-

tration avec un SMFIE de laboratoire.

-~

» #
On a observé que le nombre de chargement, NL » prédit trés:

~

bien la masse capturde frontale et totale, si ¢ est ajusté aux domnées

E-3
expérimentales. Le rapport Vm‘/U‘=° déterminerait apparemment 1'impoi“»\\\r

tance relative des captures frontale et arriére. On a pu &galement

correler qualitativement les profils de capture arridre avec les
caractéristiques hydrodynami‘?fues‘du sillage & 1l'arridre du fil.

Lo
On a’constatd qu'une matrice espacée pouvait récupérer

jusqu’au doubge de la masse d'une matrice serrée,_ dans un SMHG. On a .

L m A

suggéi‘é qu'une matrice espacée se comportait comme une matrice de

f1l1s iso0lés.

ool et et e
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OBJECTIVE . )
-.. _ Previous studies of high 3}:adiexit magnetic separation (hgms)

have led to sucﬁ concepts‘ as the dimensionless magﬁetic velocity to fluid
A .

¥
(\liland the- Loading Number, Nj ,(2)

R B 0
are of use in predicting conditions for particle capture and build-up..

velocity ratio,Vy/U both of which

These groups were derived by makir‘\g reasonable assumptions about ‘capture )

but without any.definite knowledge of the actual' capture btocess on

- .

the wires. " .
! Consequently, this work attempts to’examine the build-up
process on a single’wire longftudinal hgms and detérmine photographically

the capture mechanisms and profiles under various test conditions.
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, ' NOMENCLATURE,

SECTION: 2.1 and 2!.2 )

A pei‘turbation term for the magnetic field around a ére

a . wire radius ~

a, ° radius t& nth particl; layer ) . Y

b particle radius '

c ‘ fluid constant ‘ ’ '

F=Fp - volumetric packing fraction

Fmax maximum build-up -to wire ratio

Ha= Ho appl.ied magnetic field

K Stokes numher 4 .

Kf universal fibre parameter : ’

L matrix length ‘

L/Lm ratio of loading to maximum possible wire loadirng

Mw wire magnetisation. (~emu/cm3) :

Ni ‘number of particles enterigg t};e separator -

No number of particles leaving the separator

N loading number ‘ T .

rg = relative.particle acguﬁula'tion radius e .

Re : wire captire radius/wire radius

S diameter of the major wire axis

Sn width of fibre to the nth particle layer

U -outer flow velpcity

' build-up volume )

Vo= Ue free stream velocity ‘ '

Vi + '"magnetic velocity"

‘Vw, volume of the wire

SECTION 2.3 ‘

Cp _ drag coefficients )
d diameter of the wire
L*= L/R  length of wake t:(; radius of wire ratio
n’ frequency of vortex shedding
Rey Reynolds number of the wire 4
S Strouhal number
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flow velocity . . .
area load, cm? of particles/cm? of fully loaded wire
mass loading, g of particles/g of fully loaded wire

volumé 1081;1!&1‘1:3, em3 of particles/cmd of fully loaded vire

nominal boundary layer thickness

. g over which flow has regained 99% of U

packing fraction . y

A’capture radius for the mechanical entrainmentﬂof pai"ticles
fluid viscosity (absolute), g/?m—s -
angle of boundary layer separation e
volume particle susceptibility, emu/cm3 - Qg
magnetic perx;leability

fluid viscocity m(1‘(i*nematt:u:) s cm:.Z/ 8

4
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I. INTRODUCTION .

€

-

High Gradient Magnetic Separation (hgms) utilizes a filamentary

matrix of ferromagnetic material/magnetiséd by a_background field to

capture particles from a flowing fluid. The high fields and gradients
. w
resulting along the edges of the filaments provide very effective

régions for trapping even fine weakly magnetic particles (Figure 1).

| .
A

The us; of hgms is becoming more widespread in industry and

v
1

a greaF vafiety.of applications ‘have been tested on a laboratory and

| i pilot—-plant scale.(3l For example:

\ “a) The treatment of both municipal and industrial waste
\ : E watersf(é’s) l .
\\ \ ‘ ’ b) Treatment of hot r&i}ing mill Bcalé.and cold rolling
| ,
L N % mill emulsion has beén successfully tested and has been

) © ‘applied successfully in a number of Japanese steel mills.

L3

“ ¢) In polishing of recirculating waters in power 'and steam
“ - - P’y

generation sy%Fems. Hgms is uséd--here because it can

operate under conditions of high temperature and

A

pressure as well as a hostile chemical environment.
A

By reducing the metal oxide content of these waters,
Ed

critical surfaces within the system are protected
\
from particulate build-up and good heat transfer is

\

maintained.

d) ‘Magnetic seeding and floccudation of municipal wastes

which permits removal of /non-magnetic material from

-

water.

\.

\

A
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Fig. 1 Magnetic force contours for an infinite ferromagnetic cylinder
immersed in a uniform magnetic field.The contours indicate the forces
which act on a small paramagnetic particle in the region surrounding the

cylinder. -
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!

e/) The removal of the discolouring iron stained ‘anataze
/

.

(T102) from Kaolin clay in order to obtain a high :

(6,798

The above mentioned have all been examples of batch (cyclic)

- brightne§s .

type hgms where the field has to be switched off im order to recover /

o s

- the magnetic matetial.

3

A carousel~type hgms has enabled a fully continuous separator
to be developed which is generally used where slurries contain too large

,a fraction of magnetic particles to be efficiently procéssed in a cyelic

2
device without a large decrsase in duty cycle. In this device, sections

©of matrix rotate through a magnetic field region and a flushing station

-

in turn, s0 avoiding the necessity for the magnet to be turned off

}
(Figure 2),° :

Applications.of the continuous hgms include beneficiation- of

a5

weakly magnetic iron ores such as hematite, goethite and iron silicates. ,

Also, 75% of the sulphur content of coal may be removed by hgms, due ¥o

' -
much of the sulpl‘\l\ur forming paramagnetic iron compounds in the coal.(B) /

s

The fact that hgms requires little floor space, 1s simple-to pdintain,

o

has a low energy requirement and is eagily scaled-up from a small

laboratory device ensures that the separation technique will be
A

increasingly used for a wide vai:iety of purposes‘ in the near future.
‘ 3
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II. BACKGROUND THEORY . !
“ A

¢ * Accompanyiqg the development of equipment and applications .
of hgms, has been a co‘nsid;ra'ble l;xathemaéical_modelling effort. These

¥ .models may be divided into two categories: ‘
a) Trajectory (or \dynamic) models, which involve predictions

of particle. trajectories-and capture radii.

L.
wET T P
>

b) Build-up (ox"{static) models which prediet the extent of 1
build-up of these particles once they have reached the

£ ibr_e .

v
e eoo—

Obviously a con?plete description of behaviour in the system

requires a combination of tl}rese approaches. Consequently the following

will include both, in add/{;:ion to a description of the f£luid flow about
— A j

a cylindrical wire.

N
i

2.1 Trajectory Models . ,

(1) -

When studying particle motion under magnetic forces, Watson
Q9

(9)

adapted Zebel's work on electrostatic precipitation. This was

possible because magnetic and electrical energy intdract with a body in.
an analogous manner. By considering only magnetic and Stdkesian fluid

drag forces, he found that the trajectories of paramagnetic particles :
’ \

in the vicinity of the wire Jere dependent on the parameter, _6_11 , Wwhere
’ o

Vy 1s the 'magnetic velocity' i.e. the terminal velocity of the spherical

R By

particle in a stationmary fluid when acted on by a uniform magnetic field

gradient, and U, 1s the undisturbed fluid velocity far from the wire.

,4"\
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The ratio is gl ven by (in the cgs system): s
k - ) ]
VM/QN = 4b k Hy A (1)
. 9a nvu, .

applied

i

where b = particle radius, x = volume suaceptibility, Hy

H'

magnetic field, A = a perturbation term (y—Zw Mw/Ha), wire radius and

n= absolute fluid viscoaity. . ' ¢

The concept of a 1imjlting particle trajectory is used in .
defining, Re, a dimensionless capture radius. This assures .fhat all
particleahpassing within a c‘:apture cross—~section of ZRéa where a is U
the wire radfus, will be,ultimately captured by the fibre (Figure 3).

However, Watson's work did not take into account a decreasing
capture radius as ‘particle build-up occured on the wire. This was §
accougxted for‘by Luborsky an\d Drummond(lo) who also confirmed that ;:he
particle trajectory was dependent on "VM/U“ .

Watson determined that the ratio o.f‘ particles leaving a

separator to those entering could be expressed as (for a clean wire):
’ \ r

- exp (—41" RcL’) (2)
- P .
Ni ira

where F = volumetric packing fraction , L = length of matrix, while
Luborsky and Ddtumond, considering the more practical ribbon - like

Y
fibre rather than cylndrical ones, obtained the expression:

N F '
o =exp{-f L (Rc+ 5)) ‘
o (e e

.

where S = diameter of the major wire axis, f = capture efficlency and £

= capture radius for mechanical entrainment of particles, f and § being
! L3
data fitted constants.

RS 3
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Watson's Dependence of Rc on Vy,/Uq .(VMIVQ).
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Luborsk;\Qnd Drummond's approach was criticized by Watson as they had

0
™

not considered the stability of the accumulated particles on the wire.

(11)

i later work Watson took this into‘account which produced a small

improvement in the correlation between expetimental and theoretical

results.

(12)

Cummings, Prieve and Powers approéched the study assuming

creepfgg flow rather than potential flow. They found the value of Re
was considerably reduced due to the effect of the hydrodynamic force

being felt by the particles further upstream. The fact that the no~

-
1

slip eriterion. is aésociated with creeping flows means a physically more

correct model is obtained than the previous ones.
Particle trajectories predicted by using both potential and

creeping flow are seen in Figure 4.

At -low Reynolds numbers, Clarkson, Kelland and King(13)

accounted/for the viscous and inertial fiuid body terms by superim-
posing a boundary layer on the solution for potential flow with elliptical

fibre shapes., ﬁy also considering gravitationa¥'and near field magnetic
.- " -
b

effects, a recovery equation was developed as:

-

No oexp (<24.Kf F _ ReL) G
N, T ab’ ‘ ' )
s

S, ~
3
L4

where Kf, a universal fibre parameter, allowed for random fibre~fibre

-

orientation effects; wab' 1s the cross-sectional area of the fibre.

L4 B

After fitting Kf, the analysis produced good experimental
(14)

.

and theoretical correlation . They concluded that the assumption

of potential flow was acceptable for particle sizes greater than 5um

v e e o

o
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Particle trajectories for potential flow.
Note that the trajectories are nearly flat

POTENTAL
FLOW

until very near the collector.

Farticle trajectorfes for cieeping flow.
Note that the trajectories diverge from the
axis much farther uputream than in potential

£low.
.r\xv

o~

CREEPING
FLow

Fig.4 Cummings, Prieve‘\and Powers predicted that capture could occur on

fluid flow ‘was considered to be potential flowg.

*
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providing there was little physical trapping. Below this size, the.

shielding éffects of the boundary layer on the particles from the other-

\

wise large near-wall drag forces of potential flow become increasingly

significant and should be included.

Simons, Lawson and Treatcls) examined the dynamics of particle
att:raction' about a cylindrical wire assuming potential flow. They cori-
sidered inertial effects, gravitational aeffects%nd near field magnetic
forces and establi'shed conditions where the aforementioned could be

neglected in calculating the capture cross-section (Rc). They found:

. 2
a) For a Stokes number (K =_2b" Pp U,), a measure of
9an : )
particle inertia to viscous ld"low greater than unity,
f ;

inertia could be accounted for. -For small K(< 1.0)

gravity may be neglected.

b) 1If :’y_ < 10 and for low K, 'inclusion of a short rarfge

«©

magnetic force term has a positive and increasing effect

on Rc.
Within these limits t;ixey found that the relationship of Rc

and EM_ is correct as described by Watson.
U

wire, back capture was never obtained (Figure 5). It was assumed this

0

was due to the particles having to pass through the repulsive sector

where they were forced too far from the wire to be caught at the back.
Stekly and Minervini(lﬁ) studied the shape effects of cylin-
drical and elliptical fibres on Rc and determined that it was the

projected frontal area of the wire and not the aspett ratio of the major

~

= »

In their many calculated trajectories for particles around the

T A e 1 b

-
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-Simons, Lawson and Treat examined 5 pm particle trajec}:ories in air and found that although

the particles oscillated enormously around the wire, under no conditions studied did back capture

occur,
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“to aminor axis that 7ffected Re. This conclusion, -although applied to
cylindrical wipes‘may be applied to filad¥ntary type.wires as it suggests.
only the wire diménsions perpendiculayp: to the field and flow affect

the capture cross<«section.
R

They determined that with strong magnetic interaction, there

—

. . P Fad
« were regions about the elliptical wires where capture could and could
not oé¢cur. A large region behimd the wire is seen where particles would

be captured (Figure 6) if they.could be transported there: .

In a study by Cummings,-Himmelblaq, Oberteuffer and Powers(l7)

equations were developed to describe the capture of small paramagnetic
F .

. -~
particles en bare wires at low flgw velocities., They considered inertial

magnetic £luild and gravitational forces, arriving at seven dimension-

less groups to descrife the system. One such group,_N&, ugsed to describe

.

)
the magnetic field strength, was defined as: .

[y \,_ 3 / R
» N :‘ - 2 5 » B ) -
b Ny = bt .
‘ Pf U, ‘ , -
where y = magnetic permeability, Hy = field éirength, of = fluid
density atid U, = flow velocity. This group was varied in order to achieve
varlous capture conditions. By drawing out the calculated particle tra-
jectories (Figure 7) it 1is seen that back capture is feasible undé;\\. -
certain conditions. o

(18) o . ‘

Birss,- Dennis and Gerber carried out a single wire study
of particle capture for a non-axial configuration. The situation can
be convemiently described in cylindrical co-ordinates where a wire is

placed along the Z-axis and an external field (Hp) is applied in the -
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Particle Capture Regions in a Strong Inter—

action Showing Three Equilibrium Points.

