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ABSTRACT 

The magnetic hydrocyclone is a combined centrifugaI and 

magnet ic separator which consists of a hydrocyclone and an 

electromagnet. The emphasis in this thesis is focussed on the 

design of the magnetie circuitry. 

Numerieal analysis is used for the evaluation of the magnetic 

circui try. Fi ve indices of the magnetic field are developed for 

evaluat ing efficiency of the magnet ie cireuitry. 

The distribution of the magnctie field in both Fricker's and 

Watson's magnetic hydrocyelones is analyzed. The relationship 

between the index of the magnetie field and the particle (e. g. 

magnetitel separation is investigated. 

A new design of the Watson magnetic hydrocyclone is developed. 

The numerical analysis shows that the new magnetic cir~uïtry is an 

improvement on that of Watson' s original de':iign. Based on computed 

data, an optimum 16 pole magnetic eircuitry is obtained. 

A possible use of magnetic hydrocyclones 1s for recovering 

heavy media (e.g. magnetite o~ ferrosilicon) 1n coal washing 

plants. A mathematical simulation shows that a single stage 

Fricker magnetic hydrocyclone may recover magnet i te very 

efficiently from either washed coal or waste providpd there is a 

large size difference in size between media and coal. When both 

Fricker and the 16 pole Watson magnetic hydrocyclonps are used in 

combina~ion, reasonably efficient media reeovery 1s possible, even 

with a 50% passing size of magnetite and coal f1ner than 75pm. 
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RESUME 
L'hydrocyclone magnétique marie le séparateur magnétique à 

l'hydrocyclone et est constitué d'un hydrocyclone et d'un électro 

-aimant. On a, dans cette thèse, mis l'emphase sur l'élaboration 

du circuit magnétique. 

On a utilisé l'analyse numérique pour évaluer le circuit 

magnétique. Pour évaluer l'efficacité du circuit magnétique on a 

mis au point cinq indices du champ magnét ique. 

La distribution des champs magnétiques pour les hydrocyclones 

de Fricker et de Watson est analysée et on a aussi étudié la 

relation entre l'indice du champ magnét ique et la séparation de 

part icules (e. g. magneti te). 

L' hydrocyclone magnétique de Watson a été redessiné et 

l'analyse numérique prouve que le nouveau circuit magnétique est 

supérieur à l'original. Grâce aux données informat isèes, on a pu 

obtenir une optimisation avec un circui t magnétique à 16 pôles. 

Une des uti 1 isations possibles de l' hydrocyclone magnét ique 

consiste à récupérer du matériel utili~.é en milieu dense Ce g. 

magnetite ou ferrosllice) lors du traitement (du charbon) par voie 

humide. 

Une simulation mathématique montre qu'une passe simple par un 

hydrocyclone magnétique de Fricker p3ut fort efficacemt::!nt 

recupérer la magneti te du charbon traité ou des rejets pourvu 

qu'il y ait une différence granulométique importante entr'e la 

matière alourdissante et le charbon. Lorsque les deux unités, soit 

le Fricker et l' hydrocyclone magnétique à 16 pôles de Watson, sont 

uti lisés en série, on peut raisonablement récupérer la mat ière 

alourdissante, même si la granulométrie de cet te derni ère et du 

charbon montre un 50~ passant 75 #-Lm. 
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CHAPTER ONE 

INTRODUCTION 

The magnetic hydrocyclone i~ a combined centrifugaI and 

magnetic separator consisting of a hydrocyclone and an 

electromagnet. A commercial hydrocyclone is shown in Fig.1. The 

cylindrlcal part Is closed at the top by a cover, through whlch 

the vortex finder protrudes some distance into the cyclone body. 

The slurry enters the hydrocyclone through a tangential inlet 

which is located near the top cover The overflow carries the fine 

and 1 or low densi ty particles through the vortex finder. The 

underflow, which carries the coarse and / or high denslty 

part lc1es, leaves through the opening in the apex of the cone 

[1,2]. 

By Incorporat ing an e!ectromagnet a static magnet lc field is 

generated ln the hydrocyclone chamber. Dependlng on the design of 

the magnet pales, the magnetic force acting on a particle ln the 

cyclone chamber may be radially inward or outward. Fig.2 shows a 

design where the magnetic force is inward and attracts particles 

to the overflow; this is referred to as Fricker' s design s1nce he 

proposed lt ln 1984 [3]. Fig.3 shows another design where the 

magnetic force 1s out ward and attracts partlcles to the underflow; 

thls is Watson's design proposed by him in 1983 [4]. Bath designs 

have been considered in isolation; a novel aspect here is to 

consider them in combinat ion to obtain hlgh recovery and grade. 

The part1cular interest 15 their use for heavy media (e.g. 

1 
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Magnetite or ferrosllicon) recovery, for example, in coal washing 

plants. 

1.1. GENERAL INFORMATION ON MACHETIC HYDROCYCLONES 

1.1.1. Flow Patterns in The ~drocyclone Chamber 

The Most significant flow pattern in a hydrocyclone is the 

"spiral wi thin aspiraI". Two spirals are generated by the 

tangential feed and revolve in the same direction on the 

horizontal plane. However, along the vertical axis, the inner 

spiral is upwards and the outer spiral is downwards. 

As shown in Fig.4, there are four features of flow patterns in 

the vertical plane of the hydrocyclone. The first is an air core 

passing through the body of the hydrocyclone, rising from the apex 

and passing out th~ vortex finder. The second is a short circuit 

flow against the roof. The third is eddy flows which exist in the 

upper secticn of the hydro~yclone. The fourth, an important 

feature of the flow patterns, 1s the envelope of zero vertical 

veloci ty. 

1.1.2. Kagnetlc Field in The Hydrocyclone Chamber 

Depending on the design of the Magnet pales, principally the 

shape and the locat ion relative to the cyclone chamber, the 

magnetic force acting on a particle May he radlally inward or 

outward. 

In this thesis, the magnetic hydrocyclones are di vided into 

two types by the direction of magnetic force in the cyclone 
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chamber: 

A. Fricker magnet ic hydrocyclone - the Magnet ic force is 

inward to the vortex finder of the cyclone. 

B. Watson magnetic hydrocyclone - the magnetic force is 

outward to the cyllndrical wall of the cyclone. 

The characteristics of the two kinds of magnetic field will be 

discussed in detail in the following chapters. 

1.1.3. Forces Acting on A Particle 

In general, there are three forces acting on a particle in the 

magnetic hydrocyclone: an outward centrifugaI force Fe, an inward 

drag force Fd and a magnet lc force F. [Il. Assuming the part icle 

is spherical and flow is laminar relative to the particle, Fe and 

Fd are given by (unit: N): 

where d 

r 

Il 

p. Pl 

nd3 Ps - Pl 2 
Fe = ---- V -6--- r t 

Fd = 3ndll v 
r 

= the spherical particle diameter, 

= the instantaneous distance of the 

center of the cyclone, m' , 

= the viscosi ty of 1 iquld, kg/m'sj 

= the densi ty of sol1d and 1 iquld, 

(1.1) 

(1.2) 

m; 

particle from the 

respectlvely, 3 kg/m; 

v v = tangent laI and radial velocity components of flow ln 
t r 

the magnetic hydrocyclone, mis; 

F. (unit: N) 15 given by (see Appendix A for magnetic units): 

1 



Fm nd
3 

= -6- Jlo K H gradH (1. 3) 

Where #to = the permeabi 1 i ty of l."ree space, 4Jf X 10-7T·m/A; 

K =" -" ,the susceptibility of the particle minus the 
p 1 

susceptibility of the llquid, dlmensionless; 

H = the magnetic field intenslty, Afm; 

gradH = the gradient of magnetic field Intensity H, 2 Alm; 

The product of' H and gradH (HgradH) ls the most important 

characterist lc for descri 1-)ing the performance of the magnetic 

separator, and is called the "magnetic force factor" or "force 

factor" for short. It can be seen that Fm Is determined by the 

dh'ect Ion and magnitude of the force factor. 

1.1.4. Behavior of Particles 

Behavior of non - magnetic particles 

Compared with Fe and Fd, F. acting on a non - magnetic 

particle (1"1 < O. DOl) is very small so that it can be Ignored. 

Such particles are subJected only to two opposing forces, Fe and 

Fd. 

Sehavior of strongly magnetic particles 

In the case of a ferrimagnetic particle such as a Magnetite 

particle, the magnetlc force Fm acting on i t is greater than 

either Fe or Fd. For example, in Fricker' s rragnetic hydrocyclone, 

F. on a 30 Jlm spherical magnetite part icle is about 100 t imes 

greater than Fe and 80 times greater than Fd when the magnetic 
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( flux denslty B Is 1 Tesla on the Inner pole of the Magnet. 

In the Frleker Magnet le hydrocyelone, F. combines wlth Fd. 

When the comblned force of F. and Fd ls larger than Fc, the 

partlcle moves lnward and goes to the overflow; if the eombined 

force is less than Fe, the particle moves outward and goes to the 

underflow. 

In the Watson magnet ic hydrocyclone, F. combines wi th Fe. When 

the combined force of F. and Fe is larger than Fd, the part icle 

moves outward and goes to the underflow; if the combined force is 

less than Fd, the particle moves inward and goes to the overflow. 

1.1.5. Equilibrium Orbit Hypothesis and Cut Slze 

) 
( 

In order to avoid the confusion wi th d50c used in the normal 

hydrocyclone (see Appendix 8 for the definition of dSOe) , dSOc,m 

ls used to deslgnate the eut slze in the magnetlc hydrocyclone. 

The fundamental equat ion which calculates the eut size dsoe,m 

is based on the concept of the equilibrium orbit (Flg.5) [2,8]. 

The force balance on a eut size particle ls: 

Fe - Fd ± Fm = 0 (1. 4) 

Then, ~~,. ls derlved as 

1 

dSOc •• = [ _____ 1_8_~--V-I"------l2 
(p s - Pl) V l ± r fLo le. HgradH 

(1. 5) 

In the case of the Frieker magnetic hydrocyclone, the symbol (±) 

(~ 

9 

-



Orbit 

Fe -... .....-----r" 

F -~------m (Watson) 
-----1 ... - Fm (Frlcker) 

radius = r 

Figure 5. Forces acting on an orbiting partlcle in a magnetlc hydrocyclone ... , ' 
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is negative; in the case of Watson's design, it Is positive. 

From Eq. 1.5, i t can be seen that upon lncreasing the f'orce 

f'actor the cut size of a ferrimagnetic particle will he increased 

in Frlcker' s magnetlc hydrocyclone and decreased ln Watson' s. 

Heanwhlle, the cut size of non - magnetlc particles, llke slllca, 

wlll not be changed. Consequently separation can be changed. 

1.2. FRICKER'S MACHETIe HYDROCYCLONE 

1.2.1. Kain Design Features 

Electromagnet design 

As shown in Fig.2, an electromagnet of horseshoe section in a 

circumference of revalut ion was used. The inner pole and outer 

pole, which were of hollow bar and connected at one end, were 

concentric. 

The coi 1 was in a plane perpendicular to the axis of' the 

po 1 es. 1 t ws made by 400 t urns of 2. 0 mm copper wl re and powered 

by a variable transformer and rectifier. 

The distribution of magnetic field in the cyclone chamber ls 

shown in Fig.6 [31. 

Hydrocyclone design 

From Fig.2, i t can be seen that the vortex flnder of the 

Fricker magnetic hydrocyclone is slightly longer than that of a 

conventional hydrocyclone, because it has to be fitted into the 

gap of the magnetic poles. 

The test hydrocyclone was brass, 160 mm long and the cone 

11 
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Figure 6. Magnetic field in Fricker's magnetic hydrocyclone 

(After Fricker [3]) 
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angle wa& 54. It had inlet, overflow, underflow and overall 

dlameters of 35, 42, 30 and 200 mm, respectively. 

1.2.2. Experiments and Results 

Six samples of titanomagnetite iron sands (New Zealand) were 

treated in Frlcker' s tests. The major mineraI ln the samples was 

the t itanomagneti te. The obJect! ve was ta achleve the export grade 

of 56" Iron at reasonable recovery from each sample. The resul t5 

are shown in Table 1 [3]. 

The effectiveness of thls magnetlc hydrocyclone was determined 

by a test with an artificial feed containing 20% magnetite and 80% 

quartz sand between 0.1 and 1.0 mm in size. As shawn in Fig.7 [3J, 

( almost aIl of magnet ite went to the overflow wi th a recovery of 

99% and a grade of 96% when input OC current was equal ta BA. 

1.3. WATSON' S HAGNETIC HYDROCYCLONE 

1.3.1. Main Design Features 

Electromagnet design 

Watson's design consisted of a pair of bar electromagnets, 

placed oppositely outside of the cyclone (Fig.3) [4]. 

A typical magnetic field distribution is shown in Table 2 [4] 

on the pole center 1 ine wl th two poles set 10 cm apart. The two 

coUs were powered by a OC supply whlch was capable of praduclng a 

magnetic flux density 8 of 2.0 Tesla across the 10 cm air gap 

between two pole faces. From Table 2, the field gradient was at 

13 

. 



... 
>10; 

-

Table 1. SUlllDary of results with Fricker' s magnetic 

hydrocyclone [3J 

Feedstock Feed Product 

single pass two passes 

" Fe y. Fe r. Rec. r. Fe 'Y. Rec. 

Walkato North Head 

• • • • • Clay 35 60 55 95 75 
(St) 

Sand 21 49 30 

Waipipi spIral taU 

January, 1982 30 47 

August, 1983 32 50 50 52 45 

Taharoa 28 52 50 54 50 

• Magnetles 

Ree. = Reeovery 

The pure titanomagnetite has an Iron content of about 62r. . 
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Table 2. Magnetic field distribution on pole center Une 

in Vatson's magnetic hydrocyc 1 one [4] 

Distance fi'om Current (A) 0 5 10 15 20 25 
pole face (cm) Field strength (Gauss) 

0 14 550 1070 1620 2120 2660 .. 
.... 1.2 13 525 1030 1580 2040 2540 

2.5 13 500 1000 1460 1950 2450 

3.7 12 495 960 1420 1910 2340 

5.0 12 490 930 1400 1880 2300 

16 
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Most 72 gauss/cm (0.72 Tesla/meter ). 

