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HE who binds to himself a j oy 

Ooes the winged'life destroy; 

But he who kisses the joy as it flies • 

Lives in eternity's sun rise. 

'Eternity:' 

by William Blake 
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ABSTRACT 

A fundamental physical model of the fully loaded condition 

of particle accumulation on cylindrical wires occurring in high gradient 
i 

magnetic separation (hgms) is developed., Magnetic, fluid shear and 

gravit y forces are included in the analysis. The approach is unique 

in that ~lasius-type fluid shear on particles at the bottom of a 

changing boundary layer is considered. 
• 1 

Magnetfcally" the model allows for the 'more· complex case of 

variable, magnetic'suscep~ibility as typified by the eanted-antiferro­

magnetic behavior of hematite. The Frantz Isodynamie Separator i5 

s~own to be weIl suited fc{r generating this complex susceptibilfty 
i, 

information. 

The model i5 verified against the photographie evide~ce of 
r 

buildup 5hapes of Friedlaender !! al. for MnZP207 as weIl as by eompari-

son with the measured recovery of h~matite, chalcopyrite and sphalerite 
l , ~ 

in an hgms b~tch separator employing a stainless steel expanded metal-

trne matrix. 

A powerful development of the mddel is that loading (volume 

of accumulated material per unit volume of matrix) is uniquely defined 

by a dimensionless group, cal1ed the loading number" NL.' From direct 
\ 

measurement N
L 

proved superior to the dimensionless group proposed by 
, V 

M 
Watson, ~, as a measure of loading. 
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RESUME 

Un modele physique fondamental de condition de chargement 

"pleine capacité" pour l'accumulation de particules sur des fils 

'cylindriques, se produisant lors de la séparation magnétique à gradient 

élevé (hgms), y est développé. Incluses dans cette analyse sont les 

forces; magnétiques, de cisaillement 'causé par le fluide et d~ gravité. 

L'approche est unique en son genre da au fait que, le cisaillement de 

t}pe 'Blasius' sur l~ particules dû au fluide a l'e~trémité inférieure 

lors d'un changement frontalier de couche. entre' en considération. 

Magnétiquement,. le modele tient compte des cas plus complexes 

de s~sceptibilité magnétique variable typiqu~ment représenté par le 

comport'em~nt "incliné-antiferromagnétique" de 1 'hématite. Le "Fr'ânz 
, 1 

Isodynamie Separator" s'est montré des plus aptes à fournir cette 

complexe information de susceptibilité, 

Le modèle est vérifié en le comparant aux preuves 'photogra­

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

Mn2P207' tout comme ~ar comparaison aux recouvrements mesurés pour 
f " , l ' 

l:hématite, la chalcop~ite et la sphalérite d~ns un hgms à separation 

discontinue e~loyant une matrice de metal déployé en acier inoxydable. 

La puissance du modèle réside dans le fait que l~ chargem~nt 

(volume de matériel accumulé par unite de volume de matrice) est défine 

uniquement par un groupe sans-dimension appelé ndmbre de charge~ent, NL, 
\ .' -

Basé sur des mesures directes, NL 
V 

dimensi6n proposé par Watson" ;, 
co 

s'est avéré superieur au groupe sans­
\ 

comme mesure de chargement. 
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NOMENCLATURE 

CHAPTER II 

A 
a 
8.n 
b 
Co 
F 
F(VM) 

f 
,f~ 
fmax 
g 
H < 

a 
K 

Kf 
L 
L/~ 
Mw 
M 
N~ 

1 
No 
n 
p 

R 
Ra 
,Ra 
R 5 e 
R~ 
S 
t 
U 
U 
V 

~ w 
a 
Ô 

°99 

n 
Je 

~ 

Pf 
Pp 
> 
< 

'), 

data fitted constant in 'buildup rate equation 
bare wire ragius / 
radius to nt particle layer 
particle radius 
drag coefficient , 

• volumetrie pack~ng fl'aetJon • ! 
function describing t~e cumulative weight fraction of particles 
with, magnetic velocity less th an VM 
capture efficiency -~ • 
,f1uid shen adjus,tment factor 
maximum buildup to wire volume ratio 
coefficient in Friedlaender drag equ~a=t~i~o=n~====================== __ __ 
applied ,magnetic fiel4 
Stokes number - 2b2pp~/9an 
univ.ersal fibre parameter 
matrix length 
ratio of loading to maximum possible wire loading , 
wire magnetization 
wire s~turation magnetization 
number of particles entering separator 
number of particles leaving separator 
cou,nter or exponent 
particle retention probability 
partic1e accumulation radius 

,relat"'he particle accumulation radius Ria 
saturation (i.e. maximum) relative particle accumulation radius 
wire capture radius T a 
particle Reynolds number 
diameter of major fibre axis for non-cylindl'ical fibres 
time 
outer (potential) flow velocity 
free stream veloéity 
buildup volume 
magnetic veloei ty - 8'l1'b2"'HaM 19an 
wire volume W 

coefficient in drag equation 
nominal boundary layer thickness 1 

boundary layer thickness ovel' which flow has regained 99% of 
outer flow velocity 2 
fluid viscosity '(absolute). cm Is 
particle (volume) susceptibility 
capture radius for mecnanical entrapment 
fluid density 7 

pU'tiele densi ty 
gr~ater than 
less than. (' 
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CHAPTER III 

A scalar potential energy function 
(Equations (3.9, 10,11) only) 

ri 

A field perturbation term .- 2nMw/Ha for c~linders 
perpendicular to Ha 

a bare wire radius 
an radius to"nth particle layer 

- Af fractional ',cross-section of flow area 
A çross section of flow area . 
BX magnetic inauction, gauss / 

BI Blasius su~tion of a terms 
,b __ particle radius 0 

viii. 

C' . / const~nt i~ simplified force balance (Equation (3.2-8J) 
dms / mass of material retained on a segment in a time increment dt 
FM magnetic force 
F radial component of FM . r M Fe tangential component of FM 
FGM gravitational force 

I==~====~====~==~tr-=====~~~r~~wdial_component of FG 
FeG ' tangential component of FG 

C) 
~ -

FD fluid drag force 
FB bû\JYancy force 
F
anet 

net tangential force 
Fr . net radial force 
f net field parameter r 

fb ' fractional area of particle shear 
g gravitational constant 
W lIlB;gnetic field, oers1;eds 
H applied magnetic field 
Ha raMaI component' of H 
H
r 

,tangential component of H 
HD demagnetizing field - NMw 
hc coerci ve force, oersteds 
K empirical constant in wi're magnetization_ (Equation (3.1-19)) 
L(n) mass loading of n th ,segment '. 
Lm' maximum loading (mass) per unit lengtfi of wire (- y :Jo 
L '1 d' • f m màx maXlmum oa lng 0 segment . "', . / 
R. inter particle layer distance (buildup wodel) 
R. 'distance between magnetic poles{magnetic theory.) 
R. characteristic body dimension C6,!!tid mech"anics) 
R. length Qf wire per matri5c screen 
MW magnetization, emu/cm3 

~e 
o 

m 

particle magn~tizationJ e~/cm~ 
wire magn~tiz~tionJ emu/cm 
effectiv-e M...,' 3 
spontaneousP magnetization. emu/cm 
magnetic moment. emu 
residual magnetization, emu/cm3 
mass of s creen 
demagnetization factor 

( . / 

-
l 

, . 

L 
1 

1 
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n 
p 

PI'PZ 
r, 
r 
ra 
r 
as rn 

Rc 
Rc. 
~e1 
Re 
Ree 
s 
sw 
t 
U 
U' 
Ur 
Ua 
U 

o "" .. 
u 
V 
V

B
' 

VM v 
(l 

(lA 

(lL 

e 
Ym 
'Yv 

'V , 
ô 
ô99 
E 

n 
a 
9c 
K 

,Ke 
Kp . 

~: 

" ,J 

! 1 i 

dim~nsio~less ratio of. magnetic~to-gravity force 
. - U'2Ha' KA/a(p - Af)g \ 
d'imensi~nless r~t~o Qf ~f1etic-to-fluid shear force 
- 2bHa KA/PfU"" / vl / 2al / ,th~ 'loading number' 
counter or ~xponent 
fluid pre,ssure, " 
magnetic pole strength (unit) 
particle accumulation radius 
dista~ce between poles Pl,P2 
relativè particle accumu atlon radius - ria 
saturation (equilibrium) ra 
radius to nth particle layer 
capture radius of wire t a 
initial Rc 
Reynolds number 
particle Re . 
wire Re 

pU'R./v 

number of screens per se~ent 
o int-er wire distanc,e oj1 s~reen 

time 
outer 'stream fluid velocity 
relative velocity (between particle and fluid) 
radial component of U 
tangential component of U 
Iree stream velocity 
velocity'in y-direction 
particle volume 

-nominal buildup vo lume , 
ma..gaetic velocity . - 4b2KHa 2A/9an 
velocity in x-direction 
driving function in capture radius equation 
Akoto's a 
Luborsky's Cl 

geometric co~rection factor for screens 

ix. 

(mass) load~g, g of particles/g of fully loaded wire 
(volume) 1 oading , cm3 of particles/cm3 of'fully loaded wire 
- 'Y lJl pw/p , 
gradIent ~erator 
nominal boundary layer thickness 
ô over which flow has regained 99% of U 
packing fraction 
fluid viscosity (absolute), g/cm-s 
angle fr,om front stagnation point, (degrees), radians 
minimum critical angle, (degrees), radians 
particle, (volume) s~sceptibility, emu/cm3-0~ 

'effective K, emu/cm -Oe ' 
particle K, emu/~m3-oe '. 
medium K, emu/cm -Oe '\ 
,susceptibi~~ty extrapolated ~~, infinïte field strength' 
(field dependent ,SUSCeptibilif) .' 
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r.f 
cr 
cr 
TO 

TO 
~ 
X 

x..~ 

p 
m 
m 

0 

1 t 

magnetic permeability 
fluid visIcosi ty (kinematic), cm2/s 
transformation variable used in stream func~ion 
density c, 

particle densfty 
,. fluid density 

summation operator . 1 

magnetization. emu/g. 
spontaneous magnetiz~t~on, emu/g 
shear stress. dynes/cm 
shear stress at solid "wall", dynes/cm2 
function , 
susceptibility (mass), emu/g , 
particle susceptibility extrapolated to infinite field 
strength (field dependent susceptibility) 
stream fUnction ~ 

particle flux rate entering segment, particles/s 
particle flux rate entering separator, partieles/s 

x. 

CHAPTER IV 

0 
da 
d"" 
d g.m. 
d 
fI' f2. 
f3. f 4 
H 
dH)dX 

~x\ 
ISO 

le 
KI 
L 
m 
n 
ft 

~ 
r .. 
t 
VH 

• CHAPTER V 
( 

" f 
" f . 

:rI<: 
YK ·e 
y/Ym 

solenQid diameter 
aetual eyclosizer cone eut-off diameter 
nominal cyclosizer cone eut-off diameter 

1 

geometric Mean diameter 
diameter_ ) 

. ~ , 
cyelosizer c~rrection factors . 
magnetic field strength, kOe, Oersteds 
average field gradient, kOe/cm 
max~mum H in pole gap, kOe 
ourrent, amperes 

) 

current at which 50% of feed to Frantz Isodynamie reports to 
the magnetics chute" amperes 
eurrent applied to Hall crystal 
crystal calibration constant for Hall equation • 
solenoid length 
partic1e mass, g 
number of coil windings 
normal ~ftit vector 
Hall eon'~nt1tvolt-cm/ampere-Oe 
electrical resi-Stance, ohms 
length-to-diameter ratio of spheroids. 
Hall crystal thickness. cm 

. Hall potential, volts 

field parameter . , ',<. ~ 
integrated (volumeYfield parameter 
loading determinèd_ù~ing field dependent susceptibility 
Ioading det'eI'l!lined uslng-.~ffective susceptibility 

"- 1 

'----
ratio of loading to maximum'poSsi~~e' wire loading 

" 
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CHAPTER II 

\ 
\ 

\ 

, 
GLOS SARY 

, .'\ 
" '\ 

Traj ectory models - models which pre,lict separa tor. recov'ery from 
mathematical aescriptions of1particle behavior ip thé 
viscinity ~f magnetized wire(s) based on thé differential 
equations of partiCle motion. 

xi. 

\ ' 

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

Magnetic veiocity (VM) - can be considered as the te~inal velocity 
achieved by a spherical particle under the\influence of a 
magnetic force and purely Stokesian fluid conditions. 

Capture radius (Re) - ot capture cross-~ection, is the limiting radius 
or area about the wire from which aIl partic~es are captured. 
as determined from trajectory models. 

Potential flow -0 mathematical analysis of f)ow which considers, only 
incompressible, frictionless fluids. Approximates the real 
flow of many fluids and situations at distances weIl removed 
trom 'soUd boundaries. 

Viscous flow - analysis which considers fluid stresses to be related 
to the velocÙy gradients. Approximate,s real flows near 

"" solid boundaries and at low Reynolds number. 1 "' 

Equilibrium or saturation buildup profile - the urtimate outline of 
particle buildup about a wire representing a stable balance 
of the acting fqrces. 

FroIit or upstream buildpp 
1 

- particles collecting on the upsfream ~ide 
, of a wire. 
1 

8ack or downstream buildup .. particles collecting on the downstream 
(wak~) side of a wire. \ \ 

. 
Loading - the process of particle onto wire/buildup accumulation, often 

ref~rred to in the context of "fully loaded" wires, i. e. the 
maximum mass (Yml or volume (Yv) of particles capturab'le,by 
a unit mass or volume of wire under the specified conditions. 

1 

, ...... 
1 . 

• ,1 
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CHAPTER III 

Magnetization (M) - is the magoetic moment/unit volume of a substance. 

. 

Materials are characterized magnetically according to their 
magnetization behavior as a function of some 'variable, for 

'example; .field strength or temperature." 

Diamagnetic - materials have a small but negative linear response of 
magnetization to increastng field. 

par~magnetic - substances exhib1.f/ positive linear magnetization with 
increasing field. 

Anti-ferro~gnetic - materials are similar ta paramagnetics aside from 
showing a reversed temperature ~epenaence of susceptibility 
below a critictl value called the Néel température. 

Ferro, rerrimagnetics - have a large and non-linear magnetizatiqn, which 
is also characterized by the phe~omena of saturation and 
hysteresis. . 

~ 
Canted antiferromagnetics - are essentially anti ferromagnetics with 

a sman ferromagnetic contribution dependent 'on the, crystal \ 
orientation relative to the field. 

Magnetic susceptibility (K) - the way in whi~h the' magnetization (M) 
varies with field (H). K is of special interest to the 
engineer as it shows the magnetic responsiveness of a mater\al 
ta the field. 

Perturbation term (A) - is a field dependent parameter describing the 
extent to which a magnetic material disturbs the background 
field.. Other factors effecting the magnitudè of A are body 
geometry, field orient?tion and the magnetic properties of 
the material itself. 

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

Blasius solutio~ - An analytical solution to the boundary layer ~quations 
available for certain cases of quite symmetrical flows. These 
solutions are exact in that they provide aécurate (i.e. not 
averaged) descriptions of flow throughout the bo~dary layer. 

Shear 
J 

stress at the 'wall' (T ) - those stresses between the elements 
Of fluid trapped ne~t to a solid boundary and those elements 
moving in the adjacent layer. In the daveloped model, the 
outermost layer of mineraI particles is considered to be the 
'wall' .. ' 

" 

.' 

1 
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xiii. 

, 
critical angle of buildup (9 ) - the angle measured from the 
f~on~ stagnation point, beyond whiah there exists either a 
r~pulsive radial component of net forces acting on a particle, 
or insufficient net attractive tangential force to keep the 
particle from being swept aw~y. eÇ changes with distance 
away from the wire, eventually tending to zero. c 

r 

Loading number (NL - 2bHa. 2KA./PfU"",3/2,}/2a l /2) - a dimensionless ratio 
of magnetic-to-fluid shear forces for a particle of radius, b, \ 
residing at the bottom of the boundary layer on a wire of 
radius, 'a, in a cross~ow, Uœ• In the simplified model 
developed, the maximum loading (r ) is charactJrized'by NL alone. v, 

Screen - ideally refers to a square weave of cylindrieal wires and in 
practical terms is used to deseribe an expanded metal lath; -
a widely used matrix medium in mineraI processing applications 
-of hgms. " 

Matrix - the particle collection medium of hgms devicès, be it expanded 
\ --metal, steel wool, thi,n 'rods. etc. 

Packing fraction (e) - the fr~ction of the apparent or nominal buildup 
volume actually occupied by particles. Ideally, for close 
packed spheres e % 0.7, however, the actual packing fraction 
for real mineraIs will be somewhat less. 

Driving function (a)c - the mathematical description' of how capture 
radius decreases from the initial- (bare wire) value as loading 
of the wire~progresses, i.e. Rc = Rc,a where Re is the initial 
value of R . \ 1 i 

, c 

Geometrie correction ~actor (S) - a factor flr screens which accounts 
for overlapping.capture cross-sect{bns of the individual 
wires as weIl as the 10S5 of effiei~ncy whenever the wires 
themselves overlap. The B correction is applied to the total 
length of wire per sereen, tw' 

CHArnRS IV"AND V 

Magnetometer - s'trictly speaking, any device whieh measures the magnetic;... 
response of a material. In this stu,dy/, magnetometer generally 
refers te devices, such as the Foner vibrating sample magneto­
~eter, which are used for determining the magnetization of a 
bulk sample through indirect measurement and/or calib1.'ation , 
with a standard. In contrast, the Frantz Isodynamie separàtor 6 

deflects 'an individual particle ,one of two ways. depending on 
its level of magnetization. thus permitting a direct calcula­
tion of the relevant property through a 'force balance. 

f 
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xiv. 

'Effective' susceptibi!ity (K ) - for field dependent susceptibility 
materials (e.g. canf~d antiferromagnetics) ~I is the value 
of K computed for an average (integrated) vaiue of the field ---, 
throughout the buildup volume'. 'It ~ives the same predicted 
loading as when a unique value of K for'every particle loca­
tion is computed. 

'Magnetically cleaned' samples - real mineraI samples c~refully prepared 
on the Frantz Isodynamie separator 50 as ta isolate fractions 
with very uniform magn~tic properties (i.e. 5usceptibility) 
for controlled hgms study. 

Field amplification - an increase in the background field nea~ one 

\ 

wire due to the close proximlty of neighbouring wires. This 
effect manifests itself in reai matrices but has largely been 
ignored in the development of the field equations whieh apply 
ta single wire cases. -\ r 
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• 1. INTRODUCTION 
"0 

. ' 
High gradient magnetic separation (h~) is now recognized 

1 0 

as one of_ the maj or indus trial advances in magnet techn~logy. since 0 

e-lectromagnetic force$ were first put to use s.epa~ating materials .... 

i. 

, ' 

. , 

. Al~eady weIl establ~~h~d in applications such as kaolin processing(l, 2) , 
J {) 1 tI 

st~el mill waste and process water filtration(3,4), such devices are 
/ ,/ 

'"on the threshold 'bf enlarging their stature in mineraI beneficiation. 
~.,-;:--

Potenti~~ Jses appear to be the treatment of taconitic iron ores(S), 
l ' 

the produçtion of high purity wolframite concentrate(6) an~ the puri-

fi.cation of industri.al mineraIs by removal oJ 'the sta~ni~il;Dlin~rals. (1) 

" ,Othjr possible applications are, pyrite rem~val from coal (8), uranium 

4pg~~ding(9), and pyrite and chalcopyrite recovery as impurities from 

molybdenite' concentrate. (S)' . 

At present, batch type hgms devices are empJoyed. In the 
, ' , 

kaolin industry, capacities up to 20'TPH are reported.(lO) Batch 

devices are weIl suited to feetts where the magne~ic fraction is small 

but in Many 'of the potential mineraI processirJ.g appUcations ihis is 
-P-

not th,e case and continuous ngms. ,deVi~,e: are 'required. The fhst 

• 1 applica~~on of a' full-scale ,Continuous hgms devic'e see~tlea'r. (10) 

Th~:advantages of the hgms !ie~ign oveT prior art technology 

a~e twofold. (11) Firstly, t~e iron-clad soleno~4 (Figure 1-1) permit~ 
\...,.,.. ~ , 

the uniform magnetization of a large~hroughpu~ volume thus becoming 
, 

att~active for pig~.capacity applications. Roughly speaking, costs 
, .... ~,L. 

will escalate linearly with increased machin~ size while throughput 
/ 
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\ 

~ 

will go up as the square of the size. (12) $econdly, a solenoid-type 
& \ 

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

volume du~ ta the large scale uniformity of field and flow conditions­

throughout. (13) 

Accompanying the'equipmènt development extensive mathematical 

modelling of the process has been undertaken. The ability ta select 

equipment and predict the performance is clearly of great value. In 

some respe~ts, the fact ~hat the process is based on quite well~ defined 

forces (Le. magnetic, fluid drag,gravity) lends ,hope ta tfe eventual 

success of fundamental modeis. This is in sharp contrast to, say, 

flotation. (14) 1 > 

-~ 

-The fundamèntal mod~ls can be conveniently divided into two 

areas; viz. traj ectory (or dynamic) and buÙd-up (or static) morlels. 

A complete description will require a combination of approaches. 

Numerous trajectory modeis [have been'developed. They involve 

predictions of the limiting trajectories, or capture radii, of small 

magnetized particles as they are subjected to localized field and flow 

perturbations caused br the ferromagnetic matrix wires. 

Less work has been done on modelling the buildup of these~ 

particles once th~y have arrived at the wires. This process is important, 
1 \ 

however, in that the ultimate buildup will determine the maximum lqadin~' 

of the ~ire and hence the total amount of material recoverable. Con-
I!' 

siderations of,particle accumulation are also important in,trajectory 
; 

modelling where the changin~ hydrodynamic shape of wire plus particles 

is .required. 
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4. 

Three principal orien~ations of field, fl'ow and wire are of 

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

the 1ongitudipa1 (case B) and the axial or paral1e1 (case C) configura­
</1 

1 

tions and are shown in Figure (1-2). The axial case has received parti-. \ 

cular attention for'possible filtering of deoxygenated red b100d plate- ' 

lets from who1e b100d since this orientation appears to minimize p1ate­

let damage. (15) This investigation concerns itse1f with the configura-

tion receiving the major industria1 and theoretical attention at present, 

namely casp B. 1 

The approach taken in the modelling has been to consider 
'\ 

iagnetic, fluid shear, and gravitational forces pn partic1es at the 

bottom of the fluid boundary layer as it deve10ps on the upstream side 

of a cylindrical wire.. Oownstl'eam buildup is not considered in the 
1 

analysis. Once predictions of equilibrium (i. e. maximum) buildup ar,e 
~ 1 t>. 

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

recov,ery 'on a single wire screen and finally ta a series of stacked 

\ screens or 'matrix'. This then aHows the overa II performance of a 

separator to be predicted. 
, ' 
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6. 

II. PREVIOUS WORK 

2.1 Trajectory Models \ 
, 

In his mathematical study of electrostatic separation, 

Zebel(15) provided the framework subsequent1y used in the trajectory 

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

of fluid and electrical forces was readily adapted by Watson to con­

siderations of magnetic rather than ilectrostatic interactions. (17) 

This is possible because of the ana1ogous fashion in which fields of 
I, 

magnetic and electrical energy will interact with a body of suitable 

materia1 to ~reate a dipole. In the vicinity of such a material, 
1 ~ 
through the contribution ai its own dipolar field, high1y localized 

\ 
disturb~ces are created in the'potential energy net. A, particle of 

sufficien~ly exploitable properties (i. e. ,e1ectrical conductivity, 
\ 

magnetic susceptibility) travelling near the disturbance may experience 

~ , , 

,very 'large tractive forces ptovided its dimensions are adequately matched 
1 

to the size of the field perturbation. 

By considering magnetic and fluid drag effects only (gravit y 

and inertia neglected) Watson found the traj ector~es of paramagn,etics 

in the vicinity of a high1y magnetized cy1indrical ferromagnetic wire 
VM 

the parameter U-. The 'magnetic velocity' , 
co 

of as the terminal velocity a spheric1l 

to be uniquely dependent on 
8'1fb 2KH M ( a w 

VM = 9an ' can be thought 
, 1 

particle wou1d achieve in a st~ionary fluid due ta the magnetic field 
~ 1 

alone, assuming Stokesian viscous\drag. Uco is the undisturbed fluid 

velocity far from the wire. 

- t 
. ' 

- ~ ... _---~-~-- , 
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7. 

In arder ta obtain exaçt solutions, Watson (and Zebel) chose 

ta neglect the short range magnetic force t~rm\which become.s important 

ve~ near the wire. Field strengths (Ha) in excess.of those required 

for saturation magnetization (M ) of the wire (i.e. H > 2~s) also 
s 1 a 

simplified the resulting calculat~ons since the wire magnetization . \ 

becomes constant. 

The concept of a limiting partie le trajectory is used ,in 

, " defining a ~itless capture radius, Rc' such that aIl particÀes passing 

within a capture cr~ss-seètion 2Rea, wher~ a refers ta tne wire radius, 

will he attracted toward and u~timately eaptured by the fibre. Re is 
1 \ , 

determined at à location sufficiently upstream from the wire to be 

magnetically and h)drodynamically undisturbed by the wire'~ pre~ence. 
VM \ , 

The dependence of Rc on u- as determined by Watson for bare wires and 
co 

potential/.flow is shown ÎJl Figure (2-:-1) .. 

To extend this single' wire' model ta apply ta an entire 

separator, a unit element of thickness, dx' and volumetrie packing~ 

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

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

correetly oriented (i. e'. perpenhicular ta the field '(eetor) Watson 

expressed the ratio of particles leaving a separator to those entering 

as: '\ 

(2-1) 

The model is of restricted applicability to actual systems 

because~t considers elean fibres only and fails to account for a 

1> 

, . j 
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VM VM Watson's dependence of R on - (--V). 
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decreasing R due tO'particle buildup. This decrease i~ a function of 
c 

/ l 
both time and position in the matrix." The usefulness of the trajectory 

VM approach ta madelling hgms and the significance.of u- and Rc have· 
, œ 

re,ceived much support 'f:com subsequent investigators. ps, 19) 

An extension of Watson' s method ta include the effects of 

buildup on p$lrtic1e ,traj ectaries and \ has been performed by Luborsky 

and, Drummond. (,20) Figure (2-2) shows this rélationship for increasing 

numbers of particle layers, n. It is evident that the capture cross 
VM . section decreases but remains propartionai to -- ln the presence of 

• 1 u"" 
retained materiai. Aiso shawn is the case of magnetically unsaturated 

l , 

wires. ~Ha ... 21TMs 'assumed) for which a numerical integration technique 
i 

was requirea to solve the equations of motion. The curves suggest that 
. \ V 

for équi~aIent Iower rang,e ;, a fibr~ at or below magnetic saturation 
œ 

\ 

will have a greater capture radius than will a fibre at fields weIl in 

excess of that required for saturation. 

By assuming 1/3 of ribbon-like fibres (feit to geometrically 
- ~~....----

more closely resemble the cross-section of steel wool strands than a 

cylindrical approximation) to be correctly oriented for capturing 

particles, Luborsky and Drummond write the total fractional recovery, 

R. of paramagnetics' as 

where S is the diameter of the major fibre axis, and F, Land 
\ 

as per Watson 1 s' Equation (2-1). 

(2-2) 

/ 
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Luborsky and Drurnmond's effect of increaving partiele 
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In or~er to permit comparison with an available body of 

CuO-AIZ03 experimental work they introduced the parame1;ers f and t,;, 
1 

where f 15 termed. the t capt;ure efficiency' and represents the fraction 
1 

of total fibres which perform as described in the lIIodel J and r; ~s a 

capturelradius for mechanica~ entrainment of.parti~ies. Both f and 

a separate constant in the expression for ~ were data fitted to yield 

" 
the bes_t poss~ble agreement between model and experiment. A value of 

f;- .153 p.roduced. a reasonable fit. 
, 

The I1\Odel predj,cted CuO recpvery 

'weIl but consistently overestimated CuO grade. 

The approach of Luborsky an~ has been cri ticized in 

part by Watson (21) on account of tneir capture criterion and because 

the stability of the accumulated particles on the wire was not considered. 
( 1 

In later work (22) Lubo~sky and Orummond do consider the stability of 
, 

accumulated matérial as weIl as an averaged boundary layer eff~ct. 

This~results in a small "improvement between experlment and theory. 

They reported the data fitting to be insensitive to the value of f 

chosen provided that an adjustable pa~ameter was introduced into the 

expression for vis cous drag in the boundary layer. 

The diffe~ent apprdaches to particle buildup will be covered 

in detail in the section 1 on buildup modeis but the general conclusion 

is that for H » 21TM the 
s VM 

dependant upon - alone. 
U"" 

mental evidence from clay 

change in fie~l:rength 

limiting vol~ of material captured is 
, 

Ta support this resul t Watson cites experi­
VM 

systems (at high u) where an up to tenfold 
.. r.' 

and flow ve~ocity varied the;' by a factor 
00 

of 20. (21) The limiting amount of magnetics captured remained linearly 
V . ;; 

dependent on U M wi th a correlation coefficient of O.9S for 30 measure-

"" 
ments. 
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, (23'\ 
A recent investigation by Cummings, Prieve and Powers if 

analyzed ~rajectories ass~ing creeping rather than pote 
,. 

behavior of the fluid medium. They found that capture 

were consideraoly reduced since the particles fee1 the hydrodynamic 
~ \ 

effects of the wire much further upstream. In the vicinity of the 

wire, the no-slip criterion at the cylinder surface which is associated 

with creeping flow is physically more satisfying than the inviscid 

approximation. Potential flow is likely to be better at distances 

further away and for higher (f1aw) Reynolds n~mbers. 

In. order to account for both vis cous and inertial fluid bOdy 

forces at low to moderate Reynolds numbers, Clarkson, Kelland and King(24) 

superimposed a boundary layer on the solution fOI: potential' flow for 

elliptica1 fibre shapes. The model treats magnetically saturated w~res 

as weil as non-linear magnetization response to applied field for less 
1 • 

than sat'urated wires. Gravi tational '3.nd near-field magnetic effects 

a~e also included in the numerical calculations of particle, trajectories. 

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

'universal fibre parameter', Kf ; 

% Recovery 
(- 2KrFRé) 

100 ( l - exp ,) 
1Tab' 

(2-3) 
, 

Kf lallows for random fibre-fibre interactions and orientation 

effects much as Luborsky's f (Equation (2-2)), and ltab' is the cross-

sectional a:l'ea or the fibre. The influence or partic1e buildllp on 

fluid flow is achieved assuming a changing el1iptical shape of buildup 

whil~ the capture radi~ allowed to expon~ntiaJly decrease toward, 

zero for fully loaded wires. 

" 
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By iso1ating c1ose1y sized fractions of fairly pure herna- . 

tite (a.-Fe203) for which they had obta~ned accurate magnetization data, 

C1arkson et al. showed very good correlation between predicted and 

measured recovery. Kf was fitted as a funct~on of the particle-to-

f 'b' . (25) 1 re Slze ratIO. Values of Kf from .01 ta .06 were obtained for 

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

The results in Figure (2-3~ led Clarkson et al. to conclùde 

that. for their an4 similar systems. assomptions of potential flow 

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

particle sizes greater than 5 ~m provided that the fraction of mechanical, 

~entrainment was not large. Below this size the' shidlding' effects of 
~ . 

the boundary layer on p~rticles from the otherwise very large near-wall 

drag forces of potential flow become increasingly significant and 

should be included. Their work also suggested that for similar hydro-

dynamic conditions ta those investigated (low to moderate Reynolds 
1 

number), gravitational and inertial forces could be neglected for less 

than 30 ~m diameter particles. 

An additional aspect of the Clarkson and Luborsky models 

merits conunent,. The ,fitted parameters (including orientation assump­

tions) suggest that 94-99 percent of the stainless steel waal filaments 

in an hgms fi1ter do not contribute ta particle capture as modelled. 

A _,sufficiently satisfactory discussion of this has Yiet, to be p,rovided 
- . ' 

o (26) 
but it has been reflected upon by Drehmel and Gooding. 

l ' 

In an elegant ~tudy. Simons, Lawson and Treat(18) examined 

the dynamics ·of particle attraction 'assuming potential f10w about a 
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cylindrical wire. IncIl.lded were inertial effects, gravi ty, as well 
t, 

as the consequences.of the near-f~eld magnetfc force term. They 

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

these considerations in calculations of R '. Generally, for Stokes 
2b2p U ,c 

number, K - 9 I; CIO (a measure of particle inertia ta viscous f10w 
an . 

effects), greater than unit y inertia should be accouÀted for while for ( 
@ --\ V 

K :;mall (Le. < 0.1) ~ravity can be neg1ected. Under\ conditiop.s of 'u
M 

1 CIO 

be10w 10 and 10w K (say 0:1) inclusion of the short-range nmgnetic 
~ V 

force tè,rm has a positive and increasing (with deçreasing uM).'effect 
IX> 

'on the capture cros~-section. Wi thin the boundaries of these limita-

tions, Simdl1s ~ al. conc1uded that the relationships between RC',and 
VM l , 

U deve10ped by Watson and others were completely adequate. 
CD 

In their mathematical study, Simons ~~. al~o predicted 

the inter'esting occurrence of oscillatory partic1e traj èctories (shawn 
,'VM , 

in Figure (2-4)) under conditions of both high U and K such as might 
\ CIO 

be .experienced during hgms treatment of paramagnetic dusts in high 

velocity gas streams. This phenomenon has s~nce been experimentally 

confirmed by them in a video recording of Mn02 particles attracted by~, 

magnetized nick,el wire -in an- air stream. (27) , 
, l ' 

~ s~ekly and Minervini(28), in studying the shape effects of 
, 1 

ocylindrica1 ànd el1i~tical fibres ~n R , showed that the initial capt~r~ 
1 • ~ c 

cross-section is determined by the pr~jected frontal area of the w\re 

and is largely, independe~f the aspect ratio" of the maj or t~ minOt 

axis (up to a ratio of approximately 4: 1). However. bare wires with 
\ 

inereasing aspect ratios but of constant volume produced a steady 

decline fn the initial capture radius. !heir results should enable 
" 
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the conciusion~ of studies on cylindricai wires to be more widely 
\ 

.. 

17. 

applied to otherUshapes of f!lamentary type matrixes since they sug~ 

gest that only the wire dimensions perpendicular and not parallei to , 
1 

the field and flow significantly erfect ~he capture cross-section. 
t 

2.2 Buildup Modeis 
, 

As discussed in the preceeding section on trajeçJ.:ory models, 

the use of single wire capture radii in predicting the performance of 
-') 

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

rather hefty fitting factors ta ach'ieve compatability b~tween theory 
1 

and experiment. Efforts have also been' directed toward relating the 

important ~ystem parametèrs to" the maximum amount of material captur-
" , 

able on a single fibre, These are the so-called "buildup models"; sorne 

a~pects of which have a1ready been touched upon. in reviewing the tra-
\ 1 

jectory work of Luborsky and Drummond: Watson and ClarkSon et !!.' 