Fig.6  Stekly And Minervini, in their study of the shape effect of the wire

on capture, determined that particles would be caught at the back of the wire.

'

Rog= 3.0
a =054
[ = 10x1073
Ng = 0.0
8, = 177.0°

Effect of mognetic field strangth on porticle trojectories.”
All particles started at the same focation.

<

R * 50.0
Re.* 3.0
Ny * 2.0x107
a *054
I = 10x10°8
Ng* 0.0

Fig. 6. Back side capture.

|
Fig.7 CGConditions in both diagrams may be seen to be similér.lt would appear that

tﬁé starting position of the particle would determine whether it reached the back

of the wire.
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«of the wire (¢ = 0, represents the configuration of the longitudinal.

(r8) - plane at the angle 8 =0. A fluid flows with a velocity, VO
toward the wire along a diréction which lies in the (r6) plane, making
an angle a with the magnetic field (Pigure 8). The results.show that

the capture radius,R® can be expresse& in a simple form as:

) Re = C1 \e/ |YM/V°! -Co (5) ‘

Y]
where dl and Co are constants independent of g.

The calculated trajectories show that for high values of a,
capture occurs on both sides of the wire, whereas for low values of ¢ :

(and in particular q = 0)}the capture occurs only on the upstream side
[

<

hgms considered here). However, computer simulation of particles
brought out of their expected upstream positions into the void regions

around the wire (cf Luborsky and Drummond(ll)) does allow back capture

to occur at position @ = 0 as shown in Figure 9.

(19)

-—An.inveétigation by Hayashi and Uchiyama . considers the

particle trajectory and capture efficiency for a two-layer high gradient
filter? By comsidering the magnetic and drag forces only, trajectories

of particles arriving at the second layer of wires are changed sub- b ’ ;

stantially from those arriving at the front wires, due to the distur-

-

bances caused by the front wire (Figure 10). However, it was found

that the capture radius was scarcely changed by the front wires providing :
the back yire was not masked geometrically by the first. ’ %

he A
In an abstract published by Watson(zo‘, he discusses the effect

<

of the vortices at the rear of the wire on the build~up. In the region
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Fig.8 The Layout Of Birgs , Dennis And Gerber's H.G.M.S. Study.
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of Reynolds Number 6« Re < 30, a large amount? of downstream magnetic
cépture wag predicted due to the standing vortices at the downstream
side of the wire.

If particles are flowing with the fluid of velocity V, far
from the wire, capture only occurs on the front\side of the wire. No:
particle trajectories take the particles to the rear of the wire unless
K(Stokes Number) = 1.0. Watson assumes K<1.0 based on the large fields
used in the koalin industry. If this is the case, particles will not be
caught at the back of the wire due to two general situations:

\Y

i) If M > 1.0, the repulsive sector around the wire moves

o
the particles too far from the wire to be captured.

‘ &
ii) If Y_b_&_ < 0.1, thg” magnetic forces do not repel the par-

v
o

ticles far from the wire but at the fluid separation point
the particles are swept around the vortex reglon and are

not captured.

2.2 Longitudinal Hpgms Build-up Models

The trajectory models, as :‘lescrib@d in‘ the previous section,
produce initial capture cross-sections with all particles entering this
area assumed to be captured on \the wire. Build-up models predict the
profile of the accumulated material. Knowledge of the profile is
necessary as it has an effect on the captura cross-section of particles
approaching partially loaded wires. The second functlon of the build-
up models is to determine the maximum loading capability of a wire and

’ ¢ '
consequently the total mass recovery potential of the hgms device.
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(10)

Luborsky and Drummond's early work involved choosing

suitable profiles and gubsequently determining the effect of the pro- '.

I3

files on particle trajectories and the capture cross-section. They
considered two possible profiles (Figure 11) based on the theoretical

observations of Himmelblau(ZJf). The fluid was assumed to see & changing

—_—

radius "ap" for each layer of build-up 'n' such that:

anp™a + 2hn
where a = bare wire radius and b = particle radius. They determined

that Rc decreased as:

RC = _‘{5 a2 (6)
y, \an .
for case a) provided _V__Ij < 2i (iné__) 2 . and as: \
U ) ’
[--]
3 K
RC == Yy ( a for case)_b) @)
ZUQ \an d

To achieve reasonable experimental agreement with the theory,
they introduced 'f' and 'g', as described ;;reviously for fibre efficiency
and mechanical trapping respectively. In their later study they made
two new assumptions in order t01 limit the mode of particle bapture o;n the .
wire. On the upstream side of the ribbon-like wires the build-up was
considered stable provided a) the magnetic force on a part;icle vas
radially attractive, and b} the magnetic force exceeded the Stokesian
drag tangentially. The outer flow velocity was reduced by a value of
%—;; (ggy = boundary L;ayer thickness) to accoru. for a decreased velocity

in that boundary layer. Jgg was assumed to be greater than 2b and it

PRP

e L T

- e
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. Schematic of ribbon-like fiber, infinite in s-direction, with ap-

particle, thowing two postible modes of build-up of par-

proaching
ticls layers; case (2} and (b).

Fig.11 The Two Starting Profiles Used By Luborsky and Dyummond,

Fig.12 Luborsky and Drummond prédicted large amounts of capture at the

back of the wire.
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f -
was approximated over the 90° region of Yinterest by (Schlicting(?'z)).

agg=1r&(1ran ) .
u pf (8

¥hus giving the fluid sheer force as:

b oul2 of n? \ (9
where n = viscosity, pf = deénsity of the fluid, b = . particle radius
and u = flow vélocity.

’ . The critical angles, where the components of tangential force
are exactly balanced, were then 'calculated for each successive 1aye;' of
particles; the loci of these’angles describing the ultimate build-up
profile of the captured material.

By balancing the radial coﬂgonents of the magnetic and shear
forces, back cabture was also modelled in a similar fashion. It was
suggested that the particles arrived at the back of the wire either by
being swept off the front edge qf the build—-up or by being caught up
in the turbulent wake of the fiber. It was assumed that the capture of
the particles occured with the same geometry as on the upstream siﬂde.
Similar criteria to those on the upstream edge were then applied to,
determine the fraction of the particles remaining and their configur-

ation. In this case the boundary layer thickness is taken as equiv-

alent to that at the end of a flat plate i.e.:

g9 = 5(n Su/vp)? «
t
where Sn, the width of the ribbon, is a function of =n, given as Vi
/

Sn\-— S + 2nb where b = particle radius.
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The results showed that a much greater amount of retained

material could be expected at the downstream side of the wire than at
the upstream (Figure 12). The prediction of large amounts of back
capture was unexpected and made the method seem inadequate for such

calculations, as n&t observation had been made of such extensive back

i

build-~-up. \ .

In a seriés of papers, Watson (1,2,3) determined the initial

capture radius, Rc, to be solely dep;andent on YH and that it would
[ '
remain constant as the volume of build-up increased. This is in con-

trast to the assumptions of Luborsky and Drummond. Using a numerical
approach, Watson considered a tangential balance of magnetic Stokesian
drag and friction*~ like dissipative forces in order to determine whether
a particle would remain 61: be swept away\from the wire. By considering
this, over the whol:a profile, the probability of retention, P, and a
total effective capture cross—section 2 Rc P could thus be deter—
mined. He showed that the critical value of Yy_ would determine whether .
Uo

the capture cross-section increased or remained constant:

-1) Below _‘_]_Ig = 1, and with a small volume of captured material,

Ve
the value of Rc was small but would tend to increase as

a

build-up progressed.
ii) Above _‘:}_4_ = 1, and with greater amounts of captured material,

Ues
the value of Re would remain constant.

Recently Watson(zl’) added several modifications to allow growth
.to proceed non-uniformly, by allowing growth to occur independent of, its
surroundings starting at a bare wire condition. He also used the

boundary layer adjustment of Luborsky and Drummond to calculate the prob-

ability of retention in each surface element. This created a new profile
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for the build-up and a new flow. distribution over it. The mode] pre-

dicted a continuous. fan~shaped build-up extending to the area of repul-

sive radial magnetic force where a final rapid development of growth

' B

u

was suggested (Figure 13).

In this modified model, once again the effective Rc showed
an initial, increase at low Y_bj{_ and as the volume, Vy, of build-up

Ueoo
increased, the effeative Rc declined much as in Luborsky and Drummond's

model and gave a similar relationship:

Reegy SEM where V= volume of (11)
(1 + _317_ ) wire
W

From Figure 13, it is seen that Watson's model supports a -

fan-shaped build-up profile and therefore supports the model of

1)
Luborsky and Drummond (10) \

In addition to investigating the effect of wire shape on Rc,

Stekly and Minervi'ni(lé) also considered material accumulation on the

upstream side of the wire.

they deduced that for both circular and elliptical wires the capture cross-
section, Re, shows an initial decrease followed by a levelling off as

build-up progresses. The fully loaded profile of the wire was not con-

sidered.

The approach of Clarkson and Kelland contrasts markedly v;ith

4§

that above, in that Re is assumed to be zero at maximum build-up volume,

o

While also assuming back capture was zero, this allowed for the influence

of wire loading by adjusting the flow patterns (to an elliptical shape)
on the upstream side of the wire. The resulting capture radii were

allowed to decrease exponentially toward zero as a function of —rIi-* R

where L is the material capture and LM = maximum possible material captured.

Lead

e — . —— e >

By assuming the profile build-up was elliptical

)
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Fig13 Watson's Computed Surfaces For Growth Model,
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The work of Friedlaender and his various associates has been

in prbducing photo‘graphic evidence of build-up profiles and accumulation

data for the three orientations of flow, field and wire of interest
¢ (25-28)
(Figure 14). In their early work, Friedlaender et al used a
hot wire anemometer to determine the build-up of particles on the wire
at a-specific rate by correlating builld-yp with heat loss from the wire.

At the same time photographs were taken. Very uneven build-up was”

observed. A lack of closely sized» material plus dJifficulties in obtaining
clear photographs prevented comparison with the available models. Despite
this, fan-shaped bt;ild—up rather than ellip;ical bulld-up was observed '
on' the upstream side of the wire and some downstream collection occurred
at high flow rates.

By modifying this equipment to employ the use of a video system,
Friedlaender et al developed a system with muchl improved image resolution

a

. Y
and one which was capable of continuous monitoring of barticle accumu-

lation on single wires (29-31) .

Downstream gaéture was seen to increase with velocity, Uw
and passed through a maximum while the upstream relative saturation
accumulation radius, Ras, decreased continually with increased U‘=°
© (Figuré 15). It may also be noticed that the sum of frontﬁ and back Ras
was found to be largely independent ‘of fluid velocity over the range con-
s{dered. This would seem to imply that recovery is not a function of Um:

5

a fact not supported by pubTished operating data.

’ Using a similar model to Luborsky and Drummond, Lui, Oak and

’ Lin(32) deve"l,oped arguements for neglecting the decrease in capture

radius with increasing wire loading. Their model determined that max-

imum build-up volume was usually reached before an appreciably large

© o o aile 1 Aok A et ey
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reduction in Re occurred(cf Clarkson and Kelland).

Two cases of relative particle-wire size were considered in

conjunction with the f£luid drag forces:
i) . :
where b = particle radius

i1) << 1

plot mlo

a = wire radius
1]

For large particles, case i) Stokesian drag was assumed as the

carrier fluid may be presumed to have passed through the interstices

of the build-up. From this approach, they obtained a relationship between

such that:

»

b and_Y_P_i_

the maximum relative build-up volume (fj. .
U

- .V
£ max < (M
Uoo

For case 1i) Lui et al used an aveliéged ‘boundary layer,/similar

where Y_I:i_ has a minimum
U, value of .5

<

Ead

to Luborsky and Drummond, and showed:
) -

fmax © [ Yy ) -8 a(’g) -8
S\, AVY
L4 L

|
. For case i) only, it 'was shown that the change in capture

where 0 = 099 = boundary
layer thickness

e 4
L

(12)

radii with build-up volume can be neglected since the capability of

-2

the ‘wire matrix to capture particies remains high and practically un-

changed up to build-up saturation. The effects of particle size, density .

and magnetic susceptibility were ,accoun@d for :;\onsidering the magnetic

velocity distribution of the feed stream (cdmulative weight percent vs.®’

magnetic velocity). If F(VM)- is the functibt:t describing the cumulative

0
»ﬂﬁwwim e

welght fraction of feed with magnetic velptcity less than VM’ then 1 - F(VM)

.

corresfgonds to the fraction captured when .subjected to the condition that

This VM is

"

~ - + ’
all particles with a greater Vy are reg:éined in the filter.
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specified by the equili:brium wire loading (Figure 16).

Consequently, the total weight fraction received by the separator
is determined by numerically integrating 1 - F(Vy) for increments of feed.

Although Lui et al claim their approach is valid for all values ’

of E R A:QE range tested experi}mem:ally was always greater than 1.0.

U v .
30: for instance, the postulation of a minimum value of Zb_g = 0.5 has
’ o * U
LY (- <]

Thu

not been tested.

By considering the magnetic, fluid shear and Blasius type forces
acting on a single particle on the upstream side of a wire, Nesset and

Finch (2) determined that:

L} »
1 /5 (13)

c

(ra)zf___lr_2 - 2b Ha A
. 3
, : pf U2 o af

‘
~ o~
]

-4}

where r, = relative particle ag¢cumulation.radius A = field perturbation

term = 2 My for cylinders perpendicular to Ha, M, ;*,the wire magneti-
Ha ' i b

sation, C = fluid constant = 2.5.