Hydrocyclone design 

ln Watson' s tests, three magnetic hydrocyclones were used: a 

10 cm diameter glass cyclone, a 7.5 cm air cyclone and a 7.5 cm 

diameter aluminum cyclone. The maJority of experlments were 

carried out on the alunlinum cyclone. 

The aluminum cyclone had inlet, overflow and underflow of 

0.5", 0.75" and 0.62", respect! vely. The length of the cyclone 

body was 8.5" and the depth of vortex finder into the cyclone body 

was 3.0". 

1.3.2. Experimenta and Resulta 

Initial tests were carried out on the 10 cm glass magnetic 

hydrocyclone with a synthetic feed of tltanomagnetite from New 

Zealand iron sands and beach sand quartz. Subsequent tests used 

the 7.5 cm air magnetic cyclone with a synthetic feed of dolomite 

/ Magnetite. Final tests used the 7.5 cm aluminum magnetlc 

hydrocyclone with the feed of Magnetite and the dolomite. 

The typical result showed that the Magnetite recovery to the 

underflow was about 90% with a magnetite grade of 22%, from a feed 

grade of 10% at a field intensity of 1000 gauss (O.lT) on the pole 

surface. 
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CHAPTER TWO 

NUMERICAL ANAL YSIS METHOD 

Slnee the hydrocyclone has been studied in detall, the 

emphasls in this thesis is focussed on the design of the magnet le 

cireul try. 

2.1. MATIlEMATlCAL FUNDAMENTALS 

2.1.1. Simplification of The Three Dimensional Magnetie Field 

The magnetic field in a magnetic hydroeyclone ls three 

dlmensional. In this study, this eomplex three dimenslonal problem 

is simplified to a two dimensional problem for two reasons. 

The first reason is the symmetrical structure of the 

electromagnet in magnetic hydrocyelones. From Figs.2 and 3, it can 

be seen that two different electromagnets have a common feature: 

along the vertical direction, there is no variation on the shape 

of the magnetic pales. So we need only consider the distribution 

of magnetic field in the horizontal plane. 

The second reason i5 the limltat ions on the speed and memory 

of IBM - PC/XT microeomputer. For further researeh, the complete 

distribution of the three dimensional magnetie field can be 

obtalned with a bigger computer. 

2.1.2. Laplaee's Equation 

In' this study, the field domain of the numerlcal analysis ls 
\ 

set ln the ehamber of the magnetic hydrocyelone. It me ans that the 

18 
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field domaln Is passive, e. g. there is no "source of magnetic 

flux". l1ke the m .. gnet or coll, ln the field domain. 

Based on Maxwell' s equatlons, the total points in the field 

domain should meet Laplace's equatlon [11]. In Cartesian 

coordinates, Laplace's equatlon of the magnetic ::.calar potential, 

~ (dimensionless), 15 written as 

(2. 1) 

In polar coordinates, setting the center of magnetlc field as the 

origin, it becomes 

~ + _1_ a
2

tfJ = 0 
a r r 2 a «2 

(2.2) 

where r is the radial variable and « is the angular variable. 

Eq. 2. 1 was used in the calculat ion of the magnetic field of 

the Watson magnetic hydrocyclone. Eq.2.2 was used in the cases of 

the Fricker magnet ic hydrocyclone and the design of the new 

magnet i cci rcui try. 

In Carte5ian coordinates, the relationships among t/J, H and 

gradH are wrltten as 

~ aH..) aH 0-) 

gradH = -- i + --- J 
a x a y 

and in polar coordinates: 

~ = -V; = - [ :: ; + ~ :: : 1 

19 
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---+ 
gradH = a H 

a r 

~ 

r + 
1 

r 

a H -+ 
--cx (2.6) 
a ex 

-+ 
Where equatlons are vector equatlonsj 1 ls X axial unIt vector and 
-+ -+ 
J ls Y axIal unIt vector in Carteslan coordlnates (Fig.8(a)); r is 

~ 

the radial unit vector and ex is the angular unit vector in polar 

coordinates (Fig.S(b)). 

2.1.3. Finite Difference Method 

The fini te difference met.hod is a numerical method ""lich can 

be used to obtaln the solution, to any deslred accuracy. of the 

dlfferentlal equatlons, in the case of Eqs. 2.1 and 2.2. In 

replacing the magnetic field equations by a set of finite 

dlFference equations which connect values of the magnetlc scalar 

potential functlon, the first task ls the dIstribution of poInts. 

Distrl butlon of Points in Field Domain 

Any distribut ion of poInts can he used in the field, such as a 

triangular mesh, hexagonal mesh or an irt'egular mesh. However, the 

square mesh and L~~ sect or mesh are two cf the Most popular types. 

Basic Equations for The Square Mesh 

PoInt 0 and 1 ts neighboring points 1, 2, 3 and 4 are shown in 

Fig. 8(a). The length h. referred to as the mesh length, ls small 

compared wl th the boundary dimensions. 

The difference equation Is developed by expanding the magnetic 

scalar potential ~ at point 0 in Taylor' s series and deri ving 
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expression :for (82t/J/8x2)o and (82 t/J/8-/')o which are l;ubsti tuted in 

Eq. 2. 1. 

~t any point x, ~ can b3 expanded in terms o:f the t/Jo at point 

o by the use of Taylor' s series: 

t/J 4> + [~] (x - xoJ 
1 [ a2~] (x _ X J2 = +-

0 
8 x 0 2! 8 x2 

0 0 

+ 
1 [83

.] (x - x J' (2.7) + .•. 

3! a x 3 
0 0 

Thus. subst ituting in this equation for the values x = x + h and 
1 0 

x = x - h yields the values of 4> at the points 1 and 3 
3 0 

respectlvely as follows 

[:: la 1 ht\] _1_ h'[ 83
.,] + t;=t/J +h + + 

1 0 
2! B x 0 3! 8 x 0 

(2.8) 

t;=t/J -h [: : la + 

1 ht2

•
2

] - _1 h'[ 83

.,] + 3 0 
2! a x 0 3! 8 x 0 

(2.9) 

Forming the sum of Eqs. 2. 8 and 2.9 gives 

4> + t; = 2t/J + h
2

[ 8
2

t;] + •.. 
1 3 0 8 2 

X 0 
(2.10) 

Ignoring terms containing h to the power four or more, the simple 

expression :for (824)/8x2 )o is 

[ 
824>2] 
8 x 0 

= 4> + 4> - 2t; 
1 3 0 

(2.11) 

In an analogous manner, an expression for 2 2 
(a t;/By)o can he 

obtained, namely 

22 
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[ 
82 ~ 1 =; + ; - 2; 
8 

2 2 4 0 
'1 0 

(2.12) 

Substituting Eqs. 2.11 and 2.12 in Eq.2.1, Laplace's equatlon for 

the point 0 not adjacent to a boundary is 

41 + ~ + 41 + ; - 441 = 0 
12340 

(2.13) 

In order ta solve H in Eq.2.3, (8;18x) and (8;18y) have to be 

obtalned. Formlng the difference of Eqs. 2.8 and 2.9 and ignoring 

the terms containing h ta power three or more, the expression of 

(8;18x)o is 

(2.14) 

In the sarne manner, (81f>18y)o 15 wr! tten as 

(2.15) 

The terms of (8H/8x)o and (8H18y)o are obtained by a similar 

method 

[:: la 
H - H 

1 3 
= 

2h 
(2.16) 

[:: la 
H - H 

2 4 
= 

2h 
(2.17) 

Basic Equations for The Sector Mesh 

Fig. S(b) shows the points l, 2, 3, 4 and point 0 ln polar 

coordinates. Assuming the arc 3-0-1 is closed to a straight line 

and !ts length is small compared with the boundary dimensions, 
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Laplace's equation for the point 0 can be obtained wlth a method 

similar to that used in Cartesian coordinates 

Where 

K~ + p~ + Q(~ + , ) - (K + P + 2Q) ~o = 0 
2 4 1 3 

K = 2r + hr 

4r·h~ 
p = 2r - hr 

4r'h~ 
Q = 1 

2 
2·ha 

r = the distance from point 0 to the origin, m; 

(2.18) 

hr = the length of sector mesh on the radial direction, m; 

ha = the length of arc 3-0 or arc 0-1, m; 

The gradients of </J and H can aiso be obtained using a method 

similar to that used in Cartesian coordinates 

a r 

a H 

a r 
= 

2'hr 

H - H 
2 4 

2·hr 

2.2. COMPtrrER PROGRAM 

_1_~= 1 

r a 0: r 

1 a H 1 

r a 0: r 

2'ha 

H - H 
1 3 

2'ha 

The flow - chart of the pro gram is shown in Fig.9. The main 

task is to caiculate the distribution of magnetic scalar 

potential. Then, the distributions of H and gradH are calculated. 

The program can be terminated at any accuracy requlred by the 

user. In the program, the accuracy is 
-5 

defined by Err < 10 

where Err is given by 

Err = 
l ,n 

------- ---- - ---

l , l, n - , l, n-l 
(2. 19) 

~ l,n 
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Initialization and 
setting boundary conditions 

Subroutine: computing 
magnetic scalar potential 

Yes 

Subroutine: 
computing H, gradH and HgradH 

Relativization 
for H, gradH and HgradH 

Output of results 

stop 

Figure 9. The flow - chart of program 
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Where Err = the relative error of the n th Iteration at point 
l,n 

i, dimensionless; 

• l,n = the I/J oÎ the n th Iteration at point i, 

dimensionless; 

• l,n-l = the I/J of the (n - 1) th itt>ration at point J., 

dimensionless; 

If a higher accuracy is required, the running time of the program 

Is increased. In general the accuracy g! ven by Err < 10-5 is 

sufficlent for the calculation of the magnetic field [11]. 

In the Iterative solution of Laplace's equation, the 

overrelaxat ion method which speeds up the convergence of 

Iterations was used ln conjunction wilh the Gauss-Seidel method. 

-5 When the maximum Err was less than 10 • the number of i tel'at ions 

of magnet le scalar potent ial for each calculat Ion was more than 

450 in the case of both the Frlcker and Watson magnetlc 

hydrocyclone. 

A 21 x 51 finite difference grid was used for the calculation 

of Watson' s magnetic hydrocyclone in Cartesian coordirates; 10 x 

17 and 11 x 16 grids were used respectlvely for Fricker's magnetic 

hydrocyclone and the new designs of the Watson magnetic 

hidrocyclo~e in polar coordlnates. A typlcal run required about 40 

mir.utp.s on an IBM-PC/XT microcomputer. 
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CHAPTER THREE 

INDICES OF A MAGNETIC FIELD 

The calculation of the distribution of magnetic field in a 

magnetlc hydrocyclone results in great mass of numerical data. The 

objective of numerical analysls is to evaluate the magnetic Ïield 

in order to improve the design of the magnet1c hydrocyclone. It 1s 

useÏul ln this regard to reduce the mass of data to a few Indices 

for comparlson of competing designs. 

3.1. TVa COKPONENTS OF A FORCE FACTOR 

From Fig. la, i t can be seen that a force factor ln polar 

coordinates has two components: the radial component fr and the 

tangential compone nt ft. 

The tangential component Ft is ineffective for separation in a 

magnetic hydrocyclone. Acting on a magnetic particle, Ft gives it 

a tangential force which ei ther accelerates or dece lerates the 

partlcle. However, this effect should be minimized because we want 

the tangential velocity of the magnetic particle to be controlled 

by the inlet pressure of pulp, not the magnetic field. 

The radial component fr is the effective separation component 

in a magnetlc hydrocyclone. A positive outwards fr 1s produced in 

Watson's magnetic hydrocyclone and a negative inwards fr 1s 

produced in Fricker' s. What should be avolded Is having the 

component in part of the cyclone chamber Inwards whl!e 1 t Is 

outwards in other parts. In such a case, the magnetic force acting 
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Figure 10. The effective and in.ffectlve component of a force factor 
ln the magnetlc hydrocyelone 
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( on the magnetlc partlcle wUI be counteracted ln dlfferent parts 

of the cyclone. 

The Ideal would be a magnetir. ~ield ln a magnetic hydrocyclone 

acting totally Inwards or outwards radlally with no tangent lai 

component. 

3.2. INDICES OF A MAGNETIC FIELD 

3.2.1. Indices For Magnetie Force Factor 

Fig. 10 shows a section of the cyclone chamber dlvided into n 

elements. There 15 a magnetic force factor 1 ln the center of the 

element i. It is a5sumed that at any poInt in the element i the 

force factor is the same as the force factor l,i.e. fi' In polar 

( 
coordinates, f Is dl vlded Into two component: 

1 
the radial 

component fr and the tangent laI component ft . , , 

Average radial force factor. This ls an areal average value of the 

radial component of the force factor, defined by 

n 

A.R.F. = + L fr • area ) , 1 
(3.1) 

, = 1 

where 

A. R. F. the average radial force factor, 2 = T lm; 

A the total area of the cyclone chamber, 2 = m; 

~r the radial component of the force factor fi' 
2 = T lm; 

1 

the area of the element 1, 
2 area = m' 

1 
, 

n = the total number of area elements, dimenslonless; 

f 
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It can he seen that the greater the average force factor the 

better the magnetlc circuitry. 

Average tangent laI force factor. ThIs ls an areal average value of 

the tangent laI compone nt of the force factor, deflned by 

n 

A.T.F. 1 = A L ft • area ) 
1 1 

(3.2) 

1=1 

where 

A.T.F. 2 = the average tangent laI force factor, T lm; 

ft 
1 

2 = the tangent ial component of the force factor fi' T /m; 

From Fig. la, it can be seen that the best magnetic c1rcuitry 

should have a zero A.T.F .. 

These indices are used in the evaluation of the Magnet ic 

field. However, in the case of symmetrical Magnet le circui try, 

these indices are not sufficient 50 that a further two indices are 

introduced as follows. 

