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ABSmCT 

. ~ 

A Fraptz Isodynamie Separator vas modifieà in order t~ carry , 
. 

out a Singr~~re stufty of a longitudinal high gradient magnetic s~p~rator 

(hgms). Manganese dioxide a~d hematite vere used under a variety of test 

conditions with the build-up profiles recorded photographically. Exper~ 

iments using labôratory scale hgms ~ere a1so carried out in conjunction 
. ~ 

vith flle ,single ,wire study. ') 

lt was seen that ~he Loading Numb;~, NL ' ~~edicts 60nt an~ 
total capture very weIl using & as~a data fi\ted constant. The magnetic 

veloeity ta fl~id velocity ratio, ~ , appear~to de termine the rel-
" Uo ... 

at\ve amount of front to back capture. The variation in back capture 

profiles vas qualitatively correlated vith the flow charaeteristics in 

the vake bt!hind the wire. 

lt vas seen that a spaced ma~x in a hgms caused 1 up to twice 
..... 

the mass of material to be captured fhan on a closed matrix. lt vas 

suggested that the open matrix acted more clos~ly ta a ma~rix of single 

'vires. 
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: Resume 

On a modifié, un séparatéur isodynamique Frantz afin d' étudier 

d~ns un s.ystème à un fil {es séparateurs magnétiques à haut gradient 

(SMHG) longitudinal. Des alimentations de dioxyde de ~l).ganèse et 
.. ' 

d' hét6tite f~~-ent employées ~our déterminer photogr'aphiquement les . 
profils de chargement sous différentes conditions d' opération. En 

parallèle à ces études1 on a é~lement complété ,àes essais de concen

tration avec un s~ de laboratoire. 
~ 

On a observé que le nombre de chargemen~ N
L 

• prédit t~ès' --
" bien la masse capturée frontale et totale. &i t est ajusté aux données 

..0 

expérimentales. Le rapport VmlUoo déterminerait apparemment l' ImPO' . 
tance relative aes captures frontale et arrière. On a pu également 

c:orrel~r qualitativement les profils de capture arrière avec les 

èaractérisHqu~s hydrodynam:f:(ues. du sillage à l'arrière du fil. 
to 

On a' constaté qu'une matrice espacée pouvait récupérer 

jusqu'au douh'le de la masse d'une matrice serree. dans un SmIG. On a '. ~ ... ," 
suggéré qu'une matrice espacée se comportait CODDJle une matrice de 

fils isolés. 
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OBJECTIVE 

~ . 
.,' 4 Prev10us studies of high S,rad:[-ent Dl8gnetic separation (hgms) 

have led to such concepts' as 'the dimensionless ma~netic velocity to fluid 

. (11) ~ (2) 
velocity ràtio, VM/U_ ~--."!and the' toading Number"NL , both of which 

v 0 

are '~f use "i~ pre4icting conditions for part'icle capture and bui1d-up.c 

These groups vere derived by making reasonable assumptions about capture 

but without any'.definite knowledge of the actual captur~ process on 

the wires. 

Consequently, thjs work attempts to'examine the build-up 

process on a single~wire longttudinal hgms and determ;1.ne p~otographical1y 

the capture mechanisms and profiles under various test conditions • 
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1. INTRODUCTION 

High Cx-adient Magnetic Separation (hgms) utilizes a filamentaJ'Y 
1 

, 1 

l " matrix of ferromagnetic materi1.1 magnetised by a,Qackground field to 
, , 1 

capture particles from a fl':in fluid'. The high fields and gradients 

resulting along the edges ,of t e filaments provide very effective 

regions for trapping even fine weakly magnetic particles (Figure ~). . , 
.' The use of hgms i8 becoming more widespread in industry and 

, 
tested on a laboratory ~nd a grea'f variety -of applications 'have been 

pilot-plant sc~le. (3), For example: 

'a) The treatment of b~th mùnicipal and indus trial waste 

·(4 5) 
waters. • 

b) Treatment'of hot r~~~ing mill ~cale and cold rolling 
6 

mill emulsion has beén'successfully tested and has been 

. 'applied successfully in a number of Japanese steel mille. 

c) In polishing of recirculating waters in power 'and steam 

f , 

\-
'\ 

'" 10, 

--- --~*,,~--_. -_.----- , - --

generation sy\tems. Hgms is usèd-.here because it can 

operate under conditions of high temperature and 

pressure as weIl as a hostile chemical environment. 

1 

By reducing the metal oxide content of these waters, 
~ 

critical surfaces within the syst~ are protected 
\ 

froa particulate1 build-up and good heat transfer fa 

maintained. 

d) ',Magnetfc seeding and floccuiation of municip~l waate$ 

,which permits removal of Inon-magneti-c material from 

,} water. 
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Fig. 1 Magnetic force contou~s for an Infinite ferromagnetic cylinder 

immersed in a uni~orm magnetic field. The contours indicate the forces 

which act on a small paramagnetic particle in the region surrounding the 

cylinder. 1>-
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, , 
e) The removal of the discolouring i~on stained anataze 

/ 
(Ti0

2
) from Kaolin clay in order to obtain a high 

brightn«;fs •. (6, 7~ 

2. 

The above mentioned have aIl been examples of, batch (cyclie) 

type hgms where the field has ~o be switched off in order to recover 

. the magnetic matetial. 

A carousel-type hgms has enabled a fully continuous separator 

to be developed which Is generally used where slurries contain 'too large 

la fraction of magnetic particles to be, efficien~ly procèssed in a cyclic 
~ 

device without a la-ç-ge deer{)8.se in ,dut y cyc~e. In this device, sections 

.of matrix rotate through a magne tic f~eld region and a flushing s~ation . 
in tu~, so avoiding the necessity for the magnet to be turned off 

) 
(Figure 2). ' 

Applications ,. of the continuous hgms include benefic1ation of 

1 , 

weakly magnetic iron ores suah as hematite, goethite and Iron silicates. 

Also, 75% of the sulphur content of ebal may be removed by hgms, due ta 

much of the sulphur forming paramagnetic Iron compounds in the coal. (3) '~~ 
The fa:t that hgms requires little r100r space, is simple'to m~nta1n, 

has a low energy requirement and 1s ea~ily scaled-up from a smali ~~. , 

laboratory device ensures that the separation technique will"be 
,A 

increasingly used for a wide variety of purposes in the near future. 
\ ' 
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'" II. BACKGROUND THEORY 
"\ 

~ Accompanying the develapment of equipmeht and applications 
'- . 

1 CI t). 

of hgms, has been a considerable math~tical.modelling effort. These 

models may be divided in,to two categor~ea: 

a) Trajectory (or dynamic) mOdels, which involve predictions 

of particle:trajectories~and capture radi±. 

b) 
< ,1'J,."f"l''''~,,-, ~ 

Build-up (or static) modela which pr~dict the extent of 

build-up of these particles onlce "t:hey have rea'ched the 

fibre. 
'-'j , ft ) 

Obviously a complete description of t.elhaviour in the systetn 

requires a combination of these approaches. Consequently the following 
1" 

will include both," in addition to a description of the fluid flow about 
- '",- -- " ~ 

a cylindrical wire. 

2.1 Trajectorx Models 

When studying particle motion under magnetic forces, Watson(l) 
Q 

adapted zebel's(9) work on electrostatic precipitation. This was 

possible because magnetic· and electrical energy intéract with a body in~ 

an analogous manner. By cansidering only magnetic anq Stdkesian fluid ., 

drag forces, he found that the trajectories of paramagnetic particles 
VM in the vicinity of the wire ~ere dependent on the parame ter , U.. ' where 

# 

VM is the tmagnetic vèlocity' i.e. the terminal velocity of the spherical 

,particle in a stationary fluid when acted on by a uniform magnetic field 

gradient. and UOo is the undisturbed fluid velocity far fram the wire. 

.j 
1 

.. 
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~ 

The t;,l1tio 18 g:.ven by (in the cgs system): 

VM/U.., - 4b 
2 

le Ha
2 ~,A' (1) 

- 9a n U 

- CI> 

where b' = particle radius, le = volume susceptibility, Ra = applied 
- 1 

magnetic field, A = a perturbation term (t2w Mw/Ha), a = wire radius and 
t:<> 

n = absolute fluid viscosity. ( 

The concept of a limiting particle trajectory 18 used i& ' 

defining, Re, a dimensionless capture radius. This assures 4hat aIl 
-

particles passing within a capture croaa-section of 2Rça where a la 

the wire radius, will be,ultimately captured by the fi~~e' (Figure 3). 

Howev~rt Watson's work did not take into account a decreasing 

ca~tur& radius as particle bulld-up- ?ccured on the wire. This was {>J 

. , (10) 
accou~ted for by Luborsky and Drummond who also confirmed that the 

particle trajectory was dependent on I\TM/U .... 
. 

Watson determined that the ratio of particles leaving a 

.eporat.\. tho.e .nt~r1ng coul.d be expr •••• d as (for a ccl •• n wire): 

a _ exp' f ~F Rer;) (2) 
N ,r... \" 31fa 

1 

where F = .volumetrie packing fraction , L :: length of matrix, while 

Luborsky and Drummond, considering the more practical ripbon - like 

" fibre rather Shan eylndrical ones, obta1ned the expression: 

(3) 

where S = diameter of the major wire axis, f = capture efficiency and t 

= capture radius for mechanieal entra1nment of particles, f and ~ being 
t -'", 

data fitted constants. 
~ 
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.. 
\ ~ 

Luborsk~and Drummond's approach was criticized by Watson as they had 
\-

" not considered 'the stability of the accumulated particles qn the wire. 

~ later work(ll) Watson took this into,account which produced a sma11 

~provement in the correlation between expettmental and theoretical 

results. 

creeplng 

Cumming., Prieve and powers(12; approàched th~~UdY a.suming 

flow ra~her than potential flow. They found t~e~lue of Rc 

was considerably reduced due to the effect of the hydrodyn~ic force 

being felt by the particles fùrther upstream. The fact that the no-.. 
slip criterion,is a~sociated with creeping flows means a physically mo~e 

correct model is obtained than the previous ones. 

Particle trajectoriea predicted by using botn potential and 

creeping f19w are seen in Figure 4. 

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

accountedl for the viscous and inertial ftuid b9dy terms by superim-

posing a boundary layer on the 801ution'for pot~ntial flow with elliptlcal 

fibre shapes. Byalso considering gravitational\and near field magnetic 

effect~ a recovery equation was developed as: 

No _ exp (-2 ~ " Ki F ReL) 
Ni '11' à'D' 

(4) 

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

orientation effects; ~ab' i8 the cross-sectional area of the fibre~ 

After fitting Kf, the analysis produced good experimental 

and theoretical correlation (14). They coneluded that the assumption 

of potential flow was acceptable for partiele sizes greater than 5~m 

" 

1 

'! 

t 

1 



.-------._._.----------------------------~----------~~ 
[ 

- •• ko. __ ........ _._ ....... __ 

~--------.-------

C.t, 

1 • 1 
1 
i 

1\ 
1 
1 
J 

Fig.4 Cummings, 

Pl)TENTA~ 
FLOW 

Partiele trajeetorlea for potential flow. 
Note that the trajectoriee are nearly flat 
unt!l Very near the collector. 

CR[(PlNO 
FLOW 

PQrtlclo trajectorloe for crcop1nn flaw. 
Note that tha trllJoC'torioll (!1vergo frOIII the 
ode lJlUch farther uputrcam than 1.1\ potilllt1al 
flow. . 

.• ltl , 

j 

Powers predicted that capture could occur on 

fluid flow was considered to be potential flow. 
~ 

must be assumed in close proximity to the w~res 

back capture to occur. 

./ 
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providing the~e was little physieal-trapping. Below this size, the, 

sh1elding effects of the boundary layer on the particles from the other-

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

significant and should be ineluded. 

Simons, Lawson and Treat(l5) examined the dynamics of particle 

attraction about a cylindrical wire assuming potential flow. They cort-

/ 
sidered inertial effects, grav!tational ~ffects and near field magnetic 

forces and established conditions where the a~orementioned could be 
. 

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

a) For a Stokes number (K - 2b
2 

Pp U~), a measure of 
9an 

pa~tièle inertia ta vis cous ~ow great~r'than unit y, 
, , 

------ inertia could be accounted for. oFor small K« 1.0) 
"", 

and '\t 
u:., 

gravit y may be neglected. 

b) If VM < 10 and for low K, inclusion • of a short range 
U ... 

magnetic force term has a positive and increasing effect 

on Re. 

. 
Within these limits ~hey found that the relationship o~ Rc 

i8 correct as describ~d by Watson. 

In their many calculated trajectories for part,ieles around the. 

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

was due to the partic~~s having to pass through the repuisive sector 

where they were forceâ too far from the wire ta be caugh~ at the back. 

Stekly and Minervini(l6) studied the shape effects of cyl in-

drical and elliptical fib,res on Re and determined that it was the 

projected frontal area of the wire an~not t~ aspect ratio of the major 
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Fig.5 -Simons, Lawson and Treat examined 5,pm particle trajectories 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 ,minor axis that ,ffected Rc. This conclusion, -although applied to 
J 0 

7. 

cylindrical wi-ç,e:s'" ift~y be app1ied to fila.t\'6ntary tyPe, wires as it suggests . 

only the wire diménsions perpendicula~' to the field ~nd flow affect 
~ 

the capture cross~section. . ... 