This may be rearranged to:

y ,
r,? = (NL %) s : ‘ (14) |
where: )
N o2 2b Ha?' k A - (dimensionless) (15)
L of Uﬁy2 vé e;é )

L3

and was termed the Loading Number. This represents the ratio of magnetic\

to shear forces at maximum build-up. The approach used was unique in

‘that Blasius-type fluid shear is considered on particles at the bottom

ey
of an expanding cylinder as build-up progresses‘.
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The work consequently suggested that the loading of the wire
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codld be quantified by just one dimensionless group, NL' Experimental
(33)

work carried out by the authors

supported this claim. In addicion,

the upstream build-up profiles predictedjby Nesset and Finch appear to

agree with those observed by Friedlaend&r et al (Figure 17)(34).

Assumiﬁg build-up occurs over the front 900 of the wire, the

’\nominal build~up volume per unit length of wire , VB, is given by:

This gives a nominal build-up volume to wire volume ratio as:

Y

rr(r2

4

2

~ ma

2

..a)

B
2

na

4 az

1
Z

(ra

Converting from nominal to actual volume, Y

Therefore,

Y €

v =‘Z'(ra

2

- 1)

v
On a mass basis this becomes

where Pu and pp

YV and YM become:

'

-

“Pp

Py

2 _ 1)

\

(16)

(17)

, requires a packing fraction,

(18)

(19

are the wire and particle densities respectively.

By replacing ra2 from Equation 14 into.Equations 18 and 19,

(20)

(21)
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2.3 Downstream Fluid Flow Considerations

A ]
Theoretical and experimental investigations by numerous authors

-

have revealed that various types of vortices, depending on the Reynolds

-~

number region, will occur downstream of the wife. The Reynolds number

of the wire is given by:

Re, = pf d v - (22)
n

where Pf is the density of the fluid, d = diameter of the wire, Vv = flow
velocity, and n = fluid viscosity.

The phenomenon of boundary layer separation which produces the
various vortices are intimately connected with the preséure distribution

in the boundary layer, and is caused by the back flow of fluid around

the wire (zzl

Ekamining the flow about a cylinder (Figure 18) in frictionless

flow, the fluid particles are accelerated on the upstream half from D to E,

and decelerated on the downstream half from E to F. Hence, the pressure

decreases from D to E and increases from E to F. When flow starts, the

"motion in the first instant is very nearly frictionless, and remains so

as long as the boundary layer remains thin. Outside the boun@ary layer,
there is a transformation of pressurz into kinetic energy along DE, the
reverse taklng place along EF, so that a particle arrives at F with the
same velocity as it had at D. A f;uid particle which moves in the
immediate vicinity of the wall in the boundary layer remains under the

influence of the same pressure field as that existing outside, because

the external pressure is impressed on the boundary layer. Owing to the

¥
-
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Fig.18 A Diagrammatic Representation of Boundary Layer Separation

Vortex Formation on a Circular Cylinder.
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large friction forces in the thin boundary layer such a particle consumes
so much of its kinetic energy on the path from D to E that the remainder
is too small to surmount the "pressure hill" from E to F. Such a particle
cannot move far.int:o the region of increa,sgng pressure between h: and F
and its motion is, eventually, arrested. The external pressure‘causes
the particle then to move in the oppodite direction. Under thfs reverse
motion the particle penetrates a considerable distance forwards and
thickéning of the boundary layer occurs. The reverse motion then gives
way to the f‘ormation of a vortex. This vortex cohtinues to grow and
separates to move away downstream. When separation occurs (at 8) the A
field of flow in the wake is changed considerably, with the pressure
distribution about theywire also changing dramatically." In the final
state of motion there is considerable suction in the eddying region
behind the cylinder producing a large pressure drag on the cylinder.

At a larger distance from the body, a regular pattern of
vortices, which move alternately clockwise and anti~clockwise, may be
seen which is known as Karman vortex street (35)- The frequency with which
vortices are shed in a Karman vortex street behind a cylinder may be

(36,37) which depends uniquely on the

calculated using the Strouhal number
Reynolds number (Figure 19):

nD -zs

\Y
where S5 = the dimensionless Strouhal number, D = diameter of the wire,
V = velocity and n is the frequency of shedding.

The consideration of fluid flow behind the w‘lre may b;e con-
vienently divided into a number of sections, dependent on Rey , which

allows description of the drag coefficient and vortex formation.
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For a Rew<5(38) or 6.23(39) there is no boundary separation

behind the wire. The Drag Coefficient, CD’ for this region ispgiven by:(as)
) R ’ . 0.82
C,.=C (1 + 0.147 Rey, ")) (0.1 < Re, < 5)
D D N
. \ , (23)
. ' -0.78
where: CD = 9.689 Re,, . ™~ (26)

Above a Re, =5, a vortex formation with a stationary double

vortex occurs in a stable position/at the back of the wire. Oscillations

N )
ﬁ s of this wake become apparent at Ke, © 30, with the wake shedding occuring
7

3 above Rey =40. To this point, Cp, may be represented by:

| 0.55
€, =Cp' (1+0.227 Re, ") (5 < Rey < 40)

D
(25)

Karman vortex streets are vibible above a Re, =70 where the

vortex is now termed an instationary double-vortex.

Above a value of Re, %160, the instationary double-vortex

breaks down and instationary single vortices form accompanied by turbu-

lent velocity fluctuations. (37)

For the region from 40 < Rey, < 400, the drag coefficlent is

given by:

82 (26)

- 0.
€y = Cp' (1 + 0.0838 Rey, ")

~

Empirical equations for the angle of separation and length of the vortex

have been reported by Brauer:(39)

65 = 40.4 (In Re, - 1.83)0-4%® (27)
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Fig.20 The Angle of Boundary Layer Separation Versus Reynolds Number for a Ciréular Cylinder.
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vhere 6, is the dngle of separation ‘from the y-axis (Figure 20). This

has a range of application of 6.23 < Re, < 1000.

The length L* -% where L = length of wake and R «= radius of

wire 1s given by:

L* = 0.12 Rey, ~ 0.748 with a range of applica{%of
6.23 < Re < 140. (28)

'

This is far from a complete revue of the work done on fluid

flow about a cy}indricai wire but it is detailed enough to provide insight

into the effect of the fluid flow on particle build-up on the downstream

side of the wire.
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III. DESIGN OF APPARATUS

3.1 Single Wire Study’

The Frantz Isodynamic Separator is best known for its precise

separation of minerals of different magnetic susceptibility. It, can,

< however, be used in other configurations utilizing its ability to provide

a powerful magnetic field. It is used \Jin this case, as a source of ucniform

field for a single wire study of a longitudinal type hgms (Figure 14, case b),.

N
3.1.1 The Pole Pieces

In order to ob:tain the longitudinal configuration new p‘ole
pieces were required (Figure 21). They needed to I;e extended out
horizontally from the existing plane of the Frantz, to enable a hole to
be drilled through to incorporate the fluid system. Another requirement og the
pole pieces was that a gap, ;wide enough to fac'ilitate photography, was needed

between them.

N

[
The effects of the wider gap and of the extension were unknown

and raised a number of questions:

[\
9

1) Would the field generated between the pole pieces be uniform?
i1) Would the hgle through the pole pieces disturb the uniformity
of the fjield?

i1i1) Would the distance refuired between the pole.pileces for

- camera work allow a sufficiently large field for magnetic

capture on the wire?

U
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A Hall Probe was used to examine the field distribution between the pole

pleces. This was,carried out before and after drilling the hole

<&

(Appendix 1).

For the purpose of evaluating the field, the inside area of the
pole pieces was divided into 1 cm squares; a reading with the probe was '
taken at the centre of each squar'é. With the wvalues obtained, iso~
dynamic contours were drawn (Figure 22).

From Figure 22, it can be seen that the magnetic field was quite
uniform to 0.5 cm of the edge of the pole pieces and that fields of over
4 KOe could be generated (with an input current to the Frantz of 1000mA).

A hole of 0.5 cm diameter and later 1 cm diatmeter, was drilled
through the pole pileces. The field was again probed (Fg.gure 23), It
may be seen that the 1 cm hole has no effect on the uniformity of the
field outside its own perimeter. The field increases slightly (57)
across the perimeter and decreasé€s by about 117 across the centre of the
hole. It was decided that ‘the maximum hole diameter would be 1 cm to

avold further disturbance of the field. The system was then constructed.

3.1.2 THe Wire \ .

A. galvanized mild lsteel wire of about .09 cm diameter was used
for the experiments, After being cut to the required length, the ends
were flattened on a grinding wheel. The wi.re end was located about # of
the distance lacross the fluid flow. This position whs selected to ensure
‘the end of the wh/; would not be in the slow moving boundary layer, and
that the measured average velocity of the fluld would approximately equal

.

the velocity at the tip of the wire.

T DU R
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The main problem was one of fixing the wire into position

H

R

within the confﬁines of the gap between the pole pieces.

[ A

Initialy, plastic "Tygon" tubing was useci so the wire could
be inserted by simply puncturi\ng the tui)e with the end of the wire.
Unfortunately, the wire proved unstable in the tubing at both high flow .
rates and high fields. In addition, on taking photographs of the wire
through the plastic, faults in the easily flexed tubing, obscurred much
of the detail of the build-up profile. Consequently it was de;:ided that
a glass tube should be used for the fluid system. -. x
By heating the glass tube, (15.0 cm length x 0.9 cm diameter) L
at a small, central position until slightly viscous, a hole could be
produced by pulling this spot with the tip of a hot glass rod. ‘The wire
could th.en be inserted. To secure the wire initially, another small
1er?gth of tubing was attached around this ho}e to support the wire and
to facilitate glueing. But, when the (\photographs were taken 6f the wire,
a 'halo" image in the background where the tube had been attached
‘obscurred the builld-up detail once again. This method was therefore
abandoned. '

4

The problem of lig’bg/bei‘fngeflected unevehly on the heated

™~

N

glass, was overcome by spraying a layer of white paint-onto a small area
surrounding ﬂthe hole to provide a suitable background for showing details
of the build-up pr_ofile.‘ A layer of insula;ion tape was then placed on ~
top of the dried co}at of paint. This was to prevent the paint peeling

off when the glue used for securing the wire was applied.) The glue was

a thick laye‘r of epoxy which also served to keep the hole watertight

(Figure 24), : ;

TG
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The wire was introduced into the gap between the pole pieces
before they were positioned in the Frantz.,. This was achieved by using
supports between them which prevented the wire from being crushed whilst
the pole pieces were inserted into position.

A "4 wire" single wire study was also carried out in order to
see the effect of other wires on single wire build-up. This configuration
was produced in exactly the same manner as the "1 wire" single wire.

The resulting configuration of wires is shown in pixot:ograph P25,

3.1.3, The Fluid System

The fluid system was designed as a closed loop. This was
achieved by using a peristaltic pump to return uncaptured particles back
into the Teservoir. The reservoir was a cylindrical separatory funnel n

N

positioned above the pole pieces. Valwe 'A} was inserted into the system
) ¥

in order to Incorporate a flushing'éycle. This was used to collect the

magnetically captured particles after completion’ of t;he_n;'un.

The completed single wire system may be seen diagrammatically

in Figure 25 or in photograph Pl,

3.2 High Gradient Magnetic Separation Study

3.2.1 Matrix
In many hgms the layers of matrix frequently rest on top of
the one below. This is recommended for capturing fine particles(y‘),

It was decided to construct matrices of different matrix spacing, in

particular to determine if-additional capture occurred which could be
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attributed to downstream capture. Three matrices were made. One, termed
the closed matrix,'had no space between the layers of matrix. Open (1)
had a gap of 0.4 cm between adjacent layers and open (2) which had a gap
of about 1.1 cm between each layer (Figure 26). Two differently spaced
open matrices were made in order to see if the distance apart of the
matrices affected the capture capacity.

Each matrix consisted of four e:xpanded stainless steel layers,
with two 1ayers‘ at either end of expanded aluminum. This was to try to
ensure that the first and fourth stainless steel layers interacted with
the particles in a similar manner as the second and third layer.

To produce these matrices, a 13 cm length of cast acrylic
tybing (I.D. 3.86 cm, 0.D. 5.14 cm) was used as a cannister. The expanded
stainless steel and aluminum were cut from sheets into circular pileces
of 3.8 cm diameter in order to give a tight fit on insertion into the
cannister. Expoxy glue was then used to secure these pieces into the

-

cannister. Each piece was fixed into the cannister at 90° rotation to
the adjacent one, as recommended (34)-
To form the gap between the layers of matrix, plasticine was

used as a support until the glue was hardened. The plasticine was then

pulled out of the matrix with the aid of tweezers.

3.2.2. The Fluid System

The fluid system was made from unit conformity copper pipe
which expanded to hold the cannister. A distance was left between the
expansion and the matrix to minimize the &fect of the expansion on the

-

fluid flow profile (Figure 27).
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The system (Figure 28) was arranged so that back-filling
was possible which prevented air being trapped, particularly in the matrix.
Back filling was achieved by opening value 'A' in Figure 28 and was con~

tinued until the reservoir reached a predetermined height. During the

experimentél runs, this height was maintained by having a steady flow of

water from tube 'B'.

The feed reservoir allowed the feed to enter into the system.

&
once a steady flow had been achieved. The flow rate was determined by

calibrated plugs *A' inserted on the exit line (Table 1).

