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SYNOPSIS 

Miscellaneous laboratory tests (most of them on cyanide residues) were undertaken to supplement 
on-site pilot-plant work on wet high-intensity magnetic separation (WHIMS). Initially, the main concern 
was with blockage of the matrix, and consideration was given to the use of a reverse-flushing system. The 
laboratory tests on this system were encouraging, but they were not of sufficiently long duration to be 
conclusive. 

When the continuous ball-discharge and washing system was developed at the National Institute for 
Metallurgy, the blockage problem lost its urgency, and the laboratory work was applied to an investigation 
of the performance of WHIMS machines. The laboratory tests were the 'standard' test (developed to 
provide a simple and highly reproducible test), a batch test with free-fall feed, a batch test with controlled 
feed (up-flow), and a continuous test using a Carpco laboratory separator. Each of these methods is suitable 
tor a particular purpose. The Carpco separator gives low recoveries because of its shallow matrix, but the 
recovery to be expected in practice can be matched if the feed ir. passed twice through the separator. 

The velocity of the pulp through the matrix is important, because it determines the capacity of the 
separator and the recovery obtainable. Of almost equal importance is the magnetic load, which affects the 
velocity of the pulp and the recovery. Typically, a recovery of 51 per cent of the uranium was reduced to one 
of 40 per cent as the magnetic load was increased from 25 to 100 g/1, while the pulp velocity (calculated from 
the volumetric flow through the matrix and the cross-section of the matrix) decreased from 62 to 36 mm/s. 
There was some indication that, for the same pulp velocity, lower recoveries are obtained when free-fall 
feeding is used. 

Recoveries are reduced when the magnet field current is reduced; each particle size is affected equally, 
so that the size-recovery distribution curves for high and low field strengths have a similar shape. 

A reduction in recovery of 4 to 5 per cent was observed in a test simulating the effect of the air gaps in 
the magnetic circuit of a continuous separator. 

Some benefit was observed in the application of WHIMS to coarsely ground ore; from a 
Blyvooruitzicht rod-mill product, 25 per cent of the total uranium was recovered when only 29 per cent of 
the rod-mill product (the finest portion) was treated. A similar recovery was made from 43 per cent of th«* 
rod-mill product from Stilfonteir, a second stage of treatment after regrinding raised the overall recovery of 
uranium to 76,4 per cent. 

Recoveries of 55 and 42 per cent of the uranium were obtained in tests on two flotation tailings from 
Free State Geduld. 

The application of WHIMS to the concentration of chromite in a sample from the UG-2 Reef did not 
yield an acceptable grade of magnetic product because of the similarity of the magnetic properties of the 
chromite and the pyroxenes. 

In a determination of the mass magnetic susceptibilities of the constituents in a typical concentrate 
obtained by WHIMS, it was found that some 20 per cent of the magnetic product had a susceptibility of less 
than 5,4 x 10 " e.m.u. but contained 38 per cent of the uranium recovered by WHIMS. 

A few tests were conducted on different types of matrix. Magnetic stainless-steel balls gave recoveries 
markedly lower than those obtainable with soft-iron balls; steel balls (said to contain 0,9 per cent carbon) 
gave recoveries of uranium slightly lower (about 8 per cent) than those obtainable with soft-iron balls. 
Other tests on various types of matrix were of a tentative nature and inconclusive. A matrix of spaced 
horizontal rods is recommended for possible future consideration. 



SAMEVATTING 

Daar is verskillende laboratoriumtoelse (meesal op sianiedresidu's) uitgevoer ter aanvulling van die 
proefaanlegwerk ter plaatse in verband met nat magnetiese skeiding by 'n hoë intensiteit (WHIMS). 
Aanvanklik was die vernaamste probleem die verstopping van die matrys en daar is aandag geskenk aan die 
gebruik van 'n terugspoelstelsel. Die laboratoriumtcctse met hierdie stelsel was bemoedigend maar hulle 
het nie lank genoeg geduur om die resultate as afdoende te kan beskou nie. 