These two classificati~ns (trajectory ,and buildup), far from 
1 

independent in an analysis of hgms. have usual1y been complementary 

in the m lling approaches to overa!! separator performance. Trajectory 

mOd~ls provide l~~ capture cross-sections for a specified set of 

o conditions and aIl par . les ~ntering the viscini ty of the wire wi thin . 
Q 

this area are assumed capture Buildup modeis then predict the profile 

of the accumulating mater\Ïal which 1 turn has a bearing on the \hydro-
\ 1 CI - ~ 

1 \ 

,dynamics and hence I(it is postulated) on t capture cross-se~tion as 
\ j 

seep by p~~ticles subsequently apjoaching the pa 'a11y loaded wire. 
\ ' \ 

• The seco~d f~ction of buildup mode is ta de termine th 'ximum loading 

capabitity of a wire e!ement, and he ce the total mass recovery otential 

of hgms devices based on the limi ting (or equiHbrium) buildup profile. 

-- 1--
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1 

Debate has focussed on both the ~rofile of the ~ccumulating 

material as weIl as the manner'in which the capture radius, R • changes 
\, ' C 

as loading progresses. ,Part of the probl~m has been ëhe difficulty in 
\ 

obta1ining experimental ve~ification of buildup shapes (19)', paz:ticularly 
1 

" for the configuration of greatest interest, longitudinal or case B. 

Luborsky and Drummond 
/ 

Early attempts Jt accounting for particle buildup involved 

)Uessing a suitabl~ profile,and then seeing the subsequent effect on 

calculations of particle trajectories land capture cross section. In 

their initial study(20), Luborsky an~ Drummond considered two possible 

fan-shaped geometries, shawn in Figure (2-5), based, in parti, on the 
, ' 

observations of Himmelblau.(29)' Case (a) fans out in a 900 arc while 

case (b) assumes a :nal'Towe~, bladé-like buildup in which 'each layer 

holds the same number of. particl~The fluid sees a changing radius, 

for each layer (rÜ of buildup for both cases given by: 
'\ 

'1 \ 

a a,+ 2bn 
n 

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

They found that as loading progressed Rc decreased as: 

R 
c 

for case Ca) provided\ :M ~ ~1/2 (:n) 2 and .. 

L 

-------..-- ~_._----_ ........ ;,,; 

as; 

(2-4) 

il 
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Schcmacic of ribboa-likc liber, infinite in 6~, with .,. 
~hlnc parâcJe, ahowinr two poaiblc mod .. of buildollp oC par. 
dcIc'ia, .. ;_ (a) and (b). 

Luborsky and Drummond' s assumed ;fan-shaped bUildup, ' 

\ 

Partick orbita in- tht'pmenct of captuTtd maltritzL 

. 1 

Watson's elliptictll buildup assumption. 
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V 3 
R 
c fu-<: ) (2-5) 

DO n 

,., 
<.?" for case (b). 

As noted previously in Section 2.1" Luborsky and Drummond 

used two data-fitted constants (viz. \fibre efficiency'and mechanical 
. ' 

entrainment at zero field) ta achieve a reasonable correlation between 
\ 0 

their filter model and the experimental CUO-AIZ03 recov~ry r'esults of 

Oberteuf.fer. (30) For this they assumed the case (a) mode of buildup 
( 

as no values of the adjustable parameters provided a good fit'for 

case (b). Since the sta~ility of the accumu1ated particles was not 
Il 

consiÛred (~n obj ection .rais ed ,by Watson (21)). the maximum buildup 
, 

profite and hence the fully loaded conditions of the HIter could not 
\ 

be predict'ed. 

After deciding that "the worst approximation in (their) 

model1ing was t~e arbitrary configuration assigned to the buildup of 

particles on the' fibers" ILuborsky and Drummond (22) refined t~eir earlier 
f 

approach by 'Conhdering a balance of drag ana magnetié forces on the 
. 

individual spherical partic1es I,within an average fluid boundary layer 

thickness. 

On the upstream side of the ribbon-l.ike wires the buildup 

was considered stable provided the magnetic force on a particle was 

radially 'attractive. Als'o, the magnetic for~e was required to exceed 
, ' 

the Stokesian drag tangentially. The 'outer (potential) 'flow velocity, 

U, was reduced by a factor ~ to account for a decreased velocity in 
99 

the boundary layer of thickness, ô99 . Assumptions made were that 2b < 

\ 
ô

99 
an~ that ô99 could be approximated, over the 900 reglon of intere.st, 

, 
1. 

(' 
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as that given b~ Schlichting(52) for flow along a fIat plate: 

;/2 ml.n 1/2 
- (llP ), 

, f 
/ 

Hence; the fluid shear force .. tbecomes proportional to: 

! 

This is a different dependence than when Stokesian drag is 
, ~ 

consid,ered alone, which has the shea'r related to: 

bUn 

\ 

Critical ~ngles at which the components of tangential force 
\ 1 

exactly balanced werè determined for each successive layer of particles. 

The loci of these angles described the ultimate buildup pro-

file of t~e captured material. The changin~ profile radius, an' was 

used to adjust the capture cross section of the wire for the incoming 

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

Back capture was modelled in a similar fashion by balancing 

thé radial components of magnetic'and shear forcès. The boundary layér .. 
thickness'was approximated by tpat at the end of a fIat plate. The 

, 
results showed that a mUCh greater amount of retained material- could , 

\ 
be expected downstream than upstream. 

In fitting this revised model to the experimental recovery 
4;. 

\ . 
data: of Oberteuffer a somewhat improved~correlat,ion was-~chieved after 

\ 

/ 
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the previously defined fibre efficiency factor (f = .153) was set to 

unit y and an adjustment to the fluid shear force (f = 0.25) was 
1 s 

employed instead. The effect was that of increasing the boundary layer 
\ 

thickness, 699 , by a factor of 4" thereby reducing the veloci ty gradient 

and the shear force on the particles and increasing the amount of 
\ 

ma t eria 1 ca ptured . 

- In light of the somewhat better fit resulting from this 

approach where b6undary layer considerations have provided a more 

physically satisfying model there remain se~eral aspects meriting 

comment. Boundary layer theory requires that wire Reynolds numbers 
, " 

be considerably greater th an unit y and even then the resulting relation-

ships are generally only applicable at a dlstance somewhat downstream 

from the leading edge of the object. For the ribbon-like fibres of 

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

with buildup at the leading and lagging ed~es. the required conditions 

at the upstream and especially at the_. downstream ~o~ation are s~spect. 

Here, bou~dary layer separation, possible wake effects and the changing 

hydrodynamics occurring,as a result of buildup at the fibre front 
1 

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

hls qualitatively' led to the correct interactions between vari{ibles 

but in order for accurate buildup profiles to be p~edicted the shear 

stresses should probably be calculated as a function of particle position. 
• 1 

The predominance of back capture predicted by the Luborsky 

model Ms not been experimentally confirmed. It would seem that back '" 
\ \ 

capture modelling by this technique is inadequate and that attaching 

too much physical signifi~ance to the fitted parameters should there­

fore be viewed as hazardous. 
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Watson 

In a series of p~pers ~ollowing his initial studyof capture(17), 

Watson examined the effects of' including a probability of retention for 

partic1es having already colÙded with the fibre,' This probability was 

coupled with the traditional capture radius ta yield an overall or 

'effecÙve' value of R . (31) Figure (2-6) shows the assumed ellipsoidal 
c 

cross section of buildup used ta deflect fluid streamÙnes on' the upstream 

side of the collection wire. Watson found the initial (bare wire) Rc 
" VM •· 

was ~.Rlely dependent upon U and remained constant as the volume of 
~. ~ 

buildup increased. This contrasts with LUDorsky and Drummond's fan-

shaped profile where Re decreaséd in an inverse square manner with 

increasing accumulation radius. 

A numericàl technique was used to calculate inv,iscid flow 

over the profile divided into numerous surface elements. Boundary 

layer effects were not considered. Upon arriving in a magnetically 

(radially) attractive element, a tangential balance of magnetic, Stokesian 

drag and friction-like dissip~tive foréès on a partièle decided whether 
\ \ 

it remained or was swept away. A probability of retention per collision 

per element of, surface could thus be determined and summed over the 

entire profile to yield the overall probability of retention, P; and 

a total effective capture cross section, 2RcP. 

The results, illustrated in Figure (2-7), showed that for 
YM 

low'U- « 1) and small volumes of c~ptured material the effective capture 
... 

radius w~s small but tended ta increase as buildup progressed. Watson 

attributed thfs phenomenon to an i~crease in surface1area (and hence. 

the number of retention'sites) and the corresponding decre~se in potential 
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velocity associated with the assumed ellipsoidal shape. At higher 
VM 

, TT"'" (say> 1) and greater amO\Dlts of retained material, 2R P remained 
1 Uoo C 

constant with 'increasing-buildup volume. 

The initial assumption of 'buildup profile shape is iniportant 

and in a recent paper(32) Watso~, afte~ commenting on the limitations 

of his earlier study, w~ch considered uniform growth in aIl surface 

• elements, included several modifications to allow for growth to proceed 

~ 

independently starting from a bare wire condition. Again. employing. 
! 

the numerical technique which caleulates inviscid flow yelocities over 

any blunt-nosed profile. and including a boundary layer adjustment te 
1 

the surface velocity as per Luborsky and Drummond, Watson calculated 

the probability of retention in each surface element. Pa~ticle contri-

,butions to a unit of area included t~ose attraeted directly cnte it 

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

element was then allowed to increase in proportion to its retention 
1 

probability thus "generating a new profile for the buildup ~nd a new 

flow distribution over it. 

The mddel predicted con~ipuous fan-shaped growth with final • 
• 

rapid development into regions where the rad~al magnetie force becomes 

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

scopie stability of such oJtgrowths and one is lead to wonder about the' 

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

As in the earlier model for ellipsoidal profiles the effective Re ~howed 
VM 

an initial increase (at low il) for reaso~s 'of increa,sed surface area 
• ' CD 

and the resulting deerease in velocity. 

evidence of Parker who noted an initial 

Watson cites ~~erimental 

increase in ~he ,fficiency of 
\ 

\ 



1 

(j 

() 

/ 

), 

, ., 

/ .... / 

/ 

~--_. 

26. 

, 

! 
,l 

, 
2-8 Watson'~ computed surfaces for growth ~odel., 

-:.' 

- ·----;-----....,. ... ---_[ __ .lllll$''''''_........ ''''1 



! 
1 

, 1 

! 
i 
1 
! 
1 

() 

a clean filter. An obvious question would be that if grow~h of the 

overlaps does not occur (due ·ta, say, instabilities) would the pre­

dicted capture cross sec~ion still show the initial ~crease? 
As the volume of buildup. V. increased the effective R 

c 

27. 

declined much like the Luborsky model and led to a similar relation-

ship; viz. 

R 
Ceffective 

R 
Cinitial 

(1 + 4V) 
Vw 

where V i5 the volume of the wire. 
w 

Overall. the conclusions of Watson's growth model support 

the ran-shaped profile of buildup and the considerably less compolicated 
., 

model of Luborsky and Drummond. 

Stekly and Minervini, Clarkson and Kelland 

\.., 

In their prevlously mentioned investigation (see Section 2.1) 
/ 

concerning shape effects of a matrix wiTe on R • Stekly and Minervini(28) 
c , 

also studied material accumulation on tHe upstream side of the fibre. 

By assumi~g an elliptical profile of bUildup,they found that capture 

cross sections for both circular and elliptical wires showed an initial 
- ~,....-., 

decrease followed by a levelling-off as ,bu,ilaup progressed. Stability 

and ultimate profile of the accumulated material were ~ot considered. 

In.their traj~ctory appr~~~h, Clarkson and Kelland(25) also' 

~llowed for the influence of wire loading br adjusting the flow patterns 

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

capture at the batk. The resulting c~pture radii were allowed to decrease 
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exponentially toward zero as a function of L/Lm> the ratio of material 

taptured (L) to the maximum possible (L). This maximum was defined , m 

through a static particle force balance and included the effects of an 
1 

averaged bdundary layer thickness. It ~hould be pointed out that in~ 

1 aUowing R to be a maximum for bare ",ires and zero for 1 fully loaded 1 
c , 

1 

ones, the approach of Clarkson and Kelland differs considerably from 
, 

those of Watson, LuboTSky and D~ond and others where relationships 

for the infl~ence,of buildup volume on capture radius do not necessarily 

lead to zero Rc at maxi~ buiHlup volume. The differences ire especially 
/ ( 

evident at lower values of VM/U ... 

Cowen, Frièdlaender, Jaluria 

The> desire for photographic' evidence of buildup shapef and 
1 , (3~-37) accumulfltion-rate data prompted Cowen et !!.. to initiate a serfes 

of studies ~overing the three orientations of flow> field and wire axis 

of interest. They emp~oyed a h~t-wire anemometer method and correllated 

heat 1055 from the wire undergoing loading with timed photographs of 

the buildup. Case B prov~ to be the most difficult experimentally. 

A lack of "closely sized material "CMn'2P.,07)' uneven accumulation on the 
1 ~ , 

wire, plus difficulties in obtaining sufficiently c1ear photogràphs 

prevented direct comparis,on with ~he available models. Fan-shaped, 

rather than elliptical bui1dup 'was observéd on the upstream side and 
$ , 

sorne downstream collection st higher flowrates C> 17 cm!s for 125 ~m 

diameter cylindrical nickel wire) -was also noted. The anemometerl method, 
./ ,1 , • 

they concluded, wa~ adequate for monitoring the initial rat~ of buildup 

. but proved poor in d,etermining the fully loaded condition. 
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Friedlaender~ Takarasul ~ettig~ Kentzerl 

These workers developed a video system with improved image 

resolution.for continuous,monitoring of particle acc~latioh on indi­

vidual wires. AlI three oiientatioh~ of field, flow ana wire were 

studied for paramagnetic'capture on cylindrical niCKel wire. (38) 
, . 

A rate equation for the relative accumulation radïus, Ra 

(- radius of buildup along axis of symmetry t ra~~us of wire) was found '. 
, .. 

for the patallel stream configur~tion (case C) to be 

Rn 
a At +' 1 

• 1 
where A and n were data-fitted constant~ which depended strongly on 

the magnetic field and slurry concent~tion, and t was buildup time. 

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

CD' for different ranges of particle Reynolds number, Rep.'wasPdeVeIOPed , 
and shown to be consistent with the experimental results. 1his modirf-

cation re,cognizes the faet that conditions in., hgms devices are often 
, r--' 

sue~ as to violate t~e assumption which permits Stokesiarr dr~g on 
. 

partic1es (Le. Rep < 0.2) to be e~loy~d. Friedlaender et al. used a 

value for the drag coefficient given by • 

. , 
Re a-2 

g p \ ' 

where a varied from 1 at low values ~f Re « .. 3) to 2 a,t high values 
p -

(> 103) and g was a coefficient between Z4. at low Re • and .45 at high " ' . p 

p~iele Reynolds<number. Although a ~omparable method of an~ly~has 
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not yet been performèd for cases A or B it should, in 'Principle, be~ 

possibl~, and would r~sult in models of broader applicaoility than 
o 

those base~ on Sto*~sian considerations alone., Several follow-up 

papers(3~,40) reported on the experimental results of work with para 

~ anq ferromagnetics plus', data on wake formation for case A', The photo-
" 

'f 

"graphs in Figure (2-9) show that case B upstream collection qualita­
'4~ 

tively fits a Luborsky or W~tson model of fan-shaped buildup. Down-

" stream collection increased with velocity, Uœ • and passed through a . 
maximum while t~e upstream relative saturation accumulation radius. 

R , decreased continually with încreasin'g U as shown in Figure (2-10) • . as œ 

Intere~ingly. Friedlaender ~!l. found the average of front and back 

R· to be largely'independent of fluid\ velocity over the range, con-
a~ 

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

Liu, Oak, Lin 

'By using a model ~f buildup verY similar to that of 'Luborsky , 

and Drummond, Liu et al. (41) devel5ped a~guments for neglecting the -- \' , . 
decrease in capture radius with increased wi~e loading. TQeir model 

found that maximum buildup volume was usually reached before an 

appreciably large reduct~on in Re oecurred. In defining fluid ?rag 

( fo;ce,S, two cases of re~ative particle-to-wire size, b/a, were considered; 

'" namely (i) b/a close to 1 and (H) b/a «1., For larger partièles 

(case Ci)) the carrier fluid. it is argued. will pass through the inter-

,) 

, r , 

.' 

stices of the buildup and hence ~tokesian drag on the ~pheres can be assumed. 

" .... 

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

balaneing radial and tangential com~ents, of the forces.' 
,~. 

'r 

1 

,1 
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Frierl1aender et al. '5 sequence of Case B photographs of 
}~2P207 bui1dup.--Fie1d strength , 4.7 kOe; f10w rate 
1.5 cm/s ~t times of 5, 10 and 40 s. Photographs (a) 
and 'Cb) are of satuTation buildup at 17.7 cm/s and 
35.1 cm/s. respective1y. , 4 \ 
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Figure (2-11) shows the manner in which the ;axi~um ~elll:tive 

buildup volume so determined, fmax (-volume buildup{volume wire), is 
VM 2/3 

a function of (0-)' for the assumpti~ns listed on the dia gram and 
YM 

.. 
that there exists a minimum value for buildup a t rough ly U - 0.5. 

co 

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

an aveTag~ boundary 'layer effect as per 
,Y

M
O.8 6 0•8 

Luborsky and showed that f max 

depends both on (-) and (-) ,where '0 is the boundary layer' 
U.. b 

thickness and b the partic1e radius. 

The overall filter model, developed f;~ case (Ù' only, led 

Liu et aV to conclude that for quantitative performance predictions 
--1 . 

of hgms, capture radii variations with buildup volume cou1d be neglected 

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

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

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

to consider in the experimenta1 verification of their model; an' industria1 

coal beneficiation probiem. 

The effect of distributions in particle size, density and 

magnetic susceptibility was weIl handleâ by considering the magnetic , 

ve10city distribution of the feed'stream (Figure (2-~3)). If F(VM) is 

the ~unction describing thefcumulative ~ig~rr;~~~n of feed with 
-~~-------

magnetic velocity les~n--V;, then I-F(VM . '. ) corresponds to the 
~-~ m~nlmum 

fraction captured when subjected to the condition that aIl particles 

with VM greater th~n VM .. are retained in the fi1ter~ This 
. mJ.nJ.mum 

VM is specified by the equilibrium wire loading as per Figure 
minimum 

(2-11). The total weight fraction recovered br the separator is deter~ 
. 

mined by numerically integrating (l-F (V .' )) for increments of feed. 
Mi' m nlmum 

\ 

. , 

, 
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argue that their ~pproach is valid for 

the 
V --

entire range of U M the experimental conditions 
CD \ ..... ~ 

VM were such that ur-
"" 

was. in general", considerably greater than unity. Conditions which 
\ V 

would test both the mod~ at lower ~ and 
VM -of 
U .. ' 

'. 

U"" 
about 0.5 do not appear ta have\been 

"",-,,---

the Bostulation of a minimum 

.\ . ed l.nvestl.gat • 
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III. THEORETICAL CONSIDERATIONS 

3.1 Forces 

3.1.1 Magnetic Force 

Principles 

Coulombs Law states ttiat the magnetic force, FM~J on a polé 

of strength Pl a distance r from another pOle,p2' is given by the 

relationship; 

(3.1-1) 

where r is a unit vector* directed :Ç'rom Pz toward Pl' The inverse 

constant of proportio~ality. the permeabili ty, Il, has a defined value 

_' __ of 1 i~~< vacuumJ.nd-can_ be- taken"-as~--in ai~ -(cgs--W\its}.-

The magnetic field strength, H, is then given as the force 

on a unit pole, or: 

H (3.1-(2) 

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

, , 

the ''Q~rsted (Oe). 'as' the field required ,to exert a force of l d)ry1e on 
'i 
1 

a unit pole. A useful concept in representing H is that of 'lines of, 

force' (i.e. lines to wh~ch ~ compa~s needle -would be tangent) which 

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

\ 
*Note that the circumflex, 1-, above a symbol ln an equation denotes a 
vector quantity,: ' 

l. 

J 
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'" , 
becomes the number of lines per unit area ~erpendichlar ta the field 

, 
direction. As the field strength -lit the surface of a sphere of 1 CM-

radius centered on a unit pole is one Oersted, it follows that there 

must be 41T lines of force issuing from i t since the area of the surface 

is' 41T cm2• A pole of strength p, therefore, has 4 ~ Unes of force 
\ 

leaving it. 

Though single potes are useful aids to thought, poles occur 

in nature always as pairs j ttherefore, the magnetic dipolè is considered 

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

• -p, sepa;rated by a distance 1 along the unit vector f and perpendicular 

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

free couple can be shown to be: 

(3.1-3) 

In spite of their being difficult to quant if y individually, 
r--

the products of p and 1, the dipole moment, can be precisely measured 

and'has been giyen the fund~ental unit of emu (electromagnetic unit) 

or ergs/Oe in the Cg'~ system of; measurement. 

A body subjected to a field will become JagnetiZed in' sorne 

proportion to tha~ field due to the aligning of the dipoles of the. 

material. - Another useful quantity 15 the magnetic moment per unit 

volume or magnetization. M, where: 

... 
M m (3.l-4a) volume 

" \ 
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Since volume is equivalent to cross sec~iQrial area times a 
",-

length, i.. it follows from Equation (3.1-3) that M may also be expressed 

\ ' as the pole strength p~r unit area. i.e.: 
. 1-

-M 

Î 

_P- r 
al"ea (3.1-4b) 

It is 'sometimes convenient to have the magne,tization in terms of mass 

rather than volume. hence; 

.. 
cr M 

p 
(3.1-4c) 

where p is the densi ty of the material and cr has uni ts .of emu/ g. 

Magnetization curves are very useful in identifying the various 

types of magnetic materials and May broadly be classified into either 

linear or non-linear responses o~M versus H. In' Figure (3-1) curve 

a) shows a diamagnetic material having. typic,all~, ~ of the order _io-6 

emu/cm3-Oe. Curve b) could be the response of either a para- or anti­

ferromagnetic for which ~ is roughly 10-5 emu/cm3-Oe. Under normall 

conditions these substances retain no magnetism whe~ the field is removed. 

The non-linear behaviour shown in Figure (3-1C~ is that of a ferro- or 

ferri-magnetic for which M is of the order 106 times greater than for 

paramagnetics. !wo other phenomena are also exhibited by these materials. 

At sufficiently large H the magnetization becomes constant at its s~tura-

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

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

finite value. m in Figure (3-lc). cal1èd the residual magnetization or r-

( 
\-v' 1 

1 • 

1 

l 
, 1 

1 
! 
l , 

'1 
l 
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~ ... 
Magneti~ation behavior as a function of field for 
(a) diamagnetics~ Cb) paramagnetics and antifer­
romagne~ics and (c) ferromagnetics and ferrimagnetics. 
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remanence. M can again be brought ta zero by the applica-tion of €L 

\ 

42. 

reverse field 'known as the intrinsic coer'civity or simply the coercive 

force. h , in Figure (3-lc). 
c 

A material is characterized not only by M but also by the 

way in which M varies with H. This leatls to the definition of magnetic 
1 

susceptibility, K, a parameter of great interest in the study of mineraIs 

as it shows the respons~~eness lOf a material to the magnetic field. 

Magnetic sus ceptibi lit y is common~y expressed in either of two ways, 

namely: 

... 
M 

, le - -::-

H 

cr 
X - ... 

H 

K: 

Il 

volume susceptibility (emu ) 
, cm3-6e-' 

..... (3.I-Sa) 

mass (or specifie) susceptibility 

(emu ) 
g-Oe 

...... (3.I-Sb) 

Table (3-1) lists the ranges and average values of K: for various 

mineraIs. (42-44) 

Referring again ta a material in a field H. magnetized to a 

v;alue M by the ~lignment oi
l 
internaI dipoles. one finds that an additional 

field now exists in the body. Since M can be considered as the pole 

strength per unit area and (Equation (3.1-4b)) there~y contributing 

411'M Unes of force, it follows that th~ net result of this plus the 

contribution due to the field itself is B Unes of. force per unit ar~à~ 

Le. : 

"'" ,:... ..... 
B.- H + 41tH (3.1-6) 

• 

" ::;---------l------_ ..... IIIII.,.'_I __ .iill*~· """,* 

1 
\ 

1 

l ' 
1 
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TABLE 3-1 
. ~ 

Magnetic Susceptibilities of Various MineraIs 
1 , 

'"' œ / 

graphite 

quartz 

rock salt 

" 

42 
Telford !!!!.. 

-8 

-1 

o -1 

anydrite, gypsum -1 

calcite 

coal 

clays 

chalcopyrite 

sphil1erite 

cassiterite 

siderite 

pyrite 

limonite 

arsenopyrite 

heutite 

chromite 

. frank~inite 

pyrhotite 

:i:lmenite 

_gnetite 

galena 

-0.6 - -1.0 

20 

32 

60 

90 

100-.HO 

4-420 

220 

'240 

40-3000 

240-9400 

36,000 

125',OO~ 

25,000-300,000 

100,000- 1 

1,000,000 

. 43 
Taggait 

-4.7,-30 

175-438 

-l,-LI 

3.6
1 

-1.1 

320-$50 

20-150 

700-800 

110-1,100 

2,500-3,700 

340-5,800 

1500 

120,000-
3,000,000 

-2.6 

*Note - under1ined values are for pure minerais. 

,.-

44 
Andres· 

-.!d, 27 

-1,-1. 2 

-2.4,-4.8 ' 

-9.8, ,34 

1 

- 1 

~,1680 

-1,-1.4 

1,200-. -1 

378,~46 

1,2.6,5 \ 

51,83 

& 

." 

48.820,1430 

104,~SOO,3600 

71,350 

ferri -magnetic 

1,070 

450 -
ferri -magnetic 

-2.6 

t • 
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Known as the magnetic induction or flux density of a materia1, 

B has units'of Gauss CG) and represents the total field within the sub-
l , 

stance. Outside the body. since there is no materia1 to magnetize', 'B 

simp1y equa1s H. 

The ratio of B to H is termed ,the magnetic permeability, J.I; 

that is ........ 

-B 
(3.1-7) 

H 

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

tions (3.1-5,6,7) the expression for 'J.I is easily related ~o the magnetic 
\ 

susceptibi,li ty in the fashion: 
__ ~ L- -~~ 

u - 1 + 4'1tK (3~ 1-8) 

~that although u~its of B, H and M,are the Gauss, Oe~sted 

and e1lDl
3 

/"respectively, they are numerically equivalent and 'no conversions 
cm . 0 

are required. 

Force on a Particle 
i. . ' 

\ 
The vector magnetic force on a III$gnetized boqy. F. "may be 

derived fr<;lm a.scalar potential (energy) function A, vit. 

\ F -> 'VA 
ë ..; 

d 

f'" 0 

. " 
-1;' ,.,ç 

. , 

- -,. - .--'-, 1 • 

\ ' 
1 

\ 

1 

k 
1 
\ 
1 
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where A is obtained by considering the energy involved when the material 

interacts with the field. That is j 

\ 
A (3.1-10) 

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

. A - ! !eM '. H)dV (3.1-11) 
v 

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

- - ... F ~ - IV/CM H)dV (3.1-12) 

Q 
o 

v 

as the relevant equatio~ for magnetic f6rce. 

Aharoni (45) has shown that the volume integral in Equation 

(3.1-12) may be evaluated exactly., HO'Wever, the difference which 

resul ts from assuming, 

-F _ y. V(M 
2 

H) (3.1-13) 

is not large and greatly simplifies the resul ting component equations. 

\ 
Magnetic Field • 

Consider the situation illustrated in Figure (3-2). A, 

pa.rticle of radi~s b has. its centre loca.ted a distance r from the centre 

of a wire of radius a~ where 1) forms the angle between the unit vectors 

1 

1 

'\ , 
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, Ideali:ted situation· of Il spherieal partie le near an 
infinitely long and cylindrical magnetized wire. 
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of r and the applied field, H , 
a 

In cylindric~r coordinates, the field 

t Y b expressed 'a's',(46) 
compon~n s ma e 

A \ 2 
Ha cos 9( 1 + A ~) 

r 2 

... 2 
Ha sin 9(1 - A !.-Y 

r 2 

(3.1-14a) 

(3.1-14b) 

(Note: at this point vector notation is discontinued as no new vector 
o &t. / \ 

quantities need to be introduced in the ana1ysis of maghetic for~e). 

The pe'rturbation term, A, for il cyllnder is defined as; 

A . (3.1-15) 

'where the magnetic permeabilities of the wire, ll-w' and th,e background 

medium. Il, are ~iven~ by Equation (3.1-7), For the case of water or 

air Il can be taken as unit y leading tOi 

~ B - H 
B + H . \ (3.1-l6a) 

or, since B - H + 4,r~ (Equation (3.1-6)) : 

41TM 
ftt w - 2H + 41TMw 

(3.1-l6b) 

Here M refers to the wire magnet~zation and H is the actual w . 

field inside the materia~ after demagnetizing effects,have beeh accounted 

for. , The internaI demagnetizing field, HO' is that of the 'induced' poles 

and acts in opposit~on to the app1ied'field. Ha' hence; 

, 

~ 

1 
1 
l 
1 

1 
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, 1 

where 

\ 

J3.1-l7) 
1 

and N is the demagrleti~ing factor. Most shapes require N to be experi-

mentally measured. Below faturation only ellipsoidal bodies magnetize 

uniformly thereby permitting N to be calculated exactly.' Infinite 

length ~ods magnetized perpendicular to the long: axis, have an exact 

demagnetizing factor of 211". (47) 

Hence, the expression for A te be used in Equations (s.1-14a,b) 

becomes; 

(3.1-18) 

~h is the ratio of demagnetizing to applied field. In the form, 

Aa , because of its strong dependence on rt this e~pression is often 
. r 2 

referred to in the oliterature as the 'near field' or ~short-range 1 term 

of the radial magnetic force. 

Wire Ma&netization 

In the presence of an increasing field, the initial rate of 

magnetization for ferri and ferro-magnetics is geometry and field 

orientati~n depen4ent* while Ms' the saturation value to which M ulti-

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

---_L!La_ .. ""~".. ..... ,_ ... ___ .,1ffl .... ~~\"'c. 
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,JI 

mately tends, is a characte'ristic of the material itself. Following 

the examp1e ~f C1arkson(48), a simple exponential fit to experimentally 
\ 

\ ' 

measured curves was used ,to relate M ànd H, thus; 
w 

M 
w - M exp(-!) 

s 1 ~ 
(3.1-19) 

where K is an empirical constant. Upon substituting for H from Equa-

t~on (3.1-17) one obtains: 

(3.1-20) 

whence it is evident that the magnetization is a function of. its,elf' 

and r~quires a self-co~sistent calculation'for its evaluation at a 

1 partü:u1ar Ha' 

Particle Magnetization 

, Tradi tionallY most minerUs have been COn$idered ei ther para­

magnetic or diama~netis. This means that, in accordanc,e with Equatio~, 

(3.l-Sa), they magnetize in proportion to the field, i.e.; 

M 
P 

(3.1-21) 

where the magnetic susceptib~lity, K, is constant and Mp is the particle 

magnetization. ' 

Most previous models C17,20,27) have 'made use of Equation 

(3.1-21) which has led ta the following expression for magnetic force 
, 1 

on para (and dia) magnetics, 

'\" 

\ 
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F ... - Y.. V( KH • H) 
M 2 

(3.1-22) 

Strictly speaking, K in Equation (3.1-22) should be expressed 

as 

K - (K - K ) P m 

wh.ere the subscripts p and u{ refer to ;usceptibilities of the particle 

and medium, respective1y. In most instances of hgms, where the medium 

is either water or air (water is, in fact, slightly diamaghetic), Km 

« Kp and the approximation that K - Kp !D8y be, jsafe1y used. In cylin­

drica1 coordinates. \Equation (3.1-22) transforms to; 

2 Aa2 
F 2VKHa

2 Aa (cos 2e + -) r M r 3 r 2 
(3.1-23a) 

, ' 
\ 

'F 
2 Aa2 

2e 2VKHa - sin 
aM r 3 

(3.l-23b) 

upon substitution for H from Equations (3.l-14a,b). These are tl>e 

'traditional' equations for magnetic force as emp10yed by Most workers. 
, 2 

In trajectory models. the near-field term! A; .' is often dropped from 
r 

since r ~s large compared with a. 

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

out the importance of considering the field dependence of magnetic , 
~ 

susceptibility."" TheY,suggested that a relationsllip of the form typ'ically 

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

be used to describe particle magnëtization. Hence, Mp can be represented 

\ 

.... -~- ::;-'---1 . ~ ~ ....... ---

: ' 
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by the 2-parameter equation;. 

(3.1-24a) 

where the spontaneous magnetization. 0
0

, anJ't~e magnetic' suseeptibility 

extrapolated to infinite field strength, X , are constants in specifie .... 
(i.e. mass) units. The equivatent re1ationship in volumetrie terms is: 

(3.1-24b) 

It was :t:hought prudent to rework the expression for magnetic 

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

tion term. M • thus giving: 
o , 

The assumption having been made that; 

A ~ 

M H M H 
0- 0 

(3.1-25) 

ldlich is equ;ivalent to stating that 1:he particle magnetizes isotropically 

• ~nd is free t~ ,orient itself with Mo parallel to the magnetic field 
, 

vector 1 The detailed mathematics may be found in Appendix l with the 
1 

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

being; 
\ 
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F Aa
2 

28 As, 
2 

+fM) - - 2VH -(cos +-)(KH rM a r 3 2 co a 0 r 
(3.I-26a) 

, 2 
Fa - - 2VHa ~ sin 2 8( KJI +fM) 

M a 0 r 
(3.1-26b) 

where f - 1 
2(1 + 2 Aa2 cos 2a + A2a4) l 

r 2 r 4 

and is termed the field parameter. 

Note that Equations (3.1-26a,b) reduce to those for para-
I 

magnetics (Equations 3.1-23a,b) when M 15 set to zero and K to K. o , ." 

The field parameter f depends on both pos~tion and the nea~ field term 

but for r large it tends toward 0.5. 

The expressions for total magnetic force on paramagnetics 

'obtained from Equations (3.'-23a,b) is: 

FM 
total 

(3.1-27) 

'and for canted anti-fèrromagnetics bëcom~ (from Equations (3. i-26a, b)): 

FM 
total 

\ 2 

Y. H 2 Aa (K H + fM\) 
f il r3 "" a 0 

(3.1-28) 

Interestingly, one finds f appearing in both equations independent of 
\ 

the type of particle magnetization. 

Equations (3.l-26a,b) and ,(3.1-27) aiso suggest tJlat an 

'effective' magn~tization, Mp , defined aSj 0 

e 
o 1 

-, te H + fMo 
co a (3.1-29) 
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might be used to simplify the analysis of magnetic force for the field 

dependent èase. When r is large, as in trajectory mode1s, f could be . 
taken as' close or equa1 to O.S . 

Magnètic Force About a Wire 

~ màteria1 placed in a magnetic'field become$, due to its 

dipolar ~ature. a magnet itsel~, thereby setting up regions of attrac-

il tion and repul~iori in its victnity., Using Equations (3.1-26a.b) the 

vector forces about a cylindrical stainless steel wire (a _ .03 cm) 

were calculated for'a typical situation, vi~; field strength (Ha -3000 

Oe), particle si~e Cb -.0005 cm), magneti~ation constants CKoo - .000114 

emu/em3-0e. Mo ~ 1.62 emU/cm3), and perturbation term (A - 0.9). 
\ 1 

Figure (3-3) 1 shows these force vectors for one quadrant 

(the others are mirror images) about the wire in which the regions of 

attraction (parai lei to Ha) and repulsiun (perpendiçular to Ha) are 

evident. From the da shed line representing the loci of zero radial 

magnetic force, Le. the transition from repuls,ion to attraction, it 
1 

can be seen that attraction extends to 6 - 740 at the wire surface . . 
The extent to 'which the attractive region .exceeds a 45~ sector is deter­

mined by the relative magnitude of the neâr field term in Equation 

(3.1-26a). For instances where r is not large and A is near unit y, 
. 

the effect of the near field term in extending the attractive region 

is considerable and, in aIl likelihood, it should not be neglected. 