Ab50lute average radial force factor. This ls an areal average 

value of the absolute value of the radial component, deflned by 

A.A.R.F. = 
1 

A 

n 

I (3.3) 

1 = 1 

Where A. A. R. F. i5 the absolute average radial force factor. If a 

magnetlc field 15 unltary, 1. e. force factors are totally Inwards 

or outwards, A.R.F. should be equal to A.A.R.F .. Otherwise, A.R.F. 

should he less than A.A.R.F .. 
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Absolute average tangential force factor. This Is an areal average 

value o~ the absolute value of the tangential component, defined 

by 

n 

= -Al \" A.A.T.F. L 
1=1 

(3.4) 

Where A.A.T.r. 1s the absolute average tangential force factor. If 

a magnetic field is a symmetrical field but not a unltary ~leld, 

the A.T.r. should he zero but not A.A.T.r .. In half of the 

symmetrical field the tangential component of the force ~actor 

accelerates the magnetic particle but decelerates it in the other 

half 50 that the work performed by the tangential component of the 

force factor 15 totally counteracted. This will he dlscussed 

later. 

3.2.2. Index For Magnetic Energy 

Normally, a magnet ic energy in a volume v i5 calculated wlth 

the equation as follows 

= J dv J 
~ ~ 

Ev H dB (3.5) 

Where Ev = the magnetic energy in vol ume v, J; 

H = the magnetic field intenslty, Afm; 

B = the magnetlc flux den~l ty, Tesla; 

the volume. 3 v = m; 

In aIr the relationship between B and H Is a linear ~orm 

B = flo H (3.6) 
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Where J'O ls the permeablll ty of free space (41r x 10 T·mlA): The 

magnetlc energy ls calculated as follows 

1 J 2 Ev =""2 Ilo H dv (3.7) 

In the present case, the discretlzatlon equatlon has to he derlved 

from thls Integral equation. By means of Flg.lO and deflnitions of 

Eq. 3.1, it ls assumed that Hils the magnetic field intensity at 

the center of the element i. The volume v ls deflned by 

n 

V = LoI area
1 

1 = 1 

(3.8) 

Where L ls the length of the cyclone chamber ln meters, mj then, 

Eq. 3. 7 becomes 

n 

Ec=+JloOLL H2
• area ) 

1 1 
(3.9) 

1=1 

Where Ec ls the magnetic energy ln the cyclone chamber, Jj If L ls 

assumed as 1 meter, Eq.3.9 becomes 

n 

E 
1 Le H2

• area ) (3. 10) = ""2 JlO 1 1 

1 = 1 

Where E ls the magnetlc energy ln the cyclone chamber wlth a unIt 

length of 1 meter. E ls used to evaluate the magnetic field from 

lhe energy viewpolnt. 

3.3. CRI TERI ON rOR EVALUATING HAGNETIC CIRCUITRY 

The Ideal design of the magnet ie circui try should have fi ve 

feature'3: 
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A. A hlgh average radial force factor (A. R.F.). 

B. The absolute average radial force factor (A.A.R.F.) should 

he equal to the average radial force factor (A. R.F.). 

C. The average tangential force factor (A.T.F.) should he zero. 

D. The absolute average tangent lai force factor (A.A.T.F.) 

shoul d he zero. 

E. A high magnetic energy (E) ln the cyclone chamher. 
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CHAPTER FOUR 

ANAL YSIS OF FRICKER AND WATSON DESIGNS OF MAGNETIC HYDROCYCLONES 

Fricker' s and Watson' s magnetlc hydrocyclones have been used 

~or a number of experiments [3,4]. However, there is little on the 

relationship between the magnetic field and the separation 

achieved ln a Magnet ic hydrocyclone. This relatlonship wi 11 be 

explored in this chapter. 

4.1. ANALYSIS OF FRICKER'S MAGNETIC HYDROCYCLONE 

Numerical analysis shows that the electromagnet of the 

hor'seshoe section in Fricker' s magnetic hydrocyclone is a suitable 

,., .. design. 

In this section, computed resu] ts of the magnetic field are 

based on the boundary condition of B = 1.0 Tesla on the lnner pole 

of the electromagnet. 

80th magnetic flux density B and force factor are vectors. An 

arrow 1s probably the best symbol to represent a vector: the 

direction of the arrow ind1cating the direction of the vector, the 

length of the arrow inàicating the magnitude. However, sometlmes 

the difference between two vectors 1s too large to show the 

smaller vector clearly. For example, if a 1 cm arrow 1s set to 

2 represent a fo"ce facto~~ of 5 T lm, the ari'OW wh1ch 1s used for a 

2 
~orce factor of 0.05 T lm w1 Il only he a point. Consequent ly, a 

combination of diagrams and tables is used to show the direct ion 

and magnitude of vectors respectlvely. 

-
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4.1.1. Features of Magnetic Field 

Figs.11 and 12 show diagrams of the magnetlc flux denslty B 

and the force factor respectively. The distribution of their 

magni tude ls shown in Table 3. There are two features of the 

magnetlc field of Fricker's magnetic hydrocyclone: 

(i) Concentric distribution of the magnetlc field and force factor. 

Because of the symmetry of the magnetic circuitry, both the 

magnetic flux density B and force factor have the sarne concentric 

distribution. The magnitude of the vector is a single function of 

the distance from vector to center of the cyclone (Table 3), and; 

(ii) Radial direction of the magnetic field end force factor. 

From Fig. Il, it car. be seen that magnetic flux 11nes are generated 

from the inner pole to outer pole. The direction of all magnetic 

flux lines ls outwards ln the radIal direction, or, more precisely 

in a direction normal to the Inner pole surface. On the other 

hand, the direction of force factors shown in Fig.12 is inwards in 

the radial direction. 

From Table 3, i t can be seen that when B is 1.0 T on the 

surface of the Inner pole, it is equal to 0.5 T on the cyclone 

wall which ls 5 cm away from Inner pole. When the force factor on 

2 2 2 the inner pole Is 20.2 T lm, it is 2.8 T lm (13.9% of 20.2T lm) on 

the cyclone wall. 
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Inner pole 

Outer pole 

Figure 11. Magl1etle flux denslty B between Inner pole and outer pole 
ln Frlcker magnetlc hydrocyclone 
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Figure 12. ForcI factor between Inner pole and outer pole 
ln Frlcker magnetlc hydrocyclone 
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Table 3. Computed resul ts of B and force f'actor in 

Fricker's magnetic hydrocyc 1 one -

(1) (2) (3) 
Distance 8 Force factOl~ 

(cm) (T) (T
2 

lm) 

0 1.00 20.15 

0.5 0.94 15.27 

1.0 0.89 13.25 

1.5 0.77 10.40 

2.0 0.71 8.31 

2.5 0.67 6.75 

3.0 0.62 5.55 

3.5 0.59 4.63 

4.0 0.56 3.89 

4.5 0.53 3.31 

5.0 0.50 2.83 

• 8 = 1. 0 Tesla on the inner pole; 

(1) = distance from inner wall of 

cyclone, cm; 

(2) = magnetic fl ux des i t Y , Tesla; 

(3) magnetlc force factor, 2 = T lm; 
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c 4.1.2. Evaluation of Kagnetic Field 

The indices of the Magnet ie field ln Frlcker' s design are 

shawn ln the lower part of Table 4. It ls obvious that this 

magnetie field is Ideal because there is no tangent ial component 

of' the f'ore€:' factor. In this case, A. R. F. 1s equal ta A. A. R. F. , 

beCéi.U5e of the complete inwards radial direction of' total f'orce 

f'actors. 

The disadvantage of Fricker' s design 1s that there 1s some 

magnetie energy consumed in the spaee between cyclone wall and 

outer pole of the electromagnet (Fig.2L The data show the 

magnetic energy distributed in the cyclone chamber j5 4770 J but 

the total magnetic energy distributed between 1nner and outer pole 

1s 6481 J (Table 4). It means only 73.6% of total magnetic energy 

( 
was effectlvely used in Fricker's magnetie hydrocyclone. 

Based on Fricker' s design but removing the space between 

cyc lone wall and outer po le of' the e lectromagnet, the computed 

data with various cyclone diameters are shawn in the upper part of 

Table 4. In this case, the boundary conditions are: 

(a) the ratio of the diameter of the inner pole ta the outer 

pole of the Magnet is equal ta 0.5. This value is from Fr1cker's 

magnetic hydrocyclone [3]; 

(b) the magnetic flux dens1ty 8 1s equal ta 1.0 Tesla on the 

1nner pole of the eleetromagnet. 

It can be seen that when the diameter of the Frieker magnetic 

hydrocyelone 1s increased from 0.1 m ta 0.5 m, the magnet1c energy 

• 1nereases from 1. 1 kJ ta 28.1 kJ and the average force ractor 

( 
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Table 4. Computed results of force factor and magnetic energy 

in Fricker magnetic hydrocyclone -

(1) (2) (3) (4) (5) (6) 
Dlameter M. E. A. R.F. A. A. R. F. A.T.F. A.A.T.F. 

(m) (J) (T2 /m ) (T2 lm) (T2 /m ) (T 2 /m) 

0.1 1126 16.1951 16. 1951 a a 
0.2 4502 8.0989 8.0989 a a 
0.3 10131 5.4692 5.4692 a 0 

0.4 18010 4.1019 4.1019 a a 
0.5 28140 3.2390 3.2390 a a 

0.2 •• 4770 8.1835 8. 1835 a 0 .,.. 

'-' 6481 magnetlc energy between poles) 

• B = 1.0 Tesla on the 1nner pole; 

(1) 15 the diameter of cyclone, m; 

(2) 15 the magnetic energy in cyclone chamber, J. , 

(3) 15 the radial force factor, 2 average T lm; 

(4) i5 the average of absolule value of radial 

force factor, 2 T lm; 

(S) 15 the tangent laI force factor, 2 average T lm; 

(6) i5 the average of absolule value of tangent laI 

force fa .. :::tor, 2 T lm; 

•• Fricker's hlagnet l.c hydrocyclone (reference F1g.2); 

-
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2 2 decreases from 16.2 T /m ta 3.2 T /m. 

In fact, assumJ ng the cyclone chamber ls 1 meter long. a 0.5 m 

Frlcker magnetlc hydrocyclone needs electr1c energy whlch Is 

greater than the magnetic energy of 28.1 kJ because of the 

electrlcal reslstance of the colIs. 

In an electromagnet, the magnetlc flux ls generated by the De 

current through the coUs. However. the greater the current the 

hotter the colIs. Wl th increaslng temperature. the reslstance of 

the colIs 1ncreases. Consequently Increaslng power 1s requlred as 

temperature increases. The circuIt wll1 limlt the magnItude of the 

increase of the magnetlc flux density on the inner pole. As a 

consequence, for the same capaclty, a bank of parallel small 

magnetlc hydrocyclones 15 better than one large magnetlc 

hydrocyc lane. 

4.1.3. Comparison Between Compuled and Heasured Data of Hagnetic 

Field 

Fig. 13 shows the comparison between the computed and measured 

flux density ln Fricker's magnetic hydrocyclone. In arder ta 

compare, the vertical axis is set as the relative magnetic field 

strength. For example, setting the l'clat! ve value at 100% on the 

lnner pole, the relative value will be 50% on the outer w-all of 

the cyclone in the computed data. The computed data are from Table 

3, and the measured data are fram the curve of OC current = 2A ln 

Fig.1 [3). 

The magnetlc circuitry of Fricker's magnetic hydrocyclone 15 a 
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half - open circui try. From Fig.2, it can be seen that the 

Magnet lc circui try is opened at the lower end. Fricker measured 

the magnetic Ïlux density across the section of the open end, and 

the results are shown in Fig.7 [3]. Because of the divergence oÏ 

the magnetic flux at the open end, B at this section should be 

weaker than B at the mid and upper sections. 

The computed data are based on an Ideal two dimensional 

magnetlc field which i5 the simplification of the real three 

dimenslonal field. Thus the computed resul t is the upper boundary 

of the Magnet ic field. Consequently, the curve of the measured 

data is lower than that of the computed data. The true curve of B 

at the mid section will he somewh€·re bet ween the curves of the 

computed data and measured data in Fi g. 13. 

The best section for analysis is the Mid section in the 

Fricker magnetic hydrocydone. The distribution of the magnetlc 

Ïield in the Mid sect ion wi Il be sol veti in the three dimensional 

numerical analysis ~onducted later. 

4.1. 4. Relationships Between A. R. F., Hagnetlc Energy and Cyclone 

Diameler 

Based on the computed data shown in the upper part of Table 4, 

two regressions have been perÏormed under the condi t ion oÏ B = 1.0 

Tesla on the Inner pole of the Magnet. 

Regression of average radial Ïorce factor. The A.R.F. 

hyperbollc function oÏ the cyclone diameter, defined by 

1 
A.R.F. = 1.622 • -0-

42 
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Figure 13. Comparison of computed and measured data of 
magnetic field in Fricker's magnetic hydrocyclone 
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2 
where A.R.F. 15 the average radial force factor, T lm; n i5 the 

cyclone dlameter, m. From Table 5, it can be seen that the maxImum 

relatIve errer of the regresslon Is about 1.14 r.. 

Regression of magnetic energy. The magnetlc energy is a function 

of the square of the cyclone diameter, def1ned by 

E = 1.126 x 105 
• n2 (4.2) 

Where E is the magnetlc energy ln cyclone chamber, J; Table 5 

shows that the maximum relative error of the regression is about 

0.035 r.. 

4.1.5. Forces on a Magnetite Particle 

In the Fr1cker magnetic hydrocyclone, the magnetlc force Is 

Inwards. Defining the inwards direction as positive, the combined 

force on a magnetic particle FJ is 

FJ = Fm + Fd - Fe (4.3) 

From this equat ion, i t can be seen that forces are di v1ded into 

two groups: one group has Fm and Fd and another group has Fe. When 

the two groups are in balance, d5Oc.1I 1s defined. 