Na die ontwikkeling van die deurlopende baluitlaat- en wasstelsel I / die Nasionale Instituut vir 
Metallurgie was die verstoppingsprobleem nie meer so dringend nie en is die laboratoriumwerk toegespits 
op 'n ondersoek van die werkverrigting van die WHIMS-masjien. Die laboratoriumtoetse het bestaan uit 'n 
'standaardtoets' (wat ontwikkel is om 'n eenvoudige en hoogs reproduseerbare toets te gee), \ i lottoets met 
vryvaltoevocr, 'n lottoets met beheerde toevoer (opvloeiing) en 'n deurlopende toets met gebruik van 'n 
Carpco-laboratoriumskeier. Elkeen van hierdie metodes isgeskik vir 'n bepaalde doel. Die Carpco-skeier 
gee lae herwinnings vanweë sy vlak matrys maar die herwinning wat in die praktyk verwag kan word, kan 
geëwenaar word as die toevoermateriaal twee maal deur die skeier gestuur word. 

Die snelheid van die pulp deur die matrys is belangrik omdat dit die vermoë van die skeier en die 
herwinning wat verkry kan word, bepaal. Byna net so belangrik is die magnetiese las wat die snelheid van 
die pulp en die herwinning bepaal. As tipiese voorbeeld is 'n herwinning van 51 persent van die uraan tot 
een van 40 persent verlaag namate die magnetiese las van 25 tot 100g/1 verhoog is terwyl die snelheid van 
die pulp (bereken aan die hand van die volumetriese vloei deur die matrys en die dwarssnit van die matrys) 
van 62 na 36 mm/s gedaai het. Daar was aanduidings dat vir dieselfde pulpsnelheid laer herwinnings verkry 
word wanneer die vryvaltoevoermetode gebruik word. 

Die herwinnings neem af wanneer die magneetveldstroom verlaag word; elke partikelgrootte word 
ewe veel geraak s jdat die grootte-herwinningverdelingskrommes vir hoë en lae veldsterktes dieselfde vorm 
het. 

'n Vermindering van 4 tot 5 persent in die herwinning is waargeneem in 'n toets wat die uitwerking van 
die lugsplete in die magnetiese kring van 'n deurlopende skeier naboots. 

Daar is 'n mate van voordeel waargeneem by die toepassing van WHIMS op grof gemaalde erts; 25 
persent van die totale uraan is uit 'n Blyvooruitzicht-staafmculproduk herwin toe net 29 persent van die 
staafmeulproduk (die fynste deel) behandel is. 'n Soortgelyke herwinning is verkry uit 43 persent van die 
staafmeulproduk van Stilfontein; 'n tweede behandelingstadium na herniating het die totale herwinning 
van uraan tot 76,4 persent verhoog. 

Herwinnings van 55 en 42 persent van die uraan is verkry in toetse op twee flottasie-uitskotte van Free 
State Geduld. Die toepassing van WHIMS op die chromietkonsentrasie in 'p monster afkomstig van die 
UG-2-rif het nie 'n aanvaarbare graad magnetiese produk gclewer nie vanweë die ooreenkoms tussen die 
magnetiese eienskappe van die chromiet en die piroksene. 

In 'n bepaling van die magnetiese vatbaarheid per massa van die bestanddele in 'n tipiese konsentraat 
wat deur WHIMS verkry is, is daar gevind dat ongeveer 20 persent van die magnetiese produk 'n 
vatbaarheid van minder as 5,4 x 10 " em e gehad het maar 38 persent van die uraan wat deur WHIMS 
herwin is, bevat het. 