This caution is' obviously more intended for buildul\ than traj ectory 
( 

models. 

r 
l 

j 
, ' 

, 



3-3 
/ 

Magnetic force vectors in one quadrant about 600 ~ 
diameter stain1ess st;ee1 wire. Data is for 1 standard l , 

test. Oashed 1ine represents locus of zero radial 
~gnetic force. Force units are dynes x 105. 
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3.1.2 Fluid Force 

Principles . 

When conside!ing fluid flow around'a body the problem is 

often simp1ified by assuming ideal (frictionless and incompressible) 

fluid behavior. Viscous forces are therefore neglected and this 
, \1 

âpproximation, called potential flow, is often sufficient to r~a1istically 

predict the flow patterns at sufficiently 1.arge distances from solid 

boundaries. Streamlines for ideal flow past a cylinder are shown in 

Figure (3-4). 
/ 

The velocity components, in cy1indrica1 coordinates, for this 

case are (50) 6 / 
2 

U - U cos 8(1 - !.,..) r CD , 
J3.1-30a) 

r 
and 

(3.l~30b) 

,where Ua> is the undisturbed free stream velocity far from the cylinder 

and a, r and a are as defined for the magnetic case. Note the existence 

of points of mathematica1 5ingularit;; corres;onding to flow stagnation 

points (mark~ S in Figure (3-4)), both upstream and downstream on the 

eylinder profile. ' 

In making the conversion from ideal to real fluids i t is 
1 

necessary to consider the resistance to flow between adjacent fluid 

layers. For Newtonian fluids(51) (i.e. gasses, wa~er and most single 

p~ase6' non-polymerie fluids) this resistance in the x-direction i5 . 

'. 

termed the 5hear stress, T, and is proportional to the velQci ty~ gradient 

---_._---,- \oO"-;-,---~ 

l 

1 

1 
1 

î 
1 
l , 
1 
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Flow streamlines for potential"-flow about a cylindrical" 
wire. 
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(the rate of change of strain) in the, y-dirèction, aU 
ay 

The constant 

of proportionaiity is the dynamic (or absolute) viscosity. n,50 the 

equation for T becomes: , . 

I:luid velacity at a rigid surface must of necessity be %ero, 
,.' 

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

approach the main stream'velacity. ViSCOU5 effects. therefote, pra­
l 

dominate in the regian adjacent to the surface where 2!!. il large. This 
, ôy· 

regian of luge V'elocity gradient, the 'boundary layer', is often: 
~ , " 

assigned the nominal boundary layer thickness. ô99' which represents 
. . 

the distance ove+ which the velocity has recovered 99\ of the outer 

flow'velocity( Schlichting(S2) gives an estimate of tgis thicknes5 

forra fIat plate parallel tO~œ as; 

"1 
ô ,- 5 (Ji.) 

99 U'" 
(3.l-32a) 

or 

ô99 - Si. 

(Re)! 
(3.1-32b) 
, ' 

• 
where t is·the characteristic dimension, in this case length, v is the 

1 • 

kinematic viscosity and Re i5 the" Reynolds number of t~e plate. Eq~a-
~ ~ li 

tions (3. ~-$2a.b) . predict that ~99 will increase (thus decreàsing shear) 

along the plate in proporÙ'on to 11 while 'diminishing in relation ta ~e1 
\ .. \ r'· ~ , 

if the' Reynolds number alone is altered. .---

I,r 

, ) 

',-"""'--~ !p 1.'CrWltlà 
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" 

(j 
.,; 

.111e ratio of fluid i~7ial to Viscous'ftrces 1s given by 
1 

,,1< 

the Reynolds number, Re, where; 

~ 
... 

fP, 
Ul.Pf 

Re 
n 

. - Ul. ~1-33~ v " 
, , ~, r , 

.\ 

~ . "" 
and pf,.th9,fluid den~ity, relates the dynawic and kinematic viscosities 

. " '. , 
accoTding to '\ 

, j "',";' .!L 
'Pf ' 

• 

, /'""' -

1( 

: .. Consider the· case of a cylindrical wire p;~endic~~ ! 

flow direction in a free stream. For low wi~e R~~OldS nu e,' ew~ ,~ 
, • • , 0 " 

of tt~, ~riier of ~i'ty 'and ~ess, inet\tial' effects ca~ u ally be neglected 

and .~~ arouM ,the e~lind~r i~. 4";;'th. In the ran.ge o •. ~~. to :ok 
40 boundary, layer ,separation from the surface givès rise to two dircu~ 

. , ~,.-/ 

lating 'eddi~S immediately 'behind ~the cylinderj' lith flow becomîng., ' 
'- ... ~ ~ ~ ;"."""""(4 .- \ 

smooth again,'lurther- 'doWllstream. Above Re SOpa: inertial effects pre-
, . ' w, ~ .-

dOllinate in. thi! fluid and 'there is complete turbulè~t mixing in the 
, ' 

wate of ~~e cylinder. In the,,1ntermediate region '6f Rew60~to '5000, the 
............ 'J: _ c, f 

phenomenon of altemate shedding 01 the eddies in the.wake occurs, the 
1 • 

,so-called 1 Kirmân vortex str et ': For bodies of inc~eased bluffness, \ . ~ , 
thé effects'of,fluid ine 

.. \~ ~ 1 
lower values of Reynolds 

) J 
ting condition~ for we~hgms are wir~ 

, ,,' 1 <\ , ~ 

~OOO ~m and'flow velocities from 1 to 20 cm/s • 

.; / 

. . 

"\; 

\: ' 

\ 

, , 
1 

./il' 

/, 

,as ,'4 !1I11II8.1 •• 

f< 

1 
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For "flter, (v = .01 cm2/s), this gives a three or,ders"Of magnitude 

range of wire Reynolds number, Re 0.2 to 200, and a value ,Re 60 w 0 w 
as typical for an operation with 600 lJII wire at 10 cm/s_flow rate. (53) 

Particle sizes trea~ed by hgms have, typically, diameters of 

1 to 50 um, which also gives a three orde~s of magnitude variation in 

particié Reynolds number, Re , from .01 ta 10. A 10 ~m particle in a 
'p 

10 cm/s flow has an Re of unity. 
P " 

The fluid drag force, FO' on ~ spherical particle of radius 

b·in à uniform free stream can be calculated from Stoke's drag law~54); , , , 
6'1fbnU' (3.1-34) 

where H' ~s the relative velocity between,the particle and fluid. 

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

ü bot large, i.e. Re of 0.2 and less. 
"P , r \ 

Traj ectory models have made ,extensive use 
\ 

1 

of the Stokes' 

relationship ta describe fluid drag on particles. Considering the\ 
1 

" ! 

nature of 'tpe lflow and the retativély large ~nterfibpre and interparticle 

dis nces, the approximation seems a~valid one. The usefulness of 
, 

E~ ation (3.1-34) is ques)f0nable. however, for particles residing at 

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

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

brief review ~f boundfry layer' theory sèems in arder. 

\ 

Bgpndary Layer Equations 

By considering' the development of -'l ,1 

a H6undarY~layer on~ ~ur-
,. 

1 
1 
; 

. , 
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'0 

face wher~ ô is small in comparison with the dist~nce x (Figure (3-5)), 

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

incompressible flu~ds) can be transf~rmeQ into the relevant boundary 

layer"equations. In two-dimensional flow the N-S equations ar~fSS); 

u àu" + v au 
ax W (3.l-35a) 

and 

-, - (3.1-3Sb) 

where u, . v are x and y components of velocity. p is the' pressure and· 

P f the, fluid densi ty. 1 

The two left-hand terms represent inertial fluid forces 
\ 

whilst the first o{ the right-hand expressions is for pressure forces 

and the second and third are viscous stress terms. 
Il 

Prom the continuity 

equation (i.e. conservation of massj one has: 

::1:-

<l 

.1 ~ +!!. - 0 ax ay 

An ,order of magnitude ~stimate of terms shows thatj 

\." 

u - OeU) 

a O,C!) -3x x ~ 

a oct) , av - 1 • 

f' 1 \ 

,11.---'---

'. 

(3.~-36) 

l' 
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De~elopment'of a boundary layer of thickness 6 from the 
leading edge of a flat plate. 
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Il, 

where U is the velocity of the ~uter stream (i.e. beyond the boundary 

layer). Hencl1l; 

and from the continuity equationj \ 

and 
v _ 

With these estimates the ~elative sizes of t~e terms in 
, 

Equations (3.1-.35a,b) becomej 

, 
',2 2 

!!.-+.!:!... 
x x 

(3.1-37a) 

and 
'2 2 
!!.- 6 +!Li _ 
x' x 

(3.1-37bÀ 

In Equation (3.1~37a) the ~irst of the viscous stress terms is seen to 

be much smaller than the second and can be dropped. Hence, the x­

component N-S equation becomes: 

1 
(3.1-3Ba) " ." 

Upon ~omparing like terms of Equations (3.1-37a ,b) it i5 seen 
1 

that .~,~ inertia~and viscou~ terms of the y-component equation are al1 
"{ ,~e/( 
'\,.,/' " 

i' 
~-~­

~\ 
, p 

" 
! 

l 
1 
j 
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Ô smaller by a factor -. They can, therefore, be neglected relative to 
x 

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

i 

This shows the pressure distribution' in the boundary layer 

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

P simply equals the pressure in the outer flow. The relevant boundary 
~ 

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

If the' buter fl6w is a potential flow, the Bernoulli equation 

is valid, whence; 

from which: 

constant 

u1Q 
dx, 

Substituting this result into Equation (3.l-38a) leads to an 

alternative form for the boundary laye~ equation: 

The bOUndary conditions accompanying these equations a~e: 

i) \ the no-slip condition at the 'wall, and 

(3.1-39) 

H) the requirement that' the velocity, u, mus:t retum to the 
\ 

, 
1 

'outer flow velocity, U, far from the surface. 
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Strictly speaking. these relationships should not be used 

too near the leading edge (i.e. front stagnation point) of flow since 
o ; 

the assumptions are no longer valid there. It can,also be shawn that 

·the required assumption ô/x « 1, is equivalent te Rew » ,1. (56) As 

the Reynolds number approaches unit y, the applicability of the,boundary 

layer equations becomes more su~pect. As already shown, there exist 
~ 

potential situations of slow flow rates and fine wires in hgms where 
'" 

this limitati~n would apply. 

Solutions to the Boundary Layer Equations 

These can be divided into exact and approximate types. Exact 

solutions are complete at aIl points over the entire range of the 

boundary layer and can be obtained by ei ther analytica!l or numerical 

methods. However. there are, relatively few exact analytical solutions 

due to the complexities of the non-linear equations involved. 

Approximate solutions, on the' other hand, satisfy the dif­
J 

ferential equations\of motiori only i~ the average over the boundary 

layer thickn~~s.\ Integral relatio~s SUC~, as momentum or energy equa-
. " 

tions provide mean value functions which can then be integrated ovar 

the boundary layer. In complex flow situations, these approximate 
\ If , 

methods often provide the only realistic means of obtaining boundary 
" . 

layer information. A popular approximate method is that by Karman and 
• i 

(57 58) \ \ , \ 
Po lhaus en ' , who use a fourth-order polynomia! to represent the 

velocity profile in \c~junction with the,general momentum in~egral. 

Exact sblutions ,are available for a number of weIl defined 

sit~tions such ;as flow lover plilteS, wedges,'" cylinder's. spheres and in 
wakes. laminar jets and channels. FinÙe difference an'd implicit 'methods 

; 
... 
J 
l 

t 
1 
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u , 

, have been developed for solution by comput ers and these are considered . ' 

to be as accurate as the analytical methoa. 
\ 

For the case of a cylindrical body in a fluid stream with 

f10w perpendicular to its axis there exists a particularly convenient 
, ' 

method of analytica1 solution lnown as the Blasius solution.(59) It 

seemed appropria te, therefore, to try this approach in defining s~ear 

stress in the boundary layer since the required functions were readily 

available in the literatl,lre. 

Blasius SQ1ution(S9) 

In order to reduce the two boundary layer equations (Equations 

(3.1-36). (3.1-~9)) ta a single equatîon, a stream function, ljI, is . 

introduced such that:· 
\ 

u-ll,v .lt 
(ly ax 

Hence, Equations (3.1-36) and (3.1-39) are reduced tOi 

(3.1-40) 

with the accompanying boundary conditions; 

i) 31j1 - 0 !t - 0 at y - 0 ar \ '. ax 
and 

H)\. ~ L - U(x) at y - 110 

3y 

• 

1 
1 • 

j 

1 

1 
1 
j 
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B1as~us" method now makes use of a power series expansion to 

define ~e outside potentia1 flowabout the cylinder, U(x). At the 
,~ ., 

cy1inder wall, the assumption is made .that ô « a. Hence, the fo1-

lowing is obtained trom Equation (3. ~-30b): 

U(x) - - U 1 -e r- a 
2U ... sin e (3.1~41) 

After introducing the expansion 'for sin 6, Equation (3.1-41) 

becomesj 

U(x) 
3 5 ,. 7 9 11 

2U ... (e - ~ + L - '.L + ~ __ 6_ + .... ) 
3,! 51 7! 9! Il! 

(3.1-42) 

for 6(-!.) in radians. The approximation to Equation (3.1-41) for suc-R ~ , 

cessively inclùding more terms in Equation (3.1-42) is shown in Figure . 
(3-6). It is seen ,that th~ series as far as .eS (pS in the diagram) is 

sufficiently accurate in describing the sine function between 0° and 

900
, the region of interest. In the present ana1ysis the set of terms 

up to and including e11 is used as the solution was re~dÙy availàb1e. 

\ 

In anal?gy with Equation (3.1-42) the stream function is also 

chosen as a power series in making use of ~ similarity type of solution. 

Hencej 

wh,ere r 

2U r 1/2 
~ - .l.(--=-) 

r \) 

\. 

-~_.- -

l 
1 

J 
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. Approximations, to the potentia~ veloci1:y distribution 
around a cylinder for including IsuccessivelY lion tel"lllS 
in the expansion for sin • in Eqpation (3.1-42) (froll 
Schlic:hting) . 
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and, the boundary conditions have been adj us~ed accord,ingly. 
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\ 
Expres-

sions for u and v in terms of W aTe then obtained and s~9stituted back 
\ 

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

taneous ordinary differential equations may be numerically solved to 
, \ , 

a high degree of accuracy and are cons idered ta be exact sQlutions. 

" Tabled, values of the resuIts, applicable to any symmetricapy cylindrical 

shape, are provided by' Schlichting. (60) 

The shear stress at the wall, '! , can be found, since W is ' 
- 0 

now known, from: 

'! 
o n !lui ary-ü 

2 1 n Cl x 
oy? y=O 

This leads to the following expression, valid froID the stagnatio~ point 

to the position of boundary layer separation: 

+ .00004369 - .OOOI15el~ (3.1-43) , 

Note that the shear stress has b~en made dimensionless by 
, 

means of th~ kinetic energy of the free stream, IpfQœ
2• Sometimes 

called the 'dypamic pressure', it is a concept familiar in the, applica­

tion of the Bernoulli eqtiation. Equation (3.1-43) is presented as 

curve A in Figure (3-7) w~ich shows 'the site of maxitnum shear to accut 

l' 
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<t.\ 

at about 590 • Those models (i. e. Lub~rsky et~!!.. (22), Liu !!. al. (41)) 
1 1 

having average boundary layer thicknesses and adjusted velocitie~ based 
1 

on the outer flow velocity (U~ will have shear on partic1es varying in, 

proportion to curve B' in Figure (3-1) showing a maximum at 90°. 

Note a1so that the. point of separation for curve A where the 

shearing stress is no longer present since the boundary layer has 

lifted from the wall due ta the adverse pressure gradient. occurs at 

approximately 1090
• This is considerably beyond the region of interest 

for upstream modelling of particle buildup. For smaot~ cylinders, , 
transition from a laminar boundary layer to a turbulent one begins at 

\ 

an Re of the order 3xlOS (61), weIl in excess of those encountered in . w 

hgms. 

, 
1 

~~a! For~~pn a P8tticle 
..... ,,-

Thè 'drag force, FO' whfch results, from, a shear stress, Ta, 

acting on an area,' A, can readily be obtained by it:\tegration: 

, .., 

By assuming that T
O 

for a cylinder oacts.in a similar fashion 

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

single partie le has been determined in the following ~ner: 

Consider ·the situation in Figure (3-8). A monolarer of 
( " 

particles of radius b resides on thi!l surface of a wire of radius, a, 
\ 

\ 
\ 

with the stipulation that b is considerably less than a. One can as s,ume 

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

tude of the surface roughness t l\: b t is 5ma11 compared to the thickness . . J: 

. \ 

---~~-~ ~----~---~ 
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'of the boundary layer, ô. Very near the front stagnation point this 

conditiqn will not be met since ô is very small. Calculations show 

that. typica11y, for 600 ~ diameter wire at 10 cm/s flow rate, ô varies 
.-

from 20 to 50 pm over the remaining portion of the cylinder front. A' 

lO)JID partic1e wou1d. therefore, yie1d a ô/b of from 0.25-0.1 and this 

roughnes5 can be expected to give a somewhat largeriTo than for the 

smooth ca~e. However, the anaiysis is complex(62) an4 for low and 

modérate Rew (say, ~ 2000) shou1? not lead ta appreciable error in T
O 

, if ,calcu1ated with Equation (3.1-43). \, 

~The assumption i5 then made that T
O 

i5 constant on any given 

particle thus permitting Equation (3.1-44) ta be written: 

(3.1-45) 

Assuming,spherica1 particlès, fb i5 the fraction of the total 5ùrface 

(~b2) on which T
O

'aCt5. To'determine fb one approach i5 ~o integrate 

the l-~omponent of shear, T
O 

sin a. over the upper h~lf of the sphere, 

and divid~ by 4nb2T. Hence(63). 
a 

T b2 
1T n 

sin2e fb 
0 ! ! dedq, 2 

41Tb T
O 

a a 

1T
2
b

2 

2 

41rb2 

"-
1T 

8 

~ 0.39 .•... (3.1-46) 
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Arguably, eddy pooJs in the crevasses betweënparticl~~ 

should be considered which .could reduce fb below 0.39. The projected 

area of the spheres parallel to the flow, nb2, might also be used 

thereby yeilding an fb'of 0.25. As no clear cut preference could be 

found the la~ger value was chosen. 

',An alternative form of Equat,ibn (3.1-45) is: 

(3.1-47) 

This r,et~tionship plus Equation (~.1-43) is th en sufficient to describe 

the1fluid drag' on a single particle taking into account the changes in 

boundary ,layer behavior on the cylinder, i.e.: 

," F 
D 

2 2 
~ U

J 

3/2 (.y.) 1/2(6. 9736 2.7326 3 + 0.29265 
4 Pf 00 r 

+ .orioo43e~ - .OOOl156~11 . ','" (3.1-48) 

, , 

A comparison between the fluid drag resulting from Equation , 

(3.1-48) with that predicted by Stokesian drag with an averaged boundary \ 
, 1/2 

layer thi~knes1' 0 ... (~\lr) " 

and Liu e1;.',,!.!.' (41) is s~own in Figure (3-9). The drag force: FD, has 

1 

as modelled by Lubo~sky and Drummo~d(22) 

been normalized to give; 

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

wire. 1t is seen that the Blasius approach (curve A) predicts consider-

-, , 
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ab1y 1ess shear on the particles than does modified Stokesian drag 
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(curve B). The difference becomes.increasingly significant for 

increasing e. particularly beYOnd~5o. As buildup in thi: sector (i.e. 

o 
> 45 ) may be expected; the necessity for correctly mode~ling the fluid 

• 
drag i5 5elf-evident. 

III 

3.1.3 Gravitationa1 Force 

The total gravitational force acting on a body is proportional 

to its mass; 

- maS5 g 

2 where g i5 the gravitational constant, usually taken as 980 cm/s . 

If the body is immersed in a fluid 0; density, Pf' an opp05ing buoyancy 

force, FB' equai t~ the maS5 of the"di5placed f1uid a1so act~. i.e.: 

/ 

Hence, the net gravitational force. FG• i5 the sum of both 

effects. viz; 

where p is the density of the body. For a spnere of radius b this 
. p 

net forte becomes; 
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and. when transformed into cylindiical coordiiates: 

F ' 
l:G - -

3.2 Development of the Model 

3.2~1 Buildu on a Unit Len th 

76. 

(3.1-49a) 

(S.1-49b) 

) 
In order to justify a approach to rnaterial buildup 

~ 

the assumption is ~de that a arrived 

and is stationary. at least momentarily. 

a r't'iV,ed, whether impacting from the fluid or migrating adjacent 

location, i's not considered. If the net resu1tant)lf lIIagnetic, gravi- / 

tational, and fluid ·shear forces i.$ ~toward a re~n o.~ greater attractive 

force, then the partide re .. ins on the wire, if not:~be s,epZ' 

away. The surface where these forces are in equilibrium'defines ~he (~ 

so-called 'equiÜbr,ilum profile' of the buitdup, from 'fhich the ,maximUllÎ 
>v ' 

loading per unit length of wire may be readily determined·. This 

.ideali'zed situation. with forces resolved int,o tangential and radiai 

components. is illustrated in Figure (3-10). 

l 

e-components 

The 'Ret tangential force. Fa • is given by 
net 

of magnetic. gravit y a~d fluid shear terms. i.e.: 
( 

! 
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l 
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Force components acting ona $ph~rical par'\icle at rest 
on the cylinde~ wall. 
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Upon SUb'st:tu~on 
this becomes:~ 

for the individual forcesi (Equations (3~ l-Z6b,49b.,48)) 

2 
- 2VH Aa sin 2e(K H + fM) V( Pf)g sine ' a r 3 co a 0 + Pp -

- .0183e 7 
+ .000043e9 -' .000115e11) ..... (3.Z-1a) 

t 
r-components / 

The net radial force, Fr ' is comprised of magnetic and 
,net 

gravit y terms only, henC;e: 

After substituting for, the individual forces (Equations 

(3.l-26a.49c)) one obtains: 

2VHa ~2 (cos ze' 
l' 

z ' 
+ ~ ) (K",Ha + fMo) - V(pp .' Pf)g 

l' 
...•• (3.2-1b) 

An attached particle will experience an attraction both 
1 

radially toward the wire and tangential1y toward the front stagnation 

'. , ~ point. By solving for e at increasing r fol' the condition's Fe and 
net 

cose 

, ) 

/ 
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F , 
r net 

J 
1 o twa sets of critical angles. ee' defining the regions of 

partic1e attraction about the wire will result. - The loci of e IS 
c 

are 

shawn ~_or the general case in F!igure (3-11). Since a negatiiVe total 
• l~\ 

net force is required'for buildup (thereby satisfying both the afore-

mentioned criteria) the ~UiliJ~ium profile may he expected to follow 

the F - 0 curve (in Figure (3-11)) for initial layers ~nd the 
rnet / 

F - 0 curv( 
, Snet 

(in Figure (3-11)) for the final layers of accumula-

l' 

tian. 

Accomodating Particle Buildup 

A discrete. layer-by-1ayer approach. as suggested by Luborsky(20) 

"" is used in adjusting tre radius of buildup, r. By presuming tl;at buildup 

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

particles remains cylind~ical from the point of view of the fluid~flowing 

o~er the front~ Although flow pattePts and shear stresses at the sides 

and back will- alter as a re!:iUlt of buildup, the upstream pressure dist,ri-
, 

pution, and hence T and U , remain largely the same irrespectïve of o m , 

changes occurring downstream. (64) A recent study ,of buildup -shape by 
, ' / 

Watson(32) found that Ü the frontal surface, divided into'numerous 

segments, was alloweft to grow in proportion to 'the particle 'retention 

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

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

'sequence photographs in Figure (2-10) from Friedlaend'er 2! al. 
1" 

It is feltthat considerable evidence has accumulated to sup-
, 

port the layer-by-layer approach as being both reàlistic as weIl as , . 
J 

conceptually useful for calculation purposes. 

1/ 
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3-11 Loci of zero net radial an4 tangential forces in one 
, quadrant abou't wire. Hatched' regions show negative 

net force. 
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The distance from th~ centre of the ~ire. 'of'radius a, to 

the centre of a particle, of radius h, on the nth layer rnay be written; 

r = a + b + (n 
o n l)b~ (3.2-2) 

r 

where t is ~he interlayer distance defined as: 

diStance between the particle centres of adjacent layers 
b 

A close-packing arrangement having t = 1 3 was assumed which 

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

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

has ileen reported as around 55% by Kelly. (65) ~mpirical evidence of 
.1 

Friëdlaender et al. (38) suggests a maximum packing effici.ency of 

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

stream configuration; while the ~heoretical maximum'packing f+action for 

".? single-siZed spheres has 'been reported as 74.1%( (66) 

between adjacent ro~ 'of particles along -the wlÎre has 

as M. 

The distance 
\ 

also been taken 
1 

The effect on t of a changing r as n increases is considereâ 

sufficiently smaH in comparison with R. itself to be, neglected. 11: is 

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

the particle cen;~re of mass theofl4id shear acts on a surface. somewhat 
.' 

further out. 
.. 

This small increase in radius has a minimal 'effect on 
l' 

decreasing the ~gnitude of FO' , 

j 

i. 
i 
1 
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Once the minimum cri tical angle for' each of the' n layers, en. 
1 ; 

has been determined (Equations (3.2-1a,b)) the total mass of particles 

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

found from; 
1 -

(3.2-4) 

/ 
" -­where en i5 in radians and pp! i5 the particle density. The factor of 

2 arises from buildup on both s ides of the stagnation point. It will 

also prove useful to define two additional loading parameters, Ym and,' 

Yv' relating the mass and volume of mat~rial per unit mass and volume 

of wire, respectively. Hence, 

L ~" m 
Ym 

m2p 
1 and w 

, (3.2-5) 

p 

Yv - 'y ~ m p 
p 

(3.2-6) 

where Pw is the wire density. 

Development of a Loading Number 
, 

A significant simplifica!tion in the model predictions would 

be achieved if tpe loading could ,be related to a dimensiqnless 11oag,ing 
YM 

tlUmber' much as Wats9n attempted to relate Rc and loading ta the --
U'" 

ratio. 

Figure (3-1/1) suggests that buildup mar be represented, ta a 

first' approximation, br a 900 segment of,const~nt 
\ 

tude of r will roughly be determined br the curle 
\ 

radius r. The magni-

P 9 - O. 1. e. fr9m 
net 

t \ 

1 
( 

l, 
'1 

1 

/ 
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Equatio~ (3.2-1a); 

o - -

\ ..... (3.2-7) 
\ 

, 
where le· i5 the (field dependent,: if applicable) susceptibili ty; 

! 
/ 

{BI} - {6.973e - 2.732e
3 

+ .2Q2aS _ .0183e 7 + .000043a9 

and 

l' . 2 U 3/2 1/2 
47rb Pf (1) ~ t 

Dividing through by, -3- r
1
/2 will result in a more' 

convenient dimensionless fol'ln for Equation (3.2-7); AIso, since maximum \ 

buildup i5 being considered it i5 sufficient to eva1uate the above 

quanti ties at theii location of maximum value, over the range 0 0 _45 0 ; 

namely at e·~4So. Hence, Equation (3.2-7) becomes: 
~ \ 

') 

0-- (3.2-8) . 

, (màgnetic) (gravit y) 
c _ 2.50 
(fluid) 

By fir.st considering only the magnetic and gravit)" terms llnd 
1 

rearranging it can be shown that: 

\. 

" , 

\ 

i 
1 
1 

.1 
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s 
This ~s the' desired order for r since nominal buildup volume (i.e . 

. 2 ' 
assuming 100% filling) can he related to ra' . 

'84. 

For a typica1 case of hematite recovery (viz; H =- 3000 Oe ~ , , • ........a, v ' 

" 3 ' 3' 3 
K ..... 000654 emu/cm -Oe, A '" 0.9, a = .OA. p .... 5.25 g/cm J Pf - 1 g/em J ' 

l' . P , ~ 

g - 980 cm/sec2
)NG• the, ratio of 'ma~etic to gravit y force in equilibrium 

at Ta' has' a value of 90. This large NG" sugge~'ts that for the' puz:pose 

of approximation t~~. gravi ty te!1D' in Eguation (3.,2=8bmgx be negl~c:ted-!...._ 

By equatinfmagnetiè. and fluid terms only it can be readily 
• 

shown upon rearranging Equ~tion (3.2-8) that; 

where 
2bH 2 KA 

a 

U 3/2 1/2 1/2 
Pf 0> \1 ~ 

and C' = 2.5 (3. Z-ll) 

NL 'is ,termed the loading number. It represents the, ratio ,of magnetic 

to fluid shear forces requ~red 'for an equilibrium puildup of radi~s ra' 

J;'- A value of .NL equal to C' would have ,r = a (~re. barC? wire) and sùggests 
c,J ,.. ra ., ,/ '" 

that a minimum loading number for bu~ldup might be 50 'défined (i.e. 

NL .'" - C.,.. 2.50). 
mln 

The nominal buildup 'volume per unit length of wire, V
B

, is 

simply; 

\ 

, 
1 

l 
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and when diviaea-by the wire volume. na2• becomes; / 

ijB Vol. builduE }(Ta 
2 - 1) 1(- - (3.2-12) 

41fl!.2 Vol. wire 

" r "-
where ra - a .1 

Conv~ting from nominal to actual volume and mass of particles 

per cm3 Qf wire requires a packing'fraétion. E. whence; 
( 

, 

Yv - ~(r 2 - 1) 
4 a 

al' 1 

(3.2-13) 
#' 

0 

and , 
10 

~(r 2 
p 

Y .- 1) ~ ,m ."p-a p • 
w 

(3.2-14) 

'. 1 
where p and Il are wire and particle i:lensHies, respective1y. Rep1ae;ing w p 

r/ in
J 

Equations (3.2-l3~14) yie1ds the foll'owing ~for the loading para-
I l "" 

meters Yv and y m: 

Y m 

o 

N 4/5 
~{(-.hJ . 
4 C 

. 3 . 1 
l}(cm partlc es ) 

" cm3 wire 

l ' 

(3.2-15) 

(3.2-16) 

These re1ationships suggest that the lo~ding/of the 'wire May be quanti-

,fied by one dimension1~ss grouping> NL• , 
o 

\ . 
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NL may be split into'the more familiar groupings already 

Idiscussed; the a ta b ratio, the wir~ 
V 

. f'd l' . M magnet1c ta lU1 ve OC1ty ratlo, --. 
Uco 

1/2 V. 

Reynolds number, Rew' and the 

~Henee; 

86. 

NL 
~(!.) (_1_) ~ 
.; 2 b Rew Uco 

(3.2-17) , 

VM 4b2 KH 2A 
"\ 

where -' a 

U"" 9anU"" 

2aUooPf ..v 

and Re -w n 

Liu et al. (41) have shown for'~ not lar~e and Stokesian 
, b V

M 
2/3 . 

partie le drag that r 2 is dependant upo~ (---) . Th~ prec,eeding 
\ .' a Ua> 

analysis shows that when boundary la~er considerations are important, 

namely at gre~ter ~ ~d Re eonsiderabl~jbo:e ùnity. these additional ,0 w 

groupings assume importance and enter into the expression. 

\ , 
l " 3.2.2 Recovery Through a Length of Wire Séreens 

.It' now remains to extend the analysis for maXi~ buildup on 

a ,:hnit length of wire to predictions ,of how a regular assemblage of 
.r 

wires will recover particles. Considèr the matrix constructed in a 

regular fashion as s~own in Figure (3-~ with uniform.flow ~eloeity. 

U
CIO

" throughout t~e c:ros~-s'ectional area, Ax' This conffguration iS 

typical of.expanded metal matri~es. 

. 'For the modelling, Û 00 remains unchanged thraughout the 
~. ( 

separator volume, no magnetic interactiop~ between wires are considêred 

and buildup on a giVe~reen,~roceed~.Without interference f;~OJD any 
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NS ,segments éomprised 
, / 

, . of S - screens 'each 

3-1~ The piecew~se nature of the ma 
segments, fach segment compri ~d 
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other. Although each ot these factors can he expected ta l1ave sorne) 

effect they are judged to he of secondart importance. 
'~ 

Equations of Recovery 

Consider again the situation in Figure (3-13). It is con-
1 

venient to deal' with the matrix iri a piecewise mànner; i.e. on the 
'/ 

basis of NS segments, each segment comprised of S screens behaving r 

identica11y. This approach simplifies the development of the equations 

,and he ars a physica1 resebhlance to the actual situation. In principle, 

therefore, the recovery on a single screen could he measured. A 

cautionary note is that" there -.st he sufficiently greater numbers of 
, \ 

segments than screens per segment for aIl hut the simplest situations 

in order that the analysis he valid. 

At time, t, in an increment, dt, the amount of mat~rial 

retained within a segment, n, will be; 

where 

simply; 

effective capture area of n
th 

screen 
Ax 

" 
, 

men) flux of particles tb th~ nth segment 1 

S - screens per segment 

(3.2-18) 

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

I-
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mCn) - m (1 o 

where m is the flux to the first segment. For the more general case 
o 

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

evaluated from: 

men) 
n-1 

(m - E (dmsCi))) 
o i""'l dt 

Equation (3.2-18) transforms, theref9re, to; 
Il 

n-l 
(m

o 
r (dmsCL))) A (n) S dt 

i=l dt t f t 

. "-

(3.2-19) 

(3.2-20) 

'and since mo isusually constant it is seen thàt only AfCn)t needs to 

be'determined for each segment at each increment in time. 1 _ _ __ 

1t will prove usefuI to define severaI other loading pa~a-

meters; the loading of segment n at time t; 

t 
L(n)t - r dms(t) " 

\'0 n 
p.2-2l) 

and the fractional loading of the same segment: 

III 

1 

Here, ~e maxi~m loading of a segment, Lmax' is the product of the 

(mass) loading per_ unit length. ·,.Lm (Equation (3.2-4). the total length 

of ~ire per sereen; R.w' and the number of screens--per segment.~,-lS .... C7'",--
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Fractional Ca~ture Area~of a ~ingle Screen! Ar 

The·concept of a capture radlus has been p~evio~sly intro- ~-' 

duced ,.Gin ~ection 2) and it follows that ea,ch un.it length of wire will 

have ,an ass'ociated "capture area" as a fraction of the total flow 

cross-section. Pàrticles flowing past in the 

~covered in .proportion t~ thi~ fraction. 

time intrement, dt, will 
( 1 

A screen can simply be 
-. 

regarded as a finite length of wirel ~w,'With a reSUlting fractional 
.:" 

capture area, Af' given by; 

Af ... 2RcaR.w 
e 

Ax 
. (3.2-23) " 

, 
1 , 

where e is a geometric correction factor which allows for overlapping 

capture are as and is, therefore, a function of R and the screen geometry. c 

Capture Radius, R './ 
C , 

Watson(l7) shown that for bare 
/ 

has wires, R may be approlti-c _ 

mated by; 

1 VM 
V 

(2) 1/2 Rc for..1:! < (3.2-24) 
'2 u'" u -co 

force equation is neglected. when the near field term in the magnetic 
-VM R is somewhat greater at lower --when the.near field term is includedj 

c U", . i V
M however, Equation (3.2-24) affords a reasonable approximation. For--

. U~ 

gr~ater t~an fl/2 the'capture"radi~s is indeterminate, a mathematical 

singularity, and must be solved numerically. However, Liu et al. (41 ) 

round that by neglecting the short range terms in both magnptic and 
1 
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fluid drag equations Re was given by: 

31 3 VM 1/3 
Rrf - -(-) 
c 4 U ... 