They determined that with strong magnetic interaction, there 
• 4 ,!~ 

• were regions about the elliptical wires where capture could and could 
\ 

not occur. A large region behind the wire is seen where particles would 

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

In a study by Cummings, Himmelblau, Oberteuffer and Powers(17) 

equations were developed to describe the capture of small paramagnetic 
J 

"" parti~les on bare wires at low fl~ velocities. They considered inertial 

magnetic fluid and gravitational forces, arriving at seven dimension-

less groups to descrilfte the system. One such group •. N""M' used ,to describe 
\ ' 

the magnetic field strength, was defined as: 
\. 

N -M-
, .. 

}l Ha2 

Pf U 2 
00 

where 1.I = magnetic permèab'nity. Ho = field strength, Pf = fluid 

density and ~oo = flow velocity. This group was varied in order to achieve 

various capture conditions. ~y drawing out the calculated particle tra~ 
" 

jectories (Figure 7) it is seen thàt back capture ia feasible under"'" 

certain conditions. 

Birss,. Dennis and Ger~er (18) carried out a singl'è wire study 

of particle capture for a non-axial configuration. The situation can 

be converriently descriQ.ed in cylindrical co-ordinates wheTe a wire i8 

placed along the Z-ax~s and an e~ternal field (Ho) ia applied in the . 
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Parttcle Capture leglons 1n a Strong Inter
BettO!\) Showtng Three Equ1libr1um Pointa" ; 

.\ 

F1g.6 Stekly And Minervin1, in the1r study of the shape effect of the wire 
11' 

on c~pture, determined that particles would be caught at the back of the wire. 

R~ • ~o.o 
Roc' 3.0 
(1 • 0.54 
r • loxl0"lI 

Na • 0.0 
80 ' 177.0· 

ffl.ct of mogn,tie field Itrltllgth on portici. troJ«tori.s." 
Ali porticles starlcd 01 the sa me location. 

'\76.6° 

118.0· 

R~ • 50.0 

Rec' 3.0 
NM ' 2.0x107 

~ • 0.54 
r • 10 xlO"o 

NG ' 0.0 

Fig. 6. Bock sld. (0 ph" •• 

~ 
Il 

Fig.7 Conditions in both diagrams may be seen to be similar.lt would appear tha~ 

( ~ the starting position o~ the patt'icie would determine whether it reached the back 

of the wire. 
/ 

l r , 
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(re) - plane at the angle 6 -O. A fluid flowa with a veIoc1ty, V 
() 

toward the w1re along a diréction which l1es in the (re) plane, making 

an angle. vith t~ :'guetic field (Pigu~e 8). The results.show that 

the éapture radius~ can be expressed in a simple form as: 

(5) 

where Cl and Co are constants independent of a· 

The calculated trajectories show that for high values of a, 

capture occurs on both sides of the wire. whereas fbr low values of a 

(and in particular a - O)i~he capt~~e occurs onry on the upstream side 
I! 

'of the wire (a = 0, represents the configuration of the longitudinal. 

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 (11» does allow back capture 
. 

to occur st position 'Q - 0 as shown in Figure 9. 

--An-investigation by Hayashi and UChiy~a(19)" considers the 

8. 

pa~ttc1e trajectory and capture efficiency for a two-layer high gradient 

filter) By cortsidering the magnetic and drag forces only, trajectories 

of particl~s,arriving at the second layer of wires are changed sub- )~ 
, . ·f 

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

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

that the capture r'adius was scarcely changed by the front wires providing 

the back fire was not masked geometrically by the first. 

(20' In an abstract published by Watson " he discusses the effect 
Q 

of the vortices at the rear of the wire on the build-up. In the region 

.J 

J 
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a/ Shows the effect of increased VM/~o on particle trajectories around 

many wires. 

b/ Shows the effect of increasing Ya on the trajectories " where Y - the 
\ 

dis'p1acement in the Y-axis and a .. the wire radius. 
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q 
of Reynolds Number 6..: Re < 30, a large amount of downsl;ream magnetic 

capture was predicted due to the standing vortices st the downstream 

side .of the wire. 

If particles are flowing with the fluid of velo city V 0 far 

fram the wire, capture only occurs on. the front side of the wire. No-

particle traj ~ctories take the particles to the rear of the wire unless 

K(Sto'kes Number) '" 1. O. Watsol1 assume\'l K< 1. 0 based on the lar~e fields 

used in the koalin industry. If this i8 the case, particles will not be 

caught at the back of the wire due to two general situations: 

i) If VM > 1. 0, the repulsive sector around the wire moves 
V 

ii) 

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

V ~ ~ 
If M < 0.1, the magne tic forces do not repel the par-

v 
o 

tic1es far from the- wire but at the f1uid separation point 

the particles are swept around the vortex region and are 

not captured. 

2.2 Longitud1nal Hgms,Build-up Models 
, 1 

The trajectory modela. as describfd in the previous ,section, 

produce initial capture cross-sections with aIl 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 1s 

necessary as it has an effect on the captura cross-section of particl~s 

approaching partially loaded wires. The second funct1on' of the build-

up models ls to de termine the maximum loading capability of a wire and 
• r 

consequently the total mass recovery potential of the hgms- device. 

} 

-, , 
.' \ 

, , 
! 
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Luborsky and· Drununond' 8 early work (la) involved choosing 

suitable profiles and subsequently determining the effect of the pro- • 

files on particle trajectories and the capture cross-section. They 

considered two possible profiles (Figure 11) based on the theoret1cal 

observations of Himmelblau(2J). The fluid was assumed to see a changing 

t'adius "an" for each layer of bulld-up 'n' such that: 

an - a + 2bn 

where a bare wire radiuEj and b - particle radius. They determined 

that Rc decreased as: 

,(6) 

for case a) pro vided VM ~ 2' (~) 2 and as: 

Uo:t 

(7) 

Ta achieve reasonable experimenta~ agreement with the theory, 

they introduced 'f' and 't'. as de~cribed previously for fibre effic.iency 

and mechanlcal trapping respectively~ In their later study they made 

two new assumptioos in arder to limit the mode of particle capture on the , 

wire. On the upstream side of the ribbon-like wires the build-up was 

considered stable provided a) the magnetic force on a particle was 

radially attractive. and b) the magnet1c force exceeded the Stokes1an 

drag tangentially. The"outer flow velocity was reduced by a value of 

b 
(099 - boundary layer thickness) to acco·!i..~ for a decreased velocity 

0'99 

in that b6undary layer. 0'99 was assumed to be greater than 2b and 1t 

1 
1 
! 
! 

1 

1 

i 

! 
i 
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Fig.11 The Two Starting Profiles Used By Luborsky and Drummond. 
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Fig.12 Luborsky and Drununond predicted large amounts of capture at the 

back of the wire. 
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was 
o 

approximated over the 90 

1 
1 

region of lnterest by (SChlictin~(22)). 

099 ... 'If! ln an) 
\PPf (8) 

'hus giving the fluid sheer force as: 

b (9) 

where n = viscosity, pf = dl::nsity of the fluid, b = ,particle,- radius 

and u'" flow velocity. 

The critical angles, where the components of tangential force 

are exactly balanced, were then ~alculated for each successive layer of 

~ 
particles; the loci of these ~ngles describing the ultimate build-up 

profile of the captured material. 
/ 

By balancing the radial c~ponents of the magnetic and shear 

forces, back ca~ture was also mode lIed 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 of the build-up or by being caught up 

in the turbulent wake of the f:l.ber. It was assumed that the capture of 

the particles occured with the same geometry as on the upstream s~de. 

Similar criteria to those on the upstream edge were then'applied to 

determine the ftaction of the particles remaining and their configur-

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

aIent to that at the end of a flat plate Le.: 

099 - S(n Sn/V p) ~ 

where Sn, the width of the ribbon. la a function of n, 

Sn - S + 2nb where b - particle radius • 

• 



f 
f 
! 

,-
i-

t 

1 
\ , 
1 

f 

( , 
f 

~\ 

"12. 

The results showed tpat a much greater'amount of retained 

material could be expected at the downstream side of the wire than at 
j 

the upstream (F.igure 12). The prediction of large amounts of back 

capture was unexpected and made the method seem Inadequate for 'such 

calculations, as ~'~ observation hàd been made of such extensive back 
1 

build-up. 

In a series of papers, Watson (l,2,3) determined the initial 

• 'V 
capture radius, Re, to be solely dependent on M and that it would 

U", 
remain constant as the volume of build-up increased. This is in con-

trast to' the assumptions of Luborsky and Drwmnond. Using a numerical 

approach, Watson considered a tangential balance of magnetic Stokesian 

drag and friction'- like dissipative forces in order to determine whether 

a partic1e would remain or be swept away Irom the wire. By considering 

this, over the whol~ profile, th~ probability of retention, P, and a 

total effective capture cross-section 2 Rc P could thus be de ter-
\ 

mined. 
V He showed that the critical value of M would determine whether ' 
u.., 

the capture cross-section inereased or remained constant: 

V Below 'M = 1, and with a smaii volume of captured mate,ria1, 
U"" 

the value of Re was small but would tend to increase as 

build-up progressed. 

ii) Above VM -. l, and with greater amounts of captured material. 
U"" 

the value "of Re would remain constant. 

Recently Watson(24) added several modifications to allow growth 

.to Rroceed non-uniformly, by allowing growth to occur independent o( its 

surroblndings starting at a bare ,wire condition. Ile al,?o used the 

boundary layer, adjustment of Luborsky and Drwmnond ta calculate the prob

ability of retention in each surface element. This ereated a new pt'ofile 
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for the build-up and a new flow-distribution over it. The modef 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 

was suggested (Figure 13). ( 

In this modified model, once again the effeétive Re showed 

V an initial.~ase at low ~ and as th~volume, VM,of build-up 
f. U", 

increased, the effeotive Re declined mueh as in Luborsky and Drummond's 

model and gave a similar re1ationship: 

where V = volume of 
w wire 

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

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

Luborsky and Drummond (la) 

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

Stekly and Minervtni(16) also considered material accumulation on the 

(11) 

upstream side of the wire. By assuming the profile build-up was elliptical 

they deduced that for both circular and eliiptical wires the capture cross-

section, Rc, shows an initial decrease followed by a levelling off as 

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

siderep. 

The approach of Clarkson and Kelland contrasts markedly with 

'that above, in that Rc 1s assumed to be zero at maximt.1m. build-up volume. 

Whi1e 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 L 
a function of ~ , 

where L ls the materMl capture and LM = maximum possible material captured. 
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F1g~13 Watson's Computed Surfaces For Growth Model. 
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The work of Friedlaender and his various associa tes has been 

in prbducing photographie evidence of build-up profiles and accumulation 

aata for the three orientations df 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 "specifie rate by correlating build-~p with heat 109s from the wire. 

At the sarne time photographs were taken. Very uneven build-up was " 

obse~ved. A lack of closely sized material plus difficulties in obtaining 

clear photographs prevented comparison with the available models. Despite 

this, fan-shaped bui1d-up rather than elliptical build-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 ~ al develop~d a system with much improved image resolution 

a~d one whlcQ was capable of c~ntinuous monitoring of particle accumu-

.> (29-31) latl0n on single wires • 

Downstream çapture was seen to increase with velocity, U 
CIO 

and passed through a maximum while the upstream relative saturation 

accumulation radius, Ras, decreased continually with increased U 
CIO 

fil 

(Figuré -15). It may also be noticed that the sum of front and back Ras 

was found to be largely independent of fluid velocity over the range con-

sidered. This would seem to imply that recovery is not a function of U , 
co 

a fact not supported by pubrished operating data. 

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

(32) . 
Lin deve~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 

-------

l 
'f , 

i • 
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reduction in Rc occurred(C'f Clark.son and K~lland). 

Two cases of relative particle-wire size were considered in 

coniunction with the fluid drag forces: 

i) b ::: i 
a' 

where b= particle radius 

ii) b « 1 
,a a= wire radius 

For lar~e 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 

V the maJfoimum relative build-up volume (fmax) and M such that: 

V 
where M 

Uco 

U 
(X) 

has a minimum 
value of .5 

For case li) Lui ~ al used an 
~ 

ta Luborsky and Drummond, and showed: , Ji' 
" 

fmax • (~~) .S 

av.wged . b:undS7J similar 

where cr = G99 boundary 
layer thickness 

-For case i) only, it ,'W&s shown that the chang~ in capture 

radii with build-up ..folume ean be negleeted sinee the eâpability of 

the wire matrix ta capture pàrticles remains high and practically un-

(12) 

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

~nd magnetic s~sceptibility were!accoun~ for ~onSidering the magnetic 

velocity distribution of the feed stream ('c.rlmulative ,weight p'ercent vs.· 

magnetic velocity). If F(V
M

). is the functi0t; ,describing the cumulative 

weight fraction of feed with mag.netic velpéity less ,"han Y.
M

, then 1 - F(V
M

) 

corre~nds to the' f~action captured wh~n' ~~l,19jected to the condition that 

~ ~ .JI 

all' particles with a greater VM are rEfained in the fllter. This V
M 

is 

" - --"' ~ ------- -' ----~ 
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specified by the equilibrium wire loading (Vigure 16). 