3.2.3. Magnetic Field Selection

The solénoid used in the experiments carried out at McGill

could develop filelds of 890 Oe or 1690 Oe depending on the D.C. cu¥frent

applied.
Seven fleld settings were available on the Sala Magnetics

10-15-20 laboratory hgms installed at the Ore Processing Laboratories,

CANMET (See Table 1).
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TABLE 1

Magnetic Fileld and Fluid Flow Rates

"Homemade" Apparatus g .
FIELDS (KQe) : .890; 1.690 '
FLOW (cm/s) : 0.81; 1.145; 2.17 "

1

S

Sala Magnetics 10-15-20 Laboratory Model

FIELDS (KOe) : 0.66; 1.76; 2.58; 4.2; 6.8; 9.1; 13.8; 21.4
7.

FLOW (cm/s) 0.89; 1.31; 2.37; 4.18; 6

o

(The underlined values are the only ones used in hgms experiment 1la)
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IV. PARTICLE PREPARATION

In order to provide materials with a range of magnetic
susceptibilities for ‘the experiments, two different materials were

prepared, viz. manganese dioxide. and hematite.’ e

The "Anachemia' copper oxide was taken as received and sized

into five size fraction of apprbximately L using the Warman Cyclosizer

3

(Appendix 2). )

The manganese dioxide and hematite were sized similarly but
after some preparation: 500<grams of manganese dioxide was init“ially wet
ground in a small ball mill using steel balls for an hour. This was done

to obtain a suitable.size range for the experiments. The hematite was

received as -400 mesh matérial with a small percentage of magnetite

o

present. This was removed using, the Davis tube,(Appendix 3). . The

Kéleaned hematite was then sized. Material sized to 5 um was obtained

'

by using cone #5 Fey0q which had had the magnetite content previously

removed. This was ground fot four hours in a wet ball mill, and sized

o

by settling and decantation:(Appendix 4).
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V. DESIGN OF EXPERIMENTS -

. *
5.1 Single Wire Studies

Egggriment 1

This experiment was an attempt.to remove the magnetically
caught material on the wire in o der to measure the mass. Come #2 and
#a manéanese dioxide and cone #4 hematite particles were used as test
materials. Magneticufields varying from 0.6 KOe to 4.6 KOe were used
at flow rates of 0.62 em/s and 7.1 cm/s.

. For each test condition, )the experiment was ‘carried out for
various periods of time in order to obtain a mass caught,against time

relationship for build-up.

1

Experiment 2 .

»

)

Cone #2 manganese dioxide was fed into tlfe system with the magnet

at two diffferent field settings, 4.1 KOefand 2.4 KOe. Seven different

i

flow velocities were used. Photographs were taken of the particle build-

up on the wire after 15, 45 and 120 seconds of each run. It had been

established that the equilibrium build-up was achieved after about 120
»

seconds.

%
The experiment was conducted in order to see 4f the shape of

(34)

the top build-up on the wire predicted by Nesset or other workers
was seen. In addition, it enabled the correct photographic techniques

to be determined for use in future experiments (Appendix 5).
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Experiment 3

In this experiment an alternative material was used to manganese

dioxide, to see if the same build-up profile was obtained. Cone #2

% ” ;
hematite was selected. Unfortunately on passing the particles. through

<

the system, capture occurred on the glass walls of the fluid system in
" 1

addition to on the wire. This was due to theAlarge field gradients at
the rim of the hole drilled through the pole pieces. Consequently the
view of the build—up profile on the wire was obgcurred.

It was decided to build new pole pieces with a wider gap
(2.5 cm instead of 1.5 ecm), so that any build-up on the glass due to )
the‘rhm of “the hole would not*obscur% the view of the wire.

Therefore, a series of experimgnts with the new pole pieces
and cone #2 hematite were carried ocut. A field value of 3.5 KOe was
used for the r;ns, with various flow rates from 0.5 cm/s to 20 cm/s.

Photographs were also taken at oblique angles to the wire in

~ .
order to see the extent of any end effects on the build-up.

Experiment 4 ' .

In this experiment, the same pole pieces were used as in the

cone #2 Fézdégruns, but the feed material was -150 + 200 mesh manganese

»

dioxide (geometric mean ~88 ym ) in order to see the effect particle
4

\

size had on the build-up profile. -

Experiment 5 ’

-

5um hematite was used as the feed material in this experiment.

Using this size of material would give a similar Xg ratio as that of
| U e\
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the cone #2 manganese dipxide (experiment 2)3 This experiment was carried

‘ ifut in order pd see if the build-up profiles observed resembled those
obtained with the 23um manganese dioxide (Appendix XI).

A field of 3.5 KOe, with the same flow velocities as experiment

four were used.

Experiment 6 ay
H

\
Using the 4 wire 'single wire' apparatus, an attempt: was made

to observe the effect the presence of another wire had on the build-up

profile.

L5
Runs were carried out using both cone #2 manganese dioxide and

cone #2 hematite. A variefy of flow rates were used, with fields of

3.5 KOe and 4.1 KOe used for the hematite and manganese dioxide respect-

ively.

‘

5.2 H.G.M.S. Experiments

Experiment 1

Identical experiments were carried out using the three different

matrices viz, closed , open (1) and open (2), in order to mgke a com-
parison of the mass of captured mgterial in each case. Sufficient material

was fed to the system to reach the fully loaded condition. This was

determinéd by Nesset(3i? to be about 20 x Yy (the predicted mass of

»

material to be céught, given by the loading eguation).

/' On the completion of each run, the captured and uncaptured
(' N
material was dried and weighed.

©
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A variety‘bf magnetic fields and flow rates were used in the
tests using both the solenoid from the Davis tube as the source of the
magnetic field and also the Sala Magnetics 10-15-20 laboratory unit at

CANMET.

Experiment @
Using a sample of cone #3 Fe,03 , a field of 1690 Oe and a

flow rate of 2.8 em/s, a range of feed masses were fed to the closed and
open (1) matrices in order to see if the open matrix could capture
more material when fed more than 20 x Yp. Also observed was the capture

behaviour before the fully loaded condition has been achieved,
7
lj.w

Experiment 3
A sample of 50% Ee203: 507 Silica (both sized to come #2 to
give similar flow characteristics) was fed to the open (1) and closed
matrices. This was carried out using a flow rate of 1.1 cm/s and 1690
Oe and repeated four tim;s for each matrix. The resulting captured and

uncaptured material was then assayed to obtain the grade and recovery

of hematite for both matrices.
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VI. EXPERIMENTAL PROCEDURES

6.1 Single Wire Study

6.1.1 Quantitative Analysis .

¢ . The magnetic field was set';t its required value using the
variac on the Frantz. It was then switched off? Punmp speed was similarly
get by a varlac; it too was thén switched off (Appendix 6).
The feed was prgﬁired by thorough wetting in a 0.1% Calgon

solution, It was then poured into the funnel reservoir and stirred once

{ -

)
more.

The magnetic field was switched on. After two minutes of
stirring, the valve at the base of the reservoir was opened, the pump was
switched on, which was recorded as time zero. The experigent.was run for
a specific period e.g. 30, 60 or 120 seconds. The pump and valve were then
closed simultaneously in order to prevent flow of any more material from
the reservoir on to the wire,

The 'Tygon' tubing running from the pump to the reservoir was
removed from the reservoir and placed in a beaker. The magnetic fieldi;as
switched off and the captured material was pumped into the beaker using
the wash system.

The material in the beaker was then allowed to settle, the

water decanted, and the material was dried and weighed.

This procedure was repeated for different values of time,

field and flow rate.

&
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6.1.2 Photographic Analysis

A similar procedure was carried out as in the quantitative
experiments except photographs were taken at vario;s times during each
run. Aftet the final photograph had been taken the field was switched
off, the flow rate was increased and the captured material was carried
back into the reservoir in preparation for another run with a different
field and flow rate.

A blow-up of the print was analyzed using an electronlc digitizer
which calculated the area of the build-up shown on the wire (Appendix 7).
Consequently, the extent of the front and back capture was easily
determined. The area of build-up to area of wire ratio was determined,

for testing against model predictions.

.nw‘/

R

6.2 High Gradient Magnetic Sepaiation
| Again each sample w;s stirred in a Ca%gon solution (+1%7) in

order to ﬁhoroughlyAwet the particles.

The sample reservoir was filled with 500 ml of water and the
matrix system was ba;k—filled to a pre~determined level using valve 'A',
The valve 'B' at the base of the system was then opened and the water
began to flow at the rate governed by khe sizé of the plug. With the
;agnet on, the feed tube 'B' into the top of the matrix system was _
opened and the w%ter level held cbnst;nt at the original level. The
magnet was switched on, and the material entered the system. r .

Valve 'B' was eventually closed at the end of the run, when no

particles could be seen flowing through the clear acrylic tubing of the

-
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cannister. The magnet was then switched off. The plug controlling the
flow was removed, valve 'B' opened and the system was emptied into a
bucket, It was then back-filled and flushed twice to ensure all material
was removed.
" The particles were allowed to settle, the water was decanted
off, and the material was dried and weighed.
Experiments were carried out with ;1 zery mggnetic field, in
order to obtain a background reading of the physical capture on the
matrix, This was done for each run. '
Runs were also carried out using an -empty cannister i.e. with “

[ f
no matrix, in case material was being caught magnetically on the sides

of the tubing rather than on the matrix itself.

Y I
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VII. RESULTS

7.1 The Single Wire

Experiment 1 - Quantitative Analysis

The weigiht of particles captured bn the single wire under the
various test conditions are seen in Table 2 and Appendix 8. The results
show little correlation with the test cond‘:al'tAions and\oﬁ repeating a run
vastly flifferent results were obtained. This was due to the difficulty
involved in flushing out the captured particles. The small mdss of
particles caught was often negligible in comparjson to the amount of

particles remaining in the fluid system on flushing. Consequently, the

results obtained were unrelated to the amount of capture on the wire,

Experiment 2 - Cone #2 (23 ym) Manganese Dioxide

Photographs P2 - P12 illustrate that good definition of the

build-up profile was achieved using the c}escribed photographic techniques

(Appendix 5). The build-up profiles shown in the photographs (p.50) illustrate °
TN

o
the range of build-up shapes obtained. Back capture appeared the dom-
4

inant mode of particle capture, with very little fromt build-up observed

under any of the test_ conditions. e

The shape of the build-up appeared dependent on both the mag—

‘\

netic field strength and the fluid velocity (specifically the Reynolds

number of the wire).

At low flow velocities (< 2.7 cm/s) the .back capture has a

rounded profile, which extends out from behind the wire, P2. As the

T el ek bt n
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CONE SIZE

MnO, #4
iz

MnO2

* TABLE 2

Experiment One

£ e e

Quantitative Single Wire Analysis

FIELD
KQe

3.5

4.6

FLOW
cm/s

7.1

7.1

MASS COLLECTED (GMS)

38.

3Us 60s 90s 120s
.0024 .0088 .004§ . 0047
.0071 .0057 . 0150 .001100
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flow rate was increasedi the sides of the build-up became- straighter,
extending back behind'the vire, e.g. P3. As théiflow rate’ increases
further, the sides of the build-up are straight, with the back build-up
length decreasing with increased flow rate (Table.6). ,

‘At high field strength and loﬁ\flow velocities, magnetic capture
occurs on the glass wall obscurring the build-up profide (P5).

The area of back build-up obtained under the test conditions
is seen im Tables 3 and 4. It may be seen that the area of the bare wire
on the two Tables is different. This is due to the experiment being
carried out in two stages. Consequently the camera position and the size
of the photographic blow-up were changgd. However YA may be compared

between the two Tables, as this is a ratio of areas as given in equation

(20):

YA‘=,Area of particle build-up
Area of the bare wire

Figures 29 and 30 show Y; plotted against N, and Xﬁ respectively.
Ueo
It may be seen that both graphs produce a smooth curve. However, the

Loading Number, NL ,

clearly violated. Alseo, for NL > 2.5, Y is practically constant which

has a theoretical minimum at NL ==2.5(2) which is

does ﬂot agree with the form of the loading equation. 3
Table 5 shows the theoretical bouqdary separation angles (eA)_
and wake length (L*) given by Equations 27 and 28. Although at 0.62 cm/s,
P2 does not show a build-up angle of u220, at higher flow rates, ;he build-
up angle may be seen to extend about an arc (i.e. 28) or «140° which might
indicate’that the build-up is iimited by the angle of separation. L#*

can be seen to be of too large a value to be the limiting factor in the_

build-up length. Indeed L* increases with Reynolds number whereas the
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Flow Rate
cm/s

0.62

7.1
18.9

Flow Rate
cm/s

0.62
7.1
18.9

TABLE 3

Experiment Two(a)

(23 yi» manganese dioxide)

Area of Back Build-up Using the Digitizer

Area of the wire (Aw)

1.57

Reynold s ’
Number Va/Vs
5.58 1.33
63.58 0.12
170.1 0.04
Reynolds
Number Vin/Ue
5.58 3.87
63.58 0.34
170.1 0.13

T T < T R e R

Fleld 2.4 KOe
Ny, ' Area of Back Build-up (Ap)
158 45s 120s
136.5 0.78 1.63 2.39
3.52 0.98 1.40 2.39
e
0.81 - - 0.38
Field 4.1 XOe
N; Area of Back Build-up (Ap)
158 45s 120s
398.2 - - -
10.28 1.68 2.59 2.9
2.37 0.4 0.52 0.55

ko e e

"1.84
0.35

*0Y

LFASN
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Flow

cm/s

2.7
14.86

19.22

Flow
cm/s
2.7
9,54
14.86

19.22

¢ . C m—— o

TABLE 4

Experiment Two(b)

Area of Back Build-up Using the Digitizer

Area of the wire (Aw) = 0.73

2.4 Rle
Reynolds Vm/UQ NL Area of Back Build-up
Number 15s 458 120s
24.3 0.30 15.01¢ 0.36 0.77 1.10
133.7 0.05 1.16 0.23 , 0.29 0.29
173.0 0.04 y0.79 0.11 0.13 0.13
4.1 KOe
Reynolds Vm/qm N Area of Back Build-up
Number 158 458 1208
24.3 0.89 43.8 0.28 0.71 1.15
85.8 0.25 6.6 0.46 1.13 1.17
133.7 0.16 3.4 0.18 0.70 0.89
173.0 0.12 2.31 0.43 0.52 0.55

41.