Fig.14 shows forces and force ratios vs. a slze range of 

magnetite partlcles. In the upper part. three forces are drawn 

'lsing Eqs. 1. l, 1. 2 and 1. 3. The cyclone d1ameter 1s 0.2 m. Vt and 

VI" are 0.95 mis and 0.011 mis respectively [1.131. Other 

conditions are: 

r=0.07Sm; 

3 
P = 5200 kg/m ; 

8 
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~ = 0.001 kg/m's; 

3 
P = 1000 kg/m ; 
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Table 5. The relative error o~ the regressions in Fricker 

(1) 

Dia. 

(m) 

0.1 

0.2 

0.3 

0.4 

0.5 

magnetic hydrocyclone -

(2) (3) (4) (5) 
M.E. Reg. M. E. IErrl A.R.F. 

(J) (J) (Y.) (T
2 /m) 

1126 1125.8 0.035 16.1951 

4502 4502.4 0.010 8.0989 

10131 10130.5 0.005 5.4692 

18010 18009.8 0.001 4.1019 

28140 28140.3 0.001 3.2390 

• B = 1.0 Tesla on the Inner pole; 

(1) is the dlameter of cyclone, m; 

(6) (7) 
Reg.A.R.F. IErrl 

(T2 /m ) 00 

16.2208 0.169 

8.1104 0.142 

5.4069 1.139 

4.0552 1. 139 

3.2442 0.159 

(2) is the magnetlc energy in cyclone chamber, J; 

(3) 1s the regressive value of magnetic energy ln 

cyclone chamber, J; 

(4) is the absolute value of relative errOi' 

between (2) and (3), defined by: 

(4) = 1 (3) - (2) 1 
(2 ) 

• 100Y. 

2 (5) 1s the average radial force factor, T lm; 

(6) is the regressive value of average radial 
2 force factor, T lm; 

(7) is the absolute value of relative error 

between (5) and (6), deflned by: 

( 7) = --,-_(_6_) 'T':-~( _5 _) _. 100Y. 
(5) 
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le = 2.375; 
2 HegradH = 8.18 T lm (Table 4); 

It can be seen that the Hne Fd Interseets the Une Fe at a 

partlcle size of about 47 ,",m. ThIs ','epr'esents the eut size of' 

Magnetite partlcle without a magnetlc force. The ratio of' Fe to Fd 

ls eq\.i.al to 1 at this point. 

In the lower part of Fig. 14, i t can he seen that the sum of F. 

and Fd ls always greater than Fe hecause F. i5 always greater than 

Fe. From Eqs. 1. 1 and 1. 3, we get 

Fe = [+ P, - Pl v2 ] 
r t 

Fil ': [~ ~ <H gradH 1 

set Cl = [+ v . p. - Pl 2] 
r t' 

Then, the equations beeome 

Fe = Cl • d
3 

_ d3 

_ d 3 

C2 = 

(4.4) 

(4.5) 

[: ~<HgradH]; 

(4.6) 

(4.7) 

Taking the logarithm of both equations, they become 

Ln(Fe) = Ln(Cl) + 3-Ln(d) 

Ln(F.) = Ln(C2) + 3 eLn(d) 

(4.8) 

(4.9) 

Because they have the same slope, Ilne Fm dose not intersect line 

Fe in Fig.14. The curve of (Fm + Fd) 1 Fe aiso shows that i t 

becomes a constant at about 100 when the particle size goes to the 

Infinite value. 

The calculated resul t does not yield a fini te dSOc,1II in the 
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Frlcker magnetlc hydrocyclone. However, experience indlcates a 

qui te large eut size e~dsts (see "discussion"). It is difficul t to 

conslder the total effect of eomplex flow patterns on a partiele 

in a magnetlc hydrocyclone (Fig,4). Consequently problems are 

slmpl1f1ed in the sect ion 1. 1. 3. Only two forces Fe and Fd are 

used to describe the effect of flow patterns on the two 

dlmenslonal section. The inabillty to solve dSOc,1II mathematJeally 

is beeause the modellng equat ions used for the calculat ion are 

over - slmpllfled. 

Although this model could be improved, lt still glves us 

useful information. Aceordlng to the results, the Frieker magnetic 

hydrocyelone has a qulte large dsOc,_ and al Most all magnet 1 te 

particles will be attraeted to the overflow. 

4.1.6. Discussion 

Wl th an artiflclal feed of pure magnet! te and quar'tz, Frleker 

obtalned experlmental resul ts. In the case of the coarse feed 

between 0.1 and 1.0 mm whieh eontained 20% magnetite and 80% 

sllica (Fig.6), the magnetile recovery to the overflow was almost 

100r. (wi th a grade of 96%) for a OC eurrent greater than 6 A. In 

the case of test aimed at the l'eeovery of fi ne magnet! te media 

from the dilute medium eireui t, an art iflcial (1: 1) mixture of 

fine Magnetite and sand was separated at 55 kPa and 6 A at 2.5 wtY. 

pulp density (Fig.15). The magnetltp. recovery to the overflow was 

greater than 96r. (wlth a grade of over 86Y.) wlthin tlle part le le 

size range of 30 - 250 /lm. Another test gave the magnet i te 
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(After Fricker [3]) 
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recovery greater than 95" down to 5 JlJIl with a flner artlflc1al 

feed [3]. From Fig. 14, 1 t can be seen that the flner the magnet ite 

partlcle the greater the value oï (F. + Fd) 1 Fe. ThIs corresponds 

with the high recavery to the overflow of the fine Magnetite 

partldes in Frlcker' s tests. 

An important feature of the Frieker Magnet lc hydroeyclone ls 

the cleanlng effect whlch gives a hlgh grade 'n the overflow. 

The cleaning effect ls the effect of the sI urry which breaks 

the magnet ie flocs and decreases the ""ntrapment of the non -

magnetic partlcles. In magnetic separators, magnetie floeculation 

occurs at a low magnetic field and causes entrapment [101. A high 

slurry veloeity ean be used to break floes a.'1d inerease the grade 

of concel1tr~te [1,14]. However, the sI urry veloeity ml.lst not be 

too high because of the decreased recovery. In a magnet le 

hydroeyelone. the tangentlai veloeity of the slurry can be kept 

withln the range of 0.5 - 5 mis whieh ls greater than the slurry 

velocity of other magnetic separators 50 a magnetle hydrocyc lone 

has a stronger cleaning effect than other magnet ie separators. 

In the case of the magnetic hydrocyelone, the high magnetic 

field ean he used to Increase the recovery wi th Iess decrease of 

the grade. Fig.16 shows that because of the cleaning effect the 

grade to the overf low decreased only about 1. 5% whlle the recovery 

to the overflow Increased from 15" to 55% wl th a OC current range 

of 4 - 12 A. 

Although the Frieker magnetic hydrocyclone has a strong 

cleaning effect, Fig.17 suggests that there was magnetlc 
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f'locculation occurring. It may account for the recovery increase 

wlth increasing pulp denslty whlle the a~soclated Increase ln 

entrapment possibillty decreased the grade. 

In arder ta minimi ze magnetic flocculat ion, a demagnet izing 

coi 1 should be used. This wi Il he discussed in the following 

section. 

4.2. ANALYSIS OF \lATSON'S KAGNETIC HYDROCYCLONE 

Watson sought an outward distri but ion of the magnetic force 

factor and deslgned a pair of bar electromagnets for his magnetic 

hydrocyclone However, bath numerical analysls and Watson' s test 

f'esults show that the efficiency of the magnetic clrcuitry ls not 

as good as Fricker' s 

4.2.1. Features of Hagnetic Field 

Fig. 18 shows the magnetic flux density 8 between two poles. It 

15 easy ta make a mistake as ta the direction of the flux ~ns1ty 

B compared ta the direct ion of the magnetic force. The direction 

and magni tude of the force factor are shown in Fig. 19 and Table 6 

respectively. There are two features of the magnetic field in 

Watson's magnetic hydrocyclone: 

(i) Non - uniformi ty of the direction of the force factor. The 

magnetic field between two poles can he divided into four parts. 

Force factors in each part are forward ta the corner of the 

magnetlc pole in that part, except the force factors on column 1 
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and row l (Fig.19). In Watson' s design, the hydrocyclone was set 

in the space between the two poles. It can be seen that in the 

cyclone chamber the directions of force factors counteract in sorne 

areas. 

(11) Magnet le energy consumed outslde of the cyclone chamber. 

Watson' s magnet ic hydr'ocyclone has an open Magnet lc circui try 

(Fig. 3). As shown in Fig. 19 and Table 6, assumlng the magni tude of 

the force factor on the corner of the pole 1s 100~, force factors 

distrlbuted in the cyclone chamber are lower than 3Y.. However, 

outside of the cyclone chamber, there are a number of areas with 

force factors higher than 3% This means that areas with stronger 

magnetic force are outside of the cyclone chamber and magnetic 

energy is wasted. 

4.2.2. Evaluation of Hagnetic Field 

The indices of magnet ic field ln the cyclone charnber are shown 

ln Table 7. Comparing the first row wi th data from a 0.1 m Fricker 

magnetic hydrocyclone (first row of Table 4), it can he seen that 

the indices for Watson' s rnagnet lc hydrocyclone are lower. FOI' 

example, the A. R. F. 
2 

ln the cyclone chamber ls 0.166 T lm, much 

lower than the 16.2 T
2 

lm of the 0.1 m Fricker magnetlc 

hydrocyclone. 

Comparlng columns (3) with (4) in Table 7, it is seen that 

some outwards force factors are counteracted by the inwards force 

factors; this 15 evidenced by the A. R. F. 

2 
less than the A. A. R. F. (0.5492 T lm). 

55 

2 (0.1662 T lm) belng much 



~ 

4IJI. 

- -- ........ - -- ........ - -- ........ - -- ........ -- ........ 

---
-----/ 
-----/ 
-----/ 
-- -- - ,-. ..,..,-

------- ......... 

---- ......... 

-----, 

1 

~ ./ ,.,.,.. ..- -- -
/' ,..,.. ,., -- -

S / ".. ,., -- - a 

/ ".; ,., -- - p 

/ ./ -- -- 0 

--------- N 

1"" " " / / ./ ./ \ , .......... ----- M 

/ \ \ 
/ 1 / / 

\ 
1 

1 
\ 

1 1 
\ \ 

1 \ ,----- L 

\ , ........ ----- K 

",/./// " ",-...._---- J 

........ , "" 
, " //// __ -----H 

" \ \ \ \ 1/ / / //-----G 

\ l , 1 1 \ \ \ l/./-----F 
-----,\//// " " " " 1 

/'-----E 

===::7f -.~7" 
---,.,,,.;/ 

- --
---,..,.,// 

... .... ... • 

N 

... -~ - - - - - 0 
·/'\, ........ _-C 

~ "- "- ....... -- -B 
'4 "- "- ....... -- -A 

~ "- , ....... -- -
"-1, ................. ---

1 

1 2 3 4 5 6 7 8 9 10 11 

Figure 19. Force factor between two pol es in 
Watson magnetfc hydrocyclone 

56 



~ ~ ~ 
Table 6. The distribution oC force factors in Watson magnetic hydrocyclone _ 

A B c D E F G H 1 J K L M N o p Q 

1 o 3 0.4 0.7 0.6 0.4 0 0 0.4 0.6 0.7 0 4 0.3 

2 0.7 o 7 0.8 0 7 0.5 0.4 0.5 0.7 0.8 0.7 0.7 

3 N 1.6 1.4 1 3 1.1 1. 0 0.9 l.0 1.1 1 3 1.4 1 [3 s 
4 3 7 3 0 2.3 1.9 1. 6 1 ~ 1 6 1.9 2 3 3 0 3., 

5 25.0 7 5 4.5 3.2 2 5 2.3 2.5 3.2 4 5 1 ~ 2S 0 

6 4.8 8.7 29.8 100.0 30 6 10.5 4.8 3 3 2.9 3.3 4.8 10 ~ 30.ü 100 0 29.8 8.7 4.8 

7 3.6 5 9 12 2 33 7 14 6 6 8 4 3 3 3 3 0 3.3 4.3 6 8 14 6 33.1 12 2 5 9 3.6 

8 2.5 3 7 ~.8 10 8 Ü 2 4.3 3.2 2 7 2 6 2 7 3.2 4 3 6 2 10.8 5 8 3.7 2.5 

9 1.7 2.2 3 0 4 0 3 2 2.6 2 2 2.0 19 2 0 2.2 2 6 3.2 4 0 3.0 2.2 1.7 

10 1. 1 1 4 1 -/ 1 U 1 H 1 6 1. 5 1. 4 1. 3 1. 4 1.5 1.6 18 1.9 1.7 1.4 1.1 

Il 0.7 0.8 1.0 10 1 a 1.0 0.9 0.9 0.9 0 9 0.9 1.0 10 10 1.0 0 8 0.7 

12 0.5 0.5 0.6 0 6 0 6 0 6 0.6 0.6 0.6 0.6 0.6 0.6 a 6 a ü 0 [3 0.5 0.5 

13 0.3 0.3 0.4 0 4 0 4 0 4 0 4 0 4 0.4 a 4 0.4 0 4 a 4 a 4 0.4 0.3 0.3 

14 0.2 0.2 a 2 0 2 a 2 a 2 0.2 0 2 0 2 0 2 0.2 0.2 0 2 0.2 0.2 0.2 0.2 

• Distance from N pole to 5 pale is la cm; 

Width of mdgneClc pole = 10 cm; 57 
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Table 7. Computed results of force factor and magnetic energy 

in Watson's I118gnet lc hydrocyclone -

(1) (2) (3 ) (4 ) (5) (6) 
8 M.E. A.R. F A. A. R.F. A. T. F. A. A. T. F. 