V
M for - > 1'.0 

U ... 

91. 

(3.2-25) 

1 

Figure (3-14) (from Liu et al.) compares the approximations 
r 

~ . ' as per Equations (3.2-24,25) with the'full numerical solution inc1uding 

the near field term CA - 1.0). For this study tne 'simplicity in esti-

" mating R from these relationships preeluded the complexity involved 
c 

in obtaining the precis~ ~a1ues. 

'" To achieve a e9ntinuous set of f~netions for determining 
If 

initial R , 
V c 

Equations (3.2-24,25) were solved simu1taneous1y to yield 

M u:- - 4.19. .. 

Jb 

Henee, initial capture radius was define4 as: 
'lh' 

! , 

Re. 
V
M 

VM 
2U .. 

for - < 4.19 
U -

l .. 
R 

31 3 VM 1/3 VM 4.19 -(-) for U > c. 4 U .. l .. 

.. 

(3.2-26a) 

(3.2-26b) 

'l 

As shown by Luborsky and D~DUDond (20). and SteHy and Minervini (28) 
1) 

R will decrease with buildup as f14id is deflected further and 
e 

further from the 1ariP f~e1d gradients and hence large magnetic forces 

in the vicinity of ,the wire. ' Various relationships exist for describing 
.. ' 

'the manner in whiéh the initial capture radius is deereased but, in 
.. , 

genera1. they are either a function of the buildup r,adius. ra' or of 

the load~ng ratio, ~ L' , of the wire. For this s tudy tie term 'driving 
max r 

,function', given the symbol a, is applied to these relationships., 

Hence, the ,capture radius at any time during loading will be 

given by: 

l ~ 

i 

• J 
.. 
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(3.2-27) 
l 

Driving Function, (l , 

The relationship found b~Luborsky.and Drummond(20) and used 

by others (e.g. Liu et !l. (41)) for the chartge in Re with increas~ng 

buildup radius, r , is; 
a, 

,f 

where r r and 'r is the radius at a _, 00 • a a J [J 

,Watson (32) showed that Cl may' increase initially but is' for 

practical pu~oses adequate1y represented by ~. 

Akoto(67) has suggested a linear function based on the loading 

. ratio, Le.; 

... 1 _ L (lA 
~ax ' 

Clarkson and Kelland(2S) chose a function of ~ with an 
Lmax 

exponential decrease ,toward zero as loadi~g progressed toward the . 
maximm. 

It is readi1y seen t~at the Luborsky re1ationship does not 

tenq to zero for maxi~m bui1dup radius, r 
as 

. / In practlcal terms J 

however, capture of partic1es has ceased 50 the effective RI must by c . 

definition be zero. 

Watson(31) has suggested combining a ;rObability of sticking 
f , (' 

to the wire with the probabi1ity of arriving there, as given by the 

/ 

- . __________ •. 1:.... 

1 ,\ j 

1 
l 
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', . . 
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capture radius, to yield an 'effective' capture radius. The definition 

of R in this study. (Equation (3.2-27)) shall be the effective value, 
c 

which always tends to"- zero a,t maximum loading . 

. Stekly and Minervini (28) showed that R decreased steadily'~ 
c 

> , 

as the 1 frontal proj'ected area of buildup increased. Since the frontal 

area of an idealized 90° segment is proportional to the radius of 
'\~ 

bu~ldup, ra' to the first power, a relationship for a proportional to 

ra is obtained by considering the following limi~s; 

i) for a ~ 0 (fully loaded wire) 

H) r + 1 a 
J 

for (l ~ 1 (bare wire) 

" 

\ 
The simplest form of su ch a function is: 

a .:. - Cl 
(ra -' 1) 

(r~s- 1)) 
J3.2-28) 

It will prove more useful to have (l in terms of the loading 

ratio, --1-, to be computed for each screen segment a~ach increment 
Lmax 

in tilDe. By considering a 900 sector of buildup ii1\which the mass ()f 

• particles will be proportional to this volume (i. e. packing densi ty ; 

.~ 

remaios const.ànt). it is possible to W1"ite: ,_ 

L 

'-max 

volume buildup 
~ 

max. volume buj.ldup 

-

'Ir r 2 _ .!. 
4 ,a 4 

'Ir 2 'Ir 
4' ras" - 4" 

r 2 - 1 
a 

r 2 - l 
as 

~ , 

'-



() 
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Rearrang'i~g and 1 solving for r yields; 
a 

L 2 1/~ 
f-L-(ràs - 1) + 1} 
1 max 

--r~ 
and substituting this back into Equa~ion (3.2-28) results in: -i 

~, 
1} {(..:l!.-(r 2 _ 1) + 1) 1/2 

~ as 
Il - (1 - ----(---1-)---­

ras 
(3.2-29) 

~The ~imits of Il for very smal1 and very large buildup are: 

i) for r~s » 1 

a .... {l _ (..!.-) 1/2} 
LI max 

ii) ~or ras"" I 

Il''' {1 -~} 
Lmax 

(i.e. very large maximum buildup) 

-, 

(i.e. very.~ali maximum buildup) , ... 

Limit ii) is the same resuit as Akota's (i.e. "A) and is 

feit to be more applicable for ,smal1 maximum buildup where there arec 
~ ~ 

appro~imately equivalent numbers of (unisized) particles per layer. 
V 

Liu et al. (41) have pointed out; 'that for hrge 2!. (i. e. > 4.19, 
,_ -- / u... '" 

Equation (3.2-26b», R will ~emain constant with Ioading untii a 
c J • 

criticai value of ~x is reached. Above this )qading-; capture radius 

decrease will proceed toward zero when ~ ..... I accordin~ to Equations 
. ' ~Lmax . 

(3. 2~27, 29). " This cri tical value is- arrived at" by solving for :f­
max 

when equating 1(3.2-26a,b,27 ,29) j hancej 

... , 

1 
1 

1 
1 

, 
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(ras - 1)(1 - - 1 

(..!.-) 
Lmax critical 2 

(ras 1) 
..... (3.2-30) 

Geometrie Correction Factor, a 
y 

The wire screen, approximated as a square weave of cylindrical 

wires shown in Figure (3-15), requires a correction ta account for bath 

over1apping wires and capture areas since the buildup model has assumed 

infinitely long wires. 

For an interwire distance, S , and wire radius, a, a unit 
w 

grid has an area: 

(S + 
w 

The total nUmber of unit grids in a cross-sectiona1 area, Ax' is therefore: 
\' 

û 

4t grids 
A x 

(S + 2a)2 w 

(3.2-31) 

An expression for the mass of a unit grid, with,wire density,p , is simply; 
w 

2 . 
21fa (S + a)p 

w, w 

if no overlapping of the'wires occurs at corners, and; 
/ 

JI 

, if overlapping is assumed. 
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For a sereen of tot~l mass. ~w' the number of unit grids will be; 

#, grids 

and ft grids 

m 
w 

m ,w 

(no wire overlap) 

(with wire overlap) 
~ 0 

Equ~ting both these exp~essions with Equation (~.2-31) yields an 

~lteinate form for the area of a unit grid, (S + 2a)2,1 viz;_ 
? w , 

98. 

(Sw + 2a).: 
2'!1'a2(Sw + a)pwAx 

mw 
(no wire overlap) (3.2-32a) 

and (S + 2a)2 
w 

2'!1'a2(Sw + 2a)p~x 

mw 
(with w.i~~erlap) 

, .... (3.2-32b) 

from-Owhich\ it is possible to solve for the-~iilterwire spaeing, S. Hence; • w 

(no wire overlap) (3.2-33a) 

and (with wire overlap) (3.2-33b) s - Z 2a w' 

where z - .. 
\ 

To determine the fraetional capture area, Af' ~f a ~it~rid, 

one I1I1st eonsider·the situation of R both greater ·than and less th'an 
" C 

one, shown in Figures (3-l6,a,b). For Re > 1 ~t 1S seen that 4 of 

the overlap (shaded) reiions must be sUbtraeted from the sum of the 

individual areas of eaeh length o~ wire, i.e.: 
" 

\ 

---,----
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wlres 

, 

overlap:ping 

1 
'j 

" i 
l 

" ~-1 
, ! 

J , 

~ 
~ 

,\ 
, 

, . , 
, 
: . 

• 1 , 

capture areas; 
1 \ 
1 
1 - - ï-t---+----.J...---~ 

'1 

~B--T-~T-----.-----~~-----\ ~ 

a) Over1ap of capture ar~as 
~c > 1. .,J 

b) OVerlap of capture areas 
R < 1. ' 
c-

, 
,- , 1 
(hatched region) for 

(hatched region) for ./ 0 

., 
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c , 

o 
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t 
~, , 

1 

capture area r 

area of unit grid 

~(S + 2a)R a - 4(R a)2 w C C -
(Sw ; 2a)2 

- 4R a(S + 2a - R a)' c w , c 

~ 

. \ 

R > 1 c 

100. 

1 • 

(3.2-34a) 

For R .< 1, 4 of, the overlap (shaded) areas plus 4 of the areas marked c-

B must be subt~a~ted from the. total of the.individual. are~ contributed 

by the sides" of the unit grid, henc,e: 

4(Sw + 2a)Rca -' 4(Rc·a)a 

(S + 2a)2 w 

4R a(S + a) 
c w 

, 

1 
,\\ 

" 

R < 1 c -, (3.2-34b) 

Replacing (Sw + 2a)2 in Equations (3.2-34a,b) with Equations (3.2-32a,b) 

and including ~ • the 1ength of wire per scree~, where; 
w 

... 
leads to the following relationships for the fractional area of capture: 

'A. 
4Rca~ 

~ f 
211'a2pl x 

/ 

\ . 

2RF--- W e 
~x 

"(3.2-23) 

a. the!geometric correction factor, is given bYi 

\ 

J. • 

1 , 
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i) for no wire over1ap; 

R > 1 
c 

R < 1 • 
e-

(Sw + 2a - Rea) 

(Sw + a) 

(S + a) 
w, 

1 

(3.2-35a) 

..... (3. 2-35b) 

ii) for wire overlap; 

this ease~ 

R > 1 
e 

R < 1 
e -

a = 

-',< 
(Sw + 2~ - Rea) 

(Sw ... 2a) 

(Sw + a) 

S - (Sw + 2a) 
1 

(3.2-35e) 

Expanded( meta; matrices exhibi t considerable wire overlap so 
1 S 

illustrated in Figure (3-17) wi th B as a fonction of ~, is 
a 

considered for the present study. Since 'b1inding' of the screen 

openin'gs oc~rs at B - 0.5 (Le. the capture area equa1s the flow cross-

section) it is suggested that Figure (3-17) cou1d 

designing the inter-fibre distance of a matrix. 

serve as a guide to 
S 

At a given~, little 
a 

increase in fi1ter efficiency would be expected at an R which yie1ded 
c 

a B much be10w 0.5. 

For this study~ recognizing that the expanded metal unit 
S . 

grids are not perfeet squares, tne a W ratio is rough1Y,.13.5 which yields 
. 1 

a value of a ~ 0.94 for Rc typically l or less. 
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3.2.3 The Computer Model 

The computer programme, written in Fortran WATS lan~age on 

the McGi11 University System for Interactive Computing CMUSIC), was 
1 

.prepared in à fully conversationa1 mode for user,access from remote 
• 1 

teletype terminaIs and CRT units. A general flow diagram of the programme 

ap~ears in Figure (3~18). D~tailed outlines of the sections labellèd 

Parts 1, 2, and 3 àre found in Figure; (3-19,20,2l), respectively. 

Part 1 begins by calculating various parameters from the 16 

entered v.ariables. Values fo'r wire magnetization, M , and the pertur­
w' 

bation term, A, are determined from Equations, (3-18,20) by Newton' 5 

method (see Appendil' II) for converging on the 'root of the relevant 

equation. The p~ogram then calculates the required forces and their 
of)':) 

derivatives ta find radial and tangent'ial critical angles, 6c (Equa:-
, \' 

tians (3.2-la,b)), for each layer of particles. A modified Newton's 

method is used ta solve for 6 since the exact derivativ,es a~e not 
c 

.{ 

easily determined. As magnetic force diminishes with increasing r, 

the tangential 6 also decreases until a preselected stop criterion is 
c 

\ 

. reached (usually 100
) at which point the buildup is assumed complete 

, \ 

and the calculation sequence stops. Selecting a stop criterion avoids 

the singularity at the 

significance occurs at 

front stagnation point and since no buildup of 
t , l 

, 0 
6 'l' < 10 no error is introduced. c 

Part 2 determines the equilibrium buildup profile as weIl as 

the maximum loading per unit length of wLre, L 1 by choosing the lesser 
m 

of the critical angles" either tangentïal or radial, ror each pf the n , 

layers. The locus of these minimum e gives the buildup profile. Values 
c 

of minimum 6c .are then used ta calculate the total number and mass of 

particles in each layer and the results are summed\according ,to Equation 

. , 

, 
1 

1 1 
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(3.2-4) to yield L. As calculations invo1ving e are in rad ans the 
. m c '" , 

angles are converted' to d~grees prior to printout. o 

Part 3 extends !he calculations from loadipg per u it length 

of wire to overall recovery of material throughout a length 

screens. An additional set of entered,parameters (6) is 

this section. 

The separator length is made up of segments, 6ach segment 

compris~d of a specified number of screens, which requ~res t~e loading 

pel' unit length of wire determined in Part 2 De converted to a m~ximum 

segJent loading, L '. max 

,Recovery to each segment is calculated for successive time 
. ( 

increments, dt, in accordance with Equation (3.2-20). The fractional 

c~pture area, \, is based on the capture radius (R c), loafing ratio 

(L/L ), and geometric correction factor (a) at tWe end of the previous max 

time increment. Figure (3-22), for typical conditions and a less ihan 

fully loaded matrix, shows the effect on opredicted recovery or varying 
1 

the number of t~me increments and segments for a 40, screen configura­

tion. Fifty time increments and fort y segments were judged to be a 

good compromise between accuracy (i.e. less than,l% relative error) 

and computer-time economics. 

After each dt, segment loadings (L) are compared with" 0.99 

L v/ which, for practical purposes, represents a fully'loaded segment. 
ma~ ,; 

If L ~ .99 Lmax the Ume required to reach this condition is recorded. 

Sb'ould a1'l segmen~s load to 0.99 L the matrix iS,considered fully max , 

loaded and the calèulations terminate . 

• 1 
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Finally, Bart 3 Stlms the individual segment L values to give 

overall separator loading and material recovery. A default condition 

arises if the product of the fractional area of loading. (Af ) and :the 

~ 

" number of screens per segment (S) is greater than one. This avoids 

violating the mass balance for the segment. 1 

Variables 

Th~ loading and profile d~termination calculations (Parts l 

and 2) require 16 entered "variables", listed in Table (3-2), and allow, 
l'. , 

for the investigation of particle diameter, density and magnetization; 

wire qiameter, density and ma~etization; fluid viscosity, velocity 
\ 

and density; particle packing ar:r:angement, background field strength , , 
,~ . 

and gravi ty. 

Six additional variables must be entered for the evaluation 
- il 

of sepa;:atorperformance (Part 3); namely, feed mass, single screen 

mass and diameter, and the ~umber of segments, screens peI' segment and 

time increments. A listing of these May also be found in Table (3- 2) . 

Coded interna1-programme variables with a descrip~ion of each \ 

are listed in Tabl~ (3- 3). A prin tout of the entire programme (MAG6) 

is appended (Appendix IV) including a sample hardcopy of the conversa-

tional; input/output. 

\ 
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~ABLE 3-2 

I;ntered Variables in MAG6 Programme 

Symbol in Programme 
Parts Equations Variable Descrip,tion 

f 2b DIAP l,and 2 -particle diameter (cm}f 
-particle density Cg Icm3) 

* 

** 

Pp 
0 RHOP 

K' CHI? 
ca 

Mo' . SIGR 

fb SF 

2a DIAW 
Pw RHOW 
Ms WMAGS 

K- AH 
\1 ETAF 

U VELF .. 
CIO 

p~ RHOF 
1 ELLSQ 

Ha HO 
g- G 

OmETS 

Tota"l: 16 

dl * FM ( 

~ SM 
\ 

! 
S S5 

NS 
4Ax 1/2 ** \y-

(-) OlAV 
11' • 

M 

Total: '6 

o \ j, 

-particle susceptibility extra-
polated to .infinite field 
(emu/cm3-Oe) 

-particle spontaneous magneti­
iation (emulcm3) 

-fractional shear of area of 
spherical particle (47fb2) 

-jwire diameter (cm) ~ 

-wire density' (g /cm3) 
-wire saturation magnetiiation 

( emul cm3) , 
-wire lIJagnetization c,onstant .(Oe) 
-fluid viscosi ty (Stokes) 

(cm2/sec) , " 
-fluid velocity (cm/sec) 
- fluid ,densi ty Cg / cm3) 
-square of' in t:erlayer packing 
distance as a multiple of 
particle radius, b (cm2)' 
-b~ckground field strength (De) 
-gravitational constant (0 or 

980 .cm/sec2) .. 
-stop criter,ion for tangential 
critical angle (degreesf 

-feed mass (~) 
-mass of one screen Cg) 
-number of screens per segment 
-number of segme~ts 

-s,creen diamet-er (cm)::: \ 
-nùmber of time increments 

, "-
The flutc rate is equivalent to the feed mas S' since the total time 
equals one unit ,of time. 
Ax is the cross sectional area of the 'flow. 

'" 

// 

( 

\ 
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TABLE 3_3(7 

InternaI Variables in MAG6 Programme 
r. 

Symbol in PrograDDlle 
Equation Variable 

THE TAS 
b RP 
a RW 
v VOLP 

811b3A a2 
"! a FMTI 

K.J! 
M fa 
A

o . 
SIn 

A(cos 
Mf 
HO 
f(H) 1 

FMT2 
\ FMT4 

29/r3 FMT3 
2-9 + Aa 2/r2)/r3 FMR3 

FMR4 
,H 

'f" 
Ffi 

" . 

Description 

-stop criterion (radius) 
.partie le radius (cm) 
-wire radius (cm) 
-particle volume (cro3) 

-mag force (tangential) term 111 

-mag force (tangential) term ~2 
-mag force (tangential) term ~4 
-mag force (tan§ential) term,~3 
-mag force (radIal) term #3 

c-mag force '(radial), t~rm #4 
-internaI (wire) mag field (Oe) 
-function f (H) in Newton' 5 , 

method 
-derivative of f€H) in Newton's 
,method ' ~ 

'-function gCH) in Newton's method 
-Abs (g(H)-H)/g'(H)) x 100 
convergence c~iterion 2~ 

-field perturbation _tem f 
1 IÇ 

-radius from:wire center to 
1 layer N 

-partie le layer buildup counter 
-derivative of FMT3 . 
-factor, f, in mag force eq's 
-tangential component of magnetic 
force (dynes) 

-derivative of' FMT 
-derivatîve of FMR3 
-radial component of magne tic 
force (dynes) 

-derivative of FMR 
-tangential critical angle 

(radians) 

-shear stress term #1 
-shear,'stress term #,2, 
-derivative of SSCI 
-drag force (dynes) 
-derivative of drag force 

.•• ;.(cont'd.) 
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TABLE 3-3 (cont' d.) " 

, 
. \ 

, " 
Symbol in Programme 

Part Equation Variable • Description 

~ 

FG sin FGT 
« 

-tangential component of a 
gravit y force (dynes) 

DFGT -derivative of FGT 
-FG cos a FGR -radial component of, 

gravit y force (dynes) 
DFGR -derivative of FGR 

F FT -net tangential force and 
~net function f(a) in Newton's ") 

method 
h (a) . DFT -derivative of FT and func-

tion h(e) in Newton's method 
g(a) GT -function g(6) in Newton's 

method 
Jt- DELT -Abs(g(e)- )/g(s) x 100 

convergence criterion 
F FR -net radial force and func-r net tian f(e) in Newton's method 
h(6) DFR -derivative of FR and h(e) in 

Newton' s method 
g(6) GR -function g(6) in Newton's 

method 
a THETCR(N) -radial critical angle 

(radians) . \ 
t ELL -square root of ELLSQ 

, 1 ,a TIiE1M(N) -minimum of radial and critical , c angles for a layer N (radians) 
PN(N) -no. of particles in layer N 
PM(N) -mass of particles in layrr N i , 
PNT -total no. of particles on ( 

layers l -+ N l 
1;0 PM(N) -total mass of particles on 

layers 1 -+ N 1 1 DTHECT(N)*-THETCT(N) in degrees (. , 
1 DTIiECR(N) -THETCR(N) in degrees '~ 

r DTIiE1M(N) -THETM(N) in degrees 
, 

1 

1 

'" Total: 52 

3 ' t LPS -length' of wire per screen (cm) 

t ~ XAREA -total cross sectional area of 
screen (and flow) ~cm2) 

K CHI PO -particle .susceptibility at Ha 

/ () •..•• (cont'd.) 
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TABLE 3-3 (eont'd.) 

1 
Part 

'\ 

dt 
t 

Symbol in 
Equation 

(L/~)critical 

L 
i3 

dms 

Edms 

114. 

, 1 

i 

l' Programme 
Variable Description 

VMUF -ratio of magnetic to fluid 
veloeity 

!.MAX -maximum loading per segment 
Cg) 

DT -increment of time 
if -time 
PLT -time,for segment ta reach 

1.99L/L 
BMA -radius ~fXmaximum b~ildup 

Cat a _ QO)(cm) 
CRL5 -critical loading ratio of 

lm 
KJl 
KS 

F5P 

Re 

L5 
BETA 

FAREA 
EFA, 

OMS 

5 OMS 

RLS 

ALPHA 
5LS 

5RL5 

PFMR 

segment 
-counter 
-counter 
-number of segments having 
reached .99 L/Lmax 

-inter wire distance in scre~n 
(cm) 

~wire capture radius (dimen­
sionless) 

-loading of segment (g) 
-geometric screen correction 
factor 

-effective capture area t Ax 
-product of Ar and 5 for 
first screen (default test) 

-increment of mass captured 
on segment during time, dt 
(g) 

-sum of incremental mass 
recoveries for segment (g) 

-ratio of segment loading to 
maximum segment loading 

-capture radius driving function 
-sum of segment loadings at 

time - 1, l:L 
-average segment loading for 
separator (g) 

-percent recovety of feed mass 

... _ ..... _-_._-----------,--
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IV. DETERMINATION OF MODEL PARAMETERS 

4.1 Magnetic Parameters 
, 

4.1.1 Field Measurements 

\ 
," 

J as. 
l' 
1 

Generally, when using thè'cgs_convention for defining the" 

primary magne~ic field, that in a solenoid is an H field, in Oersteds, 
" 

since there is little if any contribution by .iJiduction. In contrast, 

the field in the gap of a conventionally-wound iron-yoke electromagnet 
1 • 

is a B' fie'ld, iA Gauss, due' to the 4'!TM contribution of the magnetized 
i 

iron to the flux per unit area. For simplicity, the fields measured 

in both soienoids and conventionally wound eleetromagnets will be 

referred to as H fields. 

A variety of magnetometers and gaussmeters are available for , . 

the measurement of magnetic fields, from fractions of a g~ èlO-S Oe) 
\ 

to severa! hundred kOe. One of the most common and versatile devices 

for use in the intermédiate range is the Hall probe. lt makes use of 

an effect ~the 'HaIt 'effeet'~occurring in al! current carrying conduc­

tors in the presence of a transverse magnetic field. 

Consider the rectangular conductor with four wire connections 

illustrated in Figure (4-1) where the thiekness, t, is much less than 
.... 

the other dimensions and the field vector, B, makes an angle, e. with 
A 

the unit veetor normal to the plate~ n. If a current, le' ~ appplied 

in the two leads as shown a 'Hall potential', VH, due to the defl~ction 

of the eleetron path in the conductor, is observed aeross the other two , 
Ieads according to: (68) 

, , -...... -~ ~ -"" ... ~.........- ... -'---

.,' 

, , 

l' 
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1 

, RH ... 
V -- - 1 (n fI t c 

... 
B) (volts) , 

/ 
(4.1-1) 

~, the Hall constant, is a property of the material and is 

much larger in semi-conductors than other substances. For a given 
, 1 

Hall crystal (i.e. fixed ~ and It), at constant current. this emf 

becomes a measure of the field strength. H~ce, Equation (4.1-1) May 

be rearranged to; 

H - (4.1-2) 

where K11s a consta~t to beldetermined by calibration in a known 

magnetic field. For Hal~ pro~es, i~ general, the lineir~t~ ~etween 

VH and H is good ta within one perceijt and oniy becomes markedly non­

linear for fields exceeding 10 to 20 kOe, depend~ng on the crystal. 

Hall Probe Calib~tion 

A suitable Hall probe (model HR-66, Ohio Semitronics Ine.) , 
1 

~s calibrated against a knowJ magnetic field determined with a rotating-

coil gaussmeter. The magnet, a co~ventional water-cooled unit with 

conical ,pole pieces for increased range. produced a maximum field of 

\13 kOe across the one-inc~ gap. A schematic illustration of the cali-
o ( 

bration set up appears in Figure (4-2). The Hall probe, located in the 

gap close to the pole face such that e in Equation (4.1-2) equa11ed 

zero, was hooked up to a con s'tant DC durrent sourcè (200 z 1 milli-
\ , 

amperes). For optimum probe 1inearity a 16 ohm resistor was connected 

in parallel with the yo1tmeter measuring VH across the crystal. 
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4-2 Schematic of calibration set-up showing Hall probe-
and magnet coils: - . 
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The calibration curve, shown in Figure (4-3}, is judged to 

be linear for H up to 10 kOe, above which a positive deviation from 

straight line behavior occurs. Hence, the Hall probe calibration 

yie1ded (in kOe); 

H 25.88 x vol ts (4.1-3) 

for H < 10 kOe 

with a st~ndard error of ± 0.05 kO·~. KI (Equa,.tion (4.1-2)) is, there-, 

fore, 1. 932xIO-4 volts/ampere-Oersted a~d may be used to deduc'e' the 

relationship between field and Hall emf for other input currents. In 

the region H > 10 kOe where the calibration dev..iates from' linear 

behavior, the correct va1ge ~f H versus VH shouid be read directly 
1 

from Figure (4-3). 

'" 
Superconducting Solenoid. 1 

\ 

, The experimerttal equipment for tests at fields up to 20 kOe 

consisted of a superconducting ~olenoid, of 8 cm i.d. and 30 cm length, 

whose operation ang characteristics have been described in considerable 

detai! elsewhere. (69) Ovel' the Middle 'half of a long solenoid 'the 
1 

fiel~ is very uniform and tends to a value at) the ends about ~alf that 

at the centre. The field at the centre ,of a coil of diameter, D, and 

length, L, can be calculated from (in .Oersteds);(70) 

7 

(4.1-4) 

1 , l 
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where n is the number of windings and i the current in the wire. It 

is obvious from Equation (4.1-4) that, everything else constant, the 

field produced within the Magnet will increase in direct proportion to 

~he input current. The advantage of superconducting solenoids (i.e. 

zero coi)l resistance) over conventional ones is that they avoid the 
1 

cooling requirements associated with ohmic heating (ai2R, where R is 

the coil resistance) and large power draw which become significant in 

the latter at fields greater than 1-2 kOe. 

Figure (4-4) shows the results of a fiel~measurement survey 

along the axis of the magnet bore. Note that over the central half 
',,-

(15 cm) the field decreases less than 5% from maximum while the devia-

tian from ~ax ov~r the Middle one-sixth (5 cm) i5 ,negligible. During 

. aU teJtw~rk the matrix wa5 located in this central region of very 

uniform field. / 

With the Hall probe positioned along the bore axis at,the 

locati'on of maximum field, the solenoid was calibrated as a function 

of input current* and yielded the-results of Figure (4-5). A linear 

regression gave'; 

fi - .6508 x' amperes (4.1-5) 

with H in kOe a~d a standard 1error of estimate ± .05 kOe. Despite the 
1 \ 

calibration range in field being only ta 13 kOe, the excellent linearity 

of H v'ersus current ~uggests that Equation (4.1-5) may readily be applied 

*Although a superconductor has essentially zero resistance, a supple­
mentary resistance of 0.2 ohms external to the magnet coil is part of 
the overal! circuit ta al!ow proper control of the current-generate4 
field. 1 
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1 
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Ht. =4.4kOe 
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Varia~ion in H through the bore oie the superconducting 
solenoid. 
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Jover the entire 20 kOe (i.e. 30 ~ere) range of the magnet. 

Permanent Ma~et 

A smallerj ferrite, permanent ma~et solenoid was used for 

exploratory testwork in studying the Ioading behavior of hematite on, 

expanded metal screens. The central bore of 5.7 cm i.d. and length 

18.4 cm exhibited a 1esser degree of field uniformfty than the rela~ 

tively longer superconducting solenoid. Figure (4-6) shows the resu1ts 
\ 

of fi~ld 'measurement surveys along both the ax~s.and the side, wall of 

the bore. The field is uniform to within' ± 5% of the centre-line 

maximum, 776 Oèrsteds, dver the middle 5 cm. 
\ 

Frantz-Isodynamic Separator . ' 

This l~boratory device, best known for its geological'and 

mineralogical application in achievirig precise separations of mineraIs 
i 

of different magnetic sU5ceptibiliti~5(7l)J has also been used to 

provide an indication of the amenability of a ~i~eral mixture to 

processing by magnetic methods in general(72), and by hgms in parti­

cular. (73) 

Thè separation of partic1ês occulrs in a tray positioned 

1engthwise in the gap (approximately 25 em long) between specially " 
" 
" designed pole pieces of a powerful electromagnet. The cross-section 

~ • 'f 

of these • isodynamie" pales i5 such that the changing field gradient o. 

exa'ctly balances changes in the magnetic (ield to yield' a cons'tant 

product and hence uniform magnetic force t,hroughout the gap. Since 

gravity. the only opposing force (adjusted by changing side slope of 
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the device) also remains constant, a separation of particle~ 15 , ' 
'0 • 

achieved which is totally independent of their ma5S and solely a 
o ' 

function of indiyidual magnetic 5usceptibility. o 

In addition ta a field vërsus input-cùrrent calibration 
, , 

126. 

of the Frantz-Isodynami~ detailed surveys were done of H b?th longi-

tudinally and transversely in ~he gap. Input current was measured 
'\ ~ ~ 

with a 3! Higit multimeter which provided much improved current 
/" 

~ontrol over the original instrument ammeter. The precision of sepa-
a 

rations could thus be mOle closely monitored. 
1 

Longitudinal variation of H in the pole gap appear.s in 

FiÎbre (4-7). It shows that particles enter and exit under essentially 
• , 

ozero. field conditions while being exposed to a constant H (longitudinally) 

in the separation zone. A splitter in the tr~y parts the feed into 

magnetic and non-magnetic fractions. Beyond this point the field 

smoothly and rapidly decreases allowing for continuous removal of both 

products. 

An indication of the ._transverse variation in field appears 

in Figure (4-8). A word of caution is in order since these attempts 

at measuring field gradients,were made with a probe over whose dimen-

sions (0.5 cm) there sometimes occufred a significant variation in the 
, " , 

~ield. An averaged valu~ of H, and hence dH, was in fact meas~red. 'but 
\: ' dx ... ~ 

the location of maximum field may'nonetheless be determined and is seen 

(Figure (4-8)) to occur at position -O.l~ 'Over the width of the tray. . , 

positions -0.'1 tQ +0.5, the gradiept roughly doubles as H is halved. 

a result in keeping with the isodynamie nature of the'poles. 

-~-----_._--------------
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dH rhe averaged gradient for this gap region, dx' was determined 

as a function of H by locating the Hall probe in the gap at pc,sit'ions 
max 

-0,.1 and +O.S. The resu1ting regression (S measurements) through the 

origin (Figure (4-9~ gave, in kOe/cm; 

tlli - .2728 H dx , max 
(4.1-6) 

\ 

Field calibration of the Frantz-I,sodynamic was cperfo~ed with 
- . 

the Hall probe positioned at maximum transverse and longitudinal H. 

The curve (Figure (4-10)) was judged to be line~r"~rom\o.5-~.O kOe 

aécording to; 

H - 12.30 x amperes (4.1-7) " 

where H, in kOe, has a standard error of ± .05 kOe. 

The ~xtent of hysteresis (also shown in Figure (4-10)) sug­

gests that for accurate 'work an increasing current always be used" to 
1 

reach a required value. Expanded-scale curves (Figures (4-11,12)) are 

provided for the regions of H between 0-0.5 k~e and 8.0-13.0 kOe, 

respective1y. .--~---' 

~---------------­..------------Since the Hall probe c~~iÔn itse1f on1y reached 13 kOe 

---------------- '~ ,the region beyond-this~imit has been.estimated an~ appears as a dashed 
, ' . 

1ine in Figure (4-10). The operating limit of the device appears to be 

about 1.6 amperes due to both-magnetic saturation of the yoke and , 

excessive heating of the coils. 
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4.1.2 Particle Magnetization Measurements 
\\ 

As seen from Table (3-1), the reported magnetization 

behavior of a' mineraI may ~ary by JuP to three orders of magnitude. 

Andres(44) discusses the subject in detai!. In previous ti~es' of Iess· 

sophisticated,magnetic 5eparators i t was sufficient to classify mineraIs 

as either 1 strongly, wellkly or non-magnetic' • (74,) Only the strongly 

magnetic ones, (e. g. magneti te, pyrrhot i te, ilm;ni te ~ were amenab le' to 

s~paration. However, àgms devices have extended the range of magnetically 
, \ 

recoverable mineraIs to include even the previously non-magnetics. 

'fhùs, the use of handbook values i5 a t be1t risky and, the aecurate 

magnetiIation data l'equired for prediction purposes should be obtained 

by direct mea5urement of the samples to be treated. 

The testwork was largely c~ncerned wi~h a sample of Carol 
, 1 

Lake (Labrador) specu1ar hematite ore previously cleaned of si~ica and 

ground to m,inus 400 mesh by P.artridge. (75) SubsequJnt size classifica­

ti6Il -on~ Wa~~ Cyelosizer pr~duced five closely sized fractions of 

fair1y pure ('1" 95% Fe20
3

) hematite. 

Each fraction was then magnetically 'clearted' on the Frantz 

Isodynamie by first passing the samples through at a low current setting 

(O.l amperes) to remove any highly magnetic material such as magnetite. 

Retreatment of the non-mainetic fra~t~on followed ar a suffilciently 

higli eurrent; setting (0.3 amperes) ta pull the hematite into the 

magnetics chute but Ieavi~g the silica and oth,er minor contaminants to 

repl0rt 'as non-magnetics. Table (4-1) show~ the resulting weight split , . 
-'f---for each cone as weIl as the overall average. The procedure is time 

co~sUDÛng (up to several weeks for one cone fraction of 50~ 75 g) dùe to 

: 1 
1 
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TABLE 4-1 

Magnet,ic C1eaning of Cyc10sizer Cone Fractions .(Hematite). 
Weight Percent of Products. 