1.15
0.45

0.23

YA

1.58
1.60
1.22

0.75
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cm/s

0} 62

2.70
i 7.10°
‘t.

9.54
14.86

. 18.90

s PN

DT ——_—"
-

Lo B
.
|

N

& 19.22

Flow Rate

e B i T Re [N

B

TABLE 5 -

. Experiment Two

1

)

R e e o o v e

Thepretical Build-Up Angies {#a) and Lengths L*

(see Equations 27 and 28)

o

'Reynolds ) 8A
Number‘(Rew) (Degrees)
5.6 21.78 -
24.3 46.5
; @
65.1 59.6
.85.9 62.7
\
133.7 67.3
172.1 . 69.8
173.0 69.9 .
*
) :
{
{
~ ‘}a-

1.*

.008

2.17
6.40
9.55
15.30
19.96

20,00

42.

L =L*R
(mm)

.0036
1.21
2.88
4.30
6.88
8.98

9.00

b ko st S




- Flow Rate

cm/s

0.62
2.70
7.10
9.54

14.86

18.90

19.22

Réynolds
Number

5.6
!

24.3

< 65.1

. 85.9
133.7
172.1

173.0

A
0“)
3 - i
TABLE 6
. Experiment Two
Frequency of Vortex Shedding
7] o
Strouhal Frequency
Number (s) of ' Shedding (n)
0.0 0.0
0.0 0.0
0.140 14.84
0.158 16.75
0.173 . 28.56
] 0.184 38,64
0.185 40.54
=

43,

Experimental
Build-up
Length (mm)

e i
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44,

build-up length decreases. Table 6 shows the rate of vortex shedding
given by the Strouhal number, against build-up length. The increase in

rate of shedding does.correlate with the decrease in build-up length.

Experiment 3 ~ Cone #2 (22 ym Hematite)

Large amounts of front capture was gseen in these photographs

which unfortunately prodvﬁxced lshadows, caﬁsing some loss of definition of

3

the build-up profile.

At low flow rates (< 4.5 cm/s), large amounts of front capture
4

were seen, for example, photograplr P13. As the flow rate was intreased

however, back capture became the dominant capture mechanism as may be seen from
- T

the digitizer results in Table 7. Again, graphs of loading versus N

s L
and _Yy_ (Figures 31 and 32) were plotted. It is seen that back capture
U, * v »
becomes the, prominant capture-mechanism at M < 0.9. h about this
Uw '
value also, back capture appears to reach its maximum.
T W

It may be seen that _Loa&ing versus N -, fits the loading equation
quite well for front and total capturg with g= 1.3 and 2.2 respectively.

» The change from front to back capture dominance s illustrated’
e}

in photographs P13 and P1l4. P13 shows a large amount of top build-up

on the wire, with a shape agreeing with that predicted by Nesset(34).
Thé bottom profile has build-up extending out horizentally from the base .

of the wire, 1in a manner unségn in experiment 2. This may be due to the

o

.~ protection from the fluid dl:ag forces given by the copious front build-up.

Photograph Pl4 shows the top bulld-up to have decreased and
to have Iost 1ts straight edged profile definition. The bottom build-up

has increased markedly, now with more material than on the”from: of the wire,
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TABLE 7
Experiment 3 (22ym hematite)
< Area of the wire (Aw) = 3.64
) ’
Co 3.5 K0e
Flow Reynolds v /U N Area of Build-up (Ap) Y Y Y Ab 7%
cm/s Number we L Front (Af) Back (Ab) AF - AB A Ab + Af
"1.79 16.1  2.43 150.9 14.4 5.6 3.96 1.54  5.50 . 28
4.09 36.8 .06 . 43.69 11.43 5.41 3.14 1.49 4.63 32 4
4.78 - 43.0 .91 34.58 7.42 7.19 2.04 "1.98 4.02 49
L 6.44 " 57.9 .67 '22.11 4.89 6.08 1.34 1.67 3.01 55
7.22 ~ 64,9 .60 18.63 4.21 4.45 1.16 1.22 2.38 51
7.99 1.9 .54 16.0 - 2.76 ' 4.51 0.76 1.24 2.00 55
8.89 80.0 49 13.63 2.19 3.96 0.55 1.09 1.66 64 i
“ 9.78 . 88.0 b 11.82 2.01 " 4.09 0.55 1.12 1.67 67
10.48 94.3 41 10.65 1.23 2.45 0.3 - " 0.67  1.01 67
11.78- . 106.0 .37 8.94 0.8 1.98 0.22 0.54 0.76 67

12.78  115.0 34 7.91 0.8 1.70 0.22 0.47  0.69° * 71 ,,7//////
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As the flow rate is in:reased, the back build-up shows sim~
ilarities; to the shapeé obtained in experiment 2 i.e. the round profile
and horizontal projection from behind the wire is lost and the edges
l‘>ecome stlzaighter projecting back behind the wire (e.g. P16 and P17).

The front build-up is seen to take on a more curved profile

extending around the front of the wire, .as the flow rate is increased
(photographs P15 -~ P17). It may also be seen from the oblique angle

shot, P16, that there is little end effect on the shape of the profiles,

Experiment 4 - 88 ym Manganese Dioxide

‘i‘hese 'photographs did not produce clear prints but they were
sufficient to enable the large difference to be seen bétween them and
those of the cone #2 manganese dioxide (Experiment 2). The larger
particles appeared to produce profiles (P18 - P20) mci}'e similar to the
cone #2 hematite (Experiment 3). . - -

The front build-up profiles indicate a rounded shape similar
to those at higher flow rates in experiment 3 ( >6 cm/s). The back
build-up is shown throughout the range of flow velocities to be limited

to the area directly behind the wire, i.e. there is no horizontal build-

‘up extending out from behind the wire.

The digitizer results shown in Table 8, illustrates that front

capture was alwvays the dominant capture mechanism. Figure 3Z,/ shows‘

\/

_M> 1.0 in each rum, which is greater than ‘the. 0.9 value w7 n back

capture became the dominant capture mechanism with 22 uym hematite.
Figure 34, shows that loading versus N,
curve for front end total capture once more, but with ¢= 0.5 and Q.8

respectively. - ;

produced & reasonable .~

T R W R W S
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Reynolds
Number

l6.1
36.8
43.0
57.9
64.9
71.9
80.0
88.0
93.3
111.4
118.5

127.9

vV /u
m

8.87
3.88
3.32
2.46
2.20

1.79
1.62
1.42
1.28

1.21

TABLE 8

Experiment 4 (88¢ym manganese dioxide)

Area of the wire = 2,90

215.9
62.5
49.5
31.6
26.7
23.8
19.5
16.9
13.8
11.9

10.8

3.5 KOe

.Area of Build-up (Ap)
Front (Af)

8.01
4.37
¢ 3.39
2.94

1.79

~r
N T

1.61
1.41
1.48
1.56
1.14

0.71

Back (Ab)

1.92
1.63 .
2,66
0.97
0.96
0.95
1.14
1.23
0.84
1.41
1.12

0.52

2.76
1.51
1.17
1.01
0.62
.55

0.56

0.49

0.51

0.39

0.66
656
0.92
0.33
0.33
0.33
0.39
0.42
0.29
0.49
0.39

0.18

3.42

2.07

2.09

1.34

0.95

“0.95

0.91

0.80

10.3

0.78

0.42

Ab
+
19
28
44
25
35

37
41
47
36
47
50

37

Ab.

Af
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The back capture did not appear to readh a maximum.

o+

Experiment 5 - 5 uym Hematite

’ Photographs P21 ~ P24 illustrate the build-up profiles obtained
6.

w‘h:h the 5 ym hematite. Hematite of this size has a _YE’I_ range similar
to that of the cone #2 manganese dioxide (Appendix 11)‘.100 };‘rdm the photo-
graphs it is seen that the capture is mostly at the back of the wire, .
and vastly different from the cone #2 hematite.
Unfortunately as may be seen in photographs P22 and P24, there
vere large end effects in these runs and consequently digitizer data
would not give a realistic value for YA' .
It i8 seen that the build-up in P23 extends further out from
behind the wire than P21, even though it is at a higher flow rate. This
may be due to the fact that P21 was taken after 60 seconds, not 120
seconds, so full loading may not have been achieved. P22 shows a side
view taken after 120 seco;xds and sh9ws a large amount of back build-up.
@&'ont capture appears in each photograph, apparently to the
same; extent irrespective of the flow rate. The build-up also seems

to project directly upstream with very straight sides in a wmanner not \

previously ‘seen.

Experiment 6

Phetograph P25 ghows the "4 wire" single wire cannister within
the confineg-of ‘the gap between the pole ;:ieces‘. Photograph P26 shows
the build-up of manganese dioxide particles on the four wires very clearly.
There would appear from the photograph to bg more front bulld-up than.

would be ptediéi:ed from the results of experiments two and three. This

AY
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#
s

is*explained by the fact that the build-up extends around to an angle'
w3

~45° on the wire and consequently from the side view more material

appears to be present than there actually is.

On the photograph 1t is seen that there 1s considerable back
build-up \c}n >the first wire but ‘on the others, the top capture appears
to be the dominant mode of capture.

Photographs P27 and P28 are taken with cone #2 hematite as
the feed particles}. It 1s again illustrated that the back lcapture is
only present where there is no wire in close proximity.

It seems tha£ when front and back capture are in competition

with each other, or where another wire is in close proximity to back

build-up, the back bulld-up will diminish in that region.

-
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THE SINGLE WIRE STUDY.
EXPERIMENT 2.

MATERTAL ; MANGANESE DIOXIDE.

25 ; 23.56 1

Ha ; 2.4KDe 4
P2 - U, - 0.61 cn/s.
P3 = Up ~ 7.1 cm/s.
P4 - Ugy - 18.9 cm/s,
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mr:: SINGLE WIRE STUDY, ’

-EXPERIMENT 2. v

MATERIAL ; MANGANESE DIOXIDE.
2b 5 23.56 um .

- Ha ; 4.1 KOe

P5 = Ugp ~ 0.61 ‘em/s.
P6 = Uy - 7.1 cm/s. ~
P7 - Uy, — 18.9 cm/s.

e
%
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THE SINGLE

2

EXPERIMENT
MATERIAL ;
2b

* Ha
P10 - U, -
P11 - Uy -
P12 - .Uy -

WIRE STUDY. -

2.

MANGANESE DIOXIDE.
23. 56 pm

4.1 KOe.

9.54 cm/s]

14.86 cm/s.

19.22" cm/s.
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THE SINGLE WIRE STUDY.
EXPERIMENT 3.

MATERIAL ; HEMATITE.
2b ;3 22.8 um .
Ha ; 3.5 KOe.

P13 - Uy, - 4.09 cm/s.
P14 - Ug —~ 4.79 cm/s. i

9
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THE SINGEE WIRE STUDY.

EXPERIMENT
MATERIAL ;
©. 2b
Ha

P15 - Ug
P16 - Ug
P17 - Uy

{ i we wr .

»

3. -
HEMATITE.
22.8 ;1m
3.5 KOe.
6.44 cm/s.
8.89 cm/s.
9.78 cm/s.

-
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THE SINGLE WIRE STUDY.

EXPERIMENT 4,
MATERTAL

P18

P19
P20

2b
Ha
- U&
P UCﬂ

- ‘Um

3 MANGANESE DIOXIDE.

; 88.0 um

.
>

.

-3.5.K0e.
6.44 cm/s.
7.99 cm/s.

8.8

cm/s.

|-
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p22 SIDE VIEW

THE SINGLE
EXPERIMENT
MATERIAL ;
2b

Ha ;

P21 - Uy, -
NL -

Vi /U, -

WIRE STUDY,

HEMATITE.

Spm
3.5 ROe.

7.99 cn/s.

3.54

.06
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THE SINGLE

EXPERIMENT

we

MATERIAL

2b

Ha ;

e

P23 - Uy —

VM/Um

WIRE STUDY.
5.
HEMATITE.
Spm,

3.5 KOe.
11.17 cm/s.
2.14

.04
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THE SINGLE WIRE STUDY.

EXPERIMENT 6.
MATERTAL ; MANGANESE DIOXIDE.
2b ; 23.56um ’

Ha ; 4.1 KOe.
P25 —~ BARE WIRE
P26 - Uep ~ 7.1 cm/s.
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7.2 H.G.M.S. Results

'

Experiment 1 - 0

The results in Table 9 show a comparison of c;apture masses

R i e

PR

b
vt

for the open (1) matrix and the closed matrix only. It is seen that

the closed matrix caught more ma;terial than anticipated, by the loading

equation using g ™ 0.7., The open (1) matrix caught almost twilce as much

as predicted in some cases, and in every test, caught more material than

R N R, ¥

the closed. Figures 35 and 36 show graphs of loading versus the Loading
° X (4

A

Number,NL » and _Y_b_‘l_ , respectively for these results.
U, A ' . .

Table 10 and Appendixes 9a, 9b show the results of the comparison
K} H

of #I1 three matrices under the same conditions. It is seen that in ‘all .

but two cases, the closed matrix caught more material than predicted ;

<

using € = 0.7. Under every test condition, the open matrices caught

L

more than the closed, sometimes with up to three times as much captured

than predicted.

On comparing the two optn matrices, it is seen that at NL < 20 !

the open (1) matrix captures slightly még‘material but above NL= 20,

-

the open (Z) matrix generaily captures more material.