(T) (J) (T2 lm) (T
2 

lm) (T2 lm) (T2 lm) 

1.0 785 0.1662 0.5492 O. 15E-05 0.4512 

0.056" 10.3 0.0022 0.0072 O. 19E-07 0.0059 

• Distance between N and 5 pole is 0.1 m; 

DiameteI" of cyclone Is 0.1 m; 

(1) ls the magnetic flux density on the COI"ner 

of the pole, Tesla; 

(2) ls the magnet lc energy ln cyclone chamber, 

(3) ls the aveI"age l''adlal fOI"ce factor, T2 /m' , 

(4) ls the average of absolute value of radial 

force factor, 2 T lm; 

J. , 

(5) ls the tangent laI force factoI", 2 aveI"age T lm; 

(6) ls the aveI"age of absolute value of tangent laI 
2 fOI"ce factor, T lm; 

•• 8 15 0.056T on the central l ine of poles at 2 cm 

away fI"om the pole surface; 
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The magnetle field in the cyclone chamber ls a symmetrical 

field so that the tangentlal eomponent of force factors ean he 

totally eounteracted. It means that the A. T. F., column (5), 

should he zero; however, it is not zero because of the numerlcal 

errors assoclated wlth the lteration. Compared wlth the magnitude 

of the A. A. T. F., co 1 umn (6), thi s error can be Ignored.) 

The A. A. T. F., column (S), 
2 

Is 0.4512 r lm. Comparlng 1 t with 

2 
the A. R. F. of 0.1662 T /m, column (3), 1 t can he seen that mueh of 

the Magnet ic energy is eonsumed in doing no useful work. 

In order to compare the result of the numerical analysis with 

Watson' s tests, a group of computed data is shown ln the second 

row of Table 7. The boundary condition is 8 = o.ossr on the 

{ central Une of poles at 2 cm from the pole surface [4]. 

4.2.3. Forces on a Magnetite Particle 

In Watson' s Magnet ie hydrocyclone, the average effect of the 

radial component of the force factor is outwu-ds and the average 

effect of the tangent laI component is zero. Assumlng the outwards 

direction is positive, the comblned force on a magnetic particle 

FJ ean be wrl tten as 

FJ = Fm + Fe - Fd (4. 10) 

When the sum of Fm and Fe is equal to Fd, d~,m will be found. 

Fig.20 shows three forces on a Magnetite partiele and their 

rat los ln Watson' s magnetic hydrocyelone. Three forces are 

caleulated with Eqs. 1. l, 1. 2 and 1. 3. In this case, Vt and Vr are 

( 1. 06 mis and 0.012 mis respect! vely. The cyclone dlameter Is O. lm. 
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Other conditions are: 

r = 0.022 m; 

3 
P = 5200 kg/m ; 

8< 

" = 2.375; 

~ = 0.001 kg/m's; 

3 
Pl = 1000 kg/m ; 

H-gradH = 0.1662 T2/m (Table 7); 

dg.20 shows the cut size of the magnetite is about 32 ~m 

without a magnetlc force. When B Is 1 Tesla on the corner of the 

2 pole, i.e. the average force factor ls 0.1662 T /m in the cyclone 

chamber, d~,. of the magnetite particle is about 20 ~m. 

4.2.4. Discussion 

In Watson' s tests, performance curves of both magnetlte and 

dolomite were measured [4). Fig.21 shows the performance curves of 

the magnetite and dolomite without a magnetic field. The 

indivldual magnet.ite and dolomite curves revealed d~ values of 

32 and 34 jJ.m (4). Fig.22 shows the performance curves when B was 

0.056 Tesla on the central line at 2 cm frcm the pole surface. In 

this case, d5Oc,m of the magnetite was reduced below 10 Ilm. On the 

other hand, d5Oc,1II of the dolomi te became 26.3 jJ.m, whlch was 8.1 

~m lower than that produced wl thout the magnet le force [4). 

The resul t of the numerical analysis does not support Watson' s 

measurements. The second row of Table 7 shows that the A. R. F. in 

the cyclone chamber i5 0.0022 r 2
/m. If thi5 value i5 put into 

Eq.4.10 and setting FJ ta zero, d5Oc,1II will be 31.4 ~m which 15 

only O.R jJ.m lower than that produced without a magnetic force. 

The difference may be due to magnetic flocculatlon. Becau5e of 

the limitations ln laboratory testing, the minerals were 
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clrculated in the test rig. If there ls no demagnet lzing coll in 

the circuit, the magnetic hydrocyclone will become a magnetizer, 

the part icles .... 111 become Iarger and the separat ing force more 

effective. In Watson' 5 paper, the dlagram of the te'st circuit 

sho .... ed that a demagnet izing coi 1 was not used for the tests [4]. 

In Fig.22, it can I)e s€er. that d5Oc,m of the dolomite was aiso 

decreased wheh the magnetic force existed, suggestlng dolomite 

particlas were entrapped in the flocs of magnetite. 

Magnetic flocculation of magnetite occurs at low magnetic 

fields [101. Further evidence of the magnetlc flocculation is 

shown in Fig.23. The decrease in grade at high field suggests the 

entrapment of dolomite. Watson noted floc formation and attributed 

their effect on flow patterns to the lowering in recovery [4). 

Although the cleaning effect exits in magnetic hydrocyclones, 

it is not able to overcome magnetic flocculation. A demagnetizlng 

coil should be used in the test circuit. 
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CHAPTER FlVE 

THE NEW DESIGN OF WATSON MAGNETIC HYDROCYCLONE 

In Chapter 4, both Fricker' 5 and Watson' 5 magnet lc 

hydrocyclones were analysed. The data from the numerical analysis 

show that the efficiency of Watson's magnetic circuitry was lower 

than that of Fric!.er' s. \.Jatson' s design needs improving. In this 

chapter, new designs are explored. 

5.1. A NEY DESIGN USING FOUR MAGNETIC POLES 

A new design ef11ploying four magnetic poles has been studied by 

numerlcal analysis The top view of the new desIgn is shown ln 

Fig.24. It has two parts: coi ls and toothed poles. The structure 

of the magnetic poles differs from Watson' s. It can be seen that 

each two opposite poles have the same magnetic polarity, i.e. N 

pole vs. N pole and 5 pole vs. S pole. 

5.1.1. Design Variations 

In this 4 pole design, there are three design parameters: the 

wldth and height of the ma5netic pole, and the diameter of the 

cyclone. 

In this study, only two parameters are varied: the width of 

the pole and the diameter of the cyclone. The height of the 

magnetlc pole 15 fixed ta equal the radius of the cyclone. For 

example, when the cyclone diameter 15 0.1 m, the magnetic pole 1.s 

0.05 m hlgh. 
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( Cyclone chamber 

Figure 24. Top vlew of a new design for Watson magnetic hydrocyclone 
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The ratio of the width of poles to the circumference of the 

cyclone is used to scale the width of the pole. For example, when 

the ratio 1s 0.4 and the cyclone diameter is 0.1 m (i.e. the 

circumference is 0.314 m), the width of a magnetic pole is equal 

to 0.0314 m. 

5.1.2. Features of Hagnetic Field 

Because the 4 pole design has a symmetrical magnet le 

circul try, the total area of the magnetlc field can he di vided 

into four parts for study. Each part represents one quarter of the 

cyclone chamber. 

Fig.25 shows the magnetic flux density B between N pole and S 

pole when the width ratio is 0.53 and the cyclone diameter Is 

o. lm. It can be seen that the magnetic fI ux li nes are curved in 

the cyclone chamber The magnetic flux densily 8 ls equal to zero 

at the center of the cyc lone chamber From the center of the 

cyclone chamber to the pole surface, lhe flux density 8 increases. 

The direction and magnitude of the force factor are shawn ln 

Fig.26 and Table 8 respecti vely. There are two features of the 

force factor in this design: 

(i) Direction of force factors. 

From Fi g. 26, i t can be seen that force factors are outward in 

most of the area of the cyclone chamber. Only in the small area 

bounded by force factors H5, H6, 15 and 16, is tt.e radial 

component of force factors i nwvd. Consequent ly the dire,::tlon of 

the average radial force factor 1s outwards. 
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Table 8. The distribution oC Corce Cactors in the new design • 

A B C D E F G H 1 J K L M N 0 P 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2 1.7 1.7 1.7 1.7 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.7 1.1 1.7 1.7 

3 3.1 3.1 3.3 3.5 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.5 3.3 3.1 3.1 

4 3.1 3.3 4.2 5.4 7.6 6.5 6.1 5.9 5.9 6.1 6.5 7.6 5.4 4.2 3.3 3.1 

5 1.7 2.6 5.5 11. 5 25.7 14.9 8.9 6.6 6.6 8.9 14.9 25.7 11. 5 5.5 2.6 1.7 

6 1.1 2.1 5.0 38.2 100.0 41. 8 17.1 5.1 5.1 17.1 41. 8 100.0 38.2 5.0 2.1 1.1 

7 25.2 15.4 10.2 7.9 7.9 10.2 15.4 25.2 

8 7.8 6.6 5.4 4.7 4.7 5.4 6.6 7.8 

9 N 4.2 3.5 2.7 2.2 2.2 2.7 3.5 4.2 S l 
l 
1 , , 

10 3.0 2.1 1.3 0.7 0.7 1.3 2.1 3.0 
1 

11 2.6 1.7 0.9 0.2 0.2 0.9 1.7 2.6 t 
! 

i • • 4 poles; , 
1 

B = 1.0 Tesla on pales; 

Diameter of cyclone chamber = 0.1 m; 

Width of poles / circumference of cyclone = 0.53; 
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(11) The magnetlc energy consumed between pales. 

In this structure, the toothed pales are necessary for forming 

the magnetic field having radially outwards force factors. From 

Flg.25, it can he seen that there is magnetic field distributed ln 

the space hetween the poles, i. e some of the magnet le energy Is 

consumed between the magnetlc poles. 

5.1.3. Comparison with Fricker's and Watson's (2-pole) Magnetic 

Hydrocyc 1 ones 

Table 9 shows the comparison hetween the 4 pole design, 

Fricker' s, and Watson' s original 2 pole magnetic hydrocyclone. 

Their diameters are set at 0.1 meter. The boundary conditions are: 

a) B 1s 1. 0 Tesla on the inner pole of Fricker' s magnetic 

hydrocyclone; b) B is 1.0 Tesla on the corner of pales in e~ ther 

Watson' s 2 pole magnet ic hydrocyc lone or the 4 pole design. 

It can be seen that the best magnet ic circui try is Fricker' s. 

Fricker' s magnet lc hydrocyclone has the highest average radial 

force factor (A R F.) and there is no tangential component of the 

force factor in the cyclone chamber (thus A T F. and A A T F. are 

zero). From the vlewpolnt of the magnet ic energy, Frlcker' s ie; 

aiso the best. These advantages result from the magnetic circuitry 

whlch has the symmetrical cyl indri cal poles. 

Comparing the 2 and new 4 pole Watson magnetlc hydrocyclone 

designs, the new 4 pole design is a significant improvement. From 

Table 9, i t can he seen that A. R. F. of the 4 pole design is 4.93 

2 2 
T /m which is much higher than the 0.1662 lm of the 2 pole design. 
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Table 9. Comparlslon of three magnetlc hydrocyclones 

Diameter 

B (max) 

F. F. (max) 

A.R.F. 

A.A.R.F. 

A.T.F. 

A. A. T. F. 

E(c) 

• 
•• 

Watson's 
Fricker's 2-pole 4-pole 

m 0.1 0.1 0.1 

Tesla 1. O· 1.0" 1.0" 

T2 /m 43.4 50.3 68.8 

r 2/m 16.20 O. 1662 4.93 

T2/m 16.20 0.5492 5.23 

T2
/m 0 1. 5 x 10 -6 4.7 x 10-5 

r 2
/m 0 0.4512 6.85 

J 1126 785 672 

8 (max) 1s 1 Tesla on the surface of the inner pole; 

8 (max) i5 1 Tesla on the corner of poles; 

Diameter is the cyclone diameter, m; 

8 (max) i5 the maximum flux den5ity in the field, T; 

F.F. (max) is the maximum force factor in the 
2 cyclone chamber, T lm; 

2 A.R.F. i5 the average radial force factor, T lm; 

A.A.R.t 1s the average of absolute value of radial 
2 force factor, T lm; 

2 A.T.F. 15 the average tangent laI force factor, T lm; 

A.A.T F. is the average of absolute value of 
2 tangent ial force factor, T lm; 

E(c) i5 the magnetic energy in the cyclone chamber, J; 
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Also the difference between A. A. R. F. and A. R. F. in the 4 pole 

2 design is 0.3 T lm (about SYe of A. A. R. F.). This means that only a 

small part of the outwards force factors is being counteracted. 

However, ln the 2 pole design, the difference between A.A.R.F. and 

A.R.F. is equal to about 70% of A.A.R.F., i.e. a great deal of the 

outwards force factor is counteracted. 

From Fig.2S, i t can he 5een that the directions of force 

factors A5 - P5 and AS - PB are toward the corner of the poles; It 

i5 these force factors that yleld the large tangentlal component. 

Table 9 shows A.A.T.F. of the 4 pole design 1s equal to 6.85 T2/m. 

5.1.4. Gradient of Kagnetic Field 

Compared wi th the 4 pole design, ln the cyclone chamber the 

Magnet te energy of the 2 pole Magnet le hydrocyclone is 785 J, 

which is larger than the E72 J of the 4 pole design. The boundary 

condition in both cases 15 that B = 1.0 Tesla on the corner of the 

poles. However, the average radial and tangential force factors of 

the 2 pole desIgn 15 less than that of the 4 pole design. The 

reason 1s that the gradient of the Magnet le field ln the 2 pole 

design Is lower. 

From Fig. 18, it can be seen that the magnetic field between 

tHO poles, 1. e. the magnetic field in the cyclone chamber. is 

almo5t a uniform magnet1c field. The gradient of the magnel1c flux 

deusi ty Bis, therefore, qui te low. For example, at the center of 

t.he chamber B Is 0.463 Tesla but the gradient of B 15 zero and 

con5equently the forc~ factor 15 zero. 