" 
Weight Percent of Product "-

Magnetics Non-Magnetics Magnetics 
Cyclosizer Cone , " @ O.lA @ 0.3A @ D.3A 

1 2.0 • 0.7 97.3 

Z 1.9 Z.2 95.9 
/' 

3 2.2 7.1 90.7 

4 ~ 6.4- 91.5 

5 4.2 1.5 94.3 

average 2.5 3.6 93.9 

~ __ d~scriIl-tion Fe304 mostly,Si02, some Fe
Z
03, "'.pure FeZ03 

some 'pipe scale' 

- -------'-- 1 I~·-
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i) low throughput rate on the,Frantz Isodynamie; ii) frequent stoppages 

for removing magnetite buildup from the tray; and iii) the re~~ired 
1 ~ 

low-humidity and free-flowing 6~ndition for particles, especiallyat 

finer sizes. 

Magnetization measurements were mad~ using both a force 

balânce method, i.e. the Frantz Isodynami~, and a magnetic induction 
1 

technique, the Foner vibrating sample magnetometer. 

Vibrating Sample Magnetometer 

, The Foner magnetometer(76) is a device of high precision 

(± 0.5% relative accuracy claimed) which determines ragnetization 

properties by monitoring the voltage (on an x-y pIotter) induced in a 

set of stationa:rr detection coils by the moving dipole field of a Isample 

vibrating perpendicularly between the coils in a uniform field. Samples 

were cantained in a threaded Teflon holder 3 cm in length, 0.64 cm o.d. 

and 0.25 cm i.d. Care was taken to completely ~ill the volume with 

sample ta avoid movement of the material relative to the holder. Any 

relative movement would result in a redueed vibration rate for the 

s~mple and hence l a decreased signal from the coiis. Sample size ranged 

from .09 to .16 g. 1 
Calibration was with a high purity nic~el plug of knowri mass 

(.128 g) and saturation ma~netization(77) (54.39 emu/.g). Fonér claims 

an absolute instrument accuracy of ± 1% by this calibration method. 

Readings from the x-y pIotter for the nickel Istandard were judged to 

be within,± 0.1 emu which translates ta an accuracy of ± 1.4% at satura­

tion. Repeatability of hematite measurements ~fter reposition~ng and 

recalibration of the pickup coils was ± 2.5%. 
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Since the magnetometer measures bulk magnetization of 1 the 

sample, the presence. of any strongly magnetic matetial (such as magne-

ti t~). in even ri1inut~ quanti ties. will drasticall~ influence the apparent' \ 

magnetization of a ma&netically weaker material. The complete remaval 
, , 

o~, for example, al~ free magnetite from the'\ematite was, therefore, 

essential ta obtaining rel1ablê ~gneti:z;ation data. 

A typical magnetization cuive for hematite (cane #1) is shawn 

in Figure (4-13). The considerable degree of weak ferromagnetism and 

hysterisis is evident. This results in the màgnetic susceptibility, 

given by the slope of a line from the origin to a point on the curve, 
l , 

decreasing as the magnetizing field is increased. , 

The actual magnetization curves were fi tted to a rearranged , , . \ 

fol'm of Equation (3 .1-24a'). describing field-dependent susceptibility. 

namely; 

where x 
cr 
H 

1. 
To obtain the c.onstants x.., and 00' X was least-squares fitted 

. to the inverse field. Table (4-2) lists values of X. and (10 for the 

conè fractions and altho,:,~h some vàriation is' evident it is seen that· 

no definite trend of' values with respect to particle size occurred~ 

:, Average values were, therefore, determined fQr use in the modelling: 
, . 

x - 2.18~IO-? emu/g-Oe(K ... - 1. 14xl0-3 emu/cm3-0e) and a - 0.308 emu/g 
... . 0 

3 (Mo - 1.62 emu/cm). 
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TABLE 4-2 

SusceptibilityGand Magnetization Parameters of 
Hemati~e (Regression for ~.O to 10.0 kOe Data). 

r 
Q 

~ 

9, 

K~XI03(emu/cm2-0e) Q 

Mo (emu/cm3) X xl06o(emu/g-Oe) 
0> 0 

1. 27 ~ 1.62 24.2 

1.26 1.61 23.9 
/ 

l.O§ 1.44 20.8 

1.03 1.60 19.6 

" 
1.07 1. 8S / 20.3 

1.14 '1.62 21.8 ± 2.1 

1.14" 6~6 21. 7* 

0.96
0 

9.lO 18.3* 
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" o ~ 

A eo~ari~on between 'two ma~etieally 'as is' samples and a 

'·cleaned' sample is shawn' in Figure (4-14) wi th eorresponding values 

of X and cro appe/iring in Table (4-2). The -#5 fraction is too fine 
'\" ,-, 

~or 'el,eaning' on the Frantz-Isodynamic while the 'as is' 1t2 eone 

rnaterial eontained roughly 1% free magnetite. While X remains about 
Q) 

" the same for contaminated and eleaned sample, note the much larger 
~ 

values of cr for uneleaned materials. The'importance of removi~g 
o 

" ,strongly magnetic itripurities from bulk samples is cl~arly evid'ent . 

A samp1e of ~agnetite iso1ated from the sarne ore had the 

magn~tization eurve shawn in Figure (4-15). The saturation magnetiza-
1 , 

tion, 91.1 emu/g, compa!es weIl with published valu~~ ~f 91-92 emu/go (7~) 
\ 

Frantz Isodynamio Separator 
, ' 

Sinee the path travell'ed by'~an individual partiele is det~r-
, ' 

D 

'mined ~y the net resultant of magnetic and gravit y ;orces, an estlmate 
,'" '1:1 tI'- 1.. 

of particl~ suscepttbility may be made using the Fra.ntz Isodynamie. 

Hess(71) gives the approximation tor m~s s~sceptibilitYJ x(emu/g-Oe) 

as; 

<:> .. 
X 

-5 
2 sin a x 10 

12 " 

/ " 

• j' , 

(4.1-8) 

where a is the si~e slope of the device and l the minimum\input current, 

. i~ 'amperes" fol" which a partic1e reports to the magnetics chute. 'ft is 

-S 2' p R . not known whether the constant, 2x10 amp emu/g-Oe, is mathernatically .,r . '"', 
derived or resu1ts from a,calibration against t~e susceptibi1ity of a 

( \ 

standard. 

\, , 

." ' 
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When treating materials exhibiting fiel~ dependent suscepti-

·bility with a Frantz it must ~e recognizecl, that since H changes, X will 

also change with particle position in the pole gap. A decision is 

required as to the critical location at which a balance between magnetic 

and gravit y forces should be struck. An argument is made for selecting 
\ 

the centre-line of the chute. As aIl particles enter at ,this loCation, 

one which experiences an exact balance between forces will travel along 

the centre-line and ~ave a 50-50 cha~ce of reporting to either side of 

the chute splitter. The ,current at which 50% of the feed sample goes 

each way"the ISO' is taken as a measure of the balanced forces and can 

be,used to de termine susceptibility. Essentially, this is the same 

approach as used for paramagnetics. (69,79), 

Consider a single ~artic1e in the chute of the Frantz Iso­

dynamie. A balance of gravit y and magnetic forces yi~lds: 

!!!. V(O' .H) 
2 

For field dep~dent susceptibi1ity of the form; 

0' (from 'Equation (3.1-24a)) 

(4.1-9) 

after substitution 'into Equation (4.1-9) and differentiating, one obtains; 

-g sin e 

.'" , theassumption being that (J'oH - (J '. H (see Equation (3.1~2S)). Rear-
, 0 , 

ranging gives; 

. , 
l 

, 
• , 
\ 

" J 
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- sin 6 1 dii HdH 
( ) + ( ) ao 2g dx X ... g dx (4.1-10) 

as the êxpression relating side slope (6) to',~he magnetization para-

meters cr and Xa,. o 

In order to evaluate :: ~nd ~ as functions 'of current (ISO)' 

use is made of the isodynamie nature of the pole design, where by,defi-

nition: 

.' H dM lo. constant 
dx 14.1-11) 

Solving this diff,erential equation for 'the following boundary 
\ . 

. conditio~s (from Figure (4-8) at the positions of maximum çhute, widt~), 
, / 

i. e.; 

B.C. 

i) 

H) 

H -\ H 

H -

max 

H 
max 

1 2 

y±eids the solution: 

H 

Hmax 

at x - 0 cm 

, at x - 1.52 cm 

{4.1-12) 

An underestimation of the maximumjield (Equation (4.1-7» 
1 

will occur since the width af the Hall probe (O.S cm) is considerably 
,1 ,1 

greater (~4x) than' tne "max peak (Figure (4-8». From Equation (4.1-12) 

and Figure (4-8) an estimate is made that Hmax is low by 6-13%. Assuming 
~ 

, . 
j 

:: 
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an average 10% und~predîction, Equation (4.1-7) for the Frantz Iso­
j 

dynamic has be~n revised to give: 

H 12.3 x amperes x 1.1 max 

- 13.5 x amperes ..... (4.1-13) 

for field inokOe. 

The second boundary condition for Equation (4,1-11) now 

changes to; 

H) H 

which yie1ds the 

H 

~ax 

'c454'~ax 

" 

revised solution: 

for f.ield in the gap. 

at x 

It is readily evident that; 

-1 

1.52 

dH 
dx 

(.262 cm) H 
(1 - (.525 cm- 1)x)1/2 max 

'and 

H
dH 
dx - - (.262 Cm-1)H 2 

max 

cm 

" (4.1-14) 

(4.1-16) 

Evaluating Equa~iOn (4~) at th~sPlitter location, x-

0.76 cm, and th en substituting the necessary va~ues 

H :: in Equation (4.1-10) yie1ds; 

i • 
f 

j 
l 
i 
,i 
1 

l , 
~ 

J 
1 
j 
; , 
; 

j 
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1 

sin (4.,r-d) , 

as the-re1ationship ~or determining field dependent suseeptibility 

parameters fro~ the Frantz Isodynamie. ~,Note that, un1ike the Hess 

relationship where sin e is prop?rtional to 1502 (Equation (4~1-8)), 
Equation (4.1-17) has sin' e varying with ISO as a second order po1y-

-, 
nomia1 through the origin. 

If cr is zero, Equation (4.1-17-) reduces to; 
o 

, X"" 

\ 
\\ 

(4.1-18) 

which is virtua11y identiea1 to the Hess equation for X. It wou1d 

appear that Equation (4.1-17) is a more general form for X dete~ina­

tion ~plicab1e to both fie1d-dependent and field:independent susceptible 

materials. 

ISO values for the hematite were determi~ed by successively 

retreating" th\non-~gnetics fraction of the originally l g samp1es fit 

sma11'~ncremental increases in current unti1 aIl the sample had reported 

Il ta magnetics. The ISO could then be read "from a plot of the resulting , 

'magnetic profile' at 50 cumulative wei~ht % to magnetics versus current. 
/ , 

The procedure was repe.ated for a range of side slopes, e, which is 

e~uivalent to measuring susceptibilities at different H. 
è' 

Results generated in this fashion proved very repeatable. 

A ,standard errar in, the ISO rea~ings of ± .007 amperes was determined 

from the poo1ed variance of 35 measurements for cone fractions #1 and 

#2. This included up to 4 repeats for a given sample at e from 50 to 

J 

i 
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il 

45°. Due to the similar Jehavior of aIl sizes suggested by the magneto-

meter study (Table (4-2») the rema~qing cone fractions (#3,4,5) were not 

investigated. 

Following Equation (4.1-~7) thé res~lts of ISO and e were data 

~fitted to a second order polynomial, and are shown in Figure (4-16). 

This gave; 

(4.1-19) 

from which the magnetization parameters could readily be calculated: 

o .515 enru/g ± .03 o 

-6 -6 X
œ 

- 2l.9x10 emu/g-Oe ± 1.8xl0 

1 

The ranges are due to the uneertainty associated\ with the 

maximum field estimate on the Frantz Isodynamie. Note tha~ the 40~ 
, 0 
and 4S values of ISO were not inc1uded i~ the regression since these 

steep angles appeared to' exceed ~ operating 1imit of the device 

,(see Figure' (4-16». 

A eomparison between Frantz Isodynamie and màgnetometer 

generated 00 and Xœ appears in Table (4-3). While X~ values are 
1 

virtually ~dentiea1, the Frantz method yields 0
0 

almost 70% 1arger 

than the magnetometer value. 

Figure (4-17) \ShOWS hematit~ suseeptibility, X, and ma~eti­
~ 

zation', op' calcu1ated from the Xœ and 0 values of Table (4-3). Note, ' ° ~ . 1 1 

1 
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TABLE 4-3 

Average Magnetization Parameters for Hematite'! 
Magnetometer and Frantz Isodynamie Data. 

3 

Method 6 
0'0 (emul g) X xIO /emu/g-Oe 

CIO 

Magnetometer' 21.8 ± 2.1 .308 ± 

Frantz Isodynamie 21.9 ± 1.8 .515 ± 

TABLE 4-4" 
1 

Magnetization Parameters of Other Mineral ,Samples. 
-Magnetometer Data. 

~J , 

.028 

.03 

. 
( 

Samp1e 
Mineral x..,xlO 6 

0' xl03 Field Origin 
0 

150. 

\ 

\ 
\ 

ilmenite 66.1 243 > 2 KOe Allard Lake, Que. 
. ~ 

___ ~_~ sphaleri te 6.95 68.9 > 4 KOe Geco Mines, Ont. 

chalcopyrite 4.10 97.6 > 4 KOe Geco Mines, Ont. 

~" -

, ' 

l, 
l' 

i 
1 

1 
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the' large field dependence of X, espe~ally for H below 5 kOe. Treating 

susceptibility as a constant in this region would be a poor approximation 

as already eautioned by Pastrana and Hopstoek. (49) Partic1e magnetiza-

tion, Œp' based on magnetometer cro and x~ is seen to be about two-thirds 

that ealcu1ated from the Frantz data. 

If the Hess relationship is used to calcul~te X a correction ' 

is required sinee the field at the splitter location is less than the 

maximum (i.e. 'Hs l'tt - 0.775 H ). Values caleulated in this manner p 1 er max 

(shawn as cireles in Figure (4-17)) represent an 'effective' susceptibility 

which May be approximated from X and cr by: 
... 0 

1 

0' 
+ 0, 

XCI) 2H (from Equation (3.1-2a)) 

Xeff'iS shawn as the dashed line in Figure (4-17) and is seen to agree 

closely wi th the Hess points ;.,~ The advantage of being able to easily 

go from the effective value to the magnetization constants or vice versa 

via Equations (4.1-8) and (4.1-17) using the prop~r adjustments is obvious. 

Other Samples 

The magnetization behavior of a number of mineraI sampl~s from , 

a,previous st~dy by DObby(79) were a150 examined on the vibrating sample 

magnetometer. The purpose was to generate input data for the model to 

permit a comparison between predictions and the experimental results 

of Dabby for ilmenite, spha1erite and chalcopyrite. 

Although, magnetically, none of these minèrals are called 

antifen'omagneties. the analysis of their mai1letization in.'tebns of' 

Il 

1 

,1 
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x... and cr pennits the separation of paramagnetic effects from possible 
o 

ferromagnetic contributions of any impurities. The results are seen 

in Table (4-4). Sorne hysteresis was noted for the ilmenite. It is 
1 

also noteworthy that these samples were not as free' of minute quantiti~s 

of impurities as was the hematite in that they had been used for consider­

able test work since their original preparation by Dobby. Sorne contamina­

tion can, therefore, be expected to have influenced the measurement. -

4.1~3 Wire Magnetization Measurements 

The measurement of the magnetic behavior of f~rromagnetics 

below saturation is somewhat complicated by the necessity of accounting 

for demagnetizing effects in the samples. As exp1ained in Section 3.1, 

the demagnet~tiap factqr, N, relates the demagnetizing field, "0' to 

the magnetization, H , through: 
w 

(3.1-17) 

N may on1y be calcu1ated for ellipsoid~l shapes, since only they experi-

ence uniform magnetization throughout. 
, 

A cylindrical rod can be considered as a prolate spheroid 

for which the demagnetizing factor perpendicular to the long axis has 
• , r 

been given by Stoner(80) as;; 

N - 211' ~ r ln{ Cr + (r2 -
\ - (r2 _ 1) lcr2 - 1) 1/2 

1) 1/2) - 1~ 
..... (4.1-20) 

___ --.;.. __ .. ~" ___ :ril .. _. ____ _ 

, \ 

\ 
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where r is the length-to-diameter ratio. For r very large (i.e. 

infinitely long rad); 

N :t 2'11' 

, \ 

Within a non-ellipsoichU body J the internaI 'field', and hence 

the magnetization, is non-unifom and consequently 'Ho must ~e eS,timated 

through measurement. During initial magnetization the internaI fie~d 
i ' 1 

i~ very small lin comparison with Ha and ~ sa it i5 possible ta write 

Ha :: 11> 

1 

- NM~ 
" w 

, 
It is evident that the N may be 'esttimated from the initial 

slope of the magnetization curve: 
1 

(4.1-21) 

Infini tely long ro<\s. fo~ which N equals 211' • .shouid therefore 

exhibit ma,netization cutves of initial slope --21 or 0.159 emu/èm3-0e. 
11' ' , . 

Nickel Standard, Nickel ana Stai~le~ SteeÎ Wire Matrices 
, \ 

The calib~tion° stanaard was a cylindrica'l high-pirity nickel" 

plug of length 0.340 cm and diameter 0.245 cm with a known sa~uration -
- , 

magnetizartion of 484.1 e;" cm3 • The lIIeasured initial magnetization slope 

" 
1 _ • .:w_,-______ = __ 

\ , 
1 
l 
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o' " 
(~t ~a ~ i,s10e)'of 0.215 emu/em3-Oe was in excellint agreement wi th 

" 

the value of 0.212 emu/cm3-Oe calcu1a~ed trom Equation (4.1-20) having 

r - 1. 39'0 This good agrèement s~~ested a;;olllethod for obtaining vaUd 
r' 

~ magnetization curves of infinitely long rods (required by the model) 

from the measured 

quite cyl,indrical 

magnetization slopes.of the relatively shor~ not ~ 

cross-sections of the sa~les. The transforma~n 

was neclss~ry to .i'chiéve compatability between rea1 wire magne~ization 
" J l \ ~ ~ 2nM 

and the perturbation term (~) for the infinite-wire model ~ fields 
, a J!/ 

be10w ~àturation. 
- ( 

, The procedure used was te first determine the initial s IOp~' .. 
(- k) from the measured magnetization cùrves of 90th matrix samp1es 

(ni:kel wire and stain~ess steel me~). From this, the ~etizing 

field, "o(!. ,~w), and interna~ field (- Ha - ."0), as. a {unction~?~ 
could be found .. The applied fields necessary to generate ~ M 

in inf.initelY' l~~g ,rods, was :h~n calcu'Îated by addin~ the ~gnetiZ;~I!' 
field,' HO (- 2nMw!' ,to thf ~rev~~usîY. determined interna!. fi Id vai~es..., _______ , 

These~gnetizationrversus applied field curves f~ infinite r s were 
( ~ \ ~ 

the3 !itted td the'simple exponential relationshi~suggested by clarkson(33); 
" 

• ~ ~ 'If "" 

M 
w ~s exp(- '~).. (3.1-19) 

./ 

where,K is an empiri~al constant. H~the internaI field (-- H 2~Mw) 
. a 

L ' • > and Ms the saturation magnetintion. Curves showing the measured and 

corrected ~gn6tization behavior are shown in Figures (4-18) aqd (4-19) 
~ 1 .. ... .~ \ 

~ t." ... t 4-

togetber wïth the fits to Equation (3.1-19). Values of K and Mare 
5 , 1( 

ptesènt~d\J1 Table (4.-5). 'It is seen that 
, cl ;> 

the nftkel wirè 5aourates 

'. 
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(0) measured magnet~ation 

(b) corrected for infinitely 
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(c) modelled by: 
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Magnetization curves for stainless steel 'matrix. _ 
\ . ' . 

. ~ , \ 

___ \.\-<, G/;!.....-., • . ,", .' , 

, 



\~ j 

, t 

"~, 

" 

"<' 

~., 

'\ 
~< 
), 
.5".:~ 

)"-:., 

i.f~~ 
.. '1 '., 
~:~ 
'n 
~ 
, . 

'1 
q 

" 
'~~; 

~s 

~,-' 
1 ~ ~ 

,! 

~-j;.: 

, 

1 œ J&Uit "",,,W 10 _'_":I:"_~~ ............. __ ~~~~ __ "_,,. J & .'CA ••• " .- Il 

ï.:' 

,~ , . .J 

50 

40 

"'E · 
o 
,30 
:::s 
,E 
Q) .. .. 
~20 

==--"'"-'" "' 

• < 

------- / ----------..::..-- - --
~I!II'!!!!! 

ni ckel 

w 

" 

(0.) J1leasured magnetlzatlon 

-
(b) corrected for Infinltely 

long rod 

/ 
mode lied (c) ,by; 

,M w,= 54.4 (exp( -3:.9)) .. 
.Q 

2' 4 6 
Ha ~ kOe 

4-19 Magne~ization curyes for nickel wire . 

-. 

l 

~ 

i 

~, 
1 

-1 , 

r - , 

-V1 
0\ 

" 

_'-1]0 id.' 7'11 srs. u .. " m' ••• - ,," .. ' ''''' 'K, ""''''.'' .",,"~ ... !'!'!f .... _~-""~--~--'.' .. -._ ... ~..-,"' ........... --" #,'''' ,...~,- , •• 

J . ' 



, 

() \ 

o 

-----~-;;, 

Q' 

TABLE 4-5 

Values of M and K for Stainless ,Steel Mesh and Nickel Wire. 
5 

Magnetization 
Constan~s* 

for Eq. (3.1-19) 

(ellll!./ cmS) 
M 

5 
(eml:l/gm) 

K (Oe- 1) 

Matrix Type 

Stain1ess Steel 
Nickel Wire Wire Mesh 

\ 

• 484 , 1472 

54.4 190 

34.9 400 

157. 

*The lower limit'of app1icability for Eq. (3.1~19) appears tb be ~ 900 Oe 
C=Ha) • 
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1 

quickly (at 3-4 kOe) to a value approaching 54.4 emu/g wht1e the 

stainless steel begins, at 10-12'kqe. to saturate toward a magneti-

zation estimated at 190 emu/go 

4.2 Particle Size Measurement 

4.2.1 The Cyclosizer 

Glosely sized fractions of rea1 mineraIs for the test work 

were generated with a hydraulic cyclone elutriator, the Warman Cylco­

sizer, described in detail by Kelsall and McAdam. (81) This device, 

consisting of 5 cyclones in series, separates up ip 100 g* of feed at 

a time into a roughly 1/12 dècr~asing series of 5 sizes in the sub-

sieve, 50-8 ]JJIl * , range. It is claimed (81) that Stokes' Law appli esl to 

classification in the cyclones where large centrifugaI forces and hi$h 

f1uid shear resu1t in rapid classification times (20-40 minutes) with 

1.,." minimal dispersiol\ prob1ems. 

The unit is ?recalibr~ted ta a silica standard with a nominal 

eut-off size for each cyclone (~) based on infinite elutriation time 

and a set of standard operatingl conditions. 
\ 

c 1 

Correction factors are 

then required for the conditions; i.e. water temperature (fI)' specifie 

gray.ity (f
2

) , flowrate(f
3
l and running time (f4), which differ from ,the 

standards in arder to generate a set of actual eut-off dia~eters, d 
f' 

fpr each of the cones, viz; 

-----d.. . fI . f 2 .' f3 . f4 '" (4.1-22) 

.' 

,. 1': 

*Nominal values for sillca. the calibration standard. 
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In theary then, each cane fraction cantains those particjes 

of equivalent-settling s1ze which lie between its own eut-off size, 

da J and that of the previous ~one. d 
n an- 1 

defined as; 

d 
gmn 

\ 

A geometric Mean size, dgm' 
, . 

!4.l-23) 

was used to ~haracterize the sfze distrioution of parti~les within the 
1 

fraction.n. ' 

The operatihg condittons, correction factors, eut-off sizes, 

an4 geometric me ans f07 the hematite are presented in Table (4-6). The 

very fine #5 cyclone undersize' was co1Iected for the first 20 litres 
, . 

(appraximately 2 minutes) of operation. 

Table (4-6) shows the 1a~gest correction factor to be for' 

specifie gravit y as a result df the/large density difference between 
, 
1 

hematite (5.25) and the silica stan~ard. (2.65). Op to 10 cyclosizer 
1 

runs of,50 g feed lots were required to produce the 20 to 60 grams of 

each cone fraction needed for the experimental runs. 

4.2.2 The Sed,igraph 

In order to further investigate the ability of· the Cyclo- , 

• sizer ta $enerate closely-sized fractions and as a check on 'the calcu­

lated' equivalent Stokesian diameters, the size distribution of each of 
, , 

the cone flraciions ",as determined on ~ x-ray sedimentomet-er; the Micro­

meritics SediGraph 5000D. 

. '. 
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(j 
TABLE 4-6 

Cyelosizer nnerating Conditions and 
~ -"" Ca1cu1ated Size Ffactio~s for He~atite. 

eut-off Sizes 
~ 

Cone # d 00 (lJIII) da Ran~ d gm -, 

1 39.7 26.1 26.1-37* 31.1 l 
~ " 

2 30.2 19.8 19.8-26.1 22.7 

3 22.5 14.8 14.8-19.8 17.1 
, , 

4 15.5 10.2 10.2-14.8 12,.3 
, 

5 12.1 8.0 8.0-10.2 9.0 

-5 -8.0 

*Feed sample is undersize from screening at 400 mesh. 

Variable Operating Value Correction Factor 

water tempo 14.6oC fI - 1.0~3 

specifie gravit y 5.26 f 2 -O.622 

flow rate 11.6 litres/min f3 - 1.000 

running time , \ 60 minutes f4 - 0.985 

n 
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This device employs a finely collimated x-ray beam to measure 

ihe change with time of particle settling concentration in a sample 
> 

celi. The celi aiso descends relative ta the beam 50 as to minimize the 

time required for analysis. Additional operating details are given by r 

Olivier et al. (82) The size distribution reports on an ,x-y pIotter as 

cumulative weight % finer than versus ,the equivàlent Stoke sian diameter. 
1 

Particle sizes of 0.2 to 50 ~m can be determined; the range depending 
,;. , 
j 

on the relative specifie gravit y difference between'Solid and liquid 

and also the liquid viseos~ty. 
l " 

, A o. 2% Cal~oni telin-water solution and 15-20 minutes of 

stirring ensured complete dispersion of the particles prior to measure­

ment. Each sample was run'twice. Sedigraph results for the' cone frae-

-'\ tions are shown in Figure (4-20). Also indieated are thercalculated 

Cyclosizer size' ranges. Note the considerable overlap of progressive .. 
site frieti,ons plus the ~resence' of '" 10% oversize ma~erial iq each qf 

th~ cones. The #1 and #2 cones show less of a di~ference than the 

others, possibly a result of the feed having been dry sc~eened to minus 

400 mesh (nominally 37 ~m) bafore cyclosizing. 

Agreement between the Cyclosizer and the Sedigraph is better 

across the total si~e\distribution of aIl cone; than for the individual 
\ 1 

fractions; the Sedigraph showing wider ranges and somewhat, Iarger me an 

sizes" especially for the finer cones. , 
~-- 1 

, It is worth remembering that only truly spherical partic1es 
1 • 

obey Stokés Law and.that deviations will occur for an~ other shape. 

The equivalent Sto~e\ diameter ,merely represents t~e size of a sphere 
• 

which ,would sett'le at the saDIe rate as the particle under obserVation. 
\ 
1 

1 

l 
i 
1 
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For real particles the terrn 'diamet~r' i5 a far from rigidly specifi.=9 

parameter and will to a large degree depend on the measurement systell'i 

as pointed out by All~n. (83) 
1 

Scanning electron microphotographs of the hematite particles 
~ ,l' • 1 .. 

(Figure (4-21)) serve to illustrate their deviation from true spherieity.' 

Note the angula~ity and variety of shapes present for this' 20-30 lJm 
) 

diameter #2 cone material. 

'" For ilmenite, sphalerite and chalcopyrite, the Dobby(69) 
1 

Cyclosi'zër data---'oo particle size were used. 

4.3 Meast1:reme~t of Other Parameters 
-', 

4.3.1 Fluid Velocity 

Average velocities through the carulister 'were calculated fropl' 

Îneasured volumetrie flows over a period of time. A set of different 

infernal-diam~ter bored plugs was used to adjust the velocity over the 

range of interest, 2-20 cm/s. These were readily interchangeable in 

1 the exit piping. Flow was from a constant head tank positioned 2 métres 

above the matrix cannister and discharged freel)' into a collection 

vessel about 0.5 metres below the cannister. 

1 

4.3.2. Particle Densities 
(' 

The specifie gravit y of hematite was determined on a B~rman 

torsion-type density balance. (84~ Taluene (C7Ha) was used as the dis-
J 

placement liquid becau~e of its low surface tension (29 dynes/cm) 

giving .easy wetting. The specifie gravit y of the Carol Lake hematite 
o 

was thus accurately det~rmined ta be 5. 2S0± .021 g/cm3, which compares 

well with the range of 4.9-5.3 reported(BS) for hematites in general. 

( 

------------_._----
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1 4-21' " Scanning Electron Micrograph of hema~iie. Cyclosizer 

, , cone,#2 (~30 ~m diameter) particles. 
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Dens i ty measurements for the other mineraIs of interest. 
" 1 

using, conventionall spec'ific gravit y bottles and water, are Üsted in 

Table 1(4-'7). Except for ,the chalcopyri·tJ: reproducibility of the 

results was good. 

, 
4.3.3 Wire Size, Diameter, Density 

A photograph of a single expanded metal screen app,ears in 

Figure (4-22),. with relevant properties listed in Table (4-8). The 

cross-section of the wire, sketched in Figure (4-23), is that of a 

skewed diamond having· one long (% .09'fcm) and one short side ( ~ 

.06 cm) projecting toward the flow. The question of a sui table wire 

diameter for use in the model remains. It was decided, after examining 
f' J 

-' 

alternatives such as hydraulic rady.,ts and equivalent volume diameters, 

to s"elect a diameter which gave the correct nt1;Dlber of unit grids to a 

sc~~n. Le. 35. * From Equation (3.2-31), taking sw' the inter.:'wire 

spacing 1 as 0.5 cm* for the 3. 78 cm diameter s creen. i t is readily 

evideilt' ""tba( 

\, 

It grids 
(3~78)2'11' - {.58)2 4 

\ 

- 33 

fi th'e wire IUameter, 2b. ls chosen as .08 Fm. 

For mJe1ling on rtick'el ~ire$. a density of 8.90 g/cm3 (86) 
\ \ 

and a diameter of 125 ).lm was used. '. \ 

"'Values determined by measuremen~, on an expanded mataI sereen. 

, '. 
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Mineral 

hematite 

ilmenite 

sphalerite 

"_" "'_~_ ..... _---11' .. ~_ .""".,1. _ , , 

\ . 
\ 

, . 

TABLE 4-7 

Mineral' Elensi ti/s. 

• Specifie 

5.25 ± 

4.81 :± 

1 
, 1 

-_. ~ ........ - --, .. _- ~I .. 

Gravit y 1 

.02 

~O2 

i 

I~ 
1 

1 

\; 

4.00 ± '.02 
' i 

cpa1copyri t'e ,. .1 ± ..... 2 
,-

Î 

• • 

1 

r 
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TABLE 4-8 
. 

Othèr Properties of Stainless Steel Expanded Metal Mesh: 

Ptoperty 

screen diameter 

scrèen mass 

wire diameter 

l' • 
wire specifie gravit y J 

• 

,.. 
/ 

[Value 

3.78 cm 
Î'" 

(average) 

.08 cm 

[,7.75 

168. 
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v. MaDEL PREDICTIONS VERSUS EXPERIMENT~L RESULTS 

5.1 Buildup on a Unit Le~gth of Wire 
J ) 

5.1.1 Equilibrium Buildup ,rofil~ 
:;;n 

, " . -
" 170. 

Standard operating conditions which might be typical of an 

hgms installation treating a hematitic iron ore were defined as: , . 

particlê diameter, 2b 

particle density, p 

"'71 p 
magnetizatib~ paramete'J"s, X.., 

applied field, H a 

flow velocity, U.., 

~ \ 
0"0 

. \ 

10 um 

5.25 g/c;m3 

-~ 3 l14xlO emu/cm -De 

1.62 emu/cm3 

-- 3000, De 

10 cm/s 

1 g/cm3 ' 

- .01 S 

fluid density, Pf 

fluid viscos~ty, v 

wire diameter, 2a 600 ~ (stainless steel) , 

l " gravitational' acceleration, g, " 980 cml,sec2 'Il 

; 

, ". ~. 
the equilibriu~ ~ For this 'standard' test, the model predicted 

, 
~ildup profile shown -in Figure (S-la). The presence o~ material consi-

o 

derably beyond 4S 0 to ei ther' side of the upstream' stagnatic;)ll point.. is 

particularly signifi~ant~ 

With the field increased from ~ ta 9 kOe the magn~tude ~f 
, ~. 

buildup increases but the extenF of accumulat~on beyond 45°, eSr~Ciall 

close te the wire, 1s less (Figure (S-lb)). Also, the profile ten S 0 
r , 

J ' 
i) 
(. 

,-' 

1 
} 

1 
1 
1 

1 

& r 

\ 

l' 
1 

'1 

Î , 
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t - a) 3 kOe ~b) 9 kOe 

• 
\ 1 

/ 

c) '9'kOe 

\ 

, ' 

5-1 . Equilibrium .buildup profile, standard teSt, 
a) 3 kOe, stail\loss steel wire " ' '1 
b) 9 kOe, stainless steel wire 
c) 9 kOe, nickel wire 

1 . , 
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bulge more at the very front alt'hough ,this is not as evident from the 

figure âs'from the numerical results themselves. If identical nickel 

wire' (Ms '- 484 emu/cro3) rèp1aces the stainless steel (Ms - 1472 emu/cmS) 

buildup at 9 kOe is considerably 1ess as evident from Figur~ (S-le).' 
, , 

Interestingly. if the wire is bottom fed rather than top fed 
, 

(i.e. the sign of gravit y is reversed) the standard test predicts 16% 

more buildu~ at 3 kOe and 8% at 9 kOe. The,expl~natio~ is that for 
'l~ \ 

bot tom fe~ing. gravit y adds to,the ~angential magnetie, component '" 
thereby helping to oppose the fluid' drag. 

(~\ 
',,- S.1.2 Comparison with the Work of Friedlaendet- ll-gl. 

>t"" 1 

\ 
. ' 

A set of photographs of their video images of manganese 

pyrophosph~te (Mn2P207) build~p -~n single stranld nickel wire was made 

available by Friedlaender and Ta1cayasu. (87) 
l, 

Magnet'ic su.sceptibility of the Mn2P207 was taken as ~Jyat 

measured br Friedlàender ei al. (88), X - 83x10-6 emu/g-Oe ra,her than 
, \ 

the report~d handbook value(89) (X - IOZxlO"'6 emu/g-Oe)' since assaying 

by atomic absorption (42.3% Mn ± .3%) showed the material to be some-.. 
what different from stoichiometrieally perfeet Mn2P207 (38~7% Mn). An . . ) 

x-ray powder ,diffrac~on study. which identified the material as having 

an Mn2P207 crystal strucç;re with ~ sma\! a~o~nt of impu~~ty Cpossibly. 

another phosphate), and the atomie absorption were performed on a sample 

provided by Friedlaender. 