Consequently. the total weight fraction received by the separator 

\ is determined by numerica~ly integrating 1 - F(VM) for Increments of feed. 

v 
of .1! , 

Although Lui et al claim their approach i5 valia for aIl values 

.t~ range test~ experitneIttally was always greater than 1. O. 
".. oP ... 

instance, the postulation of a minimum value of VM - 0.5 has 
u 

ex> 

Thus, for 
• Uao 

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: 

2 2 A} 4/5 
(ra) F.!. { 2b Ha K l (13) 

a 
pf u% ) a! C co 

- -/ 

where t'a <= relative plirticle açcumulation,radius A = field perturbation 
<-

~ 
2 Mterm ";'" __ ""W_ for cylinders perpendicular to Ha, Mw =,the wire magl'1eti-

Ha 1 0 1 

sation, C ... fluid c'onetant "'" 2.5. 

This may be rearranged to: 

(14) 

where: 

2b Ha2 
K A 

N = ------~~--~~~~I 
L f U:f

2 
"" a

2 
p - CD 

. (dimenfiionless) (15) 

and was termed the Loé3Ping NUll!.ber. This represents the ratio of magnetic 

to shear forces at maximum bui~d-up. The approach used was unique in 

that'Blasius-type fluid shear ia considered on particles at the bottom 
f"'~ 

of an expanding cylinder as build-up progresses. 

" 

.' 
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~he work consequently suggested that the loadi~g of the wire 

could be quantified by,just, one dimensionless grqup, Nt. Experimental 

work carrie~ out by the authors(33) supported this claim. ln addition, 

the upstream build-up profiles predicted)bY Nesset and Finch appear to 

agree with those observéd by Friedlaend~ ~ al (Figure 17) (34) • 

Assuming build-up occurs over the front 90° of the wire, the 

V ,nominal bulld-up volume per unit length of wire, B, la given by: 

(16) 

This gives a nominal bu11d-up volume ta wire volume ratio as: 

2 2 
lf(r - a ) 

2 
41f a 

01 

(17) 

Converting from nominal to actual volume, Yv ' requires a packing fraction~ 

Therefore, 

Yv ",..f.. (r 2 - 1) 
4 a 

( -
On a mass basis this bêcomes 

, PD 
Y - Y • ...L 
"M V' Pw 

where Pw and Pp are the wire and particle densities respective1y. 

By replacing ra2 from Equation 14 into.Equations 18 and 

(18) 

(19) 

19, 

Yv and YM become: 

'V • j(NL)' -l} (20) 
-4 ~ C 

4/5 

-l}~ :J 'H .I(NL} -ï;l C (21) 

where € - 0.7, (data-fitted from experimen ta! resu!ts - ref, 33) 
;; " 

, f 

1. 
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2.3 Downstream Fluid Flow Considerations 

Theoretical and experimental investigations by numerous authors 

have r'evealed that various types of vortices, tiepending on the Reynolds 

number region, will oeeur downstr~am of the w~e. The Reynolds number 

of the wire is given by: 

Rew = pf cl 
n 

v (22) 

where Pf is the density of the f1uid, d = diameter of the wire, v = flow 

velocity, and n = fluid viscosity. 

The phenomenon of ~oundary layer separation which produces the 

various vortices are intimately eonnected with the pressure distribution 

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

the wire (22) 

Examining t?e flow about a cy1inder (Figure 18) in frictionless 

flow, the fluid partieles are aeeelerated on the upstream half from D to E, 

and deeelerated on the downstream half from E ta F. Renee, the pressure 

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

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

as long as the boundary layer remains thin. Outside the boundary layer, 

"It 
there is a transformation of pressure into kinetic energy along DE, the 

reverse taking place a10ng EF, so that a particle arrives at F with the 

same veloeity as it had at D. A fluid partiele which moves in the 

Immediate vicinity of the wall in the boundary layer remains under the 

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

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

· , 

; 

i 
1 
l 
~ 

! 

L ____ _ 
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Fig.'S A Diagrammatic Representation of Boundary Layer Separation and 

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 

ls too smalt to surmount the "pressure hill" from E to F. Suçh Il particle 

cannot move far into the region of increa~~ng pressure between E and F '. 
and its motion is, eventually, arrested. The external pressure causes 

the particle then to move in the opposite direction. Under this reverse 

motion the particle penetrates a considerable distance forwards and 

thickening of the boundary layer occurs. The reverse motion then gives 

way to the formation of a vortex. This vortex continues to grow and 

separates to move away downstream. When separation occurs (at S) the 

field of flow in the wake i5 changed considerab1y, with the pressure 

distribution about the wire a1so 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 cy1inder. 

At a larger distance from the body, a regu1ar pattern of 

vorti~es, which move alternately c10ckwise and anti-c10ckwise, may be 

seen which is known as Karman vortex ~reet (35). The frequency'wi,th which 

vortices are shed in a Karman vortex street behind a cylinder may be 

calculated using the Strouha1 number(36,37) which depends unique1y on the 

Reynolds number (Figure 19): 

nD 5 
V 

where S = the dimensionless Strouha1 number, D =- diameter of the wire, 

The consideration of fluid flow behind the 
,) 

wue IUay 
; 

be con-

V = velocity and n is the frequency of 5hedding. 

vienent1y div-ided into a number of sections, dependent on Rew • which 

a110w5 description of the drag coefficient and vortex formation. 

î 

1 • j 
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For a Ré < 5 (38) or 6.23 (39) there is no boundary separation w _, 

behind the wire. The Drag Coèff~cient, CD' fer this region isp.given by: (38) 

0.147 REV~~) CD - CD 
, (1+ (0.1 < R~ < 5) 

\ (23) 

where: Cn' """ 9.689 Rew -0.78 "\ (24) 

Above a Rew ::: 5, a vortex formation with a stationary doubl~ 

vortex occurs in a stable p08itio~t the 

of this w~ke beceme apparent at"l~ co: 30, 

back of the wire. Oscillations 

with the wake shedding occuring 

above Rew co: 40. To this point, Cn, may be represented by: 

(5 < Rew < 40) 

Karman vortex streets are viFib1e above a 

vortex 1s now termed an instationary d~uble-vortex. 

(25) 

Rew :: 70 where the 

Above a value of Rew =,160, the instationary double-vortex 

breaks down and instat10nary single vortices form flccompanied by turbu

lent ve1oc1ty fluctuations. (37) 

For the region from 40 < Rew < 400, the drag coefficient ls 

given by: 

(26) 

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

have bean reported by Brauer: (39) 

SA - 40.4 (ln RBw - 1.83)°·456 (27) 
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where e A 18 the angle of separation ·from the y-axis (F1gure 20). This 

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

The length L* - i where'L - length of wake and R- radius of 

wire 1s given by: 

, 
L* - 0.12 Rew - 0.748 with a range of apPlica~of 

6.23 < Re < 140. (28) 
~ , 

This i8 far from a complete revue of the work done on flù1d 

flow about a cylindricai wire but it is detailed en~ugh ta pr~vide 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 'IHre Study , 

The Frantz Isodynamie Separator is best known for its precise 

separation of mineraIs of different magnetic suscept!bility. It, can, 
1 

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

" a powerful magnetic field. Lt is used in this case, as a source of uniform . 
field for a single wire study of a longitudinal type hgms (Figure 14, case b). 

3.1.1 The Pole Pieces 
, 

In order to obtain the longitudinal configuration new ~ole 

pieces were required (Figure 21). They needed to be extended out 

horizontally from the existing plane of)the Frantz, to enable a hole to 

be drilled through to' incorpora te the fluid system. Another requirement o~ the 

pole pieces was that a gap, .:wide enough to facilitate photography. wes' needed 

between them. 

The èffects' of the wider gap and of the extension were unknown 

and raised a number of questions: 

i) 

fi) 

Hi) 

Would the field generated between the pole p~eceB be uniform7 

Would the hIle through the pole pieces disturb the uniformity 

of the f).eld\? 

Would .the distance ,ret{uired between the pole"pieces for 

camera work allow a safficientlY'large field for magnetic 
, 

capture on the wire? 

f 
1 
1 
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A Hall Probe was used to examine' the field distribution between the pole 

pieces. This was,carried out before and after drilling the hale 

(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 square. With the values obtained, ;l.so-

dynamic contours were drawn (Figure 22) • 

From Figure 22, it can be seen that the magnetic field was quite 

uniform ta 0.5 cm of the edge df the pole pieces ~nd that fields of over 

4 KOe could ,be generated (with an input current ta the Frantz of lOOOmA). 

A hale of 0.5 cm dfameter and 1ater l cm diameter, was drilled 

through the pole pieces. The field was again probed (Figure 23). It 
\. 

may be seen that the l cm hale has no effect on the uniformity of the 

field outside its own perimeter. The field increases sfightly (57.) 

aeross the perime ter and decreasèS- by about 11% aeross the centre o,f the 

hole. It was decided that the maximum hale diameter would be 1 em to 

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

3. 1. 2 Tlfe Wire" 

A galvanized mild steel wire of about .09 cm diameter was used 

for the experiments: After being eut ta the required length, the ends 

were flattened on a grinding wheel. The wire end was loçated about ~ of 

the distance lacross the fluid f10w. This position wàs selected to ensure 
p 
" 

'the end of the' wile would nct be in the slow moving boundary layer, and 

that the measured average veloeity of the fluid would approximately equal 

the velocity at the tip of the wire. 

;. 
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The main problem was one of fixing the wire into position 

within the con,nes of the gap between the pole pieces. 

Initial1.y, plastic "Tygon" tubing was used so the wire could 

be inserted by simJlly puncturing the tube with the end of the wire. 

Unfortunately, the wire proved uns table in the tubing at bath 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 decided that 

a glass tube should be 'used for the fluid system. 

By heating the glass tube, (15.0 cm length x 0.9 cm diameter) 

at a small, central position until slightly viscous, a hale could be 

produced by pulling this spot with the tip of a hot glass rad. The wir€'-

could then be inserted. 'To secure the wire initially, another small 

~ ~ 
le~gth of tubing was attached around this hale ta support the wire and 

ta facil1tate glueing. But, when the photographs were taken of the wire, 
(, 

, . 
a "halo" image in the background where the tube had been attached 

'obscurred the build-up detail once again. This met'hod was thelIefore 

abandoned. 

The problem of ligh~~be~ng'reflected uneve~ly on the heat~d 
-' ~ 

glass, was overcome by sp.raying a layer of white paint onto a small area 

surrounding the hale ta ~rovide a suitable background for showing details' 

of the build-up profile. A layer of insulation tape was then placed on 

top of the dried coat of paint. This was ta prevent the paint peeling 
') 

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

a thick layer of ep~xy which also served to keep the hole watertight 

(Figure 24). 
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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 inserte'd 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 

wes produced in exactly the same manner as the "1 wire" single wire. 

The resulting configuration of wires is shown in photograph P25. 

3.1.3. The F1uid System 

The f1uid system was designed as a c10sed loop. This was 

achieved by us~ng a peristaltic pump to return uncaptured particles baçk 

into the reservoir. ThJ reservoir was a cyli~drical separatory funnel 

positioned above the pole pieces. Va~e 'A~ was inserted into the system 
1 

\ 

in order to fncorporate a flushing1èycle. This was used to collect th~ 

1 

magnetically captured particles after completion" of ~he. run. 

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 ls reconnnended for capturing fine particles(34). 

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

particular ta determine if-additional capture occ~rred which could be 

, ~ , 
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attributed to dOWlll?tream capture. Three matrices were made. 

the closed matrix, \ had no space between the layers of matrix. 

One, termed 

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 different1y spaced 

open matrices were made in order ta see if the distance apart of the 

matricrB affected the capture capacity. 

Each matrix conslsted of four expanded stain1ess steel layers, 

with two layers at either end of expanded aluminum. Th1S was to try to 

ensure that the first and fourth stainless steel 1ayers interacted with 

the particles in a s imilar manner as the second and third layer. 

To produce these matrices, a 13 cm length of cast acry1ic 

tubing (I.D. 3.86 cm, O.Q. 5.14 cm) was used as a cannister. The expanded 

stainless steel and aluminum were eut from sheets into circular pieces 

of 3.8 cm diameter in order to give a tight fit on insertion into the 

cannister. Expoxy glue was then used ta secure these pieces into the 

cannister. Each piece was fixed into the cannister at 900 rotation to 

the adjacent one, as reconnnended (34) 

To fom the gap between the layers of matrix. plasticine was 

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

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 tffect C'f 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. 

Baek filling was aehieved by opening value 'A' in Figure 28 and was con-

tinued until the reservoir reached a predetermined height.. During the 
, 

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

water from tube 'B'. 

The feed reservoir a110wed the feed to enter into the sys~em. 

" on~e 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 

cou1d deve10p fields of 890 De or 1690 De depending on 

applied. 

out at ~ill 
the D.C. c~rent 

Seven 'field settings were avai1able on the Sala Magnetics 

10-15-20 1aboratory hgms installed at the Ore Processing Laboratories, 

CANMET (See Table 1). 