74 



( 

) 
( 

( 

--

~~~ ~--~~ ----------------------

In the case of Watson' s original magnetic hydrocyclone, part 

of the energy Is used to generate this uniform magnetlc field 1 n 

the cyclone chamber while another part is distributed outslde of 

the cyclone. This type of magnetic c1rcuitry, i.e. two opposite 

poles (N pole vs. S pole), should he avoided. 

5.1.5. Effecl of Design Variables 

(i) EÏfect oÏ the width of poles 

Table 10 (a) shows the effect of the width of poles on the 

force factor. It can be seen that wlth increasing pole width, 

A.R.F. varies slightly and reaches a maximum value when the width 

ratio is 0.67. 

On the other hand, columns (5) and (3) show that both A.A.T.F. 

and A.A.R.F. attain the minimum values with the width ratIo oÏ 

0.8. It. means that the wlder the poles the less the wastage of the 

rnagnet ic energy. 

As discussed above, the width of poles should be as wide as 

possible in the 4 pole design. If electromagnets are contemplated, 

the space between magnetic poles wUI be occupled by the coll 50 

that the width of poles is l1mited. In the case of a permanent 

magnet, the width of poles does not have this lim! tation. 

In Table Il (a), i t can be seen that the fraction of the 

energy in the chamber R(e) varies sl1ghtly wlth incr'easlng width 

ratIo. When the width l'atio i5 set at 0.53, R(e) 15 equal ta 

0.6524 no matter' the cyclone diameter (Table Il (b)). It means 

that the distribution of the magnetic energy in the total volume 
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Table 10. Indices of force factor in 4 pole design 

(B = 1.0 Tesla on the corner of poles) 

(1) 

Ratio 

0.2667 

0.4 

0.5333 

0.6667 

0.8 

(a) various width of poles • 

4.6745 

4.8282 

4.9281 

4.9711 

4.8155 

(3) (4) (5) 
A.A.R.F. A.T.F. A.A.T.F. 

(T
2 /m) (T 2/m) (T 2 /m) 

--~--------~---~-
5.2605 

5.379 

5.2314 

4.9711 

4.8192 

8.58E-05 7.6804 

9.35E-05 7.309 

4.76E-05 6.8524 

3.58E-05 5.9327 

1.68E-05 3.9163 

• Diameter of cyclone = O. 1 m; 

(1) 1s the ra~io of total width of poles to 

ci rcumference; 

(b) various diameter of cyclone •• 

(1) (2) (3) 
Diameter A.R.F. A. A. R. F. 

(5) 
A.A. T.F. 

•• 

(m) 

0.1 

0.15 

0.2 

0.25 

0.35 

0.5 

4.9281 

3.2854 

2.464 

1. 9712 

1.408 

0.9856 

(T 2 /m) 

5.2314 

3.4876 

2.6157 

2.0926 

1. 4947 

1.0463 

(T2 lm) 

4.76E-05 6.8524 

3.17E-05 4.5682 

2.38E-05 3.4262 

1.90E-05 2.7409 

1.36E-05 1.9578 

9. 52E-06 1.3705 

Width of poles / circumference = 0 53; 

(1) 15 the diameter of cyclone, m; 
2 (2) 1s the average radial force factor, T lm; 

(3) i5 the average of absolute value of radial 
2 force factor, T lm; 

2 (4) is the average tangenttal force factor, T lm; 

(5) 15 the average of absolute value of tangeùtial 
2 force facLor, T lm; 
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Table 11. Indices of aagnetlc energ)' in 4 pole design 

(B = 1. 0 Tesla on the corner of' poles) 

( a) various wldth of' poles • 

Ratio E(c) E(t) R(e) 
(J) (J) 

0.2667 626.1 1042.8 0.6004 

0.4 680.3 1077.2 0.6315 

0.5333 672.3 1030.5 0.6524 

0.6667 593.4 900.7 0.6588 

0.8 428 669.8 0.6390 

• Diameter of cyclone = 0.1 m; 

Ratio = width of poles / clrcumferencej 

(b) various diameter of cyclone •• 

Dlameter E(c) ECt) R(e) 
( m) (J) (J) 

0.1 672.3 1030.5 0.6524 

0.15 1512.6 2318.6 0.6524 

0.2 2689.1 4122.0 0.6524 

0.25 4201.7 6400.7 0.6524 

0.35 8235.3 12623.7 0.6524 

0.5 16806.8 25762.7 0.6524 

•• Width of poles / circumference = 0.53j 

Diameter = the diameter of cyclone, mj 

E(c) = the magnetlc energy ln cyclone 

chamber, Jj 

E( t) = the magnetlc energy 1 n total 

volume, Jj 

R(e) = E(c) / E(t); 
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ls only a funct lon of the pole wldth. 

(11) Effect of the cyclone diameter 

From Table 10 (b), 1t can be seen that A. R. F. decreases 

sharply wHh increasing cyclone diameter. When the cyclone 

diameter 15 0.5 m, A.R.F. equals 0.99 T2/m which ls only 20X of 

2 4.93 T lm wi th a cyclone diameter of 0.1 m. 

Table 11 (b) shows that the magnetic energy both in the 

chamber and ln the total volume increases sharply wlth increasing 

cyclone diameter. 

Comparing wlth Table 4, the magnetlc energy ln the total 

volume of the 4 pole design is sl1ghtly less than the magnetic 

energy in the chamber of Frlcker' s magnetic hydrocyclone at the 

same dlameter. 

5.1.6. Forces on a magnetite particle and d50c.m 

Because the radial component of the force factor is outwards 

ln the 4 pole design, the comblned force on a magnet1 te partlcle 

can he wri tten as: 

Fj = F. + Fe - Fd (5.1) 

The definition of the forces is same as that in Eq.4.10 for 

Watson' s 2 pole magnetic hydrocyclone. 

Fig.27 shows the three forces on a magnet He particle and 

force ratios ln the 4 pole design. Three forces are calculated 

2 with Eqs.1.1, 1.2 and 1.3. The force factor equals 4.82 T lm, 

whlch Is A. R. F. of the 4 pole design wi th a wldth rat 10 of 0.8 
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(Table 10.(a). Other conditions are the same as those of the 2 

pole magnetlc hydrocyclone. They are: 

cyclone dlameter = 0.1 m; K = 2.375; 

Vl= 1.06 mis; Vr= 0.012 mis; 

r = 0.022 m; ~ = 0.001 kg/m's; 

3 3 P
s
= 5200 kg/m ; P

I
= 1000 kg/m ; 

Fig.27 shows the cut slze of the magnet1te 1s 32 ~m w1thout a 

magnetic force. When the force factor Is 4.82 r 2
/m in the cyclone 

chamber, dSOc,. of the magneti te 15 4.8 #lm. This value should be 

compared with the 20. 2 ~m of Watson' s 2 pole magnetlc 

hydrocyclone. 

Table 12 shows the effect of the cyclone dlameter on d~,m of 

the Magnetite. It can be seen thél.t although A. R. F decreases from 

2 4.92 to 0.99 T /m, a five faid decrease, with increasing cyclone 

dlameter from 0.1 to O.Sm, d~,. of the magnetlte increases only 

from 4.8 to 10.6 #lm, i.e. two rold Increase. 

5.2. DESIGNS OF MULTIPOLE MAGNETIC CIRCUITRY 

An obvious extension of the 4 pole design is to go ta a 

multlpole magnetlc clrcultry. However, the magnetlc field of the 

mul tipole magnetic circui try i5 much more complex than that of 4 

pole design. 
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Table 12. Errect or cyclone diameter on eut size 

in 4 pole design -

Dlameter A.R.F. dSOc,. 

• 

(m) (T2/m) (Jlm) 

0.1 4.92 4.8 

0.15 3.29 5.8 

0.2 2.46 6.7 

0.25 1. 97 7.5 

0.35 1. 41 8.9 

0.5 0.99 10.6 

Width of pales / circumference : 0.53; 

B = 1.0 Tesla on the corner of poles; 

Diameter = the dlameter of cyclone, m; 

A.R.F. = the average radial force factor, T2/m; 

dSOc,m = the cut size of magnet! te, Jlm; 
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5.2.1. Magnetlc rlux patterns 

Flg.28 (a) shows the magnetic flux patterns in Watson's 2 pole 

magnetie hydroeyclone. Results of both numerieal analysis and 

Watson' s tests have shown tho low efflcieney of thls rnagnet le 

clrcultry. Flg.28 (b) shows the magnetlc flux patterns ln the 4 

pole design. Numerical analysis has shown the greater efficiency 

of this magnetic circui try. The general design feature of 

adJoining opposite poles Is preferable in golng to a rnultlpole 

design. 

In a multlpole design, there are some restrictions: 

(1) Any structure with an odd number of magnetlc poles is not 

avallable. For example, a magnet le c1rcuitry of fi ve magnet ic 

poles must have an asymmetric field no matter how the poles are 

arranged. 

(11) Any structure which uses opposite poles should he avoided 

(cf the 2 pole design). Fig.29 shows the magnetlc flux patterns in 

a design of six magnetic poles. In Fig.29, the curved arrows show 

the magnetie flux patterns which are similar to those in the 4 

pole design. However, the straight darker arrows show the patterns 

whlch are similar to those of the 2 pole magnetic hydrocyclone. In 

this case, the efficiency of the flux patterns N1-51, N1-53, 

Nz-51 , Nz-52 , N3-52 and N3-53 Is reduced by the flux patterns 

N1-52, N3-51 and N2-53. 50 this 6 pole design is not recommended. 

Sorne others, such as the magnetlc circui tries of 10, 14 and 18 

poles, are not recommended for the same reason. 

The remalning possible magnetic cireui tries, sueh as 
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(a) 2 poles 

(b) 4 poles 

Figure 28. Magnetic flux patterns of two magnetic circuitries 
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Figure 29. Magnetic flux patterns of the 6 pole magnetic circuitry 

c 
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Figure 30. Magnetic flux patterns of the 8 pole magnetic circuitry 
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structures of 8, 12, and 16 magnetic poles, are recommended. 

Fig.3D shows the flux patterns of an 8 pole magnetic circuit. The 

magnetlc flux patterns are divlded into two groups. The first 

group includes the flux patterns Nt-SI, NI-54, N2-51 , N2-S2, 

N3-52, N3-S3, N4-53 and N4-54. The magnetic field generated by 

these flux patterns can be calculated with the method used in the 

4 pole design. 

The second group includes the flux patterns NI-52, NI-53. 

N2-S4, N2-S3, N3-5t. N3-S4, NI-52 and N4-51. The features of the 

magnetic field generated by these patterns are at present unknown. 

An assumption ls that thls magnetic field is sufficiently weaker 

than that generated by the flux patterns in the firr;t group so 

that lt can be Ignored. 

In this study, only the magnetlc field generated by flux 

patterns of the first group Is evaluated. 

5.2.2. Features of Magnetic Field 

The numerical analysis has been performed for the designs of 

8, 12 and 16 magnetic poles. The distributions of the magnetic 

field density B and the force factors are similar to those of the 

4 pole design. From Table 13, i t can he seen that the three 

magnetic fields are symmetrlcal fields because the A. T. F. 's are 

almost zero. A feature of the three fields. which the 4 pole 

design does not have, Is that there ls no Inwards force ractoi' ln 

the cyclone chamber because aIl A. A. R. F. are equal to A. R. F. 

(Table 13). 

86 



-ft' 

.... 

Table 13. Indices of force faclor in 8, 12 and 16 pole 

designs with various widlh of pole. -

(a) 8 Pales 

(1) (2) (3) (4) (5) 
Ratio A.R.F. A.A.R.F. A.T.F. A.A. T.F. 

(T
2 lm) (T 2 /m) (T2 /m) (T 2 /m) 

0.2667 6.9792 6.9792 1. 73E-04 11. 8344 

0.4 7.3134 7.3134 1. l8E-04 10.6557 

0.5333 7.2576 7.2576 1.00E-05 9.2044 

0.66B7 6.7819 6.7819 5. 87E-05 7.0748 

0.8 5. 833~ 5.8339 1.90E-05 4.0594 

(b) 12 pales 

(1) (2) (3) (4) (5) 
Ratio A.R. F. A.A.R.F. A. T.F. A.A. T.F. 

(T 2 /m) (T2 lm) (T 2 /m) 2 (T lm) 

0.2667 8.4207 8.4207 2.42E-04 14.5496 

0.4 8.6101 8.6101 2. 14E-04 12.5096 

0.5333 8.2812 8.2812 1.20E-04 10. 1267 

0.6667 7.4364 7.4364 4.70E-05 7.2701 

0.8 6.1432 6.1432 1. 24E-05 3.976 
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Table 13. Indices of force ractor in 8, 12 and 16 pole 

designs vith varioU8 vidth or pole. _ 

(cont'dl 

lc) 16 polE's 

(1) (2) (3) (4) 
Ratio A.R.F. A.A.R. F. A. T.F. 

(T
2

/m) (T2 lm) (T2/m) 

0.2667 9.4069 9.4069 3.20E-04 

0.4 9.3504 9.3504 1.83E-04 

0.5333 8.7648 8.7648 1.24E-04 

0.6667 7.6931 7.6931 7.53E-05 

0.8 8.2564 6.2564 1.04E-05 

• Dlameter of hydrocyclone = o. 1 m; 

B = 1.0 Tesla on poles; 

(S' 
A.A.T.F. 

(T
2/m) 

16.1682 

13.4621 

10.4988 

7.2726 

3.9432 

(1) i5 the ratio of wldth of poles to circumference; 
2 (2) 1s the aVf~rage radial force factor, T lm; 

(3) 1s the average of absolute value of radial 
2 force factor, T lm; 

(4) 1s the average tangential force factor, 

(5) is the average of absolute value of 
2 tangential force factor, T /m; 
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5.2.3. Effects of Design Variables 

(i) Effect of the width of the pole 

Table 13 shows the effect of the pole width on the force 

factor in designs of 8, 12 and 16 poles. 

In order to compare the three designs with the 4 pole design, 

A.R.F. and A.T.F. of the four clrcultrles are shown ln Flgs.31 and 

32 respectlvely. In the 4 pole desIgn, the maximum value (4.97 

T2/m) of A.R.F. Is attalned with a wldth ratio of 0.67. In the 16 

2 pole desi6n, the maximum A. P. F. (9.4 T lm) occurs with a width 

ratlo of 0.27. The optimum value of the pole wldth becomes smaller 

with Increasing number of magnetic poles. 

Fig.32 shows that A. T. F. increases sharply as the width ratio 

decreases. The maximum A. T. F. is 16.2 T2
/m (1ï2r. of A. R. F.) with 

the wldth ratio of 0.27 in the 16 pole design. 