Sedigraph size analysis showed a Stokesian size distribution 
. ~ '\ 

with a mid-point (50%) value of 8.0 ~m and a 10'-90% range of 4.0-13 ~m 
" ' 

(F~gure (5-4))-. 1 These sizes correlate 'ffell with those already reported 
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'f h ' 1(38) b h " h' od Th' 'f' 't ' 0;1" t e matena • y ot et ~Hlng me~ . s. e, ~p~c~ ~c graVl y 
t .. } -' ,l', .> t> f \, 

was taken 'as 3~7l; thât for' pure manganese pyrophosph~te. Our own ". 

,1 
i 

\ 

, . ..... '" \ 

niCke: Wire" magnetizatibn data fiTab~,e (4-5)) we!e
j 

lI,sed. ~ .TIle :;'op:rti~s 
of iR~e~est were felt 'tIo htve b~~n suffici'ently defin'ed. to pe'rmit a 

valid èomparison l>etween th~ PhO~Og:aPhiC' .évidence ~nd the model. 

Previous velocity, measurement's reported by Friealaender et al.' --, 
, , . \ '. 

have been for average flow,.ra~es'1=hj.Sugh the ,sample, delivery tube. 'f 1 

Mo~e recent measurements(90) of velbci~y at the wirè loca~ion (i.e. the 

centre line) have shawn these ta 'be greater t'han thé averages :by ,roug~ly 
" 

a factor of two. 
. ' 

These more recent centreline values were used for thOe 

llIOde lling . 

A c~mparison between the Friedlaender photographs and the 
.' , 

model p~ed'ctions ot equilibrium buildup at S' kOe and various flow 

velocities appéar in Figures (S~2a,b,c) and (S-3a,b,c). In general, 
0, 

th~ txaced outlines are in good agreement with the llIodel profiles. 

Bath exp~rime~t and tp~ory agree on the occurrence of buildup beyond 

, _ the 900 sectorj the experiments showing more accumulation th an predi,cted 

for distances further from the wire surface. 

Result~ of saturated relative aè.cu~lad.?~ radius, Ras' for 

/ Mn2P207 have aiso be~n report~ed by Friedlae,nder et a1.,(39~, where Ras 

is thé radius of buildup measured at the stagnation point divided by . 
the wire radius. 

. / 

In addition ta the published values at 2.2, 4.7, and 
/ 

9.7 kOe. a set 'of unpublished data -at, 5 kOe were also made available 

by 'Friedlaender. 
1 • 

) , 
The'comparisons of R -versus U~, including the effects of as .. 

th'e size distribution, are shown in Figures (S-Sa.p.c). Experimental . ' 

-- --_ .. _-----------
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u~= 7.9 'cm /5 
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/, 

. ' moéJel- prediction 
~ 

1 

observed , , 
............ -.......... . ", 

"' 
Uco = 2.9 cm/s 

, f 

t 

5-3 Mn'l2,Q7 equilibrium builcÎup profile (upstream). 
a) model prediction at 1.9 cm/s \ 
b) ., model prediction at 2.9 cm!s 
c) model 'prediction at 23.3 cm/s 
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. fl 

Mn~P207 buildup ph~tograph 
a) at 7.9 cm/s 

(from Fried1aender et al.). 
" --

b) a t 2. 9 cm/,s 
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c) atl 23.:5 cm/s 
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values for 4.7 ahd 5 k0e app~ar, together., ~iS iSflnmt ·felt to be a 

seriQus misr«:prejsentation as some values, of Ras at the higher field, 

contrary ~ expectation, are less than thosè at the lower field. This, 

it is felt, gives some indication of the uncertainty associated with . 
~heir measur~ values. 

, , . 
Jeement between the theoretical curvJs and experimental 

., points ts 1Ijudged to be good; bath defining similar shapes and ranges 
" , 

of R for the flow velocities investigated,. as TIle restriction that 
",' , 

Rew »'1, req~ired by~boundary ~yer theory, limit5 th~odel from 
p 

1 -

being applied at very low flows. At high velocity, the model predicts 

'--' bare wire condition (Ras = 1) at a lower flow rate than i5 experi-

mental,ly observed. êto improve considerably when the 

effect of the size range is ted. 

versus Constant Susce 

were the consequences of assuming constant 

rather' than field dependent magn,etic susceptibility for materials 
1 

exhibiting ~agnetïc behavior of the form; 

"'" 
K ... 

M 
o 

H 
(5-1) 

~ Since the magnetic field varies with,location aro~a wire, 

the suscep~ibility of an individual particle will depend on it5 posi­

tion relative to the wire. The pro~m perforrns the detaiLed calcula-
( 

tians once K ... and Mo have been specifi!f: It~ould prove useful ~ have 

an "effe~tive';, a!ld constant; value for K 'for aIl particles collected. 

Such a 'susceptibility, Ke' would ~epend solely on the applied field and 

, 
\ 

~ 
1 

, ' 

1 

t 
1 

1 

" 
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, 1 
.! 
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1 ~ , 

WOfid _predict the same loading as if each particle ha~ 1)Ilique K., 

Fopowing Equation (3.1-29), ~uch an ~{fective sU5ceptibility i5 

define~by; 

180. 

(5-2)/ 

·where f is the averag~ field parameter, f, through the buildup volume. 

The ratio of predicted wire loading using K' to that for 
y e 

variable~su5ceptibility K, ~ , i5 ~hown as a funètion of H in 
, YI( a 

Figure (5-6) for selec~ ~àlues of f. Ma~etometer values were used .. 
for the he~atite magnetization paramet~rs. It is seen that for f _ 1 

, 
) 

a' large ovar_estimation (157% at 3 kOe) of loading is made, an effect 

whic~ decreases with increasing Ha' The l - 1.0 curveorepresents the 

error incurred if susceptibility as measured directly by (say) a ~gnet-

ometer is used for prediction purposes, without 'accounting for the 

effect on màgnetic susceptibility of the non-unifo~ fie~d. A vaTue 
Y

K 
of r _ 0.42 was judged to yield ~ sufficî-ently close to 1.0 C± 5%) 

YK --:') 
'to be acceptable over the ranJe 3-12 kOe. The value 1' _"0.42 was also 

1 

cQnfirmed for ilmenite (magnetometer data) ,and hematite using the 

Frantz Isodynamie data~nd it is tenta~'ively'proposed that f _ 0.42 
, 1 

holds true for fuost cases of interest at these fields. An alternative 

way of viewing f is that the e~feetive field throughout th~ tiuildup 
H 1 

volume is ~ or 2.4 H . 
fa" 
At h~gher fields, say H > 7'kOe, a bette~ value of Iseems a 

• YlCe •. 
to be 0.45 which Yle14s -w~thln a few percent of unity. .J 

YK \ 

, , 

1 
! , i 
1 

1 
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1 
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5.1.4 Loadins'as a Function of N
L

, 1 

. The equilibrium wire 10~ding,l",v (cm
3 

of material/c~3'of wire) 
~ 

given by Equation (3.2-6).,was determined using the full mod~l f~r a 

series of 93 'jests' coveFing the wide range of conditions and mineraIs 
r 

cited in Table (5-1). Yv has been plbtted against the loading number, 
2bH 2K A 2-rrM ,j 

. a w 
N - (Figure (5-7)) .with A - -H and K as the' 

L a1/2p 1/~1/2U 3/2 ' , a 
effective fsusceptibility ("e with f -0.42). Also shown (solid line) 

~is the simplified relationship for Yv (E~n (3.2-15), ~.e. z~o 
gravit y and buildup in a 900 sector ass~ed); 

.. 
(3.2-15) , , 

The volume packi~raction. &, has , 

spheres -fsee-Se~t-ien (3.-2-.1)) .--- __ t_ 

. In addition to suggesting a minimum Nt - 2.5 required ,for 

particle collection, Figure (5-7) shows the computer experimental points 

t~ closely describe a curve reularkably consistent wÙh, though somewhat 

above, the simplified relationship of Equation (3.2-15) for y . 
\ v 

In order to test the viability of N
L 

as a descriptor of 
i 

equil~briumJoading, a set of experiments using closel! sized he~tite 

(desC;ibed id Tables (4-3,6,7)) was conducted with a small (4 screen) 

matri~ so as to in sure th~attainment of fully-loaded conditions. 
~ 

"'­
These 

four stainless steel expanded Metal screens, of uniform mass (1.39 g.! 
, 1 

each), were sandwiched between similar, and essentially non-magnetic. .,.-------, .. 
f aluminum screens. The purpose of the aluminum screens, 4 upstream and 

K-.', ___ -+'\2"---"'d ... own'stream. 

_ steel screens 

1 

WasLto minimize flu~d-flow en)-effects 

saftdwiched in the Middle. 

, 
r· 

on the stainless--

" 

/ 
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1 , 
1 , 
i 1. 

J 
" 

1 
i 
! 
1 
l, 

1 

1 



d 

1 

1 
j 
~ 
,r, 

-----------------.,...-... ~ .. ~----'''")~_._. -~~"" ....... .........--, ~ .. -....., . ..-.....,,,,,,,.-...,, _..-.....-,.. 

.-... __ J ---------- .. 

-. / 4 

TABLE 5,-1 

Range of Conditions Used in Modelling Y
y 

for Varjous MineraIs. 

Range of Parameters 
.' 

- -- -------------------- ------------

Minerai b K Ha (kOe) a ,~ v* 
(If test-s) tIJm) (xl06 emu/cm3_~e) (A) (cD!) _ (s) 

'\ 

UeÔ 
(cmts) 

hematite 5-35 454-190 2-9 .015--.1'2 .005-.015 2.5-15 
(25 tests) (.88-.81) 

1 

? '-

ilmenite 7.5-13 564-416 2-5 .04 .01 
tf (23 tests) (.88-.89) .. 

4-3,0 

sphalerite 5-22.5 27.8 6.5-25 - .04 ~ .01 9.9 
(21 tests) (.87-.36) 

. 
chalcopyrite 3.8-20 16.8 5-22.5 .04 .01 5.7 
(24 tests) (.89-.40) " 

*Fluid density taken ~s-l g/cm3 in aIl cases. '" L... 

--- e 
~ il " 
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ilmenite (23 tests) 

o 

• 

, 1 

sphalerite ("21) . 

chalcopyrite (24) 

hematlte (2?> 

Full model predict~ons of Yv versus NL for various . 
mineraIs. ' • 
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Exploratory work on th~ permanent magnet with N2 cone hema­

tite at 4 ·cm/s f10wrate consisted-of numerou~ run~ of/increasing feed 

mass. From this a 10ading curve of grams of magnetics retained versus 
, j 

grams fed was abtained. The result~ suggested that feeding 20-30 times 

the equilibrium loading mass was required in order for the matrix to 

reach equilibrium conditions. 

Estimates of Yv for each of ,the 8 planned tests were obtained 

from Figure (5-7). These were increased by the factor of 20 suggested 

by the explora tory work ta give the feed mass used in the experiments. 
, l " \ 

1. '" 

Due ta the limited quantity of _prepared material, recycling of the non-

magnetics product during testi~~ was required -for sorne runs in arder ta 

achieve the target feed. Sodium silicate (added as 1 kg/tonne solids), , 
plus vigorous agitation of the,slurry prior ta feeding assured adequ~te . ' 

dispersion of the particl~s. Test conddtions, including repeats, are 

listed in Table (5-2) and Appendjx III. A Sala Magnetics Inc. (mode 1 
JI , 

_10-15-20) unit at CANMET (Ottawa, ontario) was psed for the testwork. 
-- ------- q 

, ~~xplO!atory run, sorne phYSiC~! entrapment at zero' 
-

field ,and reterttion of particles ~ith nolmatrix present (under'some 

conditions) should be accounted for. Since these adjustmen~5, albeit 

small, have yet to be determined, the tests reported must be éonsidered 

preliminary. \Interestingly, the phenomenon of capture wi th no' matrix 
/ 

seems ,ta be the resul t of sufficiently large field g'radients in the 

vicinity of the inside edge of ithe iran' collars which are ,part ··of the 

. Sa}a magnet des~gn. 

The experimental results are p1otted' in Figure (5-8) as y 
v 

\ 

against NL-togeth~r with the computer mod~lled points for hematite 

and the curve of the laading Equation (3.2-15). A bar connecting two 
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V
M 
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~ 
Loading versus NL and -' - for I-(emad.te. 

Uco 

.. 
/ 

P, VM ' 2b* U H 
" 

. Ym ' Yv 
Test (cm) (cm7s) (O~) (gjg) 1cm3/cm3) NL'** U '*** 

00 '. , 

e. \ .00123 15.2 2580 .081 .120 3 ... 4 .180 

B .-OOnS 2.9 25S0 1. 89 2.79 75.7 3.24 

C' .00'123 2.9 . 2580 1. 28 1.S9 40.8 .942 , 

.638 '.942 
D' .00228 15.2 6710 .709 1.047 21.4 1.71 

.665 .982 

E .00228 15.2 25S0 .201 .297 6.3 .618 

F .00123 12.0 4240 .363 .536 9.1 .391 
11 

G .0'0123 15.2 4,240 .194 .286 6.4 .309 
\ 

H .00123 8.0 4240 .604 .892 16.8 .587-

.. Cyclosizer data. 
emu/cm3, ** Bas~d on Mo ~ 2.70 f - 0.42. ' 

***Based on Mo - 2.70 emu/cm3, f - 0.50. ~ 
, , . 

See Appendix III (Section 6) for complete results of CANMET runs. , 
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1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 r ,. 1 

• c, 

hemotlte 

• . detailed computer model 
\ 

simple loading equ 

tv= ~(2~4/5 -
1 • '1 experimental' ' 

') 'J j,expanded' matai matrix} 

Frantz Isodynamie } K.. 
, magn~tometè'r ' 

Full model predictions and experimental results o~ y t '" 
versus NL-for hematite. The simplified loading v 
equation is also shawn' with e' - 0.7. ' 
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( 

poi~ts is associated with ~a~h expe~iment; the smalier value having NL 
, 

. based on the effective susceptibility determined wit~ magnetometer 

,data \mile the larger v;,~lue is for .Ke 'based on the ~rantz Isod~amic 
data (see Appendix III ~or complete results). The results~are in very 

,-'> 

go~ agreement with the predicte~ curves which, one iS';~~lnded, are 
1 . 

for buildup on infinitely long cyllndrlcal wires., ReprÔducibility~of .. "' 
:t?e' repeat tests' (set D) w~s good; ~ 5% standard error for the amount 

1 • ' 1 

captured and ± .2% of the total mass fed., Some levelling-off for Yv 

v~lues at ~.igh NL can be expected if ,these points drop somewhat for 

the reasons previously cited. .Attention is drawn to tests E and G 
\ 1\ ' 

whichj for diffel'ént 

NL (6.3 an~ 6.4)*;, the y 

~he reproducible error. 

conditions, have virtually the \same 
o 

e the jarne (0.297 and 0.286) to within 
V ' 

n's uM fo~ these tests, however, differs 
CXI 

0.309).** by a f~c~or of two (0.61 
V 

for which,.1!·is about: the same (.618 and 
U"" 

Note also test pair E ~nd H 

.587) but having"NL <>afmost 

tripling (6.3 and 16.3). Experimentally, 'Yv was 0.297 and 0.892 for 
1 " 

E and H, respectively. Cf 
\ 

c ' 

5.2 Recovery through a Length of Screens , 
\ 

A good indication of separator'perf~rmance may still be obtained 
V 

from the size of the uM ratio, a widely accepted indicator. A set of four 

J 

cv . V '. 
computer 'tests' having increasing U M WQs run ~r he~atite with the puryose 

CIO 

of viewing how the predicted loading varied internaÙY as a function of 

*!rantz Isodynamie data, ,Mo - 2.70 emu/cm3 and Ka> - .000115 emu/cm2-Oe, 
. / V

M 
' f - .42. ' , 

**Based ~n K with f _ 0.5 since trajectory models, 
developed, eassumes particles are ·far from wire. 
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distance into the matrix. This information is readily obtained from 

the computer printout which a1so lists the individual segment loadings, 

L/L (- y/y ). m m V V
M From Figure (5-9) it is seen that at low uM (curve l, .0;.....-, 

U ... 

0.15) the 40 segments of the .. 
extent~ ~ of 0.32 to 0.47), 

Ym 
As field and flow change such 

(numbers 2, 3 and 4), assume a 

co 

s~arator have loaded to about the same 

weIl below saturation for 5 g'of feed. 
VM that -- inereases, the loading curves 
Uœ ' 

shape which approaches that of an advancing 

front of saturated sereens. It is evident from this tyPe'of simulation 
VM 

that unless the üï is high ,(say» 1) the overall matrix will not be 
co 

fully loaded for ~easonable quantities of feed. A ful1y loaded matrix 
. V

M
, 

can·always be achieved for aIl ur provided sufficiently large amounts 
00 

of material are fed but the % reeovery will be correspondingly low. 
1 

/ Typically, conditions which predicted 20-90% recovery of 20 g ~f hema-

tite on 40 screens had l- from 0.6 ta 0.9 for the overal} matrix. 
Ym 

5.3 Reeovery Predictions versus Experiment 
, 

A compreh~sive body of experimental work by. DObby(69) pro-

/vided aogood b~sis for eomparison between measurement and model predic-
L? 

~ion. The experimental procedure has been reported in detail elsewhere 

(79) and may' ,be described as a constant-head gravity-fed bateh operation. 

A non-magnetics product was first collected before shutting the field off 
, 

and flushing the-colleeted magnetics product ftom the matrix. Flowrate 

was adjusUd by means of. ca~ibrated bored plugs in the discharge Hne. 

Dobby's-matrix cionsisted of 39 stainless steel expanded metal 
l 

sereens, identieal ta those previously described, of average weight 1.51 g. .. 
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variaÙOQ i'n L of the individual matrix segments for 
various M. 'Ym 
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;' . ~ 
Typically. he fed .20 g of closely sHed uni-mineraI samPles whose 

relevaht properties have already been presented (Tables (4-2,4 j 7)). 

• q, In compa.ri s on', the similar, testwork of the present study employed a 40 . 

'\ 

~ '0 

screen matrix of ave!age weight 1.41 g. The magnetomet~r magnetiza­

tion data were used for the model. 

Experimentally measured recovery of hematite as a functioD 
~ . 

o~ par;icle diameter is compared with predicted r~lts in Figùres 
. - ~ 

? o· 1) 

"(5-10a.b). As a measure of the un~ertainty of sizing the ca1culated 

size range of each Cyclosizer cone fraction is shown ib bar form. The 

ptedicted curve f~ls somewhat be10w the measured values for both the 

o / f 3 kOe-9.9 cm/s and 2.1 kOe-S.S cm/s cases; however. th range in 

particle size over ~hich recovery increases ,from 0 to 100% and the 

tre~d of the increase is similar betwe~~_~;xperiment and,model. 
1> 

The relationship between applied field and recovery of 22.8 ~m-

diameter hematite at 9.9 cm/s appears in Figure CS-lIa). The expéri~ 

mental curve is seen to level out at.about 80% recovery whi1e the model 
.... l ,.~ ... 

tends toward 100%'. However, the considerable inf1uenc~ of particle' 
1 

size on the predictions is evident from the dashed lines which represent 

the range (9-14.4 ~m) of this Cyclosizer fraction. Size effects would 

be e~pected to contribute to less than ~OO%,re~oveTY, at higher fields. 

Similarly, Figure CS-lIb)' for 20 ~m ilmenite,at 9.9 cm/s. shows good 

agreement betwe.en-'model and experiment. The trend of the prediction$ 
r, " 

, 1 

in bot~ilmenit~ and hematite cases is to underestimate at lowand to 

overestimate at high % recovery. 

Figure (S-l~a) show~ the é1?,ect of flow velocity on the same 

20 ~m ilmenite ftt 2.0 and 3.0 kOe: Again. predicted recov~ compares 
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weIl with measurement when the inffuence of the, size range (15-26 lJIII) 
'\ 
is incorporated. The results of a series of tests in which increasing }, ! 
mass (5-60 g of 20 ~ iimenite at 2.0 kOe and 9.9 cm/s) was fed to the 

matrix are presented in Figure (5-12b). As ~he amount of feed increases 

and the matrix approaches' the fUlly loaded state, both 'experimental and 
'1" -

predicted recoveriés begin Ievelling off. wi th the model tending. to . 

again underes~ate recovery by about a factor of ·two . 
.. ~::=.--;;-~.:.--

l 

Recovery of spha)erite and cha,lcopyrite (mineraIs with con-

siderably Iower magnetic susceptibilities than either hematite or 

i~meni,te) as a function of particie size was also tested against' the 

model. In pure form these mineraIs are known to, be true paramagnetics . 
1 

The small spontaneous magnetizations (cr ) detected by the magneto-
1 0 

meter measurements (see Table (4-4)) were, therefore, attributed 

ta m~nute quantities of impurities either presènt in the original ore 

(e.g. pyrrhotite) or possibly picked up during previous testwork since 

the samples had been reused. Susceptibility was treated as tonstant, 

with IC = Kw and M a = O. Figure (5-13) shows the result-s at 10 kOe and 
-

f]owrates of 5.7 cmls for the chalcopyrite an~1 9.9 cm/s for the sphalerite. 
D 

Agreement is good, the model tending to underestimate at low reèovety i 

and overestimâte at high recovery as was the case for ilmenite 'and hema-

,'tite. 
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VI. DISCUSSION 

. 6.1 Theoretical Rerspective 

To da~e a large portion of the theorètical work relating to 

hgms has revo,lved 'around thé development of traj ectory models and 
1 

d~termination o~ capture radii for paramagnetic particle systems. By 

neglecting gravit y and considering only S~kesian fluid drag and mag-
, V 

netic force, the value of R has been shown ta uniquely depend on ~ 
l" Ij. C 'U 00 

wi th a contribution from' Othe field perturbation term, A, '~f the ferro-

,magnetié matrix iS
I 
near, or below magnetic saturation\ The importance 

of the Stokes number (particle inertia/viscous force) for high speed 

flows and low density fluids has also beên shown. (18) 

11 

1" 

In adapting these models to predictions of filter performance, 

generally very large fitting factors have been required ta correlate 

experimental results with the developed theory. These factors often 

suggest that as low as 1-6% of the steel waal strands are actually 

behaving as modelled. Interaction and overlapping effec~s a~idè, the 

fact that 95% of the filter is not performing as exp~cted poses the 

dual' question of model validity and efficiency of the filter design. 
\ ' 

No doubt this Iperplexity he1ped ta prompt the investigation of other 
\ 

events related ta the reten~ion of particles. 

Sorne attention has been focussed on buildup profiles with a 

view ta estimating the maximum retainable amount of material, notably 
l , 

the work of Luborsky and Drummond (22) and Watson (31,32) on mo'delling 

and Friedlaender et al. (38,39,40) on photographing the single wire case. 

) 

l 

1 
J 
~ 
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Th,e comprehensive equilibrium buildup môdel of Liu ~ al. (41), deve!oped 

from a theory based on Stokesian drag and simPlified magnetic force, 

was carried through to final predictions of filter performance without 

fitted parameters., An assumption was that capture radius remained 

constant a't the bare wire value und! at fully loaded conditions it 

became zero. Liu's model, thO~gh correlating weIl with experiJent, 

May not have been sufficiently tested by the scope of his test work. 

Although 'th~ initial theorY considers cases having bo:h particle and 

wire size of the same arder (small ~ ratio) as weIl as particle size 

much smaller than the wires (large ~ ratio); Liu' s complete model is, 

developed, for the smal~ ~ c~se only. Interestingly .. a minimum ~M of 
GO 

~ 0.6 for buildup to occur is predi,cted which seems at odds with some 
( 

operati9nal data from ,the clay industryl9l) ~here material has been 
VM reported successfully Icaptured at U .... 0.1 and below'. 

OC> 

To date, as note~ previously, there has been less work on 

buildup than trajectory models and virtua~IY aIl of this has considered 

magne tic steel wool ~s the matrix medium. S~me theoretical work by 

Birss ~ al. (92) ha~ been reported for woven screens ~nd a number of 
, , , 

> , 

. experimental comparisons of steel waal, fibre metal (assumed to be 

expanded metal) an~ woven screens ~ave been performed by Collan et al. (93) 

The present buildup model wouid appear to siot into that gap 

in the theory which considers, fine par.ticles and Iarger wEres (larg~ ~ 
\ 

ratio) such as occurs in Many of the potential applications of hgms to, 
1 

mineraI processing. Here, continuous devicas employing metai matrices 
, ~, 

(40q-IOOO ~m diameter) will be treating particles of the order 1-100 ~m 

a~r~~IY high slurry flow rates (5-20 cm/s). 
1 

/ 
\ 
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Model Developmel'\t 

The current equations of the literature describing magnetic 

force between paramagnetic partic1es and infinite1y' lo~g ferromagpetic 
, 

wires have beeh modified to include Imateria1s exhibiting field dependent 
M 

susceptibil~ty of the ge!fêral form K - K"" + HO
• The assumption that 

A A 

M orients itse1f paralle1° to H, as in the case in the development of o ' 

Equati6n (3.1~2S)J may not always be re~lized in practice but mono-

cxYstalline partic1es will tend ~ward this condition even 'if never 

ful1y achieving i t'. Although typical'ly US~d~t-o- deseribe the ma~eti-
, 

zation of canted antiferromagnetics, such as the ,taconites cited by 

Pastrana and Hopstock(49) J the field-dependent susceptibility relation-

ship is aIsu'of a forro rendering the equations applicable to paramagnetics 
1 

containing ferrimagnetic impurities or inclusions. In view of the present 

potentia1 for deve10ping hgms as an alternativ~(S,7) to flotation and 
\ ' 1 

flocculation techniques(94) for fine particle recovery of taconitesj 

the revised ~orce equations wou1d appear ta have an, immediate re1evance 

to industrial processes. 
"y/------' 

Incorporation of the involved (but readily handled by 

or programmable calculator) s~lf-consistent calcu1ations required for 

the evaluation of wire demagnetization and A, 'the perturbati~n tenu, 

May be unnecessary at fields considerably in excess of those requ,ired 

~ fot wire saturation. However, sinc~ the appli~d fields for the applica­

tionJ of interest lay below or near matrix saturatio,n levels, incorpora­

tion of this variabl'~ was ~udged tG be importa~t for the fU~I model. 
• V 1 4b2KH 2A ' 
AIso for this reason, Wat,son's ..!!. is used in its general fo~ ,a 

21J'M ,U"" 8'11'b2KH 'M 9anOco ' 
w a s (where A _ -H ), rather th an as the limiting cases; , (saturated 

a "'-, 9anU ... 

J 
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4b2KH 2 
wires) and --=-..",...,~a_ (unsaturated wires), for which an abrupt discontinuity 

9anU"" 
exists at the saturation value. This caution applies especially to the 

stainless steel which,o as seen from Figures (4-18,19), saturates more 

s 10wly than does the pure nicke 1. 

In defining Ifluid drag on the captured partic1es a differt(nt 

1 
appro~ ta traditional,Stokesian drag, used indiscriminantly on occasion, 

perhaps. has been taken. The B ~asius solution 'describ~ng shear stress, 

(T O ' ,on a SJJi~oth cylinder in a free stream cross-flow, is used to appro~i­
\ 

mate fluid drag on partic1es residing at the bottom of the developed 

bOlJndary layer. Surface' roughness due to the presence of the particles 

can be ~xpected ta increase ~rag. However, the effect should be small 
, 

for hgms. whel'e wir~ Re well below those 
.. ~ Y' 

fo'r tra,nsition fO turbulent 

. (95) 
. bounda.ry layers are found. .-

The fractional area #.-strêâr. f
b

, an i~ortant quantity ,in 

the pr,~sent ,approach to fluid drag,. is admittedly difficult ta isol~te. 

The comparison made in Figure (3-9) suggests that those modeIs· havinJ 

assume4 an average boundary layer thickness and Stokes 1 Law (Luborsky 

and' Drwmnond, C1arkson "et al. and LiJ et al.) will overestimate drag -- -- " 

by l'oughly 50% above thè Blasius app~oach with fb - i. It is rioteworthy 

that this difference is too small and not in the correct direction to 

account for the large f.i tting factors· required by some of the models. 

For ease Qf analysis, particie shape has oeen idealized as . 
spherical, a geometry which minimizes the sunace-to-mass ra tic.. This 

, . l ' 
will DlB:ximize magnetic relative to fluid drag forces with the result 

that for any deviation from sphericity. the modei s_hould tend to under-
D 

predict fluid drag and, hence, overpredict. buildup.· A possible refine-
" 

ment for handling_r!,ale particle shapes (Figure (4-21) serves as a use-

'. ' 

l 

" 

, 
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, fuI reminder of this problem) would be throug~ a suitable choice of fb. 

Partiele-on-patticle friction has also been neglected relative 1 

to magnetic and fluid forces. This may ~ot be fully justifiable for 

buildup near the front stagnation point where the radial to tangential 

magnetie force-ratio beCOliles large (see Hgure C 3-3)) . Since friction 
" / 

is proportional to the radial force, its effeet will be a maximum in this 

frontal regian; Choosing a value ~or the coefficient of friction is 

difficult, (Watson has suggested 0.3) (31), and precluded the accomod~­

tion -of friction in the analysi.s1 

Gravit y, aiso recognized as a second order effect, ls easily. 

accounted for and its inclusion in the analysis permitted the examina­
I 

tion of interest~ng variations such as t,op versus bot tom feeding of the 

dev;ice. 

The extent of do~stream wire buildup or 'back-capture' is 

far from satisfactory resolution. Photographie evidence of Friedlaender 

et al. (87) (Figures CS-'3e)) suggests that under cond~tions of sufficiently, 

large Re (estimated at 40-60 based on the radius of upstream buildup, 
w 

Ras)' the extent of backcapture approaches and May exceed that on the 

f~ont. There is speculation' that what is observed in these photographs < 

is an end of the wire effect on field and flow resulting in some localized 
\ 

backcapture of material. Al though the mechanism ôf backcapture is not 
~ \ 

considered in" the present model a provision exist'5 pemitting an esti-, 

mate of such an effect on overall recovery in the full length matrix 

model. This backcapture effect is achieved by increasing the numbe,r of 
\~ . 

sereens per segment variable (- S) to a value grea~er than actual. 

\ \ 
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Extending any single wire a length 

of screens is viewed as more hazardous than predicting sin wire 0 

buildup. Analysis of f·luid behavior is par,ticularly trou 

/ Assuming potential flow, Simons and Trea t (27) investigaied he collective 
1 

fluid and magnetic disturbance in a regular but highly .simplified Iat-

tice. The; found the capture radius f~ce fibre ta differ , 
significantly from the isolated fibre case. Deviation from free-stream 

conditions toward more /disturbed flow are expected as R~w increases ta _ 

yield downstream eddies and vortex shedding in thè wake of the wires. 

" p 

Such deviations can be expected ta increase fluid drag' on any particie 

buildup which, occurs. (96) , 

The model accounts for overlapping wires and capture areas 

on a first-order-of-effeèt basis only, as oUÙined in Section 3.2. The 

screens themselves are assumed ta behave independently, however; i.e. 
1 

neighbour interactions such as shadowing of incoming particies and 

mutual magnetization of wires have been negiected. ' A method for esti­

mating applied field amplificatÙm due ta the latter has recently been 

reported by Yaniv et al. (97) 

It is aiso worth remembering thl:it the expanded metal in use 

industriaIIy is neither a square lattice nor of cylindrical wires as 

modelledj however, the approximation is felt ta be ~ufficiently valid 
\ 

in view of ather assumptions. 

\ In summary\. numerous influenc~s, phenomenon/ and. complicating 

interactions are envisioned in the ana,lysis. manx of which may arguably 

be relegated ta the status of second and third arder effects. The conse-

quenc.es on recovery of some of primary impor~ance will ~eceive additional 

comment in the discu5Sloh. \ 

\ 

\ 

\ 



c) .. 

( 

\, 

6.2 Eguilibrium Buildup 

6.2.1 ProfÜes 

General 

203. 

The predicted fan-shaped equilibrium buildup profiles for 

\ 

hemati te (Figures (s-la. b 'Ic)) are seen to be in agreement with the 

Lùborsky and Drt,UIIJIlond~ 1 case a' (Figure (2-6)) and Watson' s 'growth' 

model (Figure (2-9)) as we1l as thè plilo'togr!iphic evidence of Friedlaender 

.!! al. (Figures (5-2,3)). This contributes to evid~nce against the 

elliptical outlines of the earlier models of Watson (Figure (2-7)) and 
1 

,others(24,28) and Luborsky's 'case b' blade-;.like buildup (Figure (2-6)). 

sector. 
2 

Aa . _, ~n 
r 2 

the 900 

Note the predicted retention of particles beyond the 900 

~ 
This is a direct resul t of including the near field term, 

the magnetic force equations. The quant,ity of material outside 

sector be;omes particularly signif~cant at applied fields ~elow 
" . 

wir~ satvration where tll~ A ten is close" to 1. At fields in 

~xce s of, saturation predicted buildup bulges near the stagnation point; 
, 

'ClI,e...;il.eEn:mI15"f't~oOinncof an 'expanding cylinder' for fluid flow appears 

ta remain justified, a priori. ( 

Manganese Pyrophosphate (Mn2!2~71 

Fortuitously .. "the c?rrent work of Friedlaender and Takayasu 

providèd a suitable pool 'or experimental results against )\'hich to ,further 
1 

test the mod~l. 

Comparison between photographs and predicted. equÙibr~um 

profiles of Mn2P207 (Figures (5-2,3)) show that, although the observed 
. . . 

buildup is not. entirely symmetrical, agreemen,t between the shapes is' 

'\ ' 
/ 

i, 
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remarkably good. Some rounding at the outer corners oi the' actuai 
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buildup is evident. AlternativeIy, this couid be viewed as a graduaI 

~ in~Tease in bui-ldup radius toward t~e 'fro~t. The possibility of a 
,. -~----'-----, 

final contribution to particle accumulation in the frontal region being 

due toliïecharricai-ent-r-apment has previously been raised by Cowen et 'al. 

(35) and a discussion on the role of possible friction forces has been 

covered in Section 6.1. 2. 

Aiso intriguing in th~ Friedlaender photographs is the not 

insignificant quanti ty of material outs ide the predi'ctèd regions in 

the replusive areas on either side of the wire. This is particularly 

èvident in Figure (S-2b). By again referri~g to Figure (3-3), one is 

reminded that only a weakly magnetic force acts radially' (outwards) in ' 

this region. It must be considered a possibility that. interparticle 
, 1 

surface forces are sufficiently large to overcome thi:s magnetic repuls ion " 

thereby contributing to accumulation. Indeed,' after studying 0.4 and 0.8 

llm diameter ferrite precipitates in an hgms system, Collan ~ al. (93) 

suggested that such surface forces may play a Iarger role in retaining 

(vctlY small) particles than the magnetic force itself. M'other considera-

tion is the frictional force which may; again be playing a significant 

role in the retention of material since the tangential-to-radial force 
, 

ratio (see Figure (3-3)) is large in this region. 