.f' 

• 

FIELDS (KQe) 

FLOW (cm/s) 

FIEltDS (KOe) 

FLOW (cm/s) 

TABLE 1 

Ma~netic Field and F1uid Flow Rates 

"Homemadet1 Apparatus 

• 

.890; 1.690 

0.81; 1.145; 2.17 

Sala Magnetics 10-15-20 Laboratory Mode1 

0.66; 1.76; 2.58; 4.2; 6.8; 9.1; 1d.:-.8; 21.4 

0\.89; 1.31: 2.37: 4.18: 7.69 

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

In order to .prov1de materials ~1th a range of magnetic 

susceptibilit,1es for 'the experiments, two different ml!.terials were 

prepared. viz. mangan~se dioxide. and hematite·.' 

29. 

The "Anachem1a" copper b oxide was taken as received and sized 

, ' 1 
inte five ~fze frac.tion of approximately Vi"" using the Warman Cyclosizer 

(Appendix 2). 
.,. 

The manganese dioxlde and hematite were sized similarly but 

. 
after sorne preparation. 500<grams of manganese dioxide was init1a.Lly wet 

ground in a smaii ~al1 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 matèrial with a small percentage of magnetite 

present. This was remov~d using~ the Davis tubeq(Appendix 3)., The 

\'éleaned hemat!l.~e litas then sized. Material sized to 5 llm was obtained 

by u~ing cone fiS Fe20J, which had had the Magnetite content pre,:,iously 

removed. This was ground .for four hours in a wet baIl mill, and sized 

by settling and decantation' (Append:i)c 4). 

" • 
" , 
" 



r, 
U 

" 

~ 

<f 

'\ 
""\ 

(-': 

• 

_\ 

30. 

V. DESIGN OF EXPERIMENTS 

l 
5.1 Single Wire StudJes 

E?Çperiment 1 

This experiment was an attempt,to remove the magnetical1y 

caught materia1 on the wire in ~ef to measure the massa Cone #2 and 
, 

(/4 manganese dioxide and cone 114 hematite particles were used as test 

materia1s .. Magoetic fields varying from 0.6 KOe to 4.6'KOe ~ere used 

at flow rates of 0.62 cm/s and 7.1 ç.m/s. 
, 

• For each test, condition, the experiment was carried out for 

various periods of time in arder ta obtain a mass caught~again8t time 

relationship f~r build-up. 

Experiment 2 
~ 

(éone #2 manganese dioxide was fed into t~e system with the magnet 

at t~f-erent fieid settings, 4.1 KOef'and 2.4 KOe. Seven different 

flow velocities were used. Photogràphs were taken of the particle build

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

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

seconds. 

The experiment was conducted in order' ta see if the s~ape of 

the top build-up on the wire p~icted by Nesset(34) or other workers 

was seen. In addition, lt enabled the correct photographie techniques 

to ~e determîned for use in future experiments (\ppendix 5), 
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Experimen t 3 

In 'thiS experiment an alternative material1was used to manganese 

,dioxide, to see if the same build-up profile was obtained. Cone f/2 
\ p 

hematite was selected. Unfortunately on passing the particles. through 

the system, capture occurred on the glass walls of the fluid system in C 

) 

addition ~o on the wire. ~his was due to the large field gradients at 

the rim of the ho le drilled through the pole pieces. Consequently the 

view of the build-up profile on the wire was obscurred. 

It was decided to build new pole pieces with a wider gap 

(2.5 cm instead of 1. 5 cm), so that any build-up on the glass dûe to 

the rim of-the hole would not obscure the view of toe wire. 
" 

Therefore, a series of experiments with the new,pole pieces 

and cone 112 hematite were carried out. A field value of 3.5 KOe was 

used for the runa, 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 t~e extent of any end effects on the bu~ld-up. 

Experiment 4 

In this experiment, the Sa@e pole pieces were used as in the . 

COlle 112 Fè2d3' runs, but the feed material was -150 + 200 mesh manganese 
•• < 

dioxide (geOnietric mean - 88 jJm ) in order to see the effect particle 

size 'had on the build-up profile. 

Experiment 5 
-~ 

5~m hematite was used as the fèed material in thi~ experiment. 

V Uaing this size of material would give a .similar ~ ratio as tl;lat of 
u\ 
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the cone #2 manganese diÇ>xide (experiment 2),_ This experiment was carried 

~out in order to see if the build-up profiles observed resembled those 
,. ' 'Ô 

obtained vith the 2311m manganese dioxide' (Appendix XI). 

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

four vere used. 

Experiment 6 
\ 

Using the 4 vire 'single vire' apparatus, an attempt'was made 

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

profile. 
Q:P 

Runs vere c~rried out using both cane D2 manganese dioxide and 

cone #2 hematite. A variety of flov rates vere used, vith fields of 

3.5 KOe and 4.1 KOe used for the hematite and mang~nese dioxide respect-

ively. 

5.2 H.C.M.S. ~xperiments 

Experiment 1 

Identical experiments were carried out using the three different 

matrices viz t closed t' open (1) and open (2), in order to m,ke a com-

-
parison of the mass of captured mfterial in each case. Stlfficient material 

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

determinèd by Nesset(331, ta be about 20 x YM (the pr~dicted mass of 

material to be caught, given by,the loading ~quation) • 
.... , , On the co~~tion of each ,-"" run, the cap~ured and uncaptured 

material was dried and weighed. 

li' 
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A variety of magneti c. 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 Fe203 ' a field of'1690 Oe and a 

flow rate of 2.8 cm/s, a range o~ feed masses were fed to the closed and 

open (1) matrices in order to see if the open matrix could capture 

more material w~en fed more than 20 x Ym• Also observed was the capture 

behaviour before the fully loaded condition has been achieved. 
'/ 

Experiment 3 

A sample of 50% ~e203: 50% Silica (both sized to cone #2 to 

give similar f10w 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 times 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 magnetie field was set 'at its required value using the 

variae on the Frantz. It was then switched off~ Pump speed was simi1ar1y 
\, 

set by a variac; it too waB then switched off (Appendix 6). 

~ 
The feed was prepared by thorough wetting in a 0.1% Calgo~ 

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

more. 

The magnetic fip1d was switched on. After two minutes of 

stirring, the valve at the base of the reservoir was opened, the pump waB 

switched on, whieh waB recorded as time zero. 

a specifie period e.g. 3D, 60 or 120 seconds. 

Th~ experiment waB run for 
r 

The pump and valve were then 

closed simultaneously in order to prevent flow of any more material from 

the rese~o~~ on to the wire. 

Tbe 'Tygon' thbing runni~g-from the pump to the reservoir was 
.J 

removed from the reservoir and placed in a beaker. The magnetic field was 
" 

switched off and the captured material was pumped into the beaker using 

the wash system. 

The material in the beaker was then allowed to sett1e, the 

water decanted, and the material was dried and weighed. 

This procedure was repeated for different values of time, 

field and flow rate. 

J 

, 
1\ 
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6.1.2 Photographie Analysis 

A similar procedure was earried out as in the quantitative 

experiments except photographs were taken at various times during each 

run. Aftet the final photograph had been taken the field wa~ Bwitched 

off. the flow rate waB inc,reased 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 electronic digitizer 

whieh calculated the area of the build-up snown 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. 

6.2 High Gradient Magnetic 

Again each Jample was stirred in a Calgon solution (·1%) in 
If 

arder to thoroughlY,wet the particles. 

The sample reservoir was filled with 500 ml of water and the 

matrix system was baek-filled to a pre-determined level using valve 'A'. 

The valve 'B' at the base of the system was th en opened and the water 

began to flow at the rate governed hy the size of the plug. With the 
r" 
magnet on, the feed tube 'B' into the top of the matrix system was , 

opened and the wfter level'held cbnstant at the original level. 

magnet was awitched on. and the material entered ~he system. 

The 

Valve 'B' was eventually elosed at the end of the run. when no 

particles could he seen flowing throug~ 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 ta ensure aIl 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 a zer~ magnetic field, in 

arder ta 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 

"'" no matrix, in case material was being caught magnetically on the sides 

of the tubing rather than on the matrix itself. 
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VII. RESULTS 

7.1 The Single Wire 

Experfment l - Quantitative Analysis 

The weight of particles captured on the single wire under the 

various test conditions are seen in Table 2 and Appendix 8. The results 

show l~ttle correlation with the test conditions and on repeating a run 

vas Illy t.ifferent results were obtained. This was due to the difficulty 

Involvea in flushing out the captured particles. The small mass of 

particles caught was often negligible in compar~on to the amount of 

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

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

Experfment 2 - Cone D2 (23 um) Manganese Dioxide 

Photographs P2 - Pl2 illustrate that good definition of the 

build-up profile was achieved using the ~escribed photographie techniques 

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

the range of build-up shapes ?bta1ned. Back capture appeared the dom-
) 

1nant mode of pârUcle <;apture, with very little front build-up observed 

under any of the test_ conditions. 

< 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 wirè, P2. As the 

J 
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- TABLE 2 

Experiment One 

Quantitative Single Wire'Analysis 

MATERIAL & FIELD FLOW MASS COLLECTED (GMS) 
CONE SIZE KOe croIs JUS t)us ~Us 120s 

Mn02 #4 3.5 7.1 .0024 .0088 .0046 .0047 

Mn02 "2 4.6 7.1 .0071 .0057 .0150 .001100 
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flow rate was increased, the sides of the bUild-up became.straighter, . 
extending back behind the wire, e.g. P3. As the_flow rate'tncreases 

further, the sides of the build-up are straight, with the back build-up 

length decreasing with increased flo~ rate (Tablé. 6). 

At high field strength and lo~flow veloclties, magnetie capture 

oceurs on the glass wall obseurring. the build-up proff,le (P5). 

The area of back build-up obtalned under the test conditions 

is seen in 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 experimen_t being 

carried out in two stages. Consequently the camera position and the size 

of the photographie blow-up were chang~d. However Y
A 

may be compared 

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

(20): 

YA = Areê of particle build-up 
Area of the bare wire 

V Figures 29 and 30 show rA plotted against NL and ~ respectively. 
UOO 

It may be seen that both graphs produce a smooth curve. However, the 

Loading Numher, N
L 

' has a theoretical minimum at N
L 

= 2.5(2) ~hieh is 

clearly violated. Also, for N
L 

> 2.5, rA is praetical1y constant which 

does not ag3ee with the forro of the loading equation. 

Table 5 shows the theoretical boundary separation angles (SA). 

and wake length (L*) given by Equations 27 and 28. Although at 0.62 cmis, 

P2 does not show a bUild-up angle of a22°, at higher flow rates, the build-

o up angle may he seen to extend about an arc (i.e. 28) or =140 which might 

indicate 'that the build-up 18 limited by t~e angle .of ·separation. L* 

can be seen to be of too large a value to be the ~miting factor in the 

build-up length. Indeed~L* increases with Reynolds numher 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) 

(23HID manganese dioxide) 

Area of ~ack Build-up Using the Digitizer 

Area of the wire (Aw) = 1.57 

Field 2.4 KOe 

Reynolds 
Number Vm/U"" NL Area of Back Bui1d-up (Ap) 

15s 458 1208 

5.58 1. 33 136.5 0.78 1.63 2.39 

63.58 0.12 3.52 0.98 1.40 2.39 
~ 

170.1 0.04 0.81 0.38 

Field 4.1 KOe 

Reynolds 
Number Vm/u"" NL Area of Back Bui1d-up (Ap) 

15s 45s 120s 

5.58 3.87 398.2 . -
63.58 0.34 10.28 1.68 2.59 2.9 

170.1 0.13 2.37 0.4 0.52 0.55 
.i 

ri, 

YA 
= Ap/Aw 

1.52 
'" 0.99 

0.24 

YA · 

'1.84 

0.35 

.l:
o 

A 

~ 

.' 
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Flow 

cm/8 

2.7 

14.86 

19.22 

Flow 

cm/s 

2.7 

9.54 

14.86 

19.22 

TABLE 4 

Experiment Two(b) . 

Area of Rack Build-up Using the Digitizer 

Area of the wire (Aw) ~ 0.73 

Reynolds 

Number 

24.3 

133.7 

173.0 

Reynolds 

Number 

24.3 

85.8 

133.7 

173.0 

v It} m 1)0 

0.30 

0.05 

0.04 

V lu m 1)0 

0.89 

0.25 

0.16 

0.12 

2.4 

Nt 

15.01" 

1.16 

0.79 

4.1 

NL 

43.8 

6.6 

3.4 

2.31 

ROe 

Area of Back Build-up 

155 45s 1208 

0.36 0.77 1.10 

0.23 ) 0.29 0.29 

0.11 0.13 0.13 

KOe 

Are~ of Back Bui1d-up 

158 458 1208 

/ 

0.28 0.71 1.15 

0.46 1.13 1.17 

0.18 0.70 0."89 

0.43 0.52 0.55 

41. 