Wlth the vlew to seek a maximum A.R.F., the cholce 1s the 16 

pole design wi th the width ratio of 0.27 although it has a large 

A. T.F .. 

Table 14 shows the effect of the pole width on the magnet ic 

energy ln designs of 8, 12 and 16 poles. From Flgs.33 and 34, it 

can be seen that ln 4 and 8 pole desl:sns the maximum values of 

magnet ic energy both in the cyclone charnber and total vol ume 

occurs with the width ratio of 0.4. However, in 12 and 16 polI? 

designs, the maximum values are at a width ratio of 0.27. The 16 

pole design wl th a wldth rat 10 of 0.27 has the greatest magnet ic 

energy in the cyclone chamber (724J) and in the total volume 

(1293J) . 
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Figure 31. Average radial force factor in cyclone chamber as 

a function of wldth ratio in new designs 
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Table 14. Indices o~ ... gnette energy in 8, 12 and 16 pole 

designs vith various vidth of poles -

(a) The magnet le energy ln cyclone chamber 

Ratio 

0.2667 

0.4 

0.5333 

0.6667 

0.8 

8 poles 
(J) 

652.7 

673.2 

634.5 

531.8 

365 

12 poles 16 poles 
(J) (J) 

687.2 723.5 

679.5 690.4 

618 609.8 

501.7 484.6 

338.8 325.3 

(b) The magnetic energy ln total volume 

Ratio 

0.2661 

0.4 

0.5333 

0.6667 

0.8 

Ratio 

0.26137 

0.4 

0.5333 

0.6661 

0.8 

8 pales 
(J) 

1081.4 

1095.8 

1026.5 

872.1 

624.1 

12 poles 16 pales 
(J) (J) 

1190.4 

1161. 1 

1055.7 

869.6 

607 

1293.2 

1222.5 

1080.9 

869.3 

598 

(c) E (c) / E (t) 

8 poles 

0.6002 

0.6143 

0.6181 

0.6098 

0.5848 

12 poles 16 poles 

0.5773 0.5595 

0.5852 0.5647 

0.5854 0.5642 

0.5769 0.5515 

0.5582 0.5440 

• Diameter of hydrocyclone = 0.1 mi 

B = 1. 0 Tesla on the corner of poles; 

Ratio = wldth of poles / circumference; 

E (c) = magnetlc energy ln the chamber, Ji 

E (t) = magnetlc energy ln total volume, J; 
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In Table 14 (c), It can he seen that the ratIo of ECc) to ECt) 

varIes sl1ghtly: the 16 pole design with a wldth ratio of 0.8 

shows the minImum value 0.544. 

(11) Effect of the cyclone diameter 

Table 15 shows the effect of the cyclone dlameter on the force 

factor ln desIgns of 8, 12 and 16 poles. In Figs.35 and 36, it can 

be seen that both A. R. T and A. T. F. decrease sharply upon 

Increasing cyclone diameter. In Fig.35, at a cyclone diameter of 

0.5 m, the difference among the curves is less than the difference 

at a cyclone diameter of 0.1 m. It means that the advantage of the 

16 pole design is more apparent at a c;y'clone dlameter of 0.1 m 

than at a diameter of 0.5 m. 

Table 16 shows the effect of the cyclone diameter on the 

magnetlc energy ln the designs of 8, 12 and 16 pales. From Figs.37 

and 38, i t can be seen that there is no obvious dlfference among 

the curves. As a resul t aIl designs have almost the same power 

consumption at the samp cyclone dlameter. 

As discussed above, the optimum choice for the mul t ipole 

magnetic circultry remains the 16 pole design wlth the width ratio 

of 0.27. 

5.2.4. Relatlonship between d50c,m and cyclone dlameter 

Table 17 shows the effect of the cyclone dlameter on dsoc,m of 

magnetite in the 16 pole design. The conditIons are the same as 

those in Table 12. -
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Table 15. Indices of force factor in 8, 12 and 16 pole 

designs with various diameter of cyclone' 

(a) 8 Poles 

(1) (2) (3) (4) (S) 
Diameter A.R.F. A.A.R.F. A.T.F. A.A. T.F. 

(m) (T2 lm) (T2 lm) (T 2/m) (T2 /m) 

0.1 7.2576 7.2576 1. 01E-04 9.2044 

0.15 4.8384 4.8384 6.70E-05 6.1363 

0.2 3.6288 3.6288 5.02E-05 4.6022 

0.25 2.903 2.903 4.02E-05 3.6818 

0.35 2.0736 2.0736 2. 87E-05 2.6298 

0.5 1.4515 1.4515 2.01E-05 1.8409 

(h) 12 Poles 

(1) (2) (3) (4) (5) 
Diameter A.R.F. A.A.R.F. A. T.F. A.A. T.F. 

(m) (T2 lm) (T2 /m) (T2/m) (T2/m) 

0.1 8.2812 8.2812 1.20E-04 10. 1267 

0.15 5.5208 5.5208 8.02E-05 6.7511 

0.2 4.1406 4. 1406 6. OIE-OS 5.0633 

0.25 3.3125 3.3125 4. 81E-05 4.0507 

0.35 2.3661 2.3661 3. 44E-05 2.8933 

0.5 1.~562 1.6562 2.41E-05 2.02S3 
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15. Indices of force factor in 8, 12 and lB pole 

designs wi th varioUB diameter of CTC l one -

(cont'd) 

(c) 16 Poles 

(1) (2) (3) (4) (5) 
Dlameter A.R.F. A.A.R.F. A. T.F. A.A.T. F. 

• 

(m) (T2 lm) (T2 lm) (T
2 lm) (T 2 /m) 

0.1 8.7648 8.7648 1.24E-04 10.4968 

0.15 5.8432 5.8432 8.29E-OS 6.9979 

0.2 4.3824 4.3824 6.22E-05 5.2484 

0.25 3.5059 3.5059 4.97E-05 4.1987 

0.35 2.5042 2.5042 3.55F-05 2.9991 

0.5 1.753 1.753 2.49E-05 2.0994 

W1dth of poles 1 circumference = 0.53; 

B = 1. 0 Tesla on the corner of poles; 

(1) 1s the d1ameter of cyclone, m; 

(2) 1s the average radial force factor, 2 T /m; 

(3) 1s the average of abso 1 ute vaiue of radial 

force factor, T
2
/m' , 

2 
(4) 1s the average tangential force factor, T lm; 

(5) 1s the average cf absolute value of 
2 tangential force factor, T lm; 
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C Table 16. Indice. of .,netie enercy in 8. 12 and 18 pole 

designs vith varioUB diameter 01 cyclone -

(a) The .agnetle energy ln cyclone ehamber 

Diameter 8 poles 12 poles 16 poles 
(m) (J) (J) (J) 

0.1 634.5 618 609.8 

0.15 1427.6 1390.4 1372.1 

0.2 2537.9 2471. 8 2439.3 

0.25 3965.4 3862.2 3811. 4 

0.35 7772.2 7570 7470.3 

0.5 15861.7 15448.8 15245.6 

(b) The magnetlc energy ln total volume 

Diameter 8 poles 12 poles 16 poles 
Cm) (J) (J) (J) 

0.1 1026.5 1055.7 1080.9 

( 
0.15 2309.6 2375.3 2432 

0.2 4106 4222.7 4323.6 

0.25 6415.6 6598 6755.6 

0.35 12574.6 12932 13241. 1 

0.5 25662.5 26391. 9 27022.6 

(e) E (c) 1 E (t) 

DIa. Cm) 8 poles 12 poles 16 poles 

0.1 0.6181 0.5854 0.5642 

0.15 0.6181 0.5854 0.5642 

0.2 0.6181 0.5854 0.5642 

0.25 0.6181 0.5854 0.5642 

0.35 0.6181 0.5854 0.5642 

0.5 0.6181 0.5854 0.5642 

• Wldth of poles / clrcumference = 0.53; 

B = 1.0 Tesla on the corner of poles; 

Dia. = the dlameter of cyclone, m; 

E (c) = magnet le energy in the chamber, J. , 

( E Ct) = magnet le energy in total volume, J; 
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2 When the cyclone diameter equals 0.5 m, A. R. F is 1.75 T lm. 

whlch ls about a fi ve fold decrease compared wi th a cyclone 

diameter at 0.1 m; however. d5Oc._ of Magnetite ls only about two 

times as large (1.8 ~m vs. 3.6~m). 

Comparing the d5Oc,_ of Magnetite at a cyclone diameter of 

O. Sm wl th that of the 4 pole design (Table 12). the deerease from 

10.2 to 7.8 ~m in eut size of the Magnetite may be attractive for 

the Industrial USEr. The performance of the new design will be 

evaluated by the simulation in the followlng cbapter. 
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Table 17. E~~ect o~ cyclone diameter on eut size 

in 16 pole design-

Diameter A.R.F. dSOc,. 

• 

(m) (T2/m) (J.Lm) 

O. 1 8.76 3.6 

O. 15 5.84 4.4 

0.2 4.38 5.1 

0.25 3.51 5.7 

0.35 2.50 6.7 

0.5 1. 75 8.0 

Width of poles / circumference = 0.53; 

8 = 1.0 Tesla on the corner of peles; 

Diameter = the diameter oC cyclone, M; 

A.R.F. = the average radial force factor, T2/m; 

dSOc,m = the cut size of Magneti te, IlM; 
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CHAPTER SIX 

MATHEMATICAL SIMULATION OF MAGNETITE RECOVERY 

Dense medium sepacation has been widely used in coal 

preparat ion. In the coarse coal treatment by the dense-media 

process, af'ter the dense-medIa cyclone, sieve-bend screens, 

vibrating screens and drum magnetic separators are used to 

separate and recover the media from the coal and refuse products 

[7]. This media recovery flowsheet is complex. It is deslrable tn 

simpl1fy tbe circuit. Attempts to do so by using magnetic 

separation alone have generally been unsuccessful, because of 

entrainment of coal which has lead, for example, to trying high - gradient devices operated at high slurry velocity [6]. 

The possibi l i ty exists to use magnet le hydrocyclones to 

simplify the media recovery circuit. Either alone, or in 

particular comblnations of Fricker and Watson type magnetlc 

hydrocyclones May permIt the efficient media recovery wi th a 

smaller difference in particle size between media and coal or 

waste eliminating need to use screens as part of the reeovery 

proeess. The possi bi 11 ty then exists of using heavy media on finer 

coal part icles. These posslbilltles are explored here by 

mathematical simulation. 

In this simulation, the Frieker magnetic hydrocyclone and the 

new 16 pole design wi th the width ratio of 0.27 are used as 

models. 
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8.1. FUNDAMEHTALS OF SIMULATION 

8.1.1. Corrected Performnce Curves of Magnetic Hydrocyclones 

By means of Plitt' s equat ion [8], the separation performance 

of the magnet le hydroeyclone can be represenled as fo llows 

ID 

Cl 1 
-0.693 Xl 

(6.1) = - e 

dl 
(6.2) Xl = dSoc,. 

where 

d5Oc,. = the corrected cut size, /lm; 

dl = the characteristie size of partlele size class i, /lm; 

m = the sharpness of separat ion coefficient, dlmensionless; 

) 
(' Cl = the function to the underflow of class l, dimens i onless; 

Accordlng to Eq. 6. l, the corrected performance CUI'ves of Frlcker's 

magnetle hydroeyclùne and the new 16 pole design are shown in 

Figs. 39 and 40 respectively. In this case, m Is set at 2.5 [1,21. 

The spec iric gravi t les of the coal and shale are 1.32 and 2.5 

respectively [7]. 

6.1.2. Mathematical Model of Simulation 

Sorne mathemat ical models of the hydroeyclone have been 

constructed [2,5,81. However, they can not be used for magnetlc 

hydrocyclones because of the Introduct ion of the magnetlc force. 

The mathematical model for the simulation Is based only on the 

corrected performance curves shown in Figs. 39 and 40. 

( There are two components ln the feed: mineraI A (magnetite) 
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magne tic hydrocyclone 
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Figure 40. Corrected performance curves in the 16 pole 
design of the Watson magnetic hydrocyclone 
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and mineraI B (coal or shale). The size range of the feed Is 

divided into one hundred size classes. 

In the feed, the fraction of the mineraI A ls FA. In the size 

class i of the feed, the fract ion of the mineraI A is fA. The , 
relationshlp between FA and fA

I 
Is defined as 

100 

FA = L fA I 

1 = 1 

(6.3) 

Wl th the sarne meanlng as Eq. 6. 3, the relatlonshlp between Fs and 

fs, i9 defined as 

100 

Fs = ~ fS I 

1=1 

(6.4) 

In the sImulation, an assumptlon Is that there Is no bypass 

effect on the mIneraI A (magnetite) because of the magnetlc force. 

But the mineraI B (coal or shale) sU 11 has the bypass effect. In 

the underflow, the component of the mineraI A, UA ls defined as 

100 

UA = L f\. CI 
A 

1=1 

and the compone nt of the mineraI B, UB ls defined as 

100 

Us = L fs 1· [Rf + (t - Re) Cl B ] 

1 =1 

(6.5) 

(6.6) 

where CI. and Ci s are the fractIons reportlng to the underflow of 

class 1 of the mineraI A and 8 respectively, whlch are deflned by 

Eq. 6.1; Re (set at 0.2) Is the recovery of the feed water to the 

underflow (see Appendix B). 
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In the underClow. five characterlstlcs are deflned as 

GuA = UA 
UA + Us 

Vu = UA + Us; 

Us 
Gus = -U:-:A-+~U"""S-

Us 
Rus = --' 

FB • 

where the RUA and GUA are the recovery and grade of the mineraI A 

respectively; the Rus and Gus are the recovery and grade of the 

mineraI 8 respecti vely; the Yu ls the yield of the underflow, 

The fractions of the mineraI A and 8 reportlng to the overÎlow 

are defined as 

010 = 1 - UAj OB = 1 - UB; 

Other characteristlcs of the overÎlow are deflned as 

GoA = OA Gos= 
Os 

OA + OB OA + Os 

RoA 
OA RoB = OB 

=--' FB; FA , 

Vo = DA + Os; 

where the RoA and GoA are the recovery and grade of the mineraI A 

respectively; the RoB and Gos are the recovery and grade of the 

mineraI B respectively; the Vo Is the yield of the overflow, 

6.2. CONDITIONS OF SIMULATION 

In this simulation, two types of magnetic hydrocyclones are 

used. The conditions are: 

(1) The Fricker magnetic hydrocyclone. 

the dlameter of the cyclone = 0,2 m; 
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the magnetlc flux densl ty B on the Inner pole = 1. 0 Tesla; 

dsac,. of the shale = 79 Ilm; 