» .
Examining Figuyres 37 and 38, it is seen that Yy for the closed

»

matrix follows™“quite closely to the predicted value by the loading

Equation with € =0.7. The-open matrices follow a similar form to that

L —

of the closed but with ¢ = 1.8, Co- S

Experiment 2 ‘ ’ ‘

On initial inspection of the weight of material caught (Table 11) -« !
, - ) |
it is seen that the open (1) matrix captures more material than the closed . i

1
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- <> !
irrespective of the amount of material fed to the system. But, on con=
’ et \ . -

sidering the mass captured/unit -volume of matrix it :Ils seen that th
closed matrix captures more (Figure 39). This figure also shows that
both matrices capture their maximum amount of material ai:,t:he same feed

~
mass. Consequently the open matrix does not have a larger feed capacity

»¥

than thé closed matrix. : ' LT -~ : ‘

qE:_:get:iment 3 - \
N As exl;ected, the open matrix caught:b more material than the
clo;ed matrix (Table 12). 'l;he grade of this material appeared slightiy
.lower, therefore recovery of hematite on eac.h matrix was approximately
the same. Therefore one could conclude that the open matrix caught

more silica. However, the spread in the results (appendix 10) means

that the éifference is probably not significant. - <
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Material and

Cone Size

Cu0 #4

v FeZO3 #4

Mn02 #3

-~

Fe203 #3
MnO2 #2

n

Pt e e s Ay i e — e

Field -
KQe

6.8
6.8
9.1
9.1

13.8

=

’

-

I3

Flow
Rate (cm/s)

4.18
7.69
7.69
7.69

7.69

-~

1
m=¢ (3‘1._)/'5 -1
& \2.
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>
where .= 0.7,
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TABLE 9

Results - Experiment (la)#*

L ) 7
. NL VM/Uw

. 5.63 .08 R
23.71 40
30.14 .76

47.25 1.16 -
70.65 2.37

(21)

(=4

Ym-W Closed ,
(gm) Matrix '(gm)
.67 .78
3.36 4.6
4.03 4.5/
6.33 . 7.4
8.57 ) 6.4

o

. L]
W=meofmnm

.

A

Open

Matrix (gm)

-~ +93
6.91
6.23

11.83

10.33

rs

Y

.* all tests performed at CANMET,
using a Sala Magnetics 10-15-20

laboratory unit.
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o y TABLE 10
Experiment 1b
. H.G.M.S. RUNS
[ 4 & °
s MAGS - in grams
VM/Ua NL Yo Ci‘losed Open (1) Open (2) -
"0.14 9.14  1.22 - 2.0L 2.67 2.38
0.10 13.54 ° 1.83 ' 2,41 2.94 2.60 °
0.18 26.23 3.70 4.40 5.85 " 6.30
~ 0.35 36.58 . 5.04 5.57 . . 10.5 11.60
Y
( 3
v @ *
&
’0
~
( -
‘ ¢
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Feed
Mass

20
40
70
100

120

140 :

Open (1)
(gms)
4.18
7.09
~9.53
13.89
13.10

12.40

TABLE 11
Fablh L

Experiment Two

MAGS

Closed
(gms)

2.32

1

3.92

5.35

7.20 "

7.66

6.96

L G et e T g

55.

Mass/Unit Vol, of Matrix
Open (1) (flosed

1.39
]

-2.36
3.18
4.63
4,37

.

4.13

2.32
3.92
5.%?
7.20
7.66

6.96
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TABLE 12
Grade Experiments .
MATRIX MAGS NMAGS GRADE RECOVERY
gus : gms
Open 2%{;}‘.15 3.25 79.8 + .95 61.21 + 2.24
Closed - 2.24 + .10 3.30 81.83+2.24 61.39 + 2.94
(See Appendix’10)
a f ot
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VIII. DISCUSSION

The object of the study was to examine the build-up Process
(ff\magnetic particles on a single wire in otder to study front vergus
ﬁégixbﬁpture and the profiles under various test conditions. Thig
information was &hen correlated with previpus work carried out by other
workers,lin order to try to obtain a definitive picture of the capture
mechanisms involved in hgms.

.

8.1 The Build-Up Profile

8.1.1 Back Capture
Obtaining profiles consistidg of mostly back capture was vyery
unexpected In experiments two and five., Of the previous works, only the

d(11) (16)

theoretical studies of Luborsky and Drummon » Stekly and Mineryini

(30) had suggegted

along with the photographic evidence of Friedlaender
that back capture would occur.

The shape of the back prof{le achieved‘pnder the-vaflous test
conditions, could be correlated qualitatively with the fluid flow
characteristics. The Reynolds Number of the wire was determined for
each of éhe flow velocities used in the e#periments, along with the
corresponding 6, and L* values as given by Brauér (39 (Table 5).
Initially the values of QA and L* were compared wit? the angle and 1ength’
of build-up observed. It may be seen that the angle of build-up predicted
for a flow velocity of .71 cm/s is only 22° . 1In the corresponding photo-

graph i.e. P2, the angle is seen to be nearer 80-90°, Thisg may be

explained by the fact that the Reynolds Number at .71 cm/s 1s only ~5,.58

“

200 S T, IR M S gy @ # B L L A v oMU

[

e i i



mm nm e i A RORSWRYERE W L Y P on g A L P YT -~ [P
v

T ® . . .
(! : " -

and the lower limit of the applicability of %A is Red— 6.23i/ This limit

1s due 'to there being no boundary layer separation from the wire at

Re,< 6.23 (39). In C1ift, Grace and Weber,(as) a value of Re ~ 5 is
| q

! given for the limit of poundary layer separation . Whether boundary

separation occurs or not, it is apparent that the magnetic field dom-

~¢

inates the shape of the build-up and not the fluid;ggﬁge Consequently,
build-up extends out from behind the wire into the flow stream due to

the attractive magnetic forces on the particles being much greater than

the drag forces attempting to move tie particles downstream.
Again, L* is only applicable once boundary separation has
i occurred. It is clearly seen, that the build-up extends further .than
? .0036 mm (Table 5) downstream. Once again this is due to the magnetic
{ ( S force holding the particles at the wire being much gfeate; than the drag
force exerted by the fluid.
Two build-up profiles were obtained using a flow rate of 7.1 cnfs
! (Re,~ 63.5), one with a field of 2.4 KOe and another at 4.1 KOe. Examining
photograph P3 (2.4 KOe) initially, tlhere is a marked change in shape from
phj\ graph P2.l The build-up length is slightly diminished behind ‘the
\‘““§?‘ ' wire, d the rounder appearance of the profile has changed to one with

straight sides.

\\\\\_—/,///,—wﬁ\\\—’/// The angle of boundary separation given by 64 is 59° which

appears to agree well with the downstream build-up angle. Thus, gt

)

angles greater than 59° » there are strong drag forces acting, which
direct particles arriving at the wire, downstream. Within the area of |

boundary separation there exist oscillating vortices, some of which

]

(“' will be breaking free to travél downstream. —_—

-
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Consequently; the shape of the build-up may be explained by

assuming at angles of 8 > 590, the, fluid drag force acting on the

_particles is greater than the attractive magnetic force holding the

particles at the wire. Therefore, the particles are carried away down-~
stream, around the perimeter of the boundary layer.

At B < 59°, the magmcatic field holds the particles in place,
unless vortex shedding disturbs <he fluid in the wake behind the wire.
In P3, there is a slight decrease in build-up lenhgth possibly correlating
with the onset of vortex she‘dding. Vortex shedding could catise particles
to overcome the magnetic force holding them in position so allowing them

to travel downstream. .

e —— —— -

Considering photograph P6 (4.1 K0e) a similar shape is ohtained
to P3, but the sides of the build-up are not as »straight. It woul}
appear with the higher magnétic fileld, the magnetic fdrce is strong enough
to hold the particles in position at & > 59° , i.e. the magnetic force
attracting the particles is now resisting the fluld drag force, to a
certain extent, eutside the protective wake area.

The sa:me qualitative conclusion may be arrived at on comparing
P4 and P‘7, which are both taken at 18.9 cm/s (Rew= 172) with P4 at
2.4 KOe and P7 at 4.1 KOe. Here thé flow conditions behind the wire are
more turbulent. GA is about 700, but at Rew> 160, the instationary
double vortex in the wake breaks down and ins_t'ationary single vortices
form, accompanied by turbulent fluctuations associated with the vortex
shedding. The bui_ld—up :!ength downstream is therefore decreased

k]

drammatically due to ‘th;‘Ls turbylence., (As mentioned earlier, L* does

not control the builld-up. profile as it increases as the build-up length

decreases). : ’

~
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From P4 and P7, it is seen that the gtr\aight sided build-up

P . i
associated with ﬁeA,,is seen in both cases; the higher- field strength

ﬁrofile again apparently showing more resistenc2 to the drag force

~

outside, the boundary layer.

LY

@

Photographs P8 -~ P12 were used for verification of two points:
a) At higher magnetic fields, the attractive force holding
the particles to the wire couid overcome the drag forces
act‘ing outside the boundary layer, and
b) The length of back build-up could be correlated with thé
rate of vortex shedding given by the Strouhal number.
Photographs P8 and P9 illustrate the first point very well,
with the back build~up extending out from behind the wire at the higher
field strength. ,

Ph‘otographs P10 - P12 show the profiles observed at 4.1 KOe
and flow rates o? 9.5, 1.48 and 19.2 cm/s.

In each of these photographs the bulld-up angle 1s approximately
the same, corres.pondhing to a range in theoretical SA from 62.7° - 69.8°. >

Whether the build-up angles conform to € A OF the limiting angle given

by the magnetic force, i1s therefore incopclusive. '

The area of the build-up downstreap in Addition to the build- N

up length decreases as expected with increasing flow‘rate. This does .
appear to bé due to the increasing rate of vortex shedding (point b).

The value of the Strouhal number and therefore the rate of vortex shedding '

is shown in Table 6 for_each of the flow rates used in experiment two, and
v

appears to correlate very well with the decreasing build-up length. Lol
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The effect of the vortex oscillations and increasing shedding -
ts shown on each of the photographs by the movement of large amounts of
particles apparently shedding from their zapture positions on the back

,/“ R .
of the wire. As thils occurs more frequently with increasing Strouhal

» number, the build-up at the back of the wire decreases. Another reason -
- s

A

suggested for ,the decreasing back build~up is that the.ﬁigher tHe flow
rate, the less chance the particleé have of getting into the downstream
capture region. ThiQ is due to the'incrégsingly strong drag forces
oﬁtside the boupdary layer regioﬁ which dr;és t&em strongly downstream.

In experiment five, P21 - P24, the-shapesdﬁf the back profiles
have unfortunately become masked due to end effeéts. Consequently, this
made analysis of the shape of the back profile impossible. It is
interestipg to note, however, that the presence of the end effects
allow back buiid-up to extend out from behiﬁ@ ;he wire'at higher flow
rates than in experiment two.’ T,

The use of Sﬁ, thé boundary layer separatioﬁ angle, in pre-
dicting the angle of back build-up appears to be inconclusive in this
study. However, on calculating 9A1for some runs carriled out by
Friedlaender, ‘it is seen that the separation angle can influence the back

build-up, even to limiting the build~up angle to 280-(Figure 40).

-

8.1.2 The Effect of Front Build-Up on the Back Build-Up Profile

The effect of front build-up on the back build-up %rofile is

very dependent on the extent to-which the front build-up is present.

»
0

-

BN
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»
Fig.40 Correlation of GA and Friedlaenders Observed Profiles.

™~ ¢ : 4

Test Conditions:~ Ha = 5 KQe ;Ig= 307.9 emu/cm30e ;pp = 3.71 g/em
v =0.01 cmz/s ; 2b = 8 pm ; 2a = 125 pm ; MS = 484 emu/cm3; K = 34.9 Oe‘l;

®© Ugy= a/ Ug=17.9 cu/s, Oa= 28°

1

b/ Ugp =2.9 cm/s, G4= ~ Re 623 )
¢/ Ugp=23.3 cu/s, Gx= a9°

( SEE OVERLEAF ) - - ' f
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Photograph P13 shows a rounded back build-up extending
horizontally out from the back of the wire. This is a very different
profile to that aof, fo_r example, P6 which is taken under similar con-
ditions but with no front capture present. This is because the wake
formed by the front build-up protects the back bt;ild-up from the ‘fluid
drag forces. Consequently, the back build-up can extend out from behind

the wire at much higher flow rates than 1is possible when no front build-

-
up is present. -
«

In photograph P14, the extension of the back build—up from

behind the wire is even greater, although the amount of front build-up

A}

has decreased to a position where capture occurs evenly on both the

front and back of the wire. It is noted, however, that the back build-

.up does not extend out further than the front profile, the depth of the

build-up accommodating most of the extra capture.

On increasing the flow rate from 4.79 cm/s (P14) through to
?.78 em/s (P17) a distinct chang»e appears In the shape of the back profile,
the decreasing amount of front capture affording the back build-up less!
shelter from the fluld forces as the velocity increases. Consequently,
it is seen that the bvack build-up profile extends a shorter distance
from behind the wire in P15 and P16. 1In photograph P17, the protection
afforded by the front builld-up 1is minimal and the more straight-sided
profile is seen once agafh on the back build—u;x' *

In experiment four, using the large 88um manganese dioxide,
the front captui:e never extended out very far from the edge of the wire
and therefore gives the back build-up very little'protect:l,on (P18 - P20),

Consequently, the back profile does not extend out from behind the wire

Voo . i e otttV Vg SN ST B0
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and appears very straight edged conforming to the shape of the wake.
It may again be seen Iin these three photographs, how the back
build-up lex;gth decreases as the flow rate increases.