Daar is 'n paar toetse op verskillende soorte matryse uitgevoer. Magnetiese vlekvrystaalballe het 
herwinnings gegee wat merkbaar laer was as die wat met sagteysterballe verkry is; staalballe (wat na 
bewering 0,9 persent koolstof bevat het) het uraanherwinnings gegee wat effens laer (ongeveer 8 persent) 
was as die wat met sagteysterballe verkry is. Ander toetse met verskillende soorte matryse was van 'n 
tentatiewe aard en onbeslis 'n Matrys van gespasieerde horisontale stawe word vir moontlikc toekomstige 
oorweging aanbeveel. 
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1. INTRODUCTION 
The work described in this report was begun at the National Institute for Metallurgy (NIM) early in 

1978. At that time most of the available i. formation on the use of wet high-intensity magnetic separation 
(WHIMS) for the recovery of p.old and uranium from the Witwatersrand ores and residues had been 
obtained from tests with the Eriez batch-separator Model HIWL4 and, to a lesser extent, from the small 
Carpco continuous laboratory separator model MWL3. Some on-site experience on the use of a pilot-plant 
separator, Eriez model CF-30, had been obtained, but the practicality of continuous WHIMS separation 
had not yet been demonstrated. 

For the tests on the Eriez batch separator a 'standard' procedure had been developed to provide a 
simple and highly reproducible test. The recoveries obtained by the standard batch procedure were far 
higher than those obtained from tests on the Carpco separator, but at the time this was not a matter for 
concern because the results obtained by either separator were regarded as indications of the potential 
offered by WHIMS rather than of the results obtainable in practice. In 1976, NIM, in cooperation with the 
Atomic Energy Board, acquired the pilot-plant separator for on-site tests that would indicate the results to 
be expected in practice and the magnitude of possible difficulties arising from the presence of ferromagnetic 
particles and wood fibre in the feed. It was realized that these materials might cause blockage of the matrix, 
and it had to be ascertained whether they could be removed by low-intensity magnetic separators for the 
ferromagnetic particles, and by screens for the wood fibre; if prior removal of these materials was not 
effective, other ways of dealing with ti:em would have to be considered. 

The first on-site tests with the Eriez CF-30 separator, with its accessory screens and low-intensity 
magnets, were carried out at the Blyvooruitzicht mill. Satisfactory recoveries of gold and uranium were 
obtained, but the goal of a minimum operating period of one week without blockage of the matrix was not 
achieved. 

Towards the end of 1977, the Eriez pilot-plant separator was moved to Stilfontein, and tests were 
continued with the primary objective of overcoming the blockage problem, but also of accumulating data 
necessary for an estimation of the cost and performance of large-scale WHIMS machines. The successful 
outcome of that work has since been recorded by Corrans and Levin1 -. 

In the present report, use will be made of information contained in internal reports by several members 
and past members of NIM staff, which will provide an introduction to some of the tests to be described. As 
the internal reports concerned were prepared before the present project was undertaken, information from 
that source should be distinguishable from »' : information obtained from the present project. 

1.1. Objectives 
The present project was undertaken to support th-- pilot-plant work at Stilfontein with the various 

laboratory tests that past experience had indicated would be required. Other purposes of the project were as 
follows: 

(a) exploratory testing of various materials especially Witwatersrand ores and residues, to show 
whether they could be beneficiated by WHIMS (the results of previous tests have already been 
reported11 ')> 

(b) the correlation of the results obtainable ir the standard batch tests, the Carpco continuous tests, 
and the r.riez pilot-plant tests, and 

(c) the acquisition of any additional information that would indicate how the performance of WHIMS 
could be improved. 

1.2. Types of Batch Test 
For various purposes, four types of batch tests were used: standard, free-fall, up-flow, and 

reverse-flushing tests. They all use a matrix contained within the magnet of the Eriez batch separator, but 
they diffe»- in the way the feed is presented. In the standard test, a fixed volume of dilute slurry is fed from a 
funnel ihrough the matrix at a rate that is determined largely by the size of the opening in an 
interchangeable nozzle at the discharge end. The free-fall test aims at reproducing the feed conditions that 
apply in practice in the operation of most continuous separators: after having been introduce J at the top of 
the matrix, the feed flows through the matrix by its own weight, without a head of pulp building up above the 
matrix. In the up-flow tests, the feed can be made to flow through the matrix at any velocity desired, and the 
entrainment of air, which frequently accompanies free-fall feeding, is avoided. For the reverse-flushing 
tests, the up-flow procedure is used for the introduction of the feed into the matrix, whereas the flushing 
water for the removal of the magnetic product (after de-energizing of the magnet) is introduced 
downwards, i.e., in a direction opposite to that of the feed. 