1.15 

0.45 

0.23 

YA 

1.58 

1.60 

1.22 

0.75 

, 

1 
1 
~ 
• 
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TdLE 5· 
Q 

Experiment Tvo 

Thepretica1 Build-Up Angl~s (OA) and Lengths L* . , ... , 

(see Equations 27 and 28) 

" 

, R~ynolds '", S' L* L = L* R A 
Number' (Re ) (Degrees) (mm) w 

,5.6 21.78 .008 .0036 

24.3 46.5 2.17 1.21 
(f 

65.1 59".6 6.40 2.88 

.85.9 62.7 9.55 4.30 
\ 

133.7 67.3 15.30 6.88 

172.1 69.8 19.96 ' 8.98 

~9.00 173.0 69.9 20.00 tlf' ••• 

~ 

,." 

Q 

':. 

/ 
. , 

'" ~ 

-

• 

1 
1 
1 
1 

; 
' 0 



" 

t 
t 
f 
t 

t 
j 

1 
J 

(} 

'. .' 
~ ,--~~ __ ~c ____ ~_ ~~_3l. __ 

.. 
Flow Rate Reynolds 

cm/s Number 

0.62 5.6 
J 

2.70 24.3 

7.10 65.1 . 
9.54 85.9 

14.86 133.7 

18.90 172.1 

19.22 173.0 

.: 

.' 

r, 

, . 

TABLE 6 

Experiment Iwo 

Frequency of Vortex Shedding 

Strouha1 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 
a 

O.18~ 38.64 

0.185 40.54 

1 
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Experimental 
Build-up 

Length(nnn) 

7.0 '\ 
7.0, 

"'" 5.0 

2.0 

3.0 
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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 - Cane 112 (22 lJm Hematite) 

Large amounts of front capture vas se en in these photograph.s 

\ 
which unfortunately produced shadows, causing some 1088 of definition of 

the build-U'p profile. 

At low flow rates « 4.5 c~/s), large amounts of (]:'ont capture 
.j 

were seen. for example, photograph Pl3. As the flow rate was increaeed , , 

however, bacl<. oapture became the dominant capture mechanism as may be aeen from 

th~ digitizer :results in Table. 7. Agaln, graphs of loading versus N
L 

and VM (Figures 31 and 32) were plotted. It ia aeen that back capture 
U.. ~ 

becomes, the. promlnant capture omechanism at 
V .~:-. 
.J! < 0.9. At about thls 
t,J", 

value also, b~ck capture appears to reach its maximum. 
~ 

It may be ~een that .lpading versus N
L

', fits the loading equation 

quite well for· front and total cap turf with €- 1.3 and 2.2 respectively . 

. ) 6['he change from front to bac~ capture .dominance 'is illustrated 
o 

in photographs P13 and P14. Pl3 shows a large amount of top build-up 

on the wire, with a ~hape agreeing with that predicted by Nesset(34), 

Thé bottom profile has build-up extending out horizantal1y from the base 

of the wire. in a manner unsè7n in experiment 2. This may be due to the 

- protection from the fluid drag forces given by the copious front build-UJ1. 

Photograph P14 shows the top build-up to have decreased and 

ta have l:Qst: its straight edged profile def1.nition. The bottom build-up_ 

has increased markedly; now with.more material than on the front of the vire. 

, 
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TABLE 7 

Experiment 3 (22um hematitg) 

Area of the wire (Aw) = 3.64 , 
'--' 3.5 KOe 

Flow Reynolds V lU NL Area of Build-up (Ap) 
cm/s Numt>er m "" Front (Af) Back (Ab) 

1. 79 16.1 2.43 150.9 14.4 5.6 

4.09 36.8 1.06 43.69 11.43 S.U 

4~78 43.0 .91 34.58 7.42 7.19 , 
6.44 57.9 .67 22.11 4.89 6.08 

7.22 -- 64.9 .60 18.63 4.2-1 4.45 

----7.99 71.9 .54 16.0 2.76 4.51 

8.89 80.0 .49 13.63 2.19 3.96 

9.78 88.0 .44 11.82 2.01 4.09 

10.48 94.3 .41 10.65 1.23 2.45 

11.78' - 106.0 .37 8.94 0.8 1.98 

12.78 115.0 .34 7.91 0.8 1. 70 

. "" 
l, 

- ~ .... - iii 'll1'1f,J"~ ..... *l-j;",.""I;"",d 

----_.~--,_ .. ----"""-~~ ...... ~ 

~AF -. TAB "fA 

3.96 1.54 5.50 

3.14 1.49 4.63 

2.04 ' 1.98 4.02 

1.34 1.67 3.01 

1.16 1.22 2.38 

0.76 1.24 2.00 

0.55 1.'09 1.64 

0.55 1.12 1.67 

0.34 0.67 1.01 
", 

0.22 0.54 0.76 

. 
0.22 0.47 0.69 " 

..... 

a 

Ab :; 
Ab + Af 

28 

32 ,4 

49 

55 

51 

55 
/' 

64 'V 

67 

67 

67 

;71~ 

~ 
V1 . 

-1 

1 
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'«1 
As the flow rate ia increased, the back build-up shows sim-

ilarities to the shapes obtained in experiment 2 Le. the round profile 

and horiz~mtal projection from behind the wire is lost and the edges 

become straighter projecting back behind the wire Ce. g. P16 and PI 1) • 

, 
The front build-up i8 seen to. take on a more curved profile 

extendlng around the front of the wire t 'as the flow rate Is increased 

(photographs Pl5 - PI7). It may a1so be seen from the oblique angle 
" 

shot, P16, that therEj ls l1ttIe end effect on the shape of the profiles. 

Experiment 4 - .88 }lm Hanganese Dioxide 

These 'photographs did not produce clear prints but they were 

sufficient to ~nable the large difference ta be seen between them and 

those of the cone #2 manganese dioxide (Experiment 2). The larger 

particles appeared to produce profiles (P~8 - PZO) more similar ta the ,-

cene #2 hematlte (ExperiJnent 3). 

The f~ont 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 shawn throughout the range of flow ve10cities to be 11mited 

to the area directly behind the win, Le. there i8 no horizontal build-

up extending out from behind the wire. 

The digitizer results shown in Table 8, i1lustrates ,t:hat front 

/ -
capture was always the dominant capture mechanism. Figure 33/, shows 

VM > 1. 0 in each run, which 18 greater than 'the- 0.9 value wjkn back 

1ptur. bec~e th. d_nant, c'Ptu~e •• chani ... witn 22 pm hemaUte. 

Figure 34, shows that loading versus N
L 

produced a reasonable 

curve for front end total capture once more, but with C. 0.5 and Q.8 

respectively. 
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TABLE 8 

..Y Experiment 4 (88pm manganese dioxide) 

" Area of the wire = 2.90 

............... 
,- 3.5 KOe ~ 

Flow Reynolds V lU NL 
_Area of Build-up (Ap) 

Ab % 
YAF YAB YA Ab. + Af 

cm/a Number 
m 00 

Front (Af) Back (Ab) 
\ 

1.79 r- 16.1 8.87 2l5.9 8.01 1.92 2.76 0.66 3.42 19 

4.09 36.8 3.88 62.5 4.37 1.63 • 1.51 tf:5'6 2.07 28 
'" 

4.78 43.0 3.32 49.5 3.39 2.66 1.17 0.92 2.09 44 

6.44 57.9 2.46 31.6 2.94 0.97 1.01 0.33 1.34 25 

7.22- 64.9 2.20 26.7 1. 79 0.96 0.62 0.33 0.95 35 
"'-.I~~ j 

7.99 71.9 2.04 23.8 1.59 0.95 0.1>5 0.33 0.88 37 ~ 

" 

8.89 80.0 1. 79 19.5 1.61 1.14 0.56 0.39 . 0.95 41 
~ J 

" 

9.78 , 88.0 1. 62 16.9 1.41 1.23 0.49 0.42 0.91 47 j' 

" 1 
.~ 

11.17 93.3 1.42 13.8 1.48 0.84 0.51 0.29 0.80 36 

12.38 111.4 1. 28 11.9 1.56 1.41 0.54 0.49 10.3 47 

13.17 118.5 1.21 10.8 1.14 1.12 0.39 O .. ~9 0.78 50 

14.21 127.9 1.12 9.6 0.71 0.52 0.24 0.18 0.42 37 

~ 
.".. ...... 

ta 
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• The back capture did not appear to reaêh a maximum. 

Experiment 5 - 5 ~m Hematite 

Photographs P2I - P24 illustrate the bui1d-up profiles obtained .. 
~ V 

wïth the 5 ).lm hematite, Hematite of this size has a M range similar 
UClO 

to that of the cone #2 manganese dioxide (Appendix Il). _~ràm the photo-

graphe it is seen that the capture ls mostly at the back of the wlre, 

and vast1y different from the cone #2 hematite. 

Unfortunately as may be seen in photographs P22 and P24, there 

were large end effects in these runs'and consequently digitizer data 

would not give a rea1istic value for YA, 

It i8 seen that the build-up in P23 extends further out from 

behind the wire than P2I, even though it ia 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 seconds and shows a large amount of back'build-up. 
r;;; 

~~ont capture appears in each photograph. apparently to the 

same extent irrespective of the f10w rate. The build-up a1so seefus 

to project directIy upstream wlth very straight ~ides in a manner not 

previously seen. 

the 

the 

Experiment 6 

Phatograph P25 shows the "4 wire" single wire canniater within 

coni~'of 'the gap between the pole pieces,: Photograph P26 shows 

bu11d-up of manganese dioxide particles on the four wires very clearly. 

There would appear from the photograph to be mo~e front bul1d-up than 

would be predicted from the resu1ts of experÜDents two and three. This 



j 
1 
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is'expl~ined hy the fact that the huild-up extends around ta an angle 

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

appears to he present than there actually is. 

On the photograph it ia seen that there i8 considerable back 

build-up -;'n )the first wire but on ,the others, the top capture appears 

ta be the dominant mode of capture. 

Photographs P21 and P28 are taken with cone #2 hematite as 

the feed particles. It is again illustrated that the back capture is 

only present where there i8 no wire in close proximity. 

It seems that when front and back capture are in competition 

with each other, or where another wire i8 in close proximity to back 

build-up, the back build-up will diminish in that region. 
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SECTION 7, 1. 1 

PHOTOGRAPHS OF P ARTICLE 

BUILD-UP ON THE SINGLE WlRE 

.. 
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7.2 H.G.-M. St" Resu1ts 

Experiment 1 

~ 

The reBults in Table 9 show a comparison of capture masses 

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

the c10sed mat~ix caught more ~teria1 than anticipated, by the loading 

equation using Ei ~ 0.7., The open (1) matrix cau~ht almost twice as much 
, 

as predicted in some cases, and in every test, caught more materia1 than 

the c1osed. Figures 35 and 36 show graphs of loading versus the Loading 

o • ~~ V 
Number, N

L 
' and .-!! , respectively for these resul ts. 

UII) 
Table 10 and Appendixes 9a, 9b show the results of the comparison 

. 
of ~1 three matrices under the same conditions. It i5 seen that in 'aIl '. 
but two cases, the closed matrix caught more materia1 than predicted 

1 using e = O. i. Under every test condition, th,e open matrices caught 

more than the c1osed, sometimes with up to three -t:imes as much captured 

than predïcted. 

On conrparing the two op~n matrices, it i~ seen that a.t ,NL < 20 

the open (1) matrix captures slight1y mo~ material but above ~ = 20, 

the open (Z) matrix generally captures more material. 

" Examining Figyres 37 and 38, it is seen that Y for the c10sed 
• " - V 

matrix fo1Iows""quite closely to the predicted value by the loading 

Equation with e: -'0.7. The-open matrices follow a similar form to that . , 
of the c10sed but with e = 1.8. 

Experiment 2 

> 
On initial inspection of the weight of material caught (Table Il) 

it ls seen that the open (1) matrix captures more material than the closed, 

.' 

t 

, 
J 
i 
/. 
1 

), 
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irrespect ive of the amount Qf material fed to the syst~. But, on con~ 

~ 
sidering the mass captured/un~t'vo1~e of ,matrix it i5 seen that the 

closed matrix captures .ore (Pigure 39). This figure a1so shows that 

both matrices capture their maximum amount of material at ,the same feed 

" masse Consequently the open ma~rix does not have a 1arger feed capacity 

.. 

l'J " ", 
Experiment 3 

As expected, ,the open matrix caught more tnaoterial than the 

closed ~trix (Table 12). The grade of this material appeared slightly 

,lower, therefore recovery o~ hemat~te on each matrix was approximately , 

the same. Therefore one could conclude that the open matrix caught 

~ore siliea. Rowever, th~ spread in the ~esults {4Ppendix 10) means 

that the difference is probably not significant. 

\, 

( 

• 
1 

i .. '--" 

----~~--

'. ~ 

i 
1 
i 
1 
! 
1 

\ 

.. _ . ....L-



, 

.' () 

• ~ ,. 
~ 

t. .. .., 9' 

.. <~ t; 
1 .:' 
1 

! ' 
" q 

~ 
J 

10 

Fig .39' A Graph ~f Loadins versus Feed Mass. 
. 3 

A Comparison of the Open (1) and the Closed Matrix (gros/cm of matrix). J \ 

1 

1 



r~ 
1 . ~ 
~ 

" 

J .. ' 

Materia1 and 
Cane Size 

CuO #4 

11 Fe
2
0

3 
#4 

MnO'2 113 

Fe203 #3 
A 

Mn0
2 

#2 

1" 

r ..... 