At the wire surface the buildup angle approaches that predicted. 
, • Q 

This is not unexpected since the transition here from strong ,attraction 

to strong repulsion'!s IlJUch more localized th an further away .• 

The experimental con~i tions re levant to Figure (S ... 2b) yield 

an Re of about 4 for the 125 }.lm diameter bare wire. 111pS, it would w 

seem that a key assumptipn tn the development of the boundary layer 

D 
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equations is violated, namely Re »1. f 'Yet agreement between measured 
w 

and modelled profiles remains good. ,If the Reynolds number based on . 

the final accumulatign radius is eonsidered instead, Rew is nearer 20, 1 

which ~s in the l1cceptable range. Hence. with this proviso, the 

applicability of 'the model is possibly extended to include even lower 

• 

6. 2. 2 Sa tura tion Bui Idup Radius 

The ~2P207 ·results for Ras in Figl;lres (S~Sa,b,c)' show the .' 
model adeqûately handles the effects of fIow velocity and applied field 

both above and below nickel saturation magnetization. Even the 'knee', 

at about 8 cm/s in Figure CS-Sb), for example, is present in both pre-

dic'ted and experimental curves. This good agreement is fel t to be 

particularly imPortant in' that field and flow represent the two main 

operating variables of ~gms devices. 

As evident from Figure (5-4), the closely si~ed material 

nevertheIess shows a considerable distribution of Stokesian equivalent 

diameter (SED). Aiso in~luded in Figures (S-Sa, b, c), therefor«7' are 
, 1 

curves for the size l~mits coverin'g 80% of the distribution, 4 to i3 pm, 
1 

with a SO% passing size of '8 ).lm. The results reveal the considerable 

influe~ce of particIe size on R' and underline the imp~rtance in this 
~. a~ 

type of experimenta,l work of iso)ating the narrowest size distribution 
1 

possible. 
~ ~~ 

The add,itional questiOll is r~ised as to what definition of 

particle dimension i5 best suited for hgms and if an average size is 
, \1 

'itsè;if J.n appropriate parameter. Ideally, some lmagoetic equivalent 
o 
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diameter' shouid be obtainable but the SEO values appear tO,adequately 

perform the task. This may be, reasonabl~ since the mechanics of both 

hgms and elutriation are a balance of body forqe~ (magnetic and/or 

graviFatiP~ompe-ting fluid drag. ' , /' 
, 

Ln Figures (s-Sa,b,c) the 50% passing size (8~) underpredicts 
-' 

the velocity at which Ras - \, and suggests that this condit~on may be 

the upper size of the distribution. It could be 
Q 

argue that R wtli always be gove~ed by the Iarg~size present. as 

If. 0 the other hand. it is considered thar fluid drag is larger than 
t, 

calculated for real, non-spherical partic1es, this could bring the pre-

dicted in line wi th_the experimental evidence. 

In view of the_assumptions made and the range of particle 

sizes present the possibility of a fortuitous cancelling of errors 

being partIy responsible for the good agreement. should be entertained. 

-As in grinding studies. where the 80% passing size is adequate for the 

models, so it may be in hgms that the 50% passing size will give good 

predictions as weIl. Some evidence supporting this postu1ate has been 

gathered here. 
. ' 

The conclusion,remains, therefore, that the model ade-

quate1y predicts both equi~ibrium profiles and accumulation radii for 

s~ngle wires without resorting to fitting techniques. 

• 6. 3" Bui ldup on Wire Screens 

6.3.1 Loading Beha~ior through the Matrix 

Admittedly~·the capture radius of a single wire is a difficult 

quantity ta experimentally verify an4 for stacked wire screens in close 
? 1· 

proximity it is expected to be even more uncertain. At best. it may be 
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, ,-

thought of as a mathematical tool which permits loading to proceed , 

from zero toward the fully 'load~ condition. Variou~ methods for 

207. 

/ -
relating R to the initial capture radius through a driving function, 

• c ' , 
,0 a, are found in Section 3.2. 

'Figure (5-9), showing the loading.ratio ~ through a matrix, 
Ym 

is presented as an illustration or the way in which the model handles 

buildup internally. 

(l)and (4
1
)fOr .15 and 

Curves 
VM 

2.8 il 
CD 

V 1 

for the lowest and highest u: considered (curves 

l,"espectively), appear 'to correspond to 

Watson's 'wea~ and strong coupling limït' description of,separator 

performance. Experimental verification of such curves is difficult 

but prbgress in back calculating from an analysis of 'concentration 
, 

breakthrough curves' for filter effluent has been reported by Collan. 

et al. \~3,99) 

-
If the objective of magÏ1etic separation is seen as the maximum < 

1 recoverr or removal of a product then loading behavior similar to curve 
1 1 

~) in Ffgure (5-9) (i.e. an advancing fr~~t of fully loaded screens) 

will make the most efficient use of the available matrix volume. Under 
\ 
1 

normal operating conditions, a fully loaded state for the entire matrix 

will rarely be achieved 

wa~ C~~sistentlY in the 

alld the sillRllations suggested that over~ll ~ 
m 

range 0.6-0.9 for recoveries of 20-90% for the 
II\) , 

various mineraIs. For a given minenal, ~ remained approximately constant 
m 

,even" when .the operating conditions and recoveries changed. The conclusion 

is that ~~r reasonable changes in operating conditions, ~ wi~l not 
, ' m 
~ange significantly while the actual loading and, hence, recovery will 

behave similarly to the equilibri~m loading, y. The ability to predict 
, v 

'r is J therefore, seen as an important development in hgms design. 
v: 1 1 
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6.3.2 :!.v. and NL 

As evident from Figu~e (5-7), the compute~ predicted Yv for 

mineraIs of ~ifferent susceptibility under a wide variety of conditions 
1 

plot up very ~onsistently,against the loading number, N
L

• This consti-

. tutes support for ,the numerous simplifyin~ assumptions made in the 

derivation of NL• Somewhat surpri~jn~ iSI the remarkably good guide 

to the complex computer calculations which the simple equatiori, 

- l} (3.2-15) 

I(also plotted in: the figur~ with €.- 0.7) provides. The, simplification 

should tend to fall~somewhat below the predictions since material retained 
1 

beyond the 900 segment ~s unaccounted for. This differe11ce will be grea ter" 

at lesser buildup, i.e. low NL. Both the -computer model and Equation 

(3: 2-15) tend to a minimIJm NL of 2.$ for ,particle retention; a .value 
, , 

at which the magnetic and fluid drag forces are in a 1:1 balance. 

The experimental resu1ts for hematite (i11 Figure (5-8)) sho~ing 

'Yv versus NL plot in a very similar fashion to the computer generated 

curve. Some difference should be expected, if on1y'for the reason that 

e~nded metal strands are an approximation of infinitely long cylindrical 

wires. The choice of magnetization data, either magnetometer or Frantz 

Isodynamic, will affect the amount 'of,overpredictionlto a small degree 

but both must be viewed aS being completely adequate for susceptibility 
v"-, 

, ' 
determination. 

1 

If, as expect~, the resu1ts for the two highest loadings drop 

somewhat (see Section 5.1.4) then the actua1 trend would appear to be 

, 1 
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! 

--.. d 2 levell~ng out at a y araun . Su ch a levelling May result from the 

, ' 

v 

s.creen packing ~rrangement in which the individual lath:; are sufftciently. 

close to be touching at points. If buildup on one screen has iproceeded 
1. 

until,the screen next to/.it physically/' prevents additional particles . ( 

from accumulating, then~)'mechanical' rather th an magnetic limit wib 

have been reached. Testwork with increased spacing of the screen? and 

at high NL values sh~ùld resolve this question. / 

The results have shown that for the type of hgms sy~tem under 

studr' NL iS, a fundamentaT grouping from which the eq~~librium loading 

Cy ) May be quantified with good accuracy. Watson's üI has been shown 
v ! . 'co V

M to be only one of seveTal terms making up N
L

• The inadequacy of U ' 
" ~ 

in dealing,with,systems.where large ~ ratios and Rew » 1 predominate 

is ~ue to the oversimplificati?n arising from the analysis af fluid 

shear based on Stokes' Law. B01rlpdary layer effects ih these systems 

b 1 d H '-- . h . 1 . f . tl . d cannat e neg ecte. owever, t e s~mp ~ y~ng assumptl:ons assoc~ate 
"\ 

" with the develo~ent of the loading equation; 

(3.2-15) 

more than compensate for loss of prediction accuracy over the full 

model if a good indication of y behavior is sufficient. 
v 

,1 
6.4 RecoveIT Predictions versus~ Experiment 

/ 
6.4.1 General 

The comparisons in Figures (S-IOa,b),. (S-lla,b),' (S-12a,b) 

and 
1 Il _ 1 \ 

(5-13) show the ,fundamental model to adequately handle the effect'5 , 

r 

, II 
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of changing pa~ticle size, applied fiefd, flow velocity and magnetic . 
susceptibility. B~sed on fundamental measurements alone, it should 

.,.?'" prove capable of predicting conditions required for the recovery of 

most mineraIs. This is seen as being of direct benefit to mineraI 

processing in view of the very good correlation claimed for scale up 

from laboratory batch units te continuous industrial devices. ~5) 

Sorne aspects of the e~perimental versus predicted comparisons , 
merit comment. Firstly, in the lower % recovery range where fully 

loaded matrix conditions are more likely to be approached, the'~odel 

consistently underpredicts by roughly a factor of two. Taking the 

conditions of Figure (S-12b) as an example, i~ seems unlikely that the 

additional recovery is contiibuted by very-high localized gradi~~ts on 

the somewhat irregular expanded metal since such an effect would have 
1 

been rendered negligible by, the large feed mass ,(up ta 60 g). This 

magnitude of un~erprJdiction is also evid~nt in the equilibrium loading 
, 

experiments of hematite at comparable NL (i.e. N
L 

of 6-7 in Figure (5-8). 

Obviously, predictions of lower range % recoveries are inherentlx more 
1 

difficult than predictions nearing 100% recovery; differences between 
, \ 

the real and modelled systems ~aving theit 1argest influence wh~n only 
- " 

small amoUnts of material are retainable. It is worth remembering that 

criticism of the experimental testing of the model of Liu et al.(41) 

stems from the fact that>they concerned themselves with the so~ewhat 

easier near-lOD%-recovery predictions. 

Secondly! the measured recovery curves are not as steep as 

predicted. A distribution of real~values ra~her than the unique quantity 
. , 

assigned when modelling will contribute to su ch a smearing effect. From 

(' 

, , . 
! 
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the point of view of the model, an underestimate in ihe raté of capture 

radius decrease (i.e. the driving function, a) wou Id also lead to pre-
\ 

dictions of material more easily retained in the matrix and hence 

steeper % recovery curves than âctual. 

6.4.2 Sensit~vity to Likely Effects 

In view of the numerous influences discussed in Section 6.1. 

a brief investigation into the repercussions of the most likely and . \ 

quantifiable of these seemed appropriate. US,ing the experimental 

."" conditions of Figure (S-IOa) as a basis, the effect on % recovery of 

the following were investigated: 

a) Wir~ diameter df 600, rather than 800 ~m (for the same 

mass of screen). This refects the uncertainty in esti-

. mating the diamerter. 

b) 1.S X applied field to simulate amplification due to 

mutual screen magnetization (estimated from the analysis 
1 

1 (97) 
of Yaniv ~ al. for a screen half-spacing-to-diamet~r 

ratio of 0.56). 

c) Employing Frantz Isodynamie rather than magnetométer 

d) 

e) 

magnetization data for ,the hematite. 
\ 

Ch~osing initial R considerably larger; using an c 
; (100) VM mation'cited by Wat~on for low -- « 1): 

Uco 

R -c 
1 VM VM 0.5 
7{-- + AC-

U
) I} 

2 Uco co, 

approxi-

Assuming back capture equivalent to ffo~. capture, an 
1 _ __ _ ____ J> :. 

assumption used by Liu.!E.. al. (41) 

\ 

, , . 
1 
1 
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As seen from Figures (6a,b,c,d,e), each of the adjustments 

displaces the curve toward higher values of recovery. Field amplifi­

cation and bac~lcaPture (Fi~reS (6b,e)) have the' effect of adding 25-

3~ recovery %, while the Frantz IsodYnamie data and assuming 600 llm 

wire (Figures (6c,a)) show 1ess influence; ad ing 15- 20 recovery % to 

the original curve. The rather considerabl~ change altered the c < 

curve by only 5-10 recovery % (Figure (6-d)). 
, 

In aIl probability,. each of these contributes someth~ to 

the true system and w~uld help in explaining thé f~ctor of t~r under-
, 

prediction at low recoverr. On the other hand, inf,luences not con-

sidered 'such as greater drag from flow disturbances in the tnatrix and 
, 

increasing fluid velocity as the volume of magnetics builds would tend 

to push the true curve down, especially for buildup approaching maximum. 

The preceeding analysis does suggest that events such as field amplifi-

cation and back capture in the matrix might have considerably more . , ) 

influence in eorrectly predicting material~Very than ~ould tying 
~ 

down the final intricacies of capture radii. As such they constitute 

a rather promising area for further study. 

6.5 Magnetization Measurements 

The Frantz Isodynamie force balance approach is an accepted 
1 

method for determining the susceptibility of paramagnetic mineraIs at 

the mineraI engineering level of interest. CIOI ) 1 Greater accuracy and 

the study of unusual magnetic bèhavior reqùires complex devices ~ènerallY 
available only to physicists. An extension of the Frantz theory has 

, 
permitted the field dependent susceptibility of canted antiferromagnetic-

1 \ 
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6-1 \ The sensitivity of predicted recovery to various 

,\ 

effects as a function of particle size. Hematite 
t~st (dashed line) having; Ha - 3.0 kOe, Uœ - 9.9 
cm/s, 39 stainless s~eel screens of 800 ~m diameter, 
K ... - .00114 emu/cm3-Oe, Mo - 1.62 emu/cm3 is referenee. 
a) 600 ~m versus 800 ~m diameter wiTe 
b) Ha - 4.5 kOe versus H - 3.0 kOe ~ 
c) Kœ - .000115 emu/cm3-Be, Mo - 2.70 emu/cm3, Frantz 

Isodynamie data vèrsus magnetometer data 
VM VM 0.5 

d) R - lC- + A(-) ) 
c U... Uœ 

e) downstream capture equal to upstream, capture 
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, 
type materials, such as hematite, to b~ determined in terms of the 

. spontaneous magnetization, cro' and the infinite field sus~ptibility, 
1 

~. Excellent agreement between the Frantz and magnetometer generated 

values of Xœ(~ 2l.8xl0-6 emu/g-Oe, Table (4-3)), attests to the viability 
l 

of the Frant~ method. 

Interestingly, these values or x~. albeit for a hematite from 

a particular location, are similar to those reported by Pastrana ~d 

Hopstock for sorne oth~r natu'ral nematites (23-39xlO-6 emu/.g-'Oe) apd for 
, , 

re~gent grade a-FeZ03 (26.5xl0-6 emu/g-Oe). The extensive work presen~ed " 

here on Labrador type hematites would appear, therefore, ta apply ta 

hematites in 'genexal. 

The Prantz generated cro (Table (4-3)), 0.52 e~/g, is 1.68, 
\ (102) 

times the magnetometer value of 0.31 emu/go Cheva~lier. has shown 

- that. cro for single crystals of hematite is dependent on.the orientation 

'" -between field and the crystal ternary axis (i:e. perpendicular ta the 

basal plane of the rhombohedral _structure). It is now known(103) that 
, 1 

the canted antiferromagnetic moment lies in the- basal plane such that 
. 

when field and plane are parallel, ~he crystal magnetizes with a ~ximum 

cr. If the plane and field are perpendicular, no spontaneous magneti­
o 

'\ 

zation occurs. (102) For a packed powder of randomly oriented monocrystals, 
<li 

the observed effect is an average of aIl possible orientations for which 
1 

the resulttng-magne~ization is roughly 2/3 that for the single crystal 

case. (104J 

This ratio is very nearly that observed between the Frantz 

and magnetometer valùes. 
, . 

It is suggested that the packed powder in the 
\ , ., 

magnetometer sample tube sees the averaged effect while inqividual crystals 

.' 

I~ 



c 

\ 

Cl 

l , 

215. 

in the chute of the Frantz are free to orient themselves i~ the field, 

\ thereby experiencing a greater 00' Hence. the difference' in 00 between 

Frantz and magnetometer determinations would appear to be reai and due 

to anist10py effects related to crystal orientation. 
/ 1 

Given that a particle undergoing capture.in a magnetic 

'separator is, within hydrodynamic li~itSI also able to freely 'orient 

itself in the field, it is argued that simple particle force balance '~ 

methods like the Frantz yield values of sU5ceptibility more appropriate . 
. \, \ 

to hgms study than methods invQlving bulk powders. Example5 of bulk 

powder methods are the Gouy apd the Faraday, used by Pastrana and 
\ 

Hopstock. Also, single particle force balances are not liable to 

potentially large errors due to minute quantities of strongly magnetic 
. 

impurities. A teminder of this i5 Figure (4-14) 5howing the difference 
\ 

, 
in .magnetometer magnetization behavlior Qetween 1 cleaned 1 and .'uncleaned' 

hematite. 

A 3/2 correction applied to 0
0 

generated by' bulk powder methods 

is al 50 feasible provid~d the mineraI sampI,e is monocrystalline and known' 

to spontaneously magnetize in one planeonly. Of course, no correction 
1 

is required for paramagnetics since they have no true 0 component of 
o 

magnetization. y / 
conc1ud~e Frantz methodl, of suscepti:' One may, therefore, 

bility determination can be applied to magnetically complex mi~erals, 
\ 

such as hematite, and that magnetization values thus generated compare 

weIl with the traditional magnetometer methods, provided anisotropie 

effects are considered. This Frantz method should prove' useful to the 
1 

engineer since~the device i5 ~idely avaiYable in the mineraI industry 

l 1 
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and easy ta use compared with the relative scarcity and camplexity of 

,saphisticated magnetomèters. 

6.6 Concluding Rema~ks , 

~ Consideration of the shear force at the base of the developed 

1 

" , 
f 

i, 

f 
\ 
t 
f 
i, , 

1 1 

boundary layer has resulted in an improved theoretical understanding 
, 

'of particle buildup in hgms. The static model as developed, in addition 

"to comparison,with the work ,of others (Watson, Hopstack and Pastrana 
\ . 

and Friedlaender et al.), shauld,prove usefui in dynamic modeis where 

changing' profile:f wire PI:S aCC'lating particles is requir'ed: ' , the 

The develapment af the loading number, NL, in predicting 

maximum loading is seen as a major advance in hgms 
VM 

it improves, upon Watson's alreadY,established ur-
'" 

de~ign theory since 
, 

Although not yielding 

such detailed information as the full mOdèl, th~ loading number approach 

is particularly attractive be~ause of its si~licity; it May be easily 
. 

. ' combined with any available matrix 'recovery model. 

AlI parameters required for determining NL May readily be ' 

obtained ?y ,th~ processi~g eng~eer; susceptib~lity re~resenting the 

.greatest challengé if, as recommended, book values a~~·to be avoided. 

It was shown here th1t the Frantz Iso4yna~ic, sep,arator, a simple and 

widely avàilab1e device, is cap~ble of susceptibility determination 1 
1 

for dven magneticallrc~pleJt mineraIs sucb as hematite. The dry, 

'\.. 
Frantz is l~mited by p~rticle size (~ 10 ~m) but the r~cent ap~eara~c~ 

of a wet Frantz (105) should extend this 'lower limit con~iderably, since, 

the ro1~ of interpartic1e surface forces will be furt4er r~duced. 
\ . 

Certainly these deviqes are very compatible with hgms studies in'general . 
.1 1 1] 0 

,1 

, . 

j 



1 

1 
! 
L 
f " 
i 
f 

f , 

1: 
t 

1 

--~"''''''''''-''''---'''''--'--''''''''<-'''''''''''' "--~--~. - .. - --.. -- - ----- .. _.-...--...----- - ~ , . 

217. 

As a final point, it is again worth remindi~hat as the 

developm~nt of the classic boundary layer equations assumes Reynolds 

number JIIlch greater than 1, there exist potentia1 situatj.ons in hgms 

of lov flow rates, high viscosity fluids and/or fine wires where the 

applicability of the model will be exceeded. 
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VII. \ CONCLUSIONS AND FUTURE WORK 

7. 1 ' Conclusions 
1 l' 

.1. A fundamental static model of upst.ream.·particle buildup in 

hgms which.considers Blasius-type fluid shear at the bottom 

0f a changing boundary layer over a,cylindrical wire has 

been developed. 
, 

2. The computei ~odel is experimentally verified by photographs 

3. ' 

4. 

\b 

s. 

and data of Mn2P207 buildup on nickel wire. Very good agree­

ment is achièved for equilibrium profiles and saturation 

?uildup radii as a function of field and rlow rate. 

The model is extended to simulate recovery thx:ough a stacked 

metal screen matrix of the type typically used for mineraI 
, 

processirtg applica~ions of hgms. Agreement between experi-' 
, w 

, 
mental results and predictions for various mineraIs ïs judged 

• to be good in view of the many assumptions required to bridge 

the conceptual to the real situation. 

Particle buildup beyond a 900 upstream sector, not oonsidered 
, 

'in the literature. i5 shown to'contribute significantly t~ - . , 

recovery under conditions of wire magnetization below or near 

\saturation. 
""J 

The accomodation of field dependent susceptibility in some 
" 

, . 

mineraIs. such as hemati te. ÎS' shawn ta -be important tï6r -

prediçtions Qf recovery. This ,constitutes quan'titative sup­

port ~o~ the claims of,Pastrana and Hqpstock. 
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, 

A simplified form of the analysis shows 1oadi~g, Yv' to be-

uniquely dependent on the loadi'tlg number, NL~ ok 

1 o 

where 

a 1/2p U 3/2v1/2-
1 f 00 Î 

The dependen~d of loading on NL is confi~et throu~h tests 

with hematite and a stainless steel expanded mètal matrix. 
"\ . VM NL is, therefore~ proven superior to Watson's -- as a descriptor 

V Uco 

of ,loading. NL reduces ma~hematiacal1y ,to U M when !:. and Rew \ - , Va>. ,b 
approach unit y thus enabling ~ to apply for certain conditions. 

Ua> 

The Frantz Isodynamie separator is shown to be capable of .\ 

providing accurate susceptibility me~surements of' the magne­

tically cOmPlex antife.Tromagnetics, such as hematite, as weIl 

as' of paramagnetics. This allows ,the mineraI engineer to 
• >.." 

determine with readily available equipment the value of an 

effective K to be used in N~. 
11-

The Frantz Isodynamie is especially suited to hgms studies, 

it appears, since it balances magnetic and particle'forces 

in mueh the same way as a particle captured in the vieini ty 
i 

of a wire. A 3/2 correc'tion" to ao i5 pro~ably required for 

canted-antiferromagnetics when determined by bulk sample 

magnetometer methQds. The Prantz method developed here eli­

m:nate.
o 
the need to .cc~t fO~ch ani.DtTopie :ffeetso 

" 

Î 
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Claims for Original Research 
! 

The development and verification of a fundamental model of 

hgms without fitte~ parameters and capable of accurately 

predicting the effects of numerous variables on equf.librium 

buildup profiles, wire loading, and overall separator recovery. 

2. The extension of the traditional magnetic force equations in 

3. 

4. 

7.3 

1. 

hgms ta include materials such as the canted anti-ferromagnetic 

hematite, exhibiting field dependent magnetic ~usceptibility 

of the form: 

cr 
X - x... + HO 

,~ 

Maximum loading, Yv' is shown to be a function of the dimen-
2bH 2"A \ 1 

si~nless grouping, NL - a 172 ' which has been 
, a1l2p U 3/2v • 

, • ' f Q) 

calledn the load1ng number. ' ~ 
\ 
\ 

Use of the Frantz Isodynamic' Separator for field dependent 

susceptibility determination has been successfully developed 

'and verified for he~ite against the Foner vib~ating.sample 
magn.e'tometer. 

~ 

Sugsestions for Future Work 

The incorporation-into' the relevan~ force balance equations 

of .interparticle forces (e. g. friction) 'in order that the 

potential of such effects, especially to frontal buildup and 
l , " 

side accUmulation beyond the 900 sector, may be evaluated. 
! 
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1 

1 _ , 
i 
1 

, 
! 
'J 

, , 

1 

1 
-1 

l 
1 

1 

\ 
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221. 

'An experimental programme testing ~1 the variables coJfiprising 

NL should be conduc~edJ preferably using cylindrical wires. 

A' study into the hgDls recovery of equally rigorously' 'cleaned' 
1 _1 

and prepared multimineral and multisized feeds would be a 
1 

logical extension ~~ the present work which concerned its~lf 

with'closely sized unimineral samples. This should include 

the analysis of both single-wire and full-filter size and 
, 1 

mineraI dis tribut ions. . 
. 

Experimenta~ and theoretical work is required on minimum 

recoverable size, with respect to both economical and tech-' . 

nological limits. 

Pield amplification and back capture in filters were identified 

as having potent{ally major influence on performance and 
/ 

/ 

deserve further theoretical and·experimental attention. 

The matc~ing of particle size with wire diameter and spacing 

should be examined with a view toward optimizing processing 
, 'lJ 

rate/recovery/economic performance. 
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APPENDIX I. DERIVATION OF THE MAGNETIC FORCE EQUATIONS 
FOR FIELD DEPENDENT SUSCEPTIBILITY. 

\ 

As stated in Eqllation (3.1'-13) J the magnetic force on a 

• particle is given by; 
\ 

F - y. V(M • H) 
M 2 P 

-(A-l) 

• 
where the parti~le magnetization is represented by the 2-parameter 

c equation: 

,\ 
+ te:: H 

CIl 

Note that FM' ~ and H are actua11y vector quantities. 
~-~ 

Substitùting for'M in Equation (A-1).yields; 
p 

the a~sumption having been made that 

The y tan~enti.l componen:,. of the 

a H - IH cos a (1 + A -) 
r a r 2 

field, H, -are: 

-7 
r 

f 

(A-2) 

(A-3) 

(A-4a) 

j 

\ 

i 
~ 
! , 

. ) 

\ 

1 
1 

! 
1 

1 
1 , 
{ 

1 

'" 
1 

1 
1 , 

! , 
1 , 

t \ 
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1 

l, ( 
i 
l' 

1 

f 

r 
f 

2 , a 
'H _ .. Ha sin e (1 - A .--) 

e r 2, 

Squaring Equations (A-4a) and (A-4b) 
, 

in)H2 ; yields an expression 

~ 

Hi H 2 + H 2 
r a 

\ 

2 2 4 - H 2(1 + 2A !... cos 26 +~) a r 2 4 rA ' 

By defining a field factor, f, 

,) \, 
such that; 

i 1 

a2 A2a4 
4(1 + 2A-Z cos 26 + -4-) 

r 
Equation .(A-S) may be 

1 

H -
H 

a 
2f 

1 

r 

written: 

1 

" 

\ 

229. 

(A-4b) 

and combining terms, \ 

\, 

(A-S) 

\~ 
J , 

(A-6) 

In order to expand the expression in brackets in Equation 

- (A-3) one requires the gradient operator in polar coordinates; i.e. 

v';;",) (L 
dr 

1 d -,,:!"::"). 
rue' 

Making use of the 'Chain Ru! which' states that, 

- l c!{H) 
2 

21 (H)2 ~ 

, ' 

. 

\ 

; 
1 e 



, \. 

, ' 

( . 

/ ~ 

() 

" -\ _ I.L d (H) 2 
v 2H du 

Equation' (A·3) becomes: 

where 

1 

M 
C - Y(...2. + 'IC ) 

2 2H 00 

230. 

,1 

(A-?) 

, , 
, 2 

and H is given by Equation (A-S). 

2 

Evaluating the gr~dient operation 
1 

w.r.t. H leads ta; 

"" 2' 2 
4 2Aa ( +Aa). - ,. Ha -3- cos 29 2 J 

r r 
and 

H 2 2 ' 
- ....!-.(2) 2 ~(- sin 28) 

r r2 

1 •• 

.J , 

Finally J the express ions for th~ radial and tangential COlllpO-
\' . 

nents 'of magnet ic force may be found J viz.; 

-1 • 

----_._---~-----
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t 
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1 
r 
f 

() 

.1 

I~-

1 
1 

l' 

Aa2 2 
-2VH -3-(cOS 26 + Af1 ) (t<: H + fM ) 

a ,2 CIl 'a' 0 r r 

and 

Aa2 . -2VH - Sln Z6(K H + fM ) a r 3 co a 1 0 

The total magnetic forc~ is, then, simply; 

FM 
total -

231. Q 

(A-Sa) 

, (A-Sb) 

--i~ 
:- --------- (A-Sc) 

which reduces to the we 11 known expression for paramagnetics if K - K \ 
1 co 

and Mo - O. 

l' 

! , 1 
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""APPENDiX II. NEWTON' S MEntOD 

in g~nerai, Newton' s .Meth~d (l~) can be employed when seeki~g 
the real Toot of an equation of the form; 

, ' 

1 
f(x) - 0 

:7 

where f (x) is an ec:tuation of any degree'l even t,ranscendental. , 

Provided that the derivat-ive of f~x),o fi (x), can be deter-

mined then a new function, g(x), will yield a new approximation, of the 

root as gi ven by: 

\ 
, , 

( ) - .illL ,. x - x fi (x) (Newton's Method) 

The accuracy of the solution is detérmined by the ,nwaber of 
" 

, successive computations of g(x) performed by the following iterative 
, " 

procedure. 

previous gues 5 , .. 

'x 
+ 

g(x) 
_ v fuL 

... - fi (x) 

x - g(x) .. 

new guess 

g(x) 

J 

--..., 

\, Q. 

'It is, however, sufficient' to have ari approximation of fi (*) 
J. 

if exact,different~ad.on is not possible. Hence, if h(x) ~,f' (x), then 

" . 

• 1 

1 • 
1 

1 
, i 
1; 

- , -- -·---:;"'--_-____ ,_I_llli014 "'" 

~ " 
) 
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can be used. 

x _!1& 
g(x) 

1 233: 

", '> 

(Modified Newton's Method) 

, , , 

In the applicatt-oD of this method both an initial guess for 

the root, x, and a convergence criterion for the difference between 

succes,sive ~terations, Ig(x) - xl, is required.; 

Use was made of this techniqu~ to determine the wire magnet1-, 

zation, Mw' for an applied field, H , and for evaluating the Toots of , ' a ,1\ 

both radial and tangential net force equations . 

a). Wire magnetiza~ion. M w 

b) 

" 

~:~...,.. 

,f(H) -

.f' (H) 

M exp( -K/H) 
5 

,KM. 1 
-25 , exp (-K/H) + -
H 2'11" 

H 
initial guess: H _0 "',...!. 

15 

, 
cri terion for convergence,: ' 1 

H -, g (H) 1 < CI. O.h 
g(H) , 

Tangential net force, F 
~ Snet 

~ 0 2 

-2VH Aa sin 2e(K H + fM ) + Vrp - P )g sin ev e a7 acta 0 p f 
f(S) 

3 
, 2 U ... v 1/2 .i 3 5 

+ fb4'11"b Pf(-gr) '(9.8616 - -3.8636 + .4138 

: \ 
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) 
The modified Ne.ton's Method is used since differentiation 

of the magnetic force tenn with respect ta 6 is rather cOlIIPlex. Hence, 

f is assumed constant in evaluating: 

h(6) 
'. 

~ .fl (6) 

l.nl.tla guess: . • . 1 6 - -2'11' radl.· ans' 

criterion for convergence: 1
6 - S(6)1 < 0.01% 

g(9) 

c) Radial net force, F~net 

, f(6) 
Aa2 2 

-2VH -(cos 2e + Aa )(K H of. fM ) - V(p
p 

- Pf)g cos 9 a 3·, 2 ~a 0 r ' r 
, , 

r 
Again. th,~ modified Newton' s Method is used to give: 

/ 

• 
h(6) ~' f'(S) 

, 2 

4VH ~ sin 26{tc: H of. fMo) +. V(p
p 

p.f)g sin e a r 3 , ~ a , 

., 

1 

.. 

i 
! 
1 
1 
L 
1 
! 
1 
1 

\ 

! 
1 

! 
1· 
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1 
f 

1 

\. ' 

1 

() 

• r 

initial guess,: e - f radians 

criterion for convergence: 
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APPENDIX III. "'tESTWORK DATA 

, -
1. Hematite magnetization measurements by Foner vibrating samp1e 

- 1 • 

magnetometer. 

-Cyc1osizer Cone 1# 

1 
2 
3 
4 1 

5 

average 

*emu/gm ~I 

**emu/gm-Oê 

'* 

J 1 

Regression Ranges 

1. 0-2.5 kOe 

X ** .., 

.000224 

.000215 

.000198 

.000204 

.000254 

. 000219 

"" 

/ 
1 

a * 
0 

1.36 
1. 38 
1.18 
1. 35 
1.44 

1'.34 

3.0-10 kOe 

X ** a * 
00 0 

.000127 1.62 

.000126 1.61 

. °9°109 1.44 

.000103 1.60 

.000107 1. 85 

.00Q114 1.62 

,·1 
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2. Hematite magnetization measu~ements by the Frantz Isodynamie Separator. ' 
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3. Specifie gravi~y dete~ination of hematite. 
'. ' 

Sample 

1 
2 
3 
1 

s .g. 

5.2598 
5.2214 
5.2671 

Average: 5.2474 g/cm3 

repeat s.g. 

5.2598 
5.2214 
5.2550 

/~ Hematite samples isolated from cyclosizer cone IL 
1\ 

Measurements made in toluene (s.g .. 8632 at 24°C) emp~dyi~g Berman 

Density Balancè. ) 
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4. Results of exp10ratory run on permanent Magnet. 
, 

Tes"t Feed' ~gl ,Ma~etics (g) Non-mag!!etics ~8~ ~ 
Field 

1,4 1 .23, .24 .67, .07 on 
2 5 .85 4.03 on 
3 3 .62 2.30 on 
5 9 1. 26 7.70 on 
6 \ 7 1.02 5.98 on 
7 11 1.4J. 9.56 on 

8 5 .12 ~ 4.79 
9 11 .27 10.65 

off 
off, 

10 
, 

3 .13 2.88 off 
11 1 .06 .94 off 
12 9 .24 8.68 off 
13 7 .18 6.74 off 
14 18 .• 31 17.45 off 

15 18 1. 741 16.10 &t' 
16 36 2.98 32.89 on 

17 36 0.78 35.09 off 

18 36 1.26 3{S7 ~ on 

Conditions: w~ter - temperature, 19°C; sodium $i1icate added as 
1 kg/tonne solids 

hèmatite - cyclosizer cone #2 
UCII) - 4 cm/s 

239. 

-J 
Matrix 

yes 
yes 
yes 
yes 
yes 
yes 

yes 
yes 
yes 
yes 
yes 
yes 
yes 

yes 
yes 

yes 

no 

• 

\ matrix - 4 s. steel (1.39 g each) between 6 aluminum 
(4 upstream, 2 downstream, 1.51 g each) 

'ù 
Ha 'ù 0.78 kOe 

\ . 
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S. ResuLts of ~s on superconduct ing magnet. 

Cyc10sizer Weight % 
Test Cone Fraction U (cm/s) H (kQe) to Magnetics 

"""'bO , -a 
, 

1,6 3 5.5 2.08 79.56, 78.85 
2 1 5.5 2.08 93.66 
3 2 5.5 ;.08 90.25 
4 5 5.5 2.08 46.42 
5 4 5.5 2.08 65.53 
7 1 9.9 1. 04 64.08 

-
8 4· 9.9· - 1.04 31.13 

9,10 2 9.9 1.04 57.22, 58.04 
11 3 9.9 1.04 43.05 
12 5 9.9 1. 04 21. 04 
13 2 U 5

.
2 4.13 81.42 

14 1 , S.? 4.13 84.63 

Condi tions: 20 g feed mass 

. , 

matrix: 40 s. steel -screens (1.41 g each) 

water: temperature 20°C 
sodium silicate added as 1 kg/tonne solids 
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+~ '-
6. Results of runs on CANMET Sala magnet. 