I 



WHIMS LABORATORY TESTS 

1.3. Assays 
It will be seen that, in nearly all the tests, assays were conducted only for uranium. However, tl.ere is 

generally a fairly good correlation between the recoveries of gold and uranium, and, because assays for 
uranium are cheaper, it was decided that they should be relied on as far as possible. 

1.4. Velocity of Pulp through the Matrix 
This report contains references to the velocity of the pulp as it flows through the matrix. The term as 

used here does not indicate the true velocity of the pulp, but an apparent velocity that is calculated from the 
volumetric flow through the matrix and the cross-section of the matrix, i.e., the volume occupied by the 
matrix material is not taken into account. 

1.5. Samples Used in Tests 
The numerous samples used in the tests -re identified by NIM sample numbers. Appendix I records the 

sieve analyses and assays for some of the.... 

2. BLOCKAGE OF THE MATRIX 
When the project was begun, blockage of the matrix by ferromagnetic particles and wood fibre was a 

serious obstacle to the application of WHIMS.' \l that time the continuous ball-discharge system had not 
yet been developed.) The attempts that had been made in the pilot-plant tests to prevent blockage by the 
use of low-intensity magnets and screens had alleviated but not overcome the problem, and there was 
clearly a need for some other approach. 

In 1978, Humboldt Wedag (Pty) Ltd introduced automatically controlled high-pressure air and water 
jets to clean the matrix of the Jones separator. They successfully operated the system in a prolonged test on 
a Witwatersrand residue, the result of which s jggests that the combination of water and air is more effective 
than the use of water alone in the cleaning of the matrix. However, the system is applicable only to the 
vertical-plate type of matri t used in the Jones separator, and it is probable that that type of matrix does not 
lead to maximum recovery in the treatment of Witwatersrand residues. 

Several systems have been designed in which the matrix is removed for cleaning after each cycle of 
loading in the magnetic field"7, but such systems are rather elaborate and must involve high initial and 
operating costs. 

2.1. Normal and Reverse Flushing 
The conventional carousel-type of separator tends to become blocked witn ferromagnetic particles and 

wood fibres, which are most likely to be caught in the matrix near the top where the feed is introduced. The 
removal of the magnetic and other particles retained in the matrix should be effected by a descending jet of 
water, the flushing water, located at a position of the carousel where the magnetic field is at zero or very low. 
However, the downward velocity of the flushing water is limited by the fact that the jet of water dissipates its 
energy on striking the surface of the matrix, so that the velocity of the water as it flows through the matrix is 
no higher than the velocity of the water flowing by its own weight through a matrix partly plugged by 
magnetic and other particles. At each revolution of the carousel through the Hushing zone, some small 
downward movement of the blocking material might be obtained, but it is not surprising that blockage 
occurs before this material can be washed through the depth of the matrix (200 mm in the Eriez batch and 
continuous separators). 

A different situation arises when the flushing water and the feed move in opposite directions, e.g., 
when the feed enters the matrix from below, and the flushing water flows vertically downwards, in a closed 
system in which both the feed rate and the flushing velocity are controllable. Because the blocking material 
is held near the bottom of the matrix, it should be removed easily by the descending flushing water because 
the blocking material needs to be moved only a very short distance, and because the reverse flow of the 
flushing water would tend to loosen the material held on the matrix. The principle of reverse flushing can be 
applied in the Sala High Gradient Magnetic Separator (HGMS), which is a carousel type of continuous 
separator". The flow-rates of the pulp and flushing water in this separator are controllable. 