.' 

TÂBLE 9 
.' 

Results - Experiment (la)* 

Field - Flow 
KOe Rate (cm/s) 

6.8 4.18 , .-

6.8 7.69 

9.1 7.69 

9.1 7.69 

13.8 7.69 

~ )(' )4/~ Ym=~ ~ . 
, 4 2',5 

, 
- l ( 

:;. 

where €.= 0.7" 

/' 

b 

'" 
N

L 

5.63 

23.71 

30.14 

47.25 

70.65 

VM/U"" 

.08 

.40 

.76 

1.16 

2.37 

"', 

(21) 

.9 

." 

, 

... 
/' 

, 

0' 

l-

Ym.W Closed • 
(gm) Matrix (gm) 

Open 

E" .... 
! 1 '-

" 

Matrix (gm) 

:67 .78 '_ .93 \il 
3.36 4.6 6.91 

4.03 4·1 
. '6.\3 

" 6.33 7.4 II.B3 

8.57 6.4 10.33 

~{ 
W = weight of matr1x 

--
.* aIl tests perfarmed at CANMET, 

using a Sala Magnetics 10-15-20 
laboratory unit. : 
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Open (2) .. 

2.38 

2.~O . 

6.30 

11.60 

r 
\ : 
,1 

1 
i 
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() 
TABLE 11 
• 

Experiment Two 

• 
Feed MAGS Mass/Unit Vol. of Matrix 
Mass Open (1) Closed 

(gms) (gms) 
Open (1) ~Cl0sed 

20 4.1.8 2.32 1.39 2.32 
lj Il 

40 7.09 "3.92 \ ( ,2.36 3.92 

'\ 
! 70 <' 9.53 5.35 3.18 5.35 
t 
~ 

100 13.89 7.20 . 4.63 7.20 

120 13.10 7.66 4.37 7.66 
," 

140 12.40 6.96 4.13 6.96 

'. 

/ 

Ct 
t· 

1 
1 
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\ 

MATRIX MAGS 
gms 

Open 21v.15 

Closed 2.24 ± .10 

56. 

TABLE 12 
t 

Grade }?tPeriments 

NMAGS GRADE RECOVERY 
gms 

3.25 79.8±.95 61.21 ± 2.24 

3.30 81.83 ± 2. 24 61.39 ± 2.94 

(See Appendix'10) 

• t 
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VIII. DISCUSSION 

The abject of the study was ta examine the build-up proceSS 

pf,magnetic particles on a single wire in order to study front versus 
L .. _ 

back~âpture and the profiles under various test conditions. This 

information was then correlated with previpus wark carried oq.t by other 

workers, in arder to try to obtain a definitive picture of the captUre 

mechanisms invo1ved in hgms. 

8.1 The Build-Up Profile 

8.1.1 Baek Capture 

Obtaining profiles consistirlg af mostly back capture was very 

unexpected in experiments two and five. Of the previous works, Ouly the 

theoretical studies of Luborsky and Drunnnon_d(ll) , Stek1y and Minervini (16) 

along with the photographie evidence of Friedlaender(90) had suggested 

that back capture wou1d occur. 

The shape of the baek profile aehieved under the'various test 
" 

conditions, could be correlated qualitatively with the fluid flow 

characteristics. The Reynolds Number of the wire was determined for 
,1 

each of the flow vel~citiès used in the experiments, along with the 

corres"ponding SA and L* values as given by Brau~r (39) (Table ~). 
Initially the values of 0

A 
and L* were co~ared with the angle and length 

of build-up observed. It may be seen that the angle of bui1d-uP predicted 

for a flow veloeity of .71 cm/s ls only 220
• In the corresponding photo

graph i.e. P2. the angle is seen ta be néarer 80-90°. This maY be 

explained by the fact that ~he Reynolds Number at .71 cm/s i8 only N5.58 

J 
1 

1 
,1 

l 
1 
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and the lower limit of the applicability of ~A is Rew- 6.23,) This limlt 

ls due 'to there belng no boundary layer separation from the wire at 

REV< 6.23 (39). In Clift, Grace and Weber. (38) a value of Rew .... 5 18 

given for the Itmit of boundary layer separation. Whether boundary 

separation occurs,or not,'it i8 apparent that the magnetic'field dom-

inates the shape o~ the bUild-up and not the fluid ~s. Consequently, 

build-up extends out from behind the wire into the flow stream due to 

the attractive magnet1c forces on the particles being much gre~ter than 

the drag forces attempting ro move t4e particles downstream. 

Agsin, L* la on1y applicable once boundary separation has 

occurred. lt is clearly seen, that the build-up extends further ,than 

.0036 mm (Table 5) downstream. Once again this is due to the magnetic 
, 

force holding the particles at the wlre being much gfeater than the drag 

force exerted by the fluide 

Iwo build-up profiles were obtained using a flow rate of 7.1 cm/s 

(Rew- 63~5), one with a field of 2.4 KOe and anoth~r at 4.I~KOe. Examining 

photograph P3 (2.4 KOe) initially, there is a marked change in shape from 
-\ 

Ph:l,-raPh P2. The build-up length is slightly diminished behind 'the 

wire, d the ~ounder appearance of the profile has changed to one with 

str ght sides. 

The angle of boundary separation given by SA ls 590 which 

appears to agree weIl with the downstream bUild-up angle. Thus, ~t 

o angles greater th an 59 , there are strong drag forces acting, which 

direct particles arrJving at the wire, downstream. Wlthin the area of 

boundary separation there exist oscillating vortices, some of which 

viII be breaking free to~rHVel downstream. 

I-
l 

J 
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Consequently;.- Lh-e --shape-of the build-up May be explained by 

assumlng at angles o~ e > 59°, the, fluld drag force a~tlng on the 

particles ls greater than the attractive magne tic force holding the 

5~. 

partlcles at the wire. Therefore, the particles are carried away down-

stream, around the perimeter of the boundary layer. 

At e < 59°. the magnetlc field holds the particles in place. 
o 

un1ess vortex s!ledding disturb9 -'the fluid in the wake behlnd the wire. 

In P3, there 19 a slight decrease in bulld-up length possibly corre1ating 

with the onset of vortex sheddlng. Vortex shedding could cause particles 

to overcome the magnetlc force holding them in position so a110wing them 

to trave1 downstream. 
( 

~ ___ ~_ ~cinsiderlng phot~graph P6 (4.1 KOe) a similar shape ls o~talned 

to P3, but the sides of the build-up are not as straight. It wou Id 
appear with the higher magnetic field, the m~gnetic force is strong enough 

o to hold the particles in position at e > 59 , i.e. the magnetic force 

attracting the particles 16 now resisting the fluid drag force, tô a 

certain extent, eutside the protective wake area. 

The sarne qualitative conclusion May be arrlved at on ~omparing 

P4 and P7. which are bath taken at 18.9 cm/s (Rew= 172) with P4 at 

2.4 KOe and P7 at 4.1 KOe. Rere the flow conditions behind the wire are 

more turbulent. o e A i6 about 70 • but at Re~/ 160. the instationary 

double vortex in the wake breaks down and in6tationary slngle vort1ces • 

form, accompanied by turbulent fluctuations associated with the vortex ..... 
shedding. The build-up length downstream Is therefore decreased 

drammatically due to ·thj.s turb\1lence., (As mentioned earlier. L* does 

not control the build-up _ profil~ as it increase.s as the build-up 1ength 

decreases). 
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From P4 and P7, it is seen that the straight sided build-up o _ 

,~ . 
asso~iated with,~ A" i5 seen in both cases; ,th~ hi~her,p field strengtb 

.\ 
profi~e again apparently showing ~ore resistencè te th~ drag force 

outside. the boundary layer. 

Photographs P8 - P12 were used .for verification of two points: 

a) At higher magnetic fields, the attractive force holding 

the part1cles ta the wire could overcome ,the drag forces 

acting outside the boundary layer, and 

b) The 1ength of back build-up could be correlated with the 

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. 

Photographs PlO - P12 show the profiles observed at 4.1 KOe 

and f10w rates 01 9.5, 1.48 a~d 19.2 cm/s. .' 
In each of these photographs the build-up angle is approximately 

'. 
0' 0 

the same, corresponaiog ta a range in theoretical SA from 62.7 - 69.8 • 

Whether the build-up angles conform ta eA or the l1miting angle given 

by the magnetic force, 1s therefare 

The area of the build-up' downstrea ta the build-

up Iength decreases as expected with increasing flow,rate. This does 
, 

appear to bé due ta the increasing rate af vortex shedding (point b). 

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

is shown i~ Table 6 for~each of the flow rates used in experiment ~wo.,~nd 

appears to correlate very weIl with the decreasing buila-up length. 

. . 
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The effect of the vortex oscillations and increasing shedding 

is shown on each ~f the photographs by the movement of large amounts of 

particlp.s apparently shedding from their tapture positions on the back 
~ 

of the wire. As this occurs more freq~ently with increasing Strouhal 

61. 

number, the build-up at the back of the wire decteases. Another rea80n ~ 

suggested for ,the decreasing back build-up i8 that the, higher tHë flow 
. ~ 1 

rate, the less chance the particles have of g~tting into the downstréam 

captU1;e reglon. This i8 due to the increasingly strong drag forces , 
, 

outside the boupdary layer region which drags them strongly downstream. 

In experiment five, P2l - P24, the shapes -"~f the back profiles 
, 

have unfortunately become masked due to end effects. Consequently, this 

made analysis of the shape of the back profile impossible. It Js 

interesti~g to note, however, that the presence of the end effects 

allow back build-up to extend out from behind the wire at higher flow 

rates than in e~periment two. 

The use of e
Â

, the boundary layer separation angle, in pre

dicting th~ ~ngle of back build-up appears to be inconclusive in this 

study. However, on calculating 6& for some runs carried out by 

Friedlaender, 'it is seen that the separation angle can influence the back 
... 

o' build-up, even to limiting the build-up angle to 28 (Figure 40). 

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

o 
The effect of front build-up on the back build-up profile i8 

very dependent on the extent to,which the front build-up i8 prese~t. 
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Fig.40 Correlation of 9A and Fried1aenders Observed Profiles . 

• & 3 
Test Conditions:- Ha 5 KOe ; 1(= 307.9 emu/cm Oe ; p = 3.71 g/cm 

2 . P 3 -1 
V = O. 01 cm 1 s ; 2b = 8 fJ m ; 2a :: 125 pm; M = 484 emul cm ; K = 34. 9 Oe ; 

s 

" u = (X) al U = (X) 7.9 cm/s, BA = 28° 

hl u = 2.9 cmls, co 

cl u = 23.3 cmls, co 

BA = - Re • 6.23 

8A = 49° ' 

( SEE OVERLEAF ) 
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P~otograph Pl3 shows a rounded back build-up extend.ing 

hqrizontally out from the back of the wire. This is a very different 

profile ta that Qf. for example. P6 which is taken un~er similar con-

ditions but with no front capture present. 
; 

This is because the wake 

formed by the front build-up protects the back build-up from the fluid 
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drag forces. Consequently, the back build-up can extend out from behind 

the wire at much higher flow rates than i9 possible when no front build-

up i!:1 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' 

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 accommod!lting most of the extra capture. 

On increasing the flow rate from 4.79 cm/s (Pl4) through to 

9.78 cm/s (Pl7) a distinct change appears in the shape of the back profile, 
~ 

the decreasing amount of front capture affording the back build-up lessl' 

shelter from the fluid forces as the velocity increases. Consequently, 

it is seen that the back bulld-up profile extends a shoner distance 

from behind the wire in PlS and P16. In photograph Pl7, the protection 

afforded by the front build-up ia minimal a~d \he more straight-sid~d 

profile ia seen once agaih on the back build-up\ ' 

In experiment four. using the large 88lJm manganese dioxide, 

the front capture never extended out very far from the edge of the wire 

and therefore ,gives the back build-up very little.protecqon (Pl8 - P20). 

Consequently, the back pr,ofile does not extend out from behind the wire 

7' 
\ 
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, and appe~s very stralght edged èonforming to the shape of the wake. 

lt may agaln be seen in these three photographs, how t'be back 

• build-up length decreases' as the flow rate lncreases. 
~ , 

8.2 Mechanism of Back Capture 

Stekly and Minervini (16) were the !irst workers to predict 

copious amounts of back capture in an hgms •. Although not describing 
. 

the method by which pa:tticles arrive at the back of a wire. from F~gure 

that the particle trajectories that lead ta 'Gack 

capture in th void regions at the sides of the wire. 

In their work, Luborsky and Drummond(ll) predict large amounts 

of back capture without definlng the mechanlsm with which 'the particles 

arrive there. They do. suggest that the particies arrive by be;l.ng swept 

" off the front build-up or by being caught up in the turbulent wake of 

the wire. 

Friedlaender concluded from his photographie studies (30), that 

the partiele profiles., both upstream and downstream, vere dependent on 

the slurFY ve1ocity. At a slow velocity. partieles wou1d collect only 

on the upstre~-'side)of the wire. As the slurry ~loc1ty increased, 

partic1es would a1so coilect on the dOWl\stream side and if the f10w 

rate was higher enough, partic1es would not coilect on the upstream 

side at aIl. No suggestion as to the mechanism of these capture modes 

was suggested. 