Ma~netics* 
i (S; magnet~cs) 

3 . 
Code Feed (g) Magnetics (g) % of Feed Yv (cm magnetlcs ) 

'. m g matr1x - cm3 matrix .. ç 

F 50 2.02 24.8 .363 
E 26 1.12 23.3 1 .201 
D 58 (2x) 3.70 31.4 .665 
A 15 0.45 33.3 .081 
B 93 (4x} 10.49 35.5 1.89 
H 50 (2x) 3.36 29.8 .604 
D 58 (2x,) 3.94 29.4 .709 
C 62 (2x) 7.09 35.0 1.28 
D 58 (2x) 3.55 32.7 .638 
G 26 (2x) 1. 08 24.1 .194 

* greater than'20 ratio sugges~ed from exp1oratory run for fu11y loaded condition. 

Code 

F 
E 
D 
A 
B 
H' 
D 
C 
D 
G 

*. M 
** MO 
••• MO 
****Mo 

, 0, 

H (Oe) A a 

4240 .895 
1580 .888 
6710 .870 
2580 -.888 
2580 .888 
4240 .895 
6710 .870 
2580 .888 
6710 .8]0 
4240 .895 

3 -
- 1.62 emu/cm, f -

2.70 emu/cm3 .. f 
3 -1.62 emu/cm, f -

2.70 emu/cm3 • f --

'-

'" , 
Cyclosizer 

U (cm) 2b (cm) Cone lt 
~ s 

12.0 
15.2 
15.2 
15.2 
2.9 
8.0 

15.2 
2.9 

15.2 
15.2 

.42 

.42 
0.5 
0.5 

.00123 4 

.00228 2 

.00228 2 

.00123 4 

.00228 2 

.00123 /4 

.00228 2 

.00123 4 

.00228 ' '2 

.00123 4 

(magnetometer data) 
(Frantz Isodynamie data) 
(~gnetometer data) 
(Franti I~odynamic data) 

N * 
L 

N ** L 

6.6 9.1 
4.3 6.3 

16.2 21. 4 
2.3 3.4 

51.5 ' 75.7 
12.0 16.8 
16.2-____ 21.4 
27.8 40.8 
16.2 21.4 

4.6 6.4 

.536 

.297 

.982 

.120 
2.79 

'" . 892 
1.047 

- 1.89 
.942 
.286 

V 
-1!*** 
UCX) 

.248 

.385 ' 
1.11 

.112 
2.02 

.372 
1.11 

.587 
1.11' 

.196 

p­
pP 

w 

matrix: 4 s. steel sereens ~~.39 g eaeh) between <6 aluminum 
(4 upstream, 2 downstream, 1.51 g/eaeh). 

Wm --~-"------~'" 

V 
-..!!.*** 
U.., 

~39l/ 
.618 

1.71, -
.180 

3.24 
.587 

1.71 
.94.2 

1.71 
.309 

,. 
--

.1 

N 

"'" ...... 

) 

ci' 

Î 
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c 
c 
C 
c 
'C 

C 
C 
C 
C 

MAG6. PROGRAM FOR MOD~LLING HGMS EClUILIBR IUM BUILDUP 
ON CYLIN,DRICAI. FIBERS OF UNIT LENGTH ANII FOR 
CALCULATING RECOVERY rHROUGH A LENGTH OF SCREENS. 
J.E. NESSET AND J.A. FINCH, MCGIlL UNIVERSITY, 
CANADA \ 1977 1. 

PART i: DETERMINATION OF EQUIlIBRI~M PROFILE 

/SYS TIME=32S 

REAL LOF,NT,LPS,NDOT,LMAX ~ 

243. ' 

/lDAD WAT5 \ 

. DIMENSION THETCT(200),THETCR(200),THETM(200),PN(200),P (200), 
~DTHECT(200),DTHECR(200),DTHETM(200),R(200) , , 

DIMENSION RC (100) , DMSe 100) ,RLS (100 j, FL T ( 100) ,FAREA<100 'I 
REAL H,HO,LS(lOOl 
WRITE( 6,S) 
READ(9,*) DIAP,RHOP,CHIP,SIGP,SF 
'WRITE (od 5) 
READ(9,*) DIAW,RHOW,WMAGS,AH 
WRITE (6,25) 
READ(9,~) ETAF;VELF,RHOF 
WRITE(6,3S) 
READ(9,#) ELLSQ,HO,G,DTHETS 
PI~3 .141592654 
THETAS;DTHETS#PI/180 

C , ( P \ 

C 'CALCULATE VARIOUS PARAMETERS FOR FORCE EQU~TIONS 1 

C 
RP=DIAP/2 
RW .. DIAW/2 
VOLP=(4.0/3.0)*PI*(RP**3) 
fMT1=-2*VOLP~H01(RW**2l 
FMT2"'CHIP*HO 
ELL",SGRT(ELLSQ) 

C 1 
C DET'''' OF PERTURBATION TERM IN MAG FORCE'EQ'N 
C 

H=HO/15 ," 
6 FH=WMAGS*~P)-AH/H)-(HOLH)/(2*PI) 

DFH-(AH*W~~/(H**2»*EXPC-AH/H)+1/(2.PIJ 
GH=H-FH/DFH 
DELHACABS(GH-H)/GH'll00 
IFCDELH.LE.O.l) GO TO 16 
H~GH 

GO TO 6 
16 H-GH 

AA-2*PI*WMAGS*EXP(-AH/H)/HO 
C CALCULA TE THE MAG FORCE,FMT,AND DERIVATIVE,DFMT 

36 

C 

N=1 
THETCR ( 1) .. PI/4. 
THETCT ( 1 ),.p II2 
RR~RW+RP+(N-l)*RP*SQRT(ELLSQ) 
RCN)sRR ·1 
FMT3=(AA/(RR**3»*SlN(2*THETCT(N» \ 
FACT=1/(2*(1+~#AA*«RW/RR)**2)~COS(2*THETCT(N»+(AA**2~«RW/RR)* 

U4.» )**0.5) 
1 FMT4 .. SIGP*FACT 

FHT-FMT1*FHT3*CFMT2+FMT4) 
DFMT3.2*(AA/<RR**3»*COS(2~THETCT~N» 
DFMTsFHT1*DFMT3*<FHT2+FHT4) 

C CALCULA TE DRAG FORCE,FDT,AND DERIVATIVE,DFDT 
C 

SSCls9.861*THETCTCN)-3.S63~(THETCT(N)**3)+O.413~(THETCr(N)~*~)­
*0.0261*(THETÇT(N)**7)+O.00005*(THETCT(N)~*9) 

, SSC2=RHOHSGRT( (VELF~*3)~ETAF/C8*RRl) '. 
FDT=SF*4*PI*(RP**2)*SSC1*SSC2 
DSSCl:;=:9 .861"'11 • 5S9:ltCTHETCTHll U:2l+?065 ~, THETCT(N) U4) -1) .1827;.( T 
*HETCT(N)**6)+O.0004~«(THETCT(~1**8) 

DFDT"'SF*4*PI*(~P~.:)*D~SCl~S5C2 

\ 

1 

j 
l 
1 

l 

1 
j 
f 

'j 
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c 
C CALCULATS GRAVITY FORCE/FG,AND DERIVATIVE,DFG 
C 

c 

FGT=VOLP*(RHOP-RHOF)*G*SIN(THETCTCN» 
DFGT=VOLP*(RHOP-RHOFl*G*COS(THETCT(N)· 

C DET'N THE CRITICAL ANGLE,THETCT,WHERE FMTtFGTfFDT=O 
C 

46 
C 
C 
C 

FT=FMTtFIIHFGT 
DFT=DFMT+DFDTfDFGT 
GT=THETCTCN)-FT/DFT 
DELT=(ABS(GT-THETCTCN»/GT)*100 
IF(DELT.LE.O.Ol) GO TO 46 
IFeOT.LT •• OOOl) GO TO 46 
THETCT(N)=GT 
GO TO 36 
:rHETCT(N)=OT 

1 • 

CALCULÀTE RADIAL MAG FORCE,FHR/AHD DERIVATIVE,DFMR 

244. 

48 FMR3-(AA/<RR**3»*CCOS(:*THETCR(N»t(AA*(RW**2)!(RR*#2») 
FA~Tal./(:*(lt:*(AA)*«RW/RR)**4)*COS(:*THETCR(N»t(AA**2*(RW/RR 

C 
C 
C 

C 
C 
C, 

58 
C 
C 
C 

56 

C 
C 
C 
C 
C 
C 
C 

66 

76 
86 

C 
C 
C 

96 

*)**4»)**0.5) 
FMR4=SIGP*FACT 1 
FMR-FMT1*FMR3*(FMT2tFMR4) 
DFMR3:-2*(AA/(RR**3»*SIN(2*THETCR(N» 
DFHR=FMT1*DFMR3*(FMT2tFMR4) /'~ 

CALCULATE RADIAL ORAVITY FORCE,FOR,AND DER1VAT1VE,DFGR 

FGR=-VOLP*(RHOP-RHOF'*G*COS(tHETCR(N» . 
DFOR-VOLP*(RHOP-RHOF)*G~SIN(THETCR(N» 

DET'N THE CRIT1CAL ANGLE,T~ETCR,AT WHICH THE RADIAL FORCE 15 
,ZERO 

FR=FHRfFGR 
DFR=DFHRtOFGR 
GR=THETCR(NI-FR/DFR 
DELT=(ABS(GR-THETCR(N»/GRl*100 
IF(DELt.LE.O.Ol) GO TD 08 
THe:TCR(N)=~R 
GO TO 49 
THETCR(NI"'GR 

CHECK'FOR STOP CRIT~R1DN 

IFÇTHETCT(N~THETAS)oQ.66,56 
N:aN+l 
L=N-l \, 
THETCT(N)=THETCT(L) 
THETCR(NJ=THETCR(L) 
GO TO ::!6 

PART 2: HASS RECOVERY CALÇULATIONS FOR A UNIT LENGTH OF FIDER 
( UNIT LENGTH-l CH ) 

CHOOSE SHALLER OF RADIAL AND TANGENTIAL CRITICAL ANGLéSFOR 
PROFILE I)ET'N 

I10 86 l"'l,N 
IFITHE~CT(I):GT.THETCR(I)) GO TO 76 
THETH(I)=THETCTI1) 
GO TO 86 
THETH(I)-THETCRtI) 
CONTINUE 

CALCULATE'TOTAL NO AND HASS OF PARTICLES IN EACH LAYER AND 
SUM 

I10 96 rt.l,N 
PtHI) .. O 
PH(I)=O 
CONTINUE 
f'NT=O 
PMT=O 
DO 106 1:1,101 
PNCI)=THETM(I)*R(I)/(:~SORT(ElLSO)*RP**2) 

PMI l )""VOLF'*F'N (1) *RHQ? 
PNT=PNT+PN ( rI 
PMT=PMTfPM,< I) 

106 CONTINUE 

o 

i' 
1 

1 

1 
i 
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l 
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245. 

C 
C CON VERT A~GLES TO DEGREES 
C 

116 
C 

DO 116 1=1,1'1 
OTHEcTCI)=THETCTCtl~180/Pl 

OTHECRCII=THETCR(I)*180/PI 
°1HETMCII~THETMII)~180/Pt 
CONTINUE 

C 
C 

C 
C 

15 
25 
3S 

10 

20 

PRINT DATA ,CRITICAL ANGLES, RECOVERIES 

IoJRITEI6,10) 
IoJR1TEC6,20) DIAP.RHOP,CHIP,SIGP,SF 
ioJRITEC6,30) DIAioJ,RHOIoJ,WMAGS,AH 
ioJRITE(~,40) ETAF,VELF,RHOF 
ioJRITE(b,50) HO,H,AA 
ioJRITECo,60) ELL,G,DTHETS 
ioJRITECb,70) 
ioJRITE(0,aO)(I,DTHECT(I),DTHECRCI),DTHETM(I),RCI),I=1,N) 
ioJRITEC 6,90)-

'WRITECb, 100) CI ,PN( 1) ,PMe 1) .l'''1 ,N) 
WRITEC6,110) PNT,PMT 

FORMATC' ','ENTER ~ARTICLE DIA,DENSITY,SP.SUSC,SP~MAON,SHEAR AREA 
.t.' ) 

FORMATC' ','ENTER FIBER DIA,DENSIn,SAT.MAGN,MAG CONSTANT') . 
FORMATC' ','ENTER FLUID VISCOSITY.VELOCITY.DENSITY') 
FORMATe' ','ENTER ELLSlhSACKGRQUND FIELD,GRAV CONST,fHETH STOF' CRI 

:f:TERIOH' )' , 
FORMAT('1',~7X,'STATIC HOHS MOD~L',//,'EXPERIMENTAL CONDITIONS C A 

.t.LL UNITS CGS l') 
FORMAT(/, sx, 'PARTI'CLE': DIA' ,F7. S, '; DENSITY' .F5. 2, '; SP. SUSCE 

.t.PT'r,EU .4,';' ./r15X,' SP./1AGN' ,Ei1.4,'; SHEAR AREA' ,F5.2) 
30 FORHAT(/,SX,' FIBER: DIA ',F6.4.'; DENSITY·,F5.2.'; SAT./'IAGN 

- .~' "F701, , , ' ,f, 15X,', MAG.CONSTANT' ,F7.1) 
40 i='ORHAT<I,SX,' FLUIO: 'VISCOSITY'.F8.5,'; \)E:LOCITY'~F5.1,'; DE 

*NSITY',F6.1) 1 
50 FORHATC/.SX,' FfELO: BA~~GROUND',F7.0,'; FIBER',F7.0, '; PERT 

..,,*URB TERM' ,F7.4) 
60 FORMATCt.SX,'INTERLA'(ER O'IST',F7.4,' RAD','; ,GRAVITY',F6.1r'; 'or 

.jeOP CRITERION' ,Fs.i,' DEG') 
FORHATC///,'RESULTS',/,5X,'LAYER',13X,'CRITICAL ANGLES (DEGREES)', 

4:15X, 'RADIUS' ,Ir 16X, 'TAHGENTIAL' ,5)(, , RADIAL' .9)(. 'M INIMUM' ) 
FORMAT(' ',6X,I3,8X,F6.:.9X.F6.2,9X,F6.~,9X,F6.4) 
FORMAT(/I/,SX,'LAYER',l~X,'PARTICLE,RECOVERIEgIABS)',/,:~X;'NUM~ER 

70 

80 
9-0 

(', 11X, '/'IASS<GMS) ') , 
100 
110 

C 

FORMAT(' ',6X,I3.9X,E12.5,5X,E12.5) 
FORMAT(/,5X,'TOTAL' ,9X,E12.5,5X,E12.5,/IIII/) 
PART 3: MASS RECOVERY €ALCULATIONS FOR A MATRIX OF NS 

C, SEGMENTS; EACH SEGMENT OF qS SCREENS 
C 

c 
C 

WRITEC 0' 11!i) 
READ(9,*) 1'101 
IF(N01.EQ.2) GO TO 137 

117 WRITE(6,105) 
READ(9,*) FH.SH,SS,NS,DIAV,M 

CALCULATION OF VARIOUS PARAMETERS 
1 

L?S=SM/ C PI ~RHOW* (RIoI:h::!» 
XAREA~CPI*DIAV**~)/4. ( 

CHIPO~CHIP+SIGP/HO 

VHVFa(2*CHIPO*CDIAP**2)*(HO~*2)*AA)/(9*ETAF*RHOF*OIAW*VELF) 
LMAX-SS*2*LPS*PNf*VOLFi*RHOP"' " 

107 

DT"1.0/M 
TT .. DT 
1\5=0 
DO 167 I d1, NS 
"FLT(I)"'1.0El~ 
CONTINUE 
8HAr'.R( 1'1-1) /RW 

, CRLS=O.O 
'IFIVMVF.LT.4.19) GO TO 1S7 , 

. , 

CR'lS=( \ C ( (8MA-l )*1 1-1. 5*5GRT, 3. )1 iVHVn*.6oo67) ) l+1) ,j(,~~ )-11) ( (BMA ~ 
"*2)-1) 

187 CONTINUE 
I\Ô=l 

\ 
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c 
C DI1:TERllINATION OF F'IBER 'SPlICING 
C 

ROF~XAREA~2~PI*(RW**2)*RHOW/SH 
• FSP",ROF-2*RW .. 

C 

1 
I_ ... -~-""--"'-- - . -~-

'1 

C CALCULA TIaN OF INITIAL CAPTURE RADIUS AND FRAtTIONAL. AREA OF 
C CAPTURE 

IF<VHVF.GE.4.19) GO TO 47 , 
DO 57 l'''l,NS 
RC< l )"0. 5*VMVF 

57 CONTINUE 
GO TO 77 

47 DO 67 l''l,NS, 0 

RC(I) .. 0.1~*SQRT(3.0)*(VHVF**0.J3333) 6' CONTINUE 
7? RCI-RC( 1) 

DO 177 J"'l,NS 
LS( J )·0.0' 

177 CONTINUE 
'7B DO 87 1-1,1'15 

C 

IF<RC(J>.GE.l.0) GO TO 79 
BETA-(FSP+RW)/(FSP+2*RWl 

. GO TO 911 . 
79 BETA.CFSP+2*RW-RC(I)*RW)/(FSPt2*RWl 
Sl FAREACI)",BETA*2*RCCIl*SH/(PI*RW*RMOW*XAREAl 

IF<FAREA(I).GT.l.0) FAREA(I)"1.0 
S7 CONTINUE 

\ EFA-FAREA< 1) *66 
IF(EFA.GT.1.0) GO TO 217 
G'o TO 227 

217 WRITEC6,13~) 
GO TO 11.7 

227 CONTINUEt 

,,, 

1\ • 
... 

! 

/ 

246. ' 

<Il 

. C CALCULA TE RECOVERIES ON EACH SEGMENT FOR EACH TI ME INCREMENT DT 
CI 

C 

DHSCll2FH*FAREAC1>*DTtSS 
SDHS-DHS Cl) 
LS(1)aLSC1)+DHS(1) 
RLS<l>aLS(l)/LHAX 
DO 97 K"1,N6 
j-K+1 
IF(J.GT.NS) GO TO'207 
DHS(J)"~FK-SDHS/DT)*FAREA(J)*OT*SS 
SDHS.SDHS+DHS (J) 
LS(J)·LS(j)+DHS(j) 
RLS( J)-LS( J)/LHAX" 

207 L-"'S+l ' 
IFCL.GT.NSi GO TO 91 
IF(RLS(L).LT.O.99) GO rD 97 
KSaKS+1 
FL T(KS)-TT '-

97 CONTINUE 
IF(KS.ED.NS) GO TO 147 
IF(TT.GE.O.999) 00 TO 147 

C ADJU5T CAPTURE RADII FOR NEXT TIME INCREMENT 
C 

ôOO TT-Ti+DT ' 
DO 101 1-1,NS '", 

. , 

IF(RLS(I) .LE.CRLS) GO Ta 107 ,_ 
ALPHAa( 1,-( «RLS( 1 ).( (BHA"2)-1 >+1 >"0\.5)-1) /(B"A-l) ) 
RC(I)·O.~*ALPHA.V"UF 

101 CONTINUE 

C 
oorn~ ~ 

C SUH-HASS RECOVERIES OVER ALL SEOH~NTS 
C ---

147 SLS:àO.O 
DO 151 J .. :. N6 
SLS"SLS+LS C ~ ) 

1:51 CONTINU~ 
SRLS=SLS/ILMk)IHal 
PFH~. 3LS,r,'K!.O 
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C 
C Oc 
C 

0

1 

F'RINT LOADING AND FRACTIONAL LOA['ING TIMES FOR 
EACH SEGMENT AN[' F-O,R ENTIRE .MATRIX 

~. 
WRITE(6,4S) 0 

WRITE(6,SS) FM,VMVF,NS,SS,SM,DIAV,M,RCI 
WRITEC6,ôS), l' 
WRITEC6,'~)(I,LSCI),RLS(r>,F(T(I),I-1,NS) 
°WRITE(6, as) SLS, SRLS, PFMR 

o'WRITE(6,95) 
REA.I)(9,lJ) NOZ 
{F(NOZ.EG.l) GO T~ 117 

137 WRITE( 6~ izs) 
READC9,*\, N03 

447. 

~ IF(N03;'E:G.1> GO TO 1 
.. :5 FORI1A'r<l////',' ','MATRIX AND FEED CONDITIONS CALL UNITS CGS,', 

.t'rIME DIMENSIONLESS)')' ... 
FORI1ATU, 9X, 'FEED.: MASS' ',F6. 1, , ; I1AG#"LUIO VELOCITY' ,F6. 3, 

*//,9X,'MATRIX: NO<SEGHENTS"dili; Sj:REENS/SEG',F3.0.· 
*'; MASS/SCRE;ENI',F6.2,/dlX,'MA IX rt'IA',F5.:!,'; NO. " 
*'TIME INCREMENTS',I4,'; RC INIT AL',F~(4) 

ô5 FORI1AT(1 ',.lf,'RESULTS',/,31X,'MATRIX LOADING',1,5X, 'SEGMENT', 
*11)(", 'HASS C GM~)' d2X, 'L/LHAX' , l::!X, 'TIME( .99) , ) 

75 FORHI;\T(" ,~, 13, 12X ,El:l.4, llX,F6. 4d3X,F". 4) 
85 FORMATCI,5X,'OVERALL',9X,El::!.4,11X,F6.4,//,5X,'PERGENT ',12X, 

*F6.2.>' \ ..,.. 
95 FORHAT<lI/, 'kORE MATRIX CALCULATIONS?C'laYES,2"NO)') 
105 FORMATC' ','ENTER FEED HASS,MASS/SCREEN,SCREENS/SEGrENT ~ 

*'NO. SEGHENTS,';,,7X,'MATRIX DIAHETER,NO. TIME rNCREM', 
',. 'oENTS' ) 

115 FORHAT(;/I, 'MATRIX, CALCULATIONS?<1=YES,;'''NO)') 
12:5 FORHAT<' ',' MORE 110DELLING? (1 =YES. 2=NOl: i 
ll~ rORMATU,5X, 'SEGt\E~H' SIZE TOO LARGE; CHOOSE FEIHER', 

,.' SCREENS PER SEGI1EN'r'", > 
127 STOP "," 

END ," 
"'EHD 

*GO , , 
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MAG.!> \ 
*IN PROGRESS ) 

... 
1GI0321 * HULL PROGRAM 

MAIN 00460C 
009340 BYTES USErl 
EXECUTION BEGIN~ 5.9S ' , 
ENTER PARTICLE OIA,DENSITY,SP.SUSC,SP.MAGN,SHEAR 

.001 5.25 .000114 1.62 .39 
~~TER PIBER DIA,DENSITY,SAT.MAGN,MAG CONSTANT 

~~~E~'~~ui~7~I~~gaITY;VELOCITY,DENSITY 
? 'II 

.01 10 1 
ENTER ELLSQ,BACKGROUND FIELD,GRAV CONST,THETA STOP CRITERION 
? 

3 3000 980 10 • 

STATIC HGMS-MODEL 

EXPERIMENTAL CONDITIONS ( ALL UNITS CGS ) 

249. ' 

PAf\TICLE ,: 

1 

DIA 0.00100; DENSITY 5.25; SP.SUSCEPT 0.1140E-03; 
SP.MAGN 0.1p20E+Ol; SHEA~ AR~ 0.39 

FI~ER 

FLUID 

FIELD 

DIA 0.0800; DENSITY 7.75; SALMGN 147::!.0; 
MAG.CONSTANT 400~0 

, 
VISCOSITY 0.01000; VELOCITY 10.0; DENSITY 1.0 

BACKGROUND 3QQO~; FISER 323'; PERTURS TERM 0.89:.!4, 

INTERLAYER DIST 1.7321 RA~; GRAVITY 980.0; STOP CRITERION \10.0 DEG 

RESULTS 
LAYER 

'·11 

J) , 3 
4 
:5 
6 1 \ 
7 
8 
9 

10 
11 
12 

LAYER 

.., , .. 
;$ 

4 
:5 
6 
7 
8 
9 

10 
11· 
12 

TOTAL 

CRITICAL ANGLES (DEGREES) 
TANGENTIAL RADIAL MINIMUM 

87. 75 
86.88 
85'.92 
84.84 
83.61 
82.18 
80.47 
78.36 
75.59 
71.53 
63.34 

0.00 

75.50 
73.56 
71.91 
70.48 
69.21 
68.08 
67.06 
66.13 
65.28 
64.50 
63.78 
63.11 

PARTICLE RECOVERIES(ABS) 
HUMBER 

0.61621E+~ 
0.61323E+05 
0.61207E+05 
0.61218E+05 
0.61326E+05 
0.61~10E+0:5 
0.617:56E+0'5 
0.620:53E:I'05 
0.623951iit05 
o .62775fi-0:; 
0.62758E+05 
0.6-6925E+00 

'1 0.67994E+06 

MASS(GMS) 
~ .:> .16939E-03 

o .16857É-03 
o • 16a25E-03 
o 016828E-03 
o • 168S8E-03 
0,. 16908E-03 
0.16976E-""o3 
0.170S8E-03 
0.17152E-03 
o • 172561;':03 
o • 17251E-03 
o • 18397E-08 

7'5.50 
73.56 
71.91 
70.48 
69.::!1 
68.08 
67.06 
66.13 
65.28# 
64.5~ 
63.34-
0.00 

RADIUS 

0.0405 
0.0414 
0.042::! 
0.0431 
O.()440 
0.0448 
0.0457 
.:> .0466 
0.0474 
0.0483 
0.0492 
0.0500 

.. 

,. 
.J 
1 

• \ 

1 

1 

Î 
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MATRIX CALCULATIONS?(l=YËS,~=NO) 
7 

1 
ENTER FEED MASS,MASS/SCREEN,SCREENS/SEGMENT,NO. SEGMENTS, 

MATRIX DIAMETER,NO. TIME INCREMENTS 
? 

10 1.42 1 40 3.78 50 

MATRIX AND FEED CONDITIONS (ALL UNITS CGS,TIME ~IMENSIONLESS) 
1 

,FEED: MASS 10.01 MAG/FLUIO VELOCITY 0.146 

250. 

MATR IX, NO. SEGMENTS 401 SCREENS/SEG 1. 1 MASS/SCREF:N; 1.42 
MATRIX DIA 3.781 NO. TIME INCReMENTS 501 RC INIT tALO.0730 

RESULTS 
MATRIX LOADING 

SEGMENT MASS(GMS) L/LMAX nME( .99) 
1 0.9760E-Ol 0.7163 ****** 2 0.9713E-Ol 0.7128 *****~ 
3 0.9666E-Ol 0.7093 ****** 4 0.9618E-Ol 0.7058 ****** :5 0.9570E-Ol 0.7023 ****** 
6 0.9521E-Ol 0.69'87 ****** 7 O.947::!E-01 0.6952 ****** 8 O.9423E-01 0.6916 ****** 
9 0.9374E-Ol 0.6879 u**** 

10 c 0.9324E"'"01 0.6843 u**** 
11 0.9274E-Ol 0.6806 u**** 
l~ 0.9223E-Ol 0.6769 ****** 13 0.9173E-Ol 0.6732 ****** 
14 0.912:!E-Ol 0.6694 .JC***** . 15 0.9070E-Ol 0.6656 ****** 
16 0.9019E-Ol 0.6619 ****** 
17 0.8967E-Ol 0.6580 ****** 
18 0.8915E-Ol 0.6542 ' ****** 
19 0.8862E-Ol 0.6504 0 ****** 
20 0.8809E-Ol 0.6465 n**u 
21 0.8756E-Ol 0.6426 ****** 
:!:! O.S703E-01 0.6387 u**** 
23 O.8649E-01 0.6348 u**** 
24 0.859:5E-Ol 0.6308 ****** 25 O.8541E-Ol 0.6268 ****** 

l' 26 0.8487E-Ol 0.6228 ****** 27 0.84l2E-Ol 0.6188 ****** 28 0.837eE-01 0.6148 ****** 
~9 ~:!3E-Ol '0.6108 U*AI** 
30 , .67E-OI 10.6067 n**** 
31 0.8212E-01 0.6027 ~At**** 
32 o .8156E-Ol ' 0 5986 u**u 
33 O.SlOOE-.Ol O~5945 ù**** 
34 0.8044E-Ol 0.5904 ****.«~ 
35 0;7988E-01 ,0.5862 .IC***** 
36 0.7932E-Ol , '0.5821 uulli* 
37 0.7875E-Ol 0.5779 .«***** 
~8 O.781SE-Ol o.S7JS· u**** 
39 O.7761E-M 0.5696 U**** 
40 D O.7704E-Ol 0.5654 ****** 

OVERALL 0.3506E+Ol 0.6432 

f'EF.CENT 35.06 
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HORE MATRIX CALCULATIONS?(1:YES,2=NO) 
? 

l 
ENTER FEED MASS,MASS/SCREEN,SCREENS/SEGMENT,NO. SEGMENTS, 

MATRIX OIAMETER,NO. TIME JNCREMENTS 
? 

30 1.42 1 4Q 3.78 50 

HATRIX AND FEED CONDITIONS (ALL UNITS CGS,TIME DIMENSIONLESS) 

FEED t MASS 30.0; MAG/FLUID VELOCITY O.1~6 

, 
251: 

MATRIX NO. SEGMENTS 40; SCREENS/SEG 1'; HASS/SCREEN; 1. 42 
MATRIX DIA 3.78; NO. TIME INCREMENTS 50; RC INITIALO .t073() 

/. 

RESULTS 

" 

1 

SEGMENT 
1 
2 
-:s 
4 
5 
6 
7 
8 
9 

la 
11 • 
12 
13. 
14 
15 
16 
17 
18 
19 
20 
21 

23 
24 

26 
27 
28 
29 
30 
31 
32 
33 
~4 
35 
36 
37 
38 
39 
40 

OVERAI.L 

PERCENT 

MATRIX LOADING 
MASS(GI1S) 
0.1331EtOO 
0: 1330E+oO 
0.1:330EtOO 
0.1329EtOO 
o • 1329EtOO 
0.1328EtOO 
0.1328EtOO 
Q.1327E+00 
o • 1326EtOO 
O.1326E+OO 

1 0.13::!SEtOO 
0.13::!5EtOO 
o .1324E+00 
o • 1323EtOO 
O.13::!3EtOO 
0.132::.!EtOO 
0.13211'+00 
0.13211'+00 
O.1320EtOO 
O.1319EtOO 
O.131SE+00 
0.1318EtOO 
0.1317EtOO 
o .1316E+00 
o • 131SEtOO 
0.1315E+00 
0.1J14E+00 
o • 1313E+00 
O.1312EtOO 
0.1311EtOO 
0.1310E+00 
O. ql0E+00 
o • 1309E+00 
0.1308EtOO 
0.1307E+00 
0.1306E+00 
o • 1305E+OO 
o • 1304E+OO 
0.1303EtOO 
0.1302E+00 

d.S:!72E+01 

17.57 

'1 

L/LMAX 
0.9768 
0.9'764 
0.97'60 
0.1.7!:5ô 
0.97~2 
Oâ.?48 

,11. 9743 
" 0.9739 

0'19734 
0.9730 
0,9725 
0.9721 
0.9716 
0.9711 
0'.9706 
0.9701 
0.9696 
0.9691 
0.9686 
0.96Si 
0.9675 
o. n,70 
0.9664 
0.9659 
0.9653 
0.9647 
0.9641 
0 .. 9635 
0.9629 
0.9623 
0.9617 
0.9611 
0.9604 
0.9598 
0.9591 
0.9584 
0.9577 
0.9570 
0.9563 
0.9556 

( 1 

TIME ( .99) 

.«***** 
, ****** 

****** 
****** 
****** 
****** .«lIC**1k* 
\****** 
****** ? 
"****** 
****** 
.t***** 
u**** 
****** *1U** 
.(;jeun 
.4:***** 
****** 
****** n**** 
****** u**** 
****** j***** 
****** 
****** ****** 
****** 
****** 
****** lC*:U** 
****** 
****** 
'tC***** 
****** 
****** 
****** 
****** 
****** 
******. 
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MORE MATRIX CALCULATIONS?(1=YES,~=NO) 
? 

l 
ENTER FEED MASS,MASS/SCREEN,SCREENS/SEGMENT,NO. SEGMENTS, 

MATRIX DIAMETER,NO. TIME INCREMENTS 
? , 

40 1.42 1 40 3.78 §o 

\ 

MATRIX AND FEED CONDITIONS (ALL UNITS CGS,TIME DIMÈNSlONLESS) 

_ FEED; MA 55 40.0; MAG/FLUID VELOCITY 0.146 

252. 

MATRIX NO.SEGMENTS 40; SCREENS/SEG 1.; HASS/SCREEN; 1.42 
MATRIX DIA 3.78; NO. TIME INéREMENTS 50; RC INITIALO.0730 

RESUL.TS 
MAtRIX LOADING 

SEGMENT MASS<GMS) L/LI1AX TIME( .99) 
1 0.1354E+00 0.9936 0.9200 
2 0.13S4E+00 0.9935 0.9200, 
3 0.1354E+00 0.9'134 0.9200 
4 o • 13S3E+OQ 0.9933 0.9400 
5 0.13S3E+00 0.9931 0.9400 
6 o .13S3E+00 0.9930 0.9400 
7 o • 1353E+00 0.9929 0.9400 
El 0.1353E+00 0.9928 0.9400 
9 0.l:353Erl-00 0.9926 0.9400 

10 0.t3:";2E+00 0.992:"; 0.9600 
11 0.1352E+OO 0.9924 0.96pO 
12 O.1352E+OO 0.9923 0.9600 
13 0.1352E+00 0.9921 0.9600 
14 o • 13S2E+OO 0.9920 0.9600 
15 0.1351E+00 0.9918 0.9600 
16 0.1351E+00 0.9917 -0.9800 
17 0.13S1E+00 0.9915 0.9800 
18 O.t35~E+00 0.9914 0.9800 
19 0.13S1E+00 0.9912 0.9800 
20 0.13~/OEtOO 0.9911 0.9800 
21 0.13~OE+OO 0.9909 1.0000 
~:! 0.1350E+0g, 0.9908 1.0000 
23 o .t350E+00 0.9906 1.0000 
24 o • 1350E+00 0.9904 1.0000 
25 0.1349E+00 \ 0.9903 1.0000 
26 , '0.1349EtOO 0.9901 1.0000 
27 " 0.1349E+00 0.9899 u**** 
28 0.1349E+OO 0.9896 ,****** 
29 O.1348E+00 0.9896 ****** 
30 O.1348E+OO 0.9894 ***~** 
31 O,t 1348E+OO 0.9892 ****** 
32 o • 1348E+00 0.9890 ****** 
33 Ool347E+00 0.98è6 ****** 
34 0.1347E+00 0.9886 ****** 
35 O.1347E+OO 0.9684 1<***** 
36 0.1347E+OO 0.9882 u**** 
37 O.t346E+OO 0.9880 ****** 
38 0.1346E+00 0.9878 ***~** 
39 0.1346E+OO 0.9.876 *** ** 
40 0.134:";E+OO 0.9874 ****** 

,QVERALL Q.5401efOl 0.9908 

PERCENT 13.50 

,MORE MATRIX CALCULATIONS?(1=YES,2~NO) 
'1 

2 0 
MORE MODELLINO?(1-Y~S,2.NO) 
? .' 
2 