The Sala HGMS can be operated with any type of matrix, but the manufacturers prefer a matrix of 
magnetic stainless-steel filaments, which create a very high gradient; this presumably accounts for the term 
high gradient in the name of the separator. It is also claimed that, because the filaments occupy no more than 
about 5 per cent of the volume of the matrix, blockage does not take place, but it is not easy either to 
substantiate or to disprove this particular claim. 

2 



WHIMS LABORATORY TESTS 

2.2. Tests with Reverse Flushing 
It is possible that the Sab separator, because it can be operated under the reverse-flushing system, 

might be free of blockages. Small-scale tests on Witwatersrand residues carried out by Sala Magnetics have 
shown recoveries of uranium comparable with those obtained on tiie Eriez pilot-plant unit. However, the 
tests were on too small a scale to have a bearing on the blockage problem, which needs to be assessed in 
continuous tests over a fairly long period. It was nevertheless considered that some indication of the 
effectiveness of the reserve-flushing system could be obtained from small-scale laboratory tests, and an 
apparatus that simulated the action of the Sala separator was set up (Figure 1). Provision was made for air 
flushing in addition to water flushing, but air flushing was not used in all the tests. A special matrix holder 
with the necessary connections for feeding, rinsing, and back flushing was placed b tween the magnets of 
the Ericz batch separator. With manually operated fast-acting pinch valves (improvised by a member of 
NIM staff), the cycle (energizing of the magnet, feeding of slurry, introduction of rinsing water, 
de-energizing of the magnet, and washing out of the magnetic material by reverse flushing) could be 
repeated sufficiently often to allow the detection of any large and rapid accumulation of blocking material. 
To compensate for the limit on the number of cycles that can be repeated without undue effort, one test was 
done on feed to which wood fibre and various magnetic materials had been added 

The tests on the reverse-flushing system were carried out in two stages. The initial tests were done in 
the period that overlapped the development at NIM of the continuous ball-discharging and cleaning 
system; in these tests the timing and operation of the valves were done manually The tests in the second 
stage were conducted much later, and made use of automatic valves and timers in an apparatus designed and 
assembled at NIM (Plate I). 

In the early tests, the matrix holder was modified by the extension of its lower part below the level of 
the magnet and the use of a screen that divided it into two compartments as shown in Figure 2. The lower 
compartment is only partly fi;!ed with balls, so that, when the magnet is energized, the balls are lifted 
upwards towards the screen. Because the balls are not in the region of maximum magnetic intensity, they 
capture only the more strongly magnetic particles; they also act as a screen to retain some of the wood fibres. 
When the field is reduced, the balls drop down, and this movement, it is argued, facilitates the removal of 
both the ferromagnetic particles and the wood fibres by reverse flushing. 

A preliminary test with the two-compartment matrix holder gave encouraging results, and in the next 
test the feed was spiked with a mixture of wood fibres, magnetite, and ilmenite, so as to exaggerate the 
tendency of the feed to block the matrix. Only eighteen cycles were run in this test, which was done with the 
manually operated valves, but the amount of material in the matrix at the end of the test was so small that it 
appears probable that the use of the two-compartment system would result in at least a considerable 
reduction in the severity of the blockage problem. However, when the continuous ball-discharge system 
was developed, there was less incentive for a full investigation of the possible benefits of the 
two-compartment matrix holder, and no further tests were carried out. 

2.3. Results of Tests on Reverse Flushing 
The results of the various tests on reverse flushing are recorded in Appendix II, and a summary of this 

information is given in Tablft 1. 
Of the total time required ior a test cycle (approximately 100 seconds), 28 to 36 seconds were allowed 

for the energizing of the magnet and for its decay. In practice this time could be reduced to less than 3 
seconds. 

The amount of material held in the matrix at the end of the tests varied considerably. A major 
difference appears between those tests with the two-compartment matrix holder and those with the normal 
matrix holder, but it is fe't that the difference is due more to the design of the pipes entering the holder than 
to the use of a single or double compartment; much of the material left in the single-compartment matrix is 
probably there owing to the presence of 'dead' spaces, which are filled with solids at the beginning of the test 
but take no part in later cycles. In the last four tests, an attempt was made to estimate, by a combination of 
screening and panning, the amount of wood fibre retained in the matrix. 