: :

8.2 Mechanism of Back Capture

-

(16)

Stekly and Minervini were the first workers to predict

copious amounts of back capture in an hgms., Although not describing .
the method‘ by which particles arrive at the back of a wire, from Figure

3 -
6, it may be¢ seen that the particle trajectories that lead to back

3

ate in the void regions at the sides of the wire. ¢

.
an predict large amounts

capture or

In their work, Luborsky and Drummond
of back capture without defining the mechanisq with which the particle.s
arrive there. They do:suggest that the' particles arrive by bejlng swer;t .
of £ the front build-up or by being caught up in the tu;bulent wake of
the wire, N

(30)

Friedlaender concluded from his photograph‘ic studies * that
the particle profiles, both upstream and downstream, were dependent on
the slurgy velocity. At a slow velocity,‘ particles would collect only
on the upstre;am'»side‘ﬁ‘of the wire. As the slur?:y vyelocity increased, .
particles would also collect on the downstream side and if the ftlow
rate was higber enough, particles would not' collect on the upstreanm
side at all. ﬁo suggestion as to the mechanism of these capture modes
was suggested.

(18)

Birss, Dennis and Gerber concluded irom their study, that

particles could only be caught on the ba;:k ot the ¥ire 1if they could be

brought out of their expected positions at the front of the wire into

@
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the void regions. From this new position, trajecteries could carry the

particles to the back of the wire. (Figure 9) e
TN
This study supports two mechanisms suggested for back capture,

which appear to operate under conditions given by the _Yg ratio :
- o
a) At low Yy_ ratio ( <.8), the mechanism for capture
! U . . ’
appears to be one of direct trajectory to the back

4

of the wire. For example, in experimgnt two and in

-«

some runs of experiment six, no top capture was seen
’ at all, all particles being caught on the back of the
wire. -

b) At a Yﬂ rate 2078 ~ 1.0, particles do appear to be
lagt 2:om the front of the wire, to be gaught again on
the back. A good example of this are. photographs P13
and Pl4.

Ly

Photograph P13 shows a i}ll&defmed front build-up with straight edges.

"

An increage in flow veldcity of only =0.7 em/s result in photograph P14

t

vhere the straight, well défined perimeter of the front build-up appe'arsl
to have had particles removed and there tx?s‘"been a marked increase in back
capture. ' ) -

It would consequently appear that both Luborsky and Drummond,

3
 and Birss, Dennis and Berber were correct in their assumptions, although

neither postulated that capture on only the downstreanm side of the wire
would occur.

The grade experiments were dissappointing in fact they did not

~

. Jhelp in deciding whéther back captur® was a magnetic or flow phenomenon.

YRR M2
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A drop In grade 6n the open matrix would have suggested that

the particles were indiscriminately caught at the back of the wire,

indicating the fluid carried the particles there. -

1 An increase in grade would suggest the particles were mag-

' netically carried to their positions “at the downstream side of the wire.

—

) a

8.3 The Profile of‘h&‘ront Capture
. P

Al

The profiles of the front capture observed in the experiments

SN . may be divided into two cases. .

i) A prominent fan shaped build-up with well defined build-
up angles e,g. P13, ! ‘

i1) A more rounded "collar" shaped build-up, with poorly

defined build-up angles e.g. P18 %PZO.

The well defined fan shaped build-up (P1l3) is very similar to
the theoretical shai)e predicted byvNesset for the same conditions shown
in Figure 4la. He predicted the bu:lild-—up angles at the front of the wire .
to be somewhat greater than 90° when th?a field is below that for wire
saturation. In photograph P13, the angle of build-up is approximately
120° which supports this prediction. - ‘

In phoi:ograph P14, the fan shaped build-up may be seen to be
breaking down. This phatograph is taken at a glightly higher flow rate
than P13. The fan shaped bui}.d—up is not seen again at fxigher flow
rates. Consequently, with the 20um (coue #2) hematite, fan shaped
build-up 1s seen at flow rates <4 cm/s but above th{&/vu\locity, the /(

sharp definition of the profile 1g lost.

L e L
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Fig.41 Nesset's Model Prediction For the Profiles of Photographs P13 & P17
and for a,Theoretical Flow Rate of 18,9 cm/s,(Front Build-up only).

, (See Overleaf)
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! As the fan shgped build—l,’lp breaks down, the outer edge of the
build-up becomes rounded and appears as a 'collar' around the top of the |

wire. Nesset predic\l.ed a less fan shaped build-up at higher flow

rates, as is seen from Figures (41b) and (4lc), but the actual build-up

L

- '

is m?re rounded than he. predicted. This occurence was suggested by Nesset
due to the 'fan shape' being a theoretical build-up shape with no allowance
for fiow‘ instabilities which would occur in a real S}\'stem.

The photographs-also agree well with the photographic evidence
of Friedlaender et ﬂ(Bl) which also shows a more rounded build-up at

higher flow rates or lower field strengths (Figure 40).

8.4 Front Versus Back Capture

It is seen that for cone #2 manganese dioxide (experiment two),

[

the build-up is dominated by back capture; indeed front capture while
present (see P2, P3) was too small to convenilently quantify, Althc}ugh
not applicable to ba@?ﬁ?e, loading was plotted against NL (Figure 29),

as well as _vﬁ . Figure 30 shows that correlation is better with _Y_}_(_ .
= Ueo Uy
For example; significant back loading occurs below the theoretical min-

imum NL of 2.5. Also, the amount of back capture is ap‘proximately constant

over a wide range of N, 1.e, 6 < NL < 150. It should again be noted *

that the loading equation was derived assuming no back capture occured.

Figure 30 shows that when plotted against Y_)g » the loading
' U
follows a reasonably smooth curve, build-up reaching a maximum at a

value of Y_I'L = 0.25.
U .
In experiment three {(22um, cone #2, hematite), NL may be seen

to predict the loading curve for both front and total capture if € ig
. " ¢

~a
’

L
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fitted to the experimental data and is not used as a packing fraction
(Figure 31). Consequently:, if ¢ 4 1.0 (as for tﬁe packing fraction

shown on the prints) but e{quala 1.3 and 2.2, the resulti;lg curves describ’e
front and total build-up weﬂ. N )

Considering Figure 32, it i; seen that 50% of capture is on

4

the downstream side of the wire when _‘_’_!;I_ < 0.9. As the value of Y_rg
decrease.«';, the % of the total captureU:n the back of the wire inch:ses
nuch ‘more‘

In Aexperiment four (88ym manganese dioxide), it may be seen
from Table 8 that front capture is always the dominant (> 50% capture)
capture mode. By plotting a graph qf % front capture for experiment two,
three and four againsj;‘ the ;__li ratio, a curve is obtained aa’Figutla 42, ¢
It is seen that there appearoso to be a value for all the experiments which
govern wheth;r front or back capture will be‘dominant (and also perhaps
to what extent). This v'alue would appear to be ~ 0.9.

The only exception to this is that of P2, which has a flow
velocity of 0.61 cm/s which) produces a Re, of #5.5. At such a value,
the flow conditions are uncertain about the wire and therefore parameters
affecting the build-up may be very different to those e;t higher flow
rates.

A maximum amount of backXcapture does not appear to be achieved
in experiment four, although the Y_}_t_ value is greater than those in the
previous. experiments where a maxig:m was “obtained. It is believed that
a maximum amount of back capture is achieved but as yet is not correlated

-

with either N, or VH . w
L T . f
The front and total build-up of material is again reasonably

described using the Loading Equation with € as a fitted parameter. With

T ran g e
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€ =0.5 and 0.8 respectively, the form of the graphs are adequately

ciescg:ibed for front and total capture.

Figure 43 and 44 show plots of front and total capture respec-
y . i

tively ', for the 22ym hematite and 88 ym manganese dioxide. The
estimates by Nesset of 1.0 appears adequate for describing the front

capture but total capture may be gseen to fitted better with data-fitted

a

values of =

In summary, it would appear that above a value of _Y_I_‘I_v-_—: 0.9,
(/%

"front capture is the dominant mechanism whereas if Xb_{_ < 0.9, back capture -

U
aspumés dominance. The Loading Number, although not allowing for back

capture, describes front and total capture very well when using € as a

data fitted constant. ' ’ ,

8.5 The Effect of the Presence of Other Wires on BuildrUp Profiles

It is apparent from experiment six that front capture is the i

dominant capture mode when in competition with back capture. Using, ;
(19) ' -

Hayashi and Uchiyama's conclusions, the presence of other wires ;

a
substantially affect the particle trajectories as they pass by the
wires. Therefore, it may be that particles are not arriving at the :

back of the wire due to other wire's influences on the particle.trajec-
. p
tories (Figure -10). Y

v

. Alternatively it may be that the capture radius of the front
of the second wire overlaps with that of the back of the first wire.’

Perhaps just the particles initial direction toward the top of the second

\ e

wire on entering both capture radii, determines that the particle is .

3
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caught on the front of the secorid wire and not on the back of the first.

8.8 Results of the hgms and Correlation with the Single Wire Work

8‘6‘1 H.G’Mls.
The hgms results are shown figuratively in Figures 30 and 37, .

:

/
plotted agadinst the I:oading Number. The curves drawn on both figures

are of the capture predicted by Nesset's Loading Equation with € = 0.7

(equation 20). The results for the closed matrix, show more material was caught

than predicted but they do follow the curve quite well. The open matrices
follﬁ?ls/i—xl/d].ar t:yp“e curve but nowe = 2.0, gives a good fit. .

‘ Figures 36 and 38 show the loading plotted against _Y_bg . The
.points are slightly more spaced apart yet a reasonable curve could be

.
drawn for each of the matrices. The main disadvantage 1s that there
{ is mno loading equation, consequently once a value of _v_h:i_ has been founci
a calibrafion curve is requﬁ\ed to predict loading. *
7 . - In experiment two, the feed capacity of the closed afid open
matrices were found to be the same. Irrespective of the amount of
material fed to the dystem the open matrix always caught more material,
but on a mass captured/unit volume basis, the closed matrix was the most
ef{icient". There 1is a suggestion that an open matrix with a very small .
gap between each”fayer (e.g. 1 mm) may be more efficient that a closed !
matrix. ’
If the grade or recovery of material had been substantially

increased, there would have been a good reason for using open matrices
and would ha'lve_ helped illuminate the mechanism by which éatticles are
caught at the back of the wire (Section 8.2). Unfortunately, the results

(‘ ‘r, }ﬁ sugéested no significant differencqze in grade or recovery.
- - <
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8.6.2 Correlation Betw&en the HGMS results and the Single Wire

Observation
Results obtained in the comparisons of the closed,”open (1)
and open(Z) matrices illustrate that more ip/ture occurs on-the open

matrices than on the closed matrix under all“conditions.

-

Obviodsly, correlation between the singlelwire studies and
the hgms results is diffjcuft in a theoretical sense due to the large
differences in conditions which exist betw;een the two studies. However,
some hypqtheses may be put forward.

The reason more capture occurs on an open matrix than on a
closed may be because the open matrix mo;'e closeI}; approximates a number
o;f singleﬁ wires. Consequently, ‘om‘a o'btains both front and back capture
on the wire so increasing ;:otg,l capture., On the closed matrix, it is

suggested that little or no_back capture occurs due to the close prox-

imity of other wires. It was seen in the "4 wire' single/ﬁre study

-

that ~whén front and back capture are in competition, the back capture
is diminished (Sectionc §.4), which is analagous to the conditions
exigting in the closed matrix.

An alternative suggestion for the increased capture mass is

that no physical masking of wires occurs in an open matrix. As

(34)

discussed by Nes'set » masking may account for approximately 67 of

the capture areh, but this would not account for the whole difference

in capture between the open and closed matrices.

v

Another reason for suggesting the open matrix acts as a number

of single wires 1s by considering capturz when K}Q 1s greater than 1.0.
. U

In the single wire study, all the experiments were at, or approaching a
“

maximum amount of back capture at _Y_}_i_ > 1. Only two runs in the -hgms
Ve .
experiment had E'{_ > 1, (see Table 9 and Figure 36), these also suggested '

Uo
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*

an apparently constant amount of back c\;‘pture, by the difference of
A o
the open (1) and closed matrices being the same.

VM > 1 was never achieved

Unfortunately, in experiment (1b),
, «©
(Figure 38), so this result was not confirmed. It would appear quite
logical that once back capture is fully achieved, increased capture

will occur identically on the open and closed matrix and correspondingly

" there will be a constant difference in the amount of material caug\ht.

-

9
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IX. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

N >

9.1 Conclusions

1.,

&

Both front and back build—ua occurs in a single wire study

of h.g.m,s.

Occurence of front and back capture is governed by the Yy_

U
ratio. If‘it:i_ >0.9 , front capture is the dominant capture
U o -
mechanism; 1f V_M < 0.9 , back capture dominates the capture
U
process.

A maximum amount of back capture ‘appea{s to be obtained, !

]

probably governed by \_VM/‘or NL Above this wvalue, additional
: Uw

capture occurs only on the front of the wire.
: {

The loading number, NL’ describes front and total build-up .

reasonably well, using ¢ as a fitted parameter, not as a

packing frgction.
The downstream build-up profile may be qualitatively correlated
with the fluid behaviour in the wake behind the wire.
The front build-up profile is seen to be generally as pre-

. -
dicted by \Nesset (34).
A spaced matrix will catch more material per unit mass of
matrix than a closed matrix, .but, on a volume of matrix be;sis,
efficiency is lower, -
The fee(; capacity of the spaced matrix is no larger than that

{ N

of a closed matrix.
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g 9.2 Suggested Future Work

1.
2.
b
. 3.

[N

An attempt to use slow exposure times should be made in order
to tr;ck pafticle trajectories as they move toward the wire,
in order to examinje the mechanisms of back capture.