Birss, Dennis 

particles eould Cl\11ly be 

and Gerber (18) conc1uded Irom 

caught on the back of the ire 

the ir s tudy J tha t 

if they could be 

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

( 
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the void regions. From th1s new position, traject-ecies coulet carry the, 

particles tO"- the back of the wire. (Figure 9) 
. ' " 

This study supports two mechanisms suggested for back capture, 

V which appear ta operate under conditions given by the ~ ratio 
V U ... 

a) At low..l! ratio ( ~ .8). the mechanism for capture 
U ... 

appears ta be one of d~rect trajectory ta the back 

of _ the wire. For example. in exper~t two ànd in 

some runs of experbDent six, no top capture was seen 

at aIl, aIl particles being caught on the back of the 

wire. 

b) 

Photograph PD 

An 1ncrease in 

V At a M rate ~O.8 - 1.0. perticles do appear to be 
Uc:o 

lQ§t from the front of the wire. ta' be {Caught aga1n on 

the back. A good example of this are,photographs Pl3 

and P1.4. 

shows a well\defined front build-up with strai~ht edges. 

flow veI~ of only ::0.7 cm/s result in photograph P14 
l , , , 

where the straight, weIl defined perimeter of the front build-up appears 

to ha\'e 'had l'articles removed 'and there ~een a mark~d increase in back 

capture. 

It would consequently appear that bath Luborsky and Drummond, 
, 

and Birss, Dennis and Berber were correct in theiT assumptions, although 

neither postulated that capture on only the downstream ~ide of the vire 

would occur. 

The grade experiments were dissappointing in fact they did not 

• ,~elp in deciding whèther back capturl! was a magnetic or flow phenomenon. 

/ 

" 



...-__ " .#' ... ~"'~~~~~"'1I'!f'll'"","~"'>:'rr~~~~_~-...w_~~~,n.""'~~"'''''lt\\.ff"''IV'~~~~ ______ """~_,,,''''<_''''~'''''~l:- ~~~ .. ~.-<"' ... ~" .. _""" 

.0 

, 

~ , .. 

- 0 
A drop in grade 6n the open matrix would have suggested that 

the particles were indiscrtminstely caught at the back of the wlre, 

indicating the fluid carried the particles there. 

An ~ncrease in grade would suggest the particles were ~g

netical1y éarried to tbeir positions~t the downstream side of the wire. 

8.3 Tbe Profile of~ront Capture 
.~ 

The profiles of the front capture observed in the experiments 

May be divided into two cases. 

i) A prominent fan shaped build-up with~ell defined build

up angles e.g. P13. f 

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

defined hui1d-up angles e.g. PIB ~ P20. 

The weIl defined fan shaped build-up (PI3) ia very similar to 
, , 
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the theoretical shape predictTd by.~esset for the same conditions shown 

in Figure 41a. He predicted ~he huild-up angles at the front of the wire 

o <'l 
to be somewhat greater than 90 when the field is below that for wire 

saturation. In photograph P13, the angle of build-up la approx~tely 

1200 which supports this prediction. ' 

In photograph P14. the fan shaped bui1d-up May be seen ta he 

breaking down. This phqtograph 18 taken at a ~lightly higher flow rate 

than P13. The fan shaped build-up 1s not seen again at higher flow ... 
rates. Consequently. with the 2Û\lm (c;one (/2) he~tite, fan shaped 

build-up is seen at flow rates <4 cm/s but above t~ocitYt tQe 

shàrp définition of the profile 18 lost . 

.. 

' 1 

-
" 

.... 

" 
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Fig.41 Nesset' s Model Prediction For the Profilee of Photographs P13 & Pl7 

and for a. Theoretical Flow Rate of' lB. 9 cm/s. (Front Build-up ooly). 

(See Overleaf) 
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As the fan shaped build-up breaks down. the outer edge of the 
• 0 

build-up becomes rounded and appears as a 'collar' around the top of the 

wire. Nesset predicJed a 1ess fan shaped build-up at higher flow 

rates, as 1s seen from Figures (4lb) and (41c) , but the actual build-up 

is mIre rounded than he.. predicted. This occurence was suggested' by Nesset 

due' to the 'fan shape' being a theoretieal build-up shape with no allowance 

for fiow instabilities which would occur in a real system. 

The photographe -also agree weIl with the photographie evidence 

of Friedlaender et al (31) which a1so shows a mo're rounded build-up at 

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

8.4' Front: Versus Back Capture 

\ 

It ls seen that for cone 112 manganese dioxide (experiment two) , 

the build-up ls dominated by back capture; indeed front capture while 

present (see P2, P3) was too small to conveniently quantify. Although 

~ot applicable to 

V 
as wel1 as M 

ba~~e, loading was plotted a~ainst NL (Figure 
, V 

Figure 30 shows that correlation is better with M. 
~ -~ 

For examp1e. significant back 10ading occurs below the theoretlcal min-
, 

29), 

imum ~ of 2.5. AlsD, the amount of back capture is approximately constant 

over a wide range of NL, Le. 6 < N
L 

< 150. It should aga in be noted 

that the loading equation was derive~ assuming no back capture occured. 

Figure 30 shows that when plotted 

followa a reaaonably smooth curve, build-up 

value of VM '" 0.25. 

U"" 

V 
against .li ' the loading 

U"" 
reaching a maximum at a 

In experiment three (22lJm• cane #2, hematite), Nt may be seen 

to predict the loading curve for both front and total capture if e: i8 



1 
), 
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fitted to the experimental data and 1a no.t used' as a packing fraction 

(Figure 31) • Consequent1y"! if E ~ 1.0 (as for the packing fraction , 

shown on the prints) but equals 1.3 and 2.2, the resulting curves describe 
~ 

front and total bulld-up weIl. 
J 

Considering Figure 32, it 1s seen that "?Oit: of capture ls on 

< V 
the downstream side of the w1re when M < 0.9. As the value of VM 

U"" Uoo 

decreases, the % of the total capture on the back of the wire increases 

much more. 

\ In experiment four (88um manganese diox1de), it may be seen 

from Tab~ 8 that front capture i8 always the dominant (> 50% capture) 

capture mode. By plotting a graph of % front capture for experiment two, 
. V 

three and four again.:; the.J:! ratio, a curve is obtained as'Figure 42. " 
U"" 

lt is seen that there appears to be a valu~ for aIl the experiments which 

gover~ whéther front or back capture will be dominant (and also perhaps 

ta what extent). This value would appear to be - 0.9. 

The on1y exception to this is that of P2, which has a flow 

velocity of 0.61 cm/s which produces a Rew 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 at higher flow 

rates. 

A maximum amount of back\capture does not appear ta be achieved 

in experiment four. although the VM value 1s greater than those in the 

U"" 
previoua experiments where a maximum was~obtained. It 18 believed that 

a maximum amount of back c~pture 18 achleved but as yet is not correlated 

with 
. V 

either NL or -1! 
U"" 

The front and 
"-

total build-up of materia1 1s aga in reasonably 

described using the Loading Equation with € as a fitted parameter. With 
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€ ... 0.5 and 0.8 respectively, the form of the graphs are adequately 

described for front and total capture. 

Figure .43 and 44 show plots of' front and total capture ,reapec-

tively for the 22'llm hematite and 88 um manganese dioxide. The 

esttmates by Nesset of 1.0 appears adequate for describing the front 

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

values ~f e:. 

V 
In sutmnary, it would appear that above a value of .J:!'= 0.9, 

Ua, 
V . front capture ia the dominant mechanism whereas if ..J! < 0.9, back capture 
Uco 

as~um~s dominance. The Loading Number, although not allowing for back 

capture, describes front and total capture very weIl when using E as a 

data fitted constant. 

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

It i8 appa~nt from exper~e~t six that front capture ia the 

dominant capture mode when in competition with back capture. Using, 

Hayashi and Uchi yama' s (19) conclusions, the ,presence of other wires 

" 8ubstantially 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. traj ec-

tories (Figure ~O). 

, Alternatively it may be that the capture radius of the front 
.,' 

of the second wi:e overlaps with that of the back of the first wite.· 

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

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

• 
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caught on the f,ont of the secortd wire and not on the back of the first. 

8.iS Results of th~ hgms and Correlation with the Single Wlre Work 

8.6.1 R.G.M.S. 

The hgms results are shawn figuratively in Figures 30 and 37, 

/ 
plotted agaJ.nst the ~oading Number. The curveS "drawn on both figures 

are of the capture predicted by Nesset' B Loading Equation with E == 0.7 

(equation 20). The results for the closed matrix, show ~ore material waS caught , 

than predfcted but they do f0110w the curve quite weIl. The open matrices 

--------foll~simi1ar type curve but nowE :0 2.0, gives a good fit •. 

Figures 36 and 38 show the loading plotted against VM The 
q" 

. points are slightly more spaced apart yet a reasonable curve could be 

drawn for each of the matrices. The main disadvantage is that there' 

V 
is no loading equation, consequently once a value of M 

a calibration curve ls requÙ'kd to predict loading. 
110 

has been found 

In experiment two, the feed capacity of the closed irlÎd open 

matrices were found to be the same. Irrespec'tive of the amount of 

materlal fed to the system the open matrix always caught more material, 

but-on a roass captured/unit v~lume basis, the closed matr~x was the roost 

efficient'. There is a suggestion that an open matrix with a very smaI1 

gap between each" layer (e.g. 1 mm) may be more efficient that a closed 

matrix. 

~ 
If the grade or recovery of materia1 had been substantially 

increased, there would have been a good reason for using open matrices 

and would hav~ helped illuminate the mechanism by which tarticies are 

caught at the b~ck of the wire (Section 8.2). Unfortunately, the resul,ts 
<0 

suggested no significant difference in grade or recovery. 
/ 

. ~' 
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8.6.2 Correlation Betwen the HGMS results and the Sin le Wire 

Observation 

Results obtain d in the comparisons of the closed,~ open (1) 

and open(t) matrices illu trate that more fapture accurs on'the open 

matrices than on the closed matrix under aÙ:---'conditions. 

Obviously. correlation between the' single wire studies and 

the hgms results i5 diff~cuft in a theoretical sense due ta the large 

differences in conditions which exist between the two studies. However. 

some hYPQtheses May be put forward. 

The reason more capture occurs on an open matrix th an on a 

70. 

closed May be because the open matrix more closely approxima tes a number 

of single wires. Consequently, 'one obtalns bath front and back capture 

on the wire 50 increasing total capture. On the closed matrix, it js 
\ 

suggested that little or no,back capture occurs due ta the c~e pr~x

i~ity of other wires. It was seen in the "4 wire" Singl~~re study 

that ·when front and back capture are in competition, the back capture 

is diminished (Section ~.4). which is analagous to the conditions 

exi"sting in the closed matrix. 

An alternative suggestion for the increased capture mass ls 

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

, (34) 
discussed by Nesset • masking may account for approximately 6% of 

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

in capture bet een the open and closed matrices. 

An ther reason for suggesting the open matrix acts as a number 

V 
of single wires i8 by considering capture when 2! is greater than 1. O • 

• Uco 

P" In the single wire study, aIl the experiments were at, or approaching a 

maximum amount of back 

experiment had VM > l, 
U .. 

'II 
V 

capture at -1! > 1. Only two runs in the .. hgms 

U"" 
(see Table 9 and Figure 36), these a1so suggested 



o 
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.. 

an apparently constant amount of back ~\Pture. by tqe difference of 
\ 

the open (1) and closed matrices being thé same. 

Unfortunately. in experiment (lb). VM > 1 was never ach.ieved 
Ua> 

(Figure 38). SO~B result was'not confirmed. It would appear quite 

logical that once back capture fs fully achieved, increased capture 

71. 

will occur identically on the open and closed matrix and correspondingly 

there will be a constant difference in the amount of material c~u,ht. 
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IX. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

9.1 Conclusions 

1. ." B~tI"i front and back bUild-U~ occurs in a single wire study 

z. 

3. 

4. 

5. 

6. 

7. 

8. 

.. 

of h.g.m.s. 

V 
Occurence of front and back capture is governed by the ~ 

V Uoo 

ratio. If'.J1 > 0.9 , front capture i8 the dominat'l(t capture 
U co V~ 

mechanism; if M < 0.9 , back capt~re dominates the capture 
U'" 

proc~ss. 

A maximum amount of back capture ~ppeats to be obtained, 

V 
probably governed by ~ or ~. Above this value, additional .. 

. U'" 
capture occurs only on the front of th~ wire. 

1 
''\ 

The loading number, Nt' describes front and total build-up 

reasonably weIl, using t as a fitted parameter, not as a 

packing fr~ction. 

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

\ (34) 
dicted by ,Nesset • 

1 

A spaced matrix will catch more material per unit mass of 

matrix than a closai matrix, .but, on a volume of matrix basis, 

efficiency i8 lower. 

The feed c~pacity of the spaced matrix 18 no larger than that 

of a closed matrix. 

. , 

\ 
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9.2 Suggested Future Work 

l'. An attempt to use slow exposure times should be made in order 

~ 
2. 

3. 