The figures obtained confirm that a small but significant amount of fibre is trapped in the matrix, but no 
estimate could be made of the rate at which the amount was increasing, or even if it was indeed increasing. It 
is to be expected that a certain quantity of the fibre, ferromagnetic particles, and other materials would be 
retained in the matrix during the first few cycles, but it is possible that a near-equilibrium quantity would 
soon be reached after which further increases in the amount of material retained would be very small. 
Possibly a good indication of a build-up in the matrix is provided by the variation of feed rate and recovery 
in successive cycles. For example, in test G (Appendix II), the amount of solids fed per cycle dropped from 

3 



WTIIMS LABORATORY TESTS 

PLATE 1 

Automatically controlled equipment for tests on reverse flushing 
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WHIMS LABORATORY TESTS 

TABLE 1 

Summmry of cyclic tests on reverse flushing 

Test A TestB TestC TcstO TestE TestF TestG 

Matrix holder 2-Compartment Normal 

Operation of controls Manual Automatic 

Feed: Sample no. G603 G603 + 
spike 

material 

H661 H661 H661 H689 

i 
i 

H689 

Ball size in matrix, mm 4,8 4,8 6,3 63 63 ! 63 63 | 
Flow velocity, mm/s 

Feed 
Rinsing water 
Flushing water 

12 
2 

14 
2 

37 
39 
36 

38 
36 
37 

33 ! 31 
33 32 
66 '' 60 

1 
63 ! 
14 ! 
63 j 

Magnetic product: UjO*. p.p.m. 
U 3O s recovery, % 

570 
62,4 

510 
59,0 

1069 
38.5 

1040 
32,0 

1180 3205 
423 : 47.8 

1069 
48.8 i 

Magnetic product, mg/ml 448 307 125 146 159 ! 168 175 | 

Material retained in matrix, mg/ml 
Wood fibre 
Ferromagnetic 
Total 15 1,2 133 

0.13 

118 

0.19 ; 0.06 

60 ! 48 

! 
0.16 j 
3.0 j 

4 7 1 l 
Air flushing | Yes Yes No No No i Yes Yes 

Notes 
(1) Feed for the tests consisted of various samples of cyanidation residue from SraYontem: in test B. wood fibre, magnetite, and Hmemte were added to 

the feed 
(2) The two-component matrix holder used in some tests is described in Section 2.2 
(3) The results recorded are either averages for a test or the results obtained towards the end of a test 
(4) Details of the tests are given in Appendix II 
(5) In the last three tests, some ferromagnetic material was removed from the feed by a permanent magnet held in the feed sump 
(6) The magnetic load on the matrix is the sum of the magnetic product and the material left in the matrix at the end of the test 

about 4 lOg to about 390g after 400 cycles, and there was a corresponding decrease in the recovery of 
uranium, from about 50 per cent to about 48 per cent; a small build-up of material on the ma tux could well 
produce these effects, as will be shown in Section 4.4. 

Test G of Table 1 shows that 3,0 mg of ferromagnetic material per millilitre was included in the 
material retained by the matrix. The presence of this ferromagnetic material may be due, at least in part, to 
the fact that, when the magnet of the Eriez batch-separator is de-encrgized, a remanent magnetic field of 
about 80 G persists. This field is large enough to complicate the removal of the ferromagnetic particles by 
reverse flushing. In practice, the matrix is flushed in a region of zero firld, and in this respect the laboratory 
reverse-flushing tests were at a disadvantage. In the last three cyclic tests, a permanent magnet was placed in 
the feed sump to remove the ferromagnetic material, but it is doubtful whether this is an adequate 
compensation for the magnetic remanence in the batch separator. 

No conclusion can be drawn about the benefit of air flushing as an addition to water flushing; it is 
probably helpful in cleaning the matrix, but an increase in the velocity of the flushing water would perhaps 
be as effective. 