More hgms work shpuld be carried out in correlation with

the single wire studies, e.g. invegiigation of the z@_ region
whic? produces the maximum back build-up on the singie wire.
Grade/Recovery work should be further investigated, under
various test conditions, in order to examine the mechanism

of back capture. Larger matrices and feed masses should

be used.
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APPENDIX Ia ~ THEORXIOF THE HALL PROBE

This device is one of the most common and versatile devices
for measufing magnetic fields (Figure 45). On insertion of the Hall
probe into the unknown magnetic field, a constént current is fed into
two of the four wires, attached across the probe. The "Hall potential”
is measured across the remaining two wires, caused by the deflection
of electrons in the conductor by the magnetic field.

With the field vector, B, making an angle, 8 , with the unit

vector normal to the plate, fi, when a current, I., is applied to the

conductor, the Hall potential would be given by:

v
-~

V=R, I B) (in volts) (29)

t

where RH = Hall constant, f Y
Fe

For a given Hall crystal, i.e. with fixed Ry , t and Ig‘, this
\

voltage becomes a measure of the magnetic field strength. Thus, by

rearranging equation '(29): .
H o= Vu (30)
K1 I cosf

Consequently, before measurement of an unknown magﬁetic field
can be carried out, it i1s necessary to calibrate the Hall Probe against
a known magnetic field in order to determine Kj (Figure 46).

The Hall probe was positioned in the gap between the pole

of a magnet such that @ was equal to zero, Equation (30) becoming:

v.
( H= "H (31)
K1 I . '
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A direct current, I. , of 200( il} hA_ was applied to the

probe and the field between the poles was “increased while Vy was

’

field was measured accurately using a moving coil gaussoumeter.

linear regression, the relationship is:

‘H(0e) = 24.16 x volts ( +28.84) -

measured on a voltmeter applied across the probe. The value of the

By

(32)

This linearity between VH and H, 1s generally good to within

1%, up to 10 K0e, well within the range of this investigation.

Having obtained the value of K1 ; the Hall probe waslysgd in

-

order to calibrate the value of the magnetic field between the

newly designed pole pieces attached to the Frantz.

G
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v APPENDIX Ih - CALIBRATION OF THE MAGNETIC FIELD USING THE
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81’

HALL PROBE (AT THE CENTRE OF THE DRILLED HOLE)

Input Current
To The Frantz

mA

100

200

300 .

400
500
600
700
800
900

1000

[P

*

Magnetic Field
KQe

S
.48
.87
1.28
1.69
2.12
2.52
2.94
3.33
3.73

4.14

G

s a Som o

[
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APPENDIX II - PARTICLE SIZING USING THE WARMAN CYCLOSIZER

- .

Th‘e Warman Cyclosizer is a hydraulic cyclone elutriator
which cqnsis’ts of five ¢yclones in series‘which .separates the feed
material into a roughly —-\/1.-5_— .decreasing series of ‘five sizes, in the
sub-sieve range (80-5um) (Figure 47).

Thefﬁni‘g ds 'pre-calibra;:ed to produce a cut-off size for each

»

cyclone, d_ ,

based on \a sil%ca sample, i’nfinite elutriation : time

and a set of standard operating conditioﬁs for the equipment.
Correction factors are then necessary for particular opera-

tion conditions, viz, water “tgmperature (fi), séecific gravity (f7),

flow rate (f3) and operation time ‘(f4). The correctfon factors then

produce a set 9f actual cut-off diameters, d, , for each of the comes,

2

under any conditions viz;
dg = do f7 £ £3 £

A geometric mean size is obtained: for each cyclone,Adhefined

' .

as: -

. _ 3
Bem () [“a(m x d“(n—n] ‘ (34)

X

where n =cyclone number :

Method of Operation

‘

About 50 grams of material may be run through the cyclosizer

-

at one time, ensuring less than 15 grame of material are sized into

any one core. ) .
(M~
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The sample was first pulped with 50 - 150 mls. of water,

-

and was then poured into the sample container (Figure 46). The
container was then filled up to a level of half-way up the outside
taper to ensuré no air was allowed in the system.

The container valve was then closed and it was reé@ed to
the holder on the-cyclosizer. The cyclosizer pump was turned on and
with the flow control valve fully open, all air was removed from
each cyc‘lone by opening the apex valves.

Then, with the control valve remaining fully open, the
sample container valve was slowly opened. Consequently, the sample

* AN
was then allowed to completely empty from the container.

J

After a period of approximately three minutes, the control
valve was closed until the flow meter indicatgg the required elutria-
ting flow. D )

The cyclosizer was then left for 15-20 minutes. The control
valve again fully opened. Beginn:tng at cyclone 5, the apex valve was

.

opened on eaéh cyclone and the solid discharges:.were collected in a
beaker, ;\11 5 cyclones were /treated gimilarly.

Th“»is/proce’durer was repeated a number of times, until sufficient

E—

material had been prepared for all the experiments “

e T
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APPENDIX III - OPERATION OF THE DAVIS TUBES

The Davis tube uses magnet pole pleces which generate about
1 KOe magnetic field. 'On pa\ slurried’particles between these
pole pieces in an agitated gliss tube, the field is strong enough ‘to
capture magnetite but the hemarite floys past.

The water in the tube is kept at; constant height, above
the pole ‘pieées, by a feed pipe placed In the end of the _t\ube. 1f

the jrater level drops below the pole pieces, the magnetite tends to

be dXagged downstream.
=

-

The sample is fed into the tube by means of a funnel in the

i

top end of the tub’e. The agitator is then started as the particles
flow down toward the pole pieces. This prevents physical trapping of
hematite within the captured magnetite,

The cleaned hematite is consequently collected in a blj@t,

decanted, and dried.

<
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APPENDIX IV

The preparation of the 5 u? hematite vfor experiment five, )
required prevciously prepared cone #5 material to be ground in a wet
ball mill f({r four hours in order to achieve the rc;.quired size range.

Separation of a size range of 3 - 7um particles was achieved

by allowing the particles to settle out. This separation was carried

- »

out using the equation:

D =—*KVi (35) where D= Diameter ;f’the -
particle
s V= velocity
and l "
’ )
. [ (01§ Y ] ~ (36)
%
vhere n = .01 d - )
p =5.25
po =1.00
g =9.80 J
Thus,
D == .006571 Vi’ (37)

For 7 um Material

7.107% = .o06s571 . v

giving .

V = ,011348 cm/s

B W-ﬁ ]
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\

Consequently, any material that has not settled 13.6 cm in 20 minutes

is <7um , and was collected.

For 3um Material ’ /\,)

3.107% = .06571 . v )

giving

V = .006571 cm/s

Cons‘e:quently, matgrial collected of size <7um and >3um would have

settled lower than 7.5 cm in 60 minutes and s0, material of 3 - 7ym

was obtained.

.
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APPENDIX V -~ TECHNICAL PHOTOGRAPHIC DATA

A Nikon F camera was used with a Nikox;"PB bellows set at

a 1:2 magnification ratio. The lens used was Nikkor 3.5 Macro lens

set at infinity. Ilford H.P.5, 35 mm film rated at 650 ASA and shot

1 1
at /8 - /15 sgeconds at F.32 or .22.

v

\ The lighting consisted on a 100 watt fill light, with a total
@ .

light at 1000 wats angled at the aide,
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APPENDIX VI - CALIBRATI F THE PERISTALTIC PUMP

The pump was calibrated by setting the '"Masterflex" control
to 5.0, and then by the amount of water pumped in a certain time with
the variation of the variac controller. This was done before é&ach

experimental series, therefore, slight variations will exist f{n the
., .

flow rate in each series.

Variac Volume of Time (s) Flow Rate
Position Water (ml) cm/s
30 1215 ) 145 13.17
. 28 945 120 12.38
26 ’ 888 125 11.17
24 840 135 9.78
22 865 170 ' 7.99
20 738 180 . 6.44
19 730 240 4,78
18 625 240 4,09
17 410 360 1.79
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APPENDIX VII - THE DIGITIZER

The Digitizer basically consists of ;our components,
(Figure 48) : R -
a) The display console which houses most 9f the electronic
circuits for translation and calculation ‘df'f data.
b) The reading head contains the c¢arriage and the optical
{ N

1
pick-up system for de('tecting carriage movem;’ent along

the x—axis. \ [

4 \ (”J T s

¢) The traverse arm, which 1% goved by tE}e’ operator in
the y-axis. The magnifying cu;\sbgfi/s attached to }:he
end of the traverse arm. < .

d) The keyboard which controls the ope\:ation of/’t/:he

/

Digitizer. -

'

In order to measure the area of build-up on the wire, a trace
of the profiie was first made as definition was lost on looking at the
photograph directly through the magnifying glass.

The cross-~wires were then positioned on a selected starting
point. Button "A" was then pressed on the keyboard in order to zero
the area register,

The Digitizer now measures any movement of the cursor. Con-
sequex;tly, the area of build-up was then traced. On reaching the
starting point once more "Y' and "A" were pressed simultaneously to
display the measured area.

The bare wire area, top build-up and back‘ build-up were con-

sequently easily measured.

R s
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APPENDIX VIII - RESULTS OF THE QUANTITATIVE SINGLE WIRE ANALYSIS

Field
KCe

1.2
2.4,
3.5
3.5
4.6

4.6

4.6

0.6

Flow
em/s
.62
. .62
.62
7.1
.62

7.1

7.1

7.1

.61

.61

<

MASS

COLLECTETD
30s 60s 90s 120s
- .0623 - ,0037
- - . .0089  .0039
- . 0046 .0181 . 0066
.0024 .0088 L0046 ,0047
- ,0092 . 0064 . 0047
- .0}06 .0024 .0043
0095  ,0102  .0081 -
.0071 .0057 .0150 .0110
.0020 0043 - .0080
- . 0027 - .0053

e

(grams)
180s

.0026
.0020

0167

+ 0065

‘06

N
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APPENDIX IX - EXPERIMENT ONE (b)-

Field 4

MATERIAL AND Flow Rate Strength Ny Yp . ¥
CONE ~SIZE cm/s KQe (gms)
Mno,  #4 2.17 1.69 5.34 0.53
Fe,0, # 2.17 ' 0.89 9.14 1.22
Mn()2 #2 2,17 1.69 10.41 1.28
Mno, #2 ‘0.81 0.89 A 13.54 '1.83
Fe,0, #2 2.17 0.89 18.56 2.64
M0, 43 1.15 1.69 19.44 " 2,66
Fe,0, #4 “1.15 0.89 26.23 - 3.70
Fe,0, #3 2.17 1.69 31.96 4.46
Fe,0, #3 1.15 0.89 36.58 5,04
F8203 #2 2.17 1.69 t 42.45 15.76

Closed
Matrix

(gms)

3.79
5.7

9.41

Open (1)

* Matrix |

(gms)

5.23
5.85
12.35

10.45

15,71

Open (2)
Matrix

(gms)

0.54
2.38
2.49
2.60
8.37
5.86
6.30

12.06

\
11.6

20.18

‘16
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o APPENDIX IX (b) - EXPERIMENT ONE (b) i :
@ Ve )
Field Y Ty : :
Material and Flow Rate Strength M e Closed . Open (1) Open. (2) . ’ ‘
Cone 'Size (em/s) ‘ . KROe | Matrix Matrix - Matrix/ RE N
s . T S - : , :

Mn0, #4 2.1 . 1.69 .05 .07 .18 .15

.. - < . ; .
Mno, #2 0.81 0.89 . .10 .66 .81 ° .70 / .
< . ) ° ‘,/‘ é
. . / :
Fe, 0, #4 . ) 2.17 0.89 . .14 .53 .71 61 :
MnO2 #2 2.17 1.69 .18 .24 .81 .70 g
Fe 0, #4 1.15 0.89 " .18 » 1.15 °1.55 1.63 . ;
MnO, "#3 1.15 1.69 s " 7 e 1.44 . 1.8 -, .
Fe,0, #3 2.17 1.69 .33 0.99 3.27 ° 3.11 .
Fe,0, “#2 2.17 0.89 3. 1.34 2.30 2.16 §
3 i
Fe,0, #3 ~1.15 0.89 .35 1.49 - 2.77 ’ 2.99 ;
N ’ %3
Fe,0, {2 2.17 " 1.69 5 2.47 4.16 5.21 S :
. ' . ¢
. i
) - . o ‘1*
o - N
« M ,
e ) ; 3

EN B
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| APPENDIX X - EXPERIMENT THREE
| GRADE EXPERIMENTS
?
\ OPEN MATRIX B
T3
. GRADE
: MAGS N-MAGS 7 Fe.0
| _ 2”3
i ; 1) 2.63 3.56 78.52
2) 2.46 Y 3,14 80.62
3) 2.36 3.21 79,64
4) 2.27 3.21 80.42
\
CLOSED MATRIX
GRADE
« MAGS NFMAGS % Fe,0,
- 1) %33 3.29 79.28
2) 2.32 3,28 81.11
f ) @ N
' “3) 2.11 3.40 84.78
4) 2.20 . 3.35 82.17
. ’
! &
’\ . Y

RECOVERY

7 Fe203

58.31
63.87
62.05 1

60.60

RECOVERY

7 Fe203

¢

64.42 °
63.30
59.67

58.20

93.
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APPENDIX XI - Vm/Um CALCULATIONS b

The aim of experiment five, was to obtain build-up profiles

' + than that of experiment two.

)

23um Manganese Dioxide

under conditions such that the Vm/U(ao ratio would be similar to or less

s

V./U =4 b>Ha’ Ak
t M 00 —
9 U nJa
o
| _ 4 1.78.10792% s100® .89 .000117
j 9 U, .01 .045
. Consequently: .
. /U, = 2.40/1,
¥
‘ »
A zw
¢ -5 Hematite N - "‘“
H
-4,2 2
VAU, 4 (2.5.10 1) 3500 .89 .000308
9 i U, .01 .045
. »Therefore: h
- Wl —o.21m, .
.k. - e
q
w
\\‘ . R
‘ * i [
M ’ N Slave s, .
e O x "
N “x A. ‘
L, e
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