/ 

to track PSfticle trajectories as they move toward the wire, 

in order to exam

f 
the mechanisms of back capture. 

More hgms work s uld be carried o~t in correlation with 

the single wire s udies, e.g. investigation of the V~ region 
UIlO 

whicp produces the maximum back build-up on the single 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 la - THEORY OF THE HALL PROBE 

This device ls one of the most eommon and versatile deviees 

for measu~ing magnetic fields '(Figure 45). On insertion of the Hall 

probe ioto the unknown magnetie field, a constant current is fed into 

two of the four wires. attaehed aeross the probe. The "Hall potentisl" 

is measured aeross the remaining two wires, caused by the deflection 

of electroos in the eonductor by the magnetic field. 
~ 

With the field veetor, B, making an angle, 9 , with the unit 

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

conductor, the Hall potential would be given by: 

l (n B) 
c 

(in volts) (29) 

where RH ... Hall cons tant. 
1:......-." 

For a given Hall crystal, i.e. with fixed RH ' t and ~~. this 
l 

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

rearranging equation' (29): 

H (30) 
l cosS e 

Consequently, befor~ measurement of an unknown magnetic field 

can be carried out, it 18 neeessary to calibrate the Hall Probe against 

a known magnetic field in order to determine KI (Figure 4&). 

The Hall probe was positioned in the gap betwee~ the pole 

of a magnet such that e was e'qual to zero, Equation (30) becoming: , 

(31) 
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A 'direct current~ lc • of 200( ±l} ~_was applied to the 

prob~ and tQe field betwee~ the poles was-increasrd while VH was 

measured on a voltme~er applied across the prpbe. The value of the 

field was measured accurately using a m~ving coil gaussometer. By 

linear regression, ~he relationship is: 

-H(Oe) -= 24.16 x volts (±28.84) (32) 

This 1inearity between VR and H, Is generally good to within 

1%, up to 10 !COe, weIl within the range of this inve'stigation. 

Raving obtained the' value of KI " -the Rd.l probe was used in 
~ , 

order to calibrate the value of the magnetic field between the two 

newly designed pole pieces attached to the Frantz. 
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APPENDIX Il:t - CALIBRATION OF THE MAGNETIC FIELD USING THE 
HALL PROBE (AT THE CENTRE OF THE DRILLED HOLE) 

Inpu t Curren t Magnetic Field 
Tc The Frantz KOe 

mA 
'.0. 

100 (.48 
. , 

200 .87 

300 ' 1.28 

400 1.69 

500 2.12 

600 2.52 

'00 2.94 

800 3.33 

900 3.73 

1000 n 4.14 

Î 

\ 
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APPENDIX II - PARTICLE SIZING USING THE WARMAN CYCLO~IZER 
" , 

The Warman Cyclosiz'er is a hydraulic cyclone elutriator 
.' 

which c~nsi~ts of five j:yclones in series which separates the feed 

1 material into a roughly ~ ~ ,decreasing series of 'five sizes, in the 
V 2' 

sub-sieve range (80-5]lm) (Figure 47). 

The' ~n:tf ois' pre-calibrated to produce a eut-off size for each 
\ . 

cyclone, deo , based on a ::dl~ca sample, infinite elutriation : time 

i}.nd a set of standard operating conditions for the equipment. 

Correction factors are then necessary for particular opera-
/) 

tian conditions, viz, water 'temperature (fI), specifie gravit y (f2)' 

fiow rate (f3) and operation time '(f4 ). The correction factors then 

produce a set of ac.tual eut-off diameters, da , for each of the cones, 

under any conditions viz; 

A geometric mesn size is optained' for each cyclone, d."efined 

as: 

(34) 

wherê n =cyclone number 

Method of Operation 

About 50 grams of material may be run thr~ugh the cyclosizer 

at one time, ensuring lees than 15 grams of material are sized into 

any one core. 
('--. 

'. 



c·· . 

1 

o 

o 

( 

p 

l' 

• .! o. 
:: E 

'" &1 
c: 
E 
u 

.>-
u 

... • 41 
ëi. c; 

E i ... ., c; • 0 
u 

"j 

" 

- - - - :. :.=b=======f= ----

'0 
> ~ . • .1 III .., ... 

H 
al 
N 
.,; 

CI) 
0 
~ 
u 
>. CL 
u E 

:3 
CL 

~ e 
rd 

;3: 

al 
..c: 
E-t 

1"-

~ 
~ 
r:r.. 

( 

(Î 

, 

1 
·i , 



( 

i· 

83. 

Tpe sample was Urst pulped with 50 - 150 mIS. 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 

tapèr to ensure no air was allowe.d in the system. 

The container valve was then closed and it was re~d ta 

the hoider on the· cyclosizer. The cyclosizer pump was turned on anli 

with the flow cont;rol valve fully open, aIl air was removed from 

each cyclone by opening the apex valves. 

Then, with the control valve remaining fully open, the 

sample container valve was slowly opened. Consequently, the sample 

was then allowed to complete1y empty from the container. ) 

After a period of approximately three minutes, the control 

valve was closed until the flow meter indicated the required elutria-/---• 
ting flow. 

The cyclosizer was then 1eft for 15-20 minutes. The control 

valve again fully opened. Beginning at cyclone 5, the' apex valve. was 

opened on ea~h, cyclone and the solid discharges \ were collected in a 

beaker. AlI 5 cyclones were treated similarly. 

Thls pr-ace'dure was repeated a Jümber of times. until sufficient 
- ~ 

ma teriai had been prepared for aIl the experiments 

., 

)' 

.1 
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APPENDIX III - OPERATION OF THE DAVIS TUBES 

The Davis tube uses Magnet pole pie ces which generate about 

1 KOe magnetic field. 'On pa~ slurried
r 
particles between these 

pole pieces in an agitated tube, the field Is strong enough to 

capture magnetite flows pasto 

The water in the tube is kept at a constant height, ab ove 

the pole pieces, by a feed pipe placed ~n the end of the tube. If 

the ~at~r' level drops below the pole pieces. the magnetit~'\endS to 

be d\agged downstream. 

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

top end of the tube. The agitator is then started as the particles 

flow down toward the pole pieces. This pre,vents physical trapping of 

hematite within the captured Magnetite. 

The cleaned hematite 18 consequently 

decanted. and driàI. 

, ' 
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APPENDIX IV 

The preparation of the 5 lJj hematite .for experiment five, 
, 

required previously prepared cone #5 material to be ground in a wet 

baIl mill for four hours in arder to achieve the required size range. 

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

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

out using tne equation: 

D =KV~ 

and 

K 

1 
IBn ] ! 

(p - po)g 

where Tl = .01 

p =5.25 

Po =1.00 

g =9.80 

Thus, 

D = .006571 V' 

For 7}lm Mati:!rial 

7.10-4 ... • 006571 • è 

giving 

v -.011348 cm! s 

(35) 

"'" 

where D= Diameter of- the 
particle 

v= ve10city 

(36) 

\ 

(37) 

~ 
1 
l 
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Consequently, any material that has not settled 13.6 cm in 20 minutes 

ls <: 7 llm "and was collected. 

For 311m M.aterial 

3.10-
4 = .06571 . v~ 

glving 

v = .006571 cmf s 

, 
Consequently, mat~ial collected of size <7jJm and > 3)lm would have 

settled lower than 7.5 cm in 60 minutes and 50, material of 3 - 7 \.lm 

was obtained. , 

( 
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APPENDIX V - TECHNICAL PHOTOGRAPHIC DATA 

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

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

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

l 1 
at /e - /15 seconds at F.32 or .22. 

\ The lighting consisted on a 100 watt fi11 light, w!th a total 

light at 1000 wats angled at the side. 

(' 
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AFPENDIX VI - CALIBRATr PERISTAL TIC PUMP 

The pump was calibrated by setting the "Masterflex" control 

to 5.0, and then by the amount of water pumped in a ce1;"tain time with 

the variation of the variac controller. This was done before each 

experimenta1 series. therefore. slight variations will exist ~n the 

f10w rate in each series. 

Variac Volume of 
Position Water (ml) 

30 1215 

28 945 

26 888 

24 840 

22 865 

20 738 

19 730 

18 625 

17 410 

Time (s) 

145 

120 

125 

135 

170 

180 

240 

240 

360 

Flow Rate 
cmis 

l3.17 

12.38 

11.17 

9.78 

7.99 

6.44 

4.78 

4.09 

1. 79 
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APPENDIX VII - THE DIGITIZER 

The Digitize~ basically consists of four components, 

(Figure 48): 

a) The display console which houses most of the electronic 

b) 

c) 

d) 

circuits for translation and calculation of data. 

The reading head contains the ~arriage and the optical 
1 ( 

pick-up system for de~ecting carriage move~ent along 

the x-axis. \ 
\ 

The traverse arm, which 19 

the y-axis. The magnifying 

end of the traverse arm. 

( 
/ >--- ~" 

1 

moved by tbé operator 
" ( 

c:~-~:l'o!/!s' attached ta 

( 
The keyboard which contraIs the opà.ation of ;the 

" 1 

Digitiz~r. 

in 
\, 
~he 

89. 

In order ta measure the area of build-up on the wire, a trace 

of the profile 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 thèn pressed on the keyboard in order ta zero 

the area register. 

The Digitizer now measures any movement of the cursor. Con-

sequently, the area of build-up was then traced. On reaching the 

starting point once more "y" and "A" were pressed simultaneously ta 

display the measured area. 

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

sequently easily measured. 

- \ 
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APPENDIX VIII - RESULTS OF THE QUANTITATIVE SINGLE WIRE ANALYSIS 

Material and Field Flow MAS S COL LEe T E D cone size KOe cm/s 30s 60s 90s 120s 

Mn0i 114 1.2 .62 .0823 .0037 
2.4, , .62 

.0089 .0039 
3.5 .62 .0046 .0181 .0066 
3.5 7.1 .002.4 .0088 .0046 .0047 
4.6 .62 .0092 .0064 .0047 
4.6 7.1 .0106 .0024 .0043 

Mn0
2 

fl2 3.5 7.1 .0095 .0102 .0081 

4.6 7.1 .0071 .0057 .0150 .0110 
Fe20

3 
#4 0.6 .61 .0020 .0043 .0080 

1.2 .61 .0027 .,0053 

~ 

" 

i, 

(graIlla) 
180s 

.0026 

:0020 

.0167 

.0065 

,-, 
~ ....... 

1.0 
o 
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APPENDIX IX - EXPERIMENT ONE (b)-
l 

- i 
1, , 
l 

Field NL 
C1.osed Open (1) Open (2) 

MATERIAL AND Flow' Rate Strength Ym • W Matrix • Matrix Matrix 
CONE ·'SIZE cm/s Kge (gms) (gms) (gms) (gms) 

Mn°z 114 Z.17 1. 69 5.34 0.53 0.Z6 0.64 0.54 

Fe
2
0

3 
114 2.17 0.89 9.14 1.22 2.01 2.67 2.38 

Mn°2 
/12 2.17 1. 69 10.41 1.28 0.88 • 2.94 2.49 

Mn°2 
/12 '0:81 0.89' 13.54 1.83 2.41 • 2.94 2.60 

Fê
2

0
3 

112 2.17 0.89 18.56 2.64 5.1 8.68 8.37 

Mn°2 
#3 1.15 1.69 19.44 2.66 3.02 5.23 5.86 

1'1 
l 

Fe20
3 

114 ., L15 0.89 26.23 3.70 4.4 5.85 fl.30 

Fe
2

0
3 

113 2.17 1.69 31.96 4.46 3.79 12.35 12.06 

Fe
2

0
3 

113 1.15 0.89 36.58 5.04 5.7 10.45 
\ 
11.6 

FeZ0
3 

112 2.17 1. 69 42.45 5.76 9.41 15 ... 71 20.18 

-..~ 

• ,\0 .... 

, 
1 
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APPENDIX X - EXPERIMENT THREE 
GRADE EXPERIMENTS 

OPEN MATRIX "-
J 

GRADE RECOVERY 
MAGS N-MAGS % Fe

Z
0

3 i. Fe20
3 

1) 2.63 ,3.56 78.52 58.31 

2) 2.46 &., 3.14 80.62 63.87 

3) 2.36 3.21 7~.64 62.05 , 
4) 2.27 3.21 80.42 60.60 

~ 

CLOSED MATRIX 

GRADE RECOVERY 
MAGS NfMAGS % Fe

2
0

3 i. Fe20
3 

1) .33 3.29 
~ 

79.28 64.42 ' 

2) 
1 > 

2.32 3.281 '" 81.11 63.30 
AI '" ·'3) 2.11 3.40 84.78 59.67 

4) 2.20 3.35 82.17 58.20 

" 

" 

'\,' . -. 
- _:' .. ~~"'~'\. ..................... _ ...... "' .......... k"'_ .. 
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APPENDIX XI - V lU CALCULATIONS m ... 

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

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

J than that of experiment two. 

2~m Manganese Dioxide 

VM/U ... = i b
2 

Ha
Z 

A K 

9 U"" 1'1 ~a 

=! (11.78.10-4)2 .89 .000117 
9 u .045 

00 

Consequently: 

.5 -Hematite 

I:>Therefore: 
, 

," . ~ 
\.i-

l 

.' 