A feature of the material retained in the matrix at the end of a cyclic test is the presence of a black 
sludge, which gives the balls a dirty appearance and which is not washed off the balls as readily as the 
granular material. Mineralogical examination of the sludge revealed only the usual constituents of the 
magnetic product of WHIMS — quartz, chlorite, muscovite, and pyrophyllite—and the very dark colour of 
the sludge is attributed to the chlorite and its small particle size. 
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2.4. Conclusions from Tests on Reserve Flushing 
The results reported for the cyclic tests do not represent the optimum because the reverse flushing was 

carried out in a small remanent magnetic field and because optimum values for the operating conditions 
were not determined. Reverse flushing offers the possibility of fairly lengthy operation without blockage of 
the matrix, but the tests were not run for long enough to show the exact length of this trouble-free operation. 

Prolonged operation of the reverse-flushing system would be accompanied by a slight reduction in 
recovery and capacity, a feature that must be common to most WHIMS separators, except possibly that 
incorporating NIM's continuous ball-discharge system. 

The two-compartment matrix holder that was tested in conjunction with reverse flushing apparently 
reduces blockage of the matrix, but its use would necessitate a new design of WHIMS separator. 

A system employing reverse flushing would necessarily provide the opportunity of controlling the 
velocities of the feed and the rinsing and flushing water; higher recoveries than those obtainable with a 
free-fall feed may therefore be possible. 

3. COMPARISON OF VARIOUS TEST METHODS 
At various times the following separators have been used for tests on WHIMS: Eriez batch, Carpco 

continuous laboratory, and Eriez pilot-plant continuous. 
The Eriez batch separator has been used in ways that are described as the standard test method, the 

batch test with free-fall feed, and the batch test with up-flow feed. In addition, samples of Witwatersrand 
residues were supplied to Sala Magnetics for testing on their batch separator (Model 10-15-20) and on their 
continuous pilot-plant separator. 

To show how tht results obtained from these separators varied, a table of typical results was compiled 
from data in previously issued reports (Table 2). The feed material for each of the tests was a typical residue 
from the low-grade circuit of the Blyvooruitzicht plant, but the identical sample was not used for all the 
tests. 

TABLE 2 

Results obtained with various separators 

Nature of test 

Magnetic product 

Nature of test 
Mass 

% 
U recovery 

% 

Standard batch test, 4,8 mm balls 
Carpco continuous separator, 4,8mm balls 
Eriez pilot-plant separator, 4,8 mm balls 
Sala Magnetics, batch separator 
Sala Magnetics, continuous separator 

21,8 
19,0 
21,2 
20,4 
12,2 

66,4 
50,9 
58,3 
54,3 
37,7 

That different separators gave different results on similar samples is not surprising, but differences are 
confusing. Most of the differences, it is believed, result from the neglect of the obvious requirement that 
similar operating conditions should be used for the tests when different separators are being compared. 

3.1. Variation of Matr'x Depth and Other Operating Conditions 
An important operating condition is the effective depth of the matrix, which is determined by tb.f 

height of the magnet face. The effect of variations in the depth of the matrix has been demonstrated 
frequently, and the results shown in Figure 3 are typical. A slight reduction in the depth of the matrix from 
the 200 mm normally used in the Eriez batch and continuous separators is not serious, but the loss in 
recovery accelerates as the depth of the matrix is reduced. 

Other important conditions are the velocity of the pulp through the matrix, the magnetic load, the 
nature of the matrix, and the magnetic field; the importance of the pulp velocity and of the magnetic load 
are frequently overlooked. The addition of rinsing water is fairly important, but it is difficult in a batch test 
to match the conditions that exist in large continuous separators. The consistency of the feed pulp is 
important in its effect on capacity, but, since it has little effect on grade or recovery over a wide range, it is 
for most purposes the least important variable. 
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3.2. Trie Pilot-plant Separator 
As ihe purpose of most tests is to indicate the grade of concentrate and the recovery