dsac,. of the coal = 170 Ilm: 

dsac,DI of the magnetl te = 500 Ilm; 

(il) The 16 pole design of the Watson magnet ic hydrocyclone. 

6.3. 

the diameter of the cyclone = 0.2 ml 

the ratio of the width of peles to the circumference of the 

cyclone = 0.27; 

the magnetic flux density B on the corner of poles = 1.0 Tesla: 

d5Oc,1II of the shale = 79 Ilm; 

d5Oc,DI of the coal = 170 Ilm; 

d5Oc, .. of the magnetl te = 4.86 Ilm; 

SIMULATION OF MEDIA (MAGNETITE) RECOVERY USING MAGNETIC 

HYDROCYCLONES AS SEPARATORS IN COAt YASHING PLAN!' 

6.3.1. A Single Stage Fricker Magnet ic Hydrocycione 

A single Fricker magnet ic hydrocyclone 1s used to recover the 

heavy media (fine magnetite) in the simulation. 

In a coal washing plant, heavy media particles (magnetite) are 

mixed wi th the coal as the feed ta the dense-media cyclone [7]. 

The size distribution of the coal 15 shown in Table 18. The 

relationship between the cumulative mass fraction (Y, Xl and the 

coa1 size (X. mm) cao he descrihed as 

y : 5.37 + 41.22 • Ln(X) (6.7) 

The ash mineraI, shale, has the same size distribution as the 
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Table 18 Size distribution of coal in the feed 
of dense-medium cyclone [7] 

size range ave. size fraction cwn. fract ion 
(mm) (mm) 00 (~O 

12.5 - 9.5 11. a 5.3 100.0 

9.5 - 6.3 7.9 25.1 94.7 

6.3 - 2.36 4.33 47.3 6~.6 

2.36 - 1. 18 1. 77 18.9 22.3 

1. 18 - 0.6 0.89 3.4 3.4 

( Total 100. a 
1 

c 
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coal. 

As the dense medium, the magnetite particles (about 65% -325 

mesh (-O. 0451J111)} are finer than the coal [7]. The assumption is 

that the size distribution of the J'IIagnetlte follows the Gaudin -

Schuhmann equat lon (1) 

yi = 100 • [ ~.] 
0.5 

(6. 12) 

where yi = the cumulative mass fraction of Magnetite finer than d, %; 

d· = the maximum magnet He part icle size, Ilm; 

d = the Magnetite partlele s1ze, Ilm: 

In this case, d· is 107 Ilm and the 50r. passing size of the 

magnetitE' particles equals 271lm. 

In the coal washing plant, the dense-media cyclone gi ves two 

- products: the washed coal (coal and magnetite) and the waste 

(shale and magnetite). Assuming the size distl"ibutlon of two 

products are the same as that of the feed to the dense-media 

cyclone, the result of the simulation is shown ln Fig. 41. 

It can be seen that magnet 1 te l"eports to the overflow '011 th a 

recovery of 99.6% and grade of about 100% from ei ther washed eoal 

or waste. A Fricker magnetic hydrocyelone may be able to replace 

the present sereen - drum magnetic separator media reeovery 

system. 

There is a feature in the magnetie hydrocyclone media recovery 

system: the magnetic field ( > 0.5 Tesla) in the cyclone chamber 

15 greater than that ( about 0.1 Tesla) of the drum magnetic 

separatùr. Consequently a demagnetizing stage must be used to 
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(a) magnetite-coal (b) magnetite-shale 

E F 
0--

G H 

0- mass recovery of the product,% 

E - recovery of magnetite,% 

F - grade of magnetite,% 

G - recovery of coal or shale,% 

H - grade of coal or shale, % 

Figure 41. Simulation of a Fricker magnetic hydrocyclone for recovering 
heavy media (magnetite) in coal washing plant 
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Figure 42. Simulation of the 16 pole design of Watson magnetic hydrocyclone for 
heavy media (magnetite) in coal washing plant 
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avoid magnet le floceulation in ihe recycle of dense media. 

6.3.2. A ~ ingle stage 16 pole Vatlilon Magnetle Hydroeyclone 

ln the Watson magnetic hydrocyclone, f'lne magneti te partlcles 

are attracted to the underf'low by a strong magnetlc force and the 

coarse coal (or shale) particles report to the underflow as weIl. 

Fig. 42 shows that. the magnet 1 te 15 mlxed wi th the coal (or shale) 

in the underf'low. Although the magnetite can he obtalned wi th a 

grade of about 100% ln the overflow, lts recovery (20.1%) ls much 

lower than that (99.6%) of the Fricker' s magnetic hydrocyclone. It 

can he seen that a single stage 16 pole Watson magnetlc 

hydrocyclone is not sui ted to recover dense media in coal washing 

plants. 

6.3.3. Simulation of Combination of Hagnetie Hydroeye1 ones For 

Fine particles 

In order to test the hypothesis that magnet ic hydrocyclones 

could permit a smaller difference in media (magnetite) and 

coal/waste (shale) particle size to be ef'f'lclently separated, a 

simulation has been conducted with a 50% passing size of' media of 

J7/UR and of coallwante of 75Jlm both of whlch follow the Gaudin -

Schuhmann distribution (Eq. 6.12). 

From Figs. 43 and 44, i t can he seen that a single stage of 

either the Fricker magnetic hydrocyclone or the 16 pole design of 

the Watson magnetic hydrocyclone is not able to yield a good 

result. However, when bath magnetie hydrocyelones are used in a 
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E F 
D

GH 

o - mass recovery of the product, % 

E - recovery of magnetlte,% 

F - grade of magnetlte,% 

G - recovery of coal, % 

H - grade of coal, % 

Figure 43. Simulation of magnetic hydrocyclones with a feed 

of fine Magnetite and coal particles 
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D - mass recovery of the product,% 

E - recovery of magnetlte, % 
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G - recovery of shale, % 

H - grade of .hale, % 

Figure 44. Simulation of magnetic hydrocyclones with a feed 

of fine magnetite and shale particles 
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Figure 45. Simulation of a magnetic hydrocyclone circuit with a feed of fine magnetite and coal particles 
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Figure 46. Simulation of a magnetic hydrocyclone circuit with a feed of fine magnetite and shale partiel es 
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circuit (Flgs. 45 and 46), a high grade magnetite (about 90~) wlth 

a hlgh recovery ( >98~ may be achieved, although the circuit 

becomes qui te complex. 

In this type oÏ circuit, there 1s one concentrate, three 

mlddl1ngs and three tailings. The concentrate ls the overflow oÏ 

the Fricker magnetlc hydrocyclone ln the slxth stage. Wlth a 

magnetlte grade of 20~ ln feed, the magnetite concentrate grade Is 

86~ and the recovery over 98% ln the magnetl te - coal system 

(Flg.45). From Flg.46, it can he seen that the magnetlte 

concentrate grade is 90.5% with a recovery of over 98~ ln the 

magnet 1 te - shale system. 

Because the simulations are based only on the corrected 

performance eurves, i t 1s difficul t to ev,ll uate sorne operatlonal 

charaeteristics of the magnetic hydrocyclones such as volumetrIe 

capaclty, feed solids concentration, etc. These operational 

parameters need to studied in actual tests. 
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CHAPT ER SEVEN 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

7. 1. CONCLUS! ONS 

7.1.1. Numerical Analysis Has Been Applied to The Study of 

Magnetic Hydrocyclones 

1. Fi ve indices of the magnetic field, A. R. F., A. A. R. F. , 

A.T.F., A.A.T.F. and the magnetic energy, have been used to 

evaluate the magnetic f'ield in the magnetic hydrocyclone. 

2. The relationship between the magnetic f'ield and separation 

has been explored for both Fricker' s and Watson' s magnetic 

hydrocyc 1 ones. 

3. New designs of' multipole magnetic circui try have been 

developed for the Watson type magnetic hydrocyclone. The optimum 

design is derived. 

7.1.2. Simulation Using Two Types of Magnetic Hydrocyclone 

Has Been Conducted 

1. A single stage Fricker magnetic hydrocyclone May be used 

for recovering the heavy media (fine magneti te) in a coal washing 

plant. The possibility of obtaining high recovery and grade of 

media has been shown. A single stage Watson magnetic hydrocyclone 

ls not sui table in this case. 

2. A circuit using combinations of the Fricker magnetic 

hydrocyclone and the 16 pole ~/atson magnetic hydrocyclone has been 

explored f'or the separation of' Magnetite f'rom fine coal/shale 

particles. 
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7. 2. SUGGESTIO~~ FOR FUTURE VORK 

7.2.1. Experimental York 

1. To test the new 16 pole design of the Watson magnetic 

hydrocyc l one. 

2. To test the circuit using combinations of the Fricker 

magnetic hydrocyclone and the new 16 pole design oÏ the Watson 

magnetic hydrocyclone. 

3. To conduct pilot - scale tests using magnetic hydrocyclones 

for heavy media recovery in a coal washing plant. 

7.2.2. Numerical Analysis 

1. To develop the three dimensional numerical analysis oÏ the 

magnetic circuitry into a software package for the design of 

magr.et i c hydrocyc l ones. 

2. To construct a mathematical model of the performance of 

magnetic hydrocyclones. 

3. To explore theoretically magnetic hydrocyclones using 

superconductivity technology. 

123 



1. 

2. 

3. 

4. 

- -------~----~-------------------------------------------

REFERENCES 

E.G.Kellyar.d D.J.Spottiswood, IntroductJon to Hlneral Proce

ssing, John Wiley & Sons, Inc. (1982) 

L.Svarovsky, Hydrocyclones, Teehnomic Publlshing Co.,Inc. (1984) 

A. G. Frleker, "Magnet le Hydrocyelone Separator", Trans. Instn 

Hin. Hetall (SecLG), 94, (September 1985) 

J. L. Watson, "Cycloning in Magnetic Fields", AlME/SME Preprlnt 

83-335. presented at the SME-AlME Fall Meeting and Exhiblt, 

Salt Lake City, Utah, October 19-21, 1983 

5. B.C.Fllntoff, L.R.Plitt and A.A.Turak, "Cyclone Modelling: a 

Review of Present Technology", GIH Bulletin, 39-50 (September 

( 1987) 

( 

6. D. R. Kelland, G. S. Dobby and E. Maxwell, "Efficient HGMS for 

Highly Magnet ic Materials" , IEEE Trans. Hagn., Vol. HAG-17, 

No.6, 3308 - 3310 (Novenber 1981) 

7. J. W. Leonard, etc., Goal Preparation, (fourth ed1tlon), Port 

City Press, Inc. (1979) 

8. L.R.Plltt, "A Mathematlcal Model of The Hydrocyelone Classi

fier" CIH Bulletin, 114 - 123 (Deeember 1976) 

9. J. A. Flnch and M. Leroux, "Selecting Test Condition For Hlgh 

Gradient Magnetle Separation", Int. J. Hlner. Process. 9, 

329 - 341 (1982) 

10. J.Svoboda, Hagnetic Hethods for The Treatment of Hinerals, 

Developments in Mineral Processlng, Volume 8, Elsevier, (1987) 

124 



,1 _. 
11. K.J.Blnns and P.J. Lawrenson, Analysls and ComputatIon of 

Electric and Hagnetic Field Problems, Oxford, Pergamon Press, 

( 1973) 

12. S.V.Patankar, Numerical Heat Transfer And Fluld Flow, 

Washington, Hemisphere Publshing Corporation, (1980) 

13. D. F. Kelsall, "A Study of the Motion of Solld Part icles in a 

Hydraul1c Cyclone", Trans. Inst. Chem. Eng., 30, 87-104 (952) 

14. G. Dobby and J. A. Finch. "Capture of Mineral Partlcles in a 

High Gradient Magnetic Field", Powder Technol. 17, 73-82 (1977) 

125 



( 

APPENOIX A 

Uni ta and Conversions [9] 

Conversion of magnetic units requires careful attention. 

cgs system 

B = H + 41tH 

B in gauss 

H in oersted 

H in emu/cm3 

3 
" = MlH in emu/cm De 

#lO (vacuum) = 1 

B: 1 gauss 

H: 1 oersted 

M: 1 emu/cm3 

1 emu/cm 3 
K: 

Units 

SI system 

• 
B = lloH + lloM 

B in webers/meter2 (or tesla) 

H in amperes/meter 

M in amperes/meter 

K = MlH dimensionless 

-7 J.Lo (vacuum) = 4lt X 10 

in webers/ampere meter (or 

henries/meter, or tesla meter/ampere) 

Convers ions 

= 10-4 tesla 

= 79.6 amperes/meter 

3 = 10 amperes/meter 

= 12.56 (dimensionless SI) 

• This 1 s somet i mes expressed: B = J.LoH + M 
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APPENDIX B 

eut Sizes d50 and dSOc [8J 

The dso is that size of particle which has an equal (50 per 

cent) probabllity of report1ng to e1ther underflow or overflow of 

the hydrocyclone. As the underflow water entrains feed sol Ids of 

aIl slzes which bypass the classification process, the actual 

classification must he corrected to reveal the true effects of the 

classification process. The corrected classification Is: 

y' = y - Re 
1 - Re 

where Y = mass fraction of a given slze whlch actually will 

report to the underflow; 

Y' = mass fraction of a glven size which will be directed 

to the underflow as a result of the classifying action; 

RF = recovery of feed 1 iquid to the underflow; 

The d50c is the corrected cut slze w1 th y' = 0.5. It ls the 

most important parameter for descrlbing the performance of the 

hydrocyclone. 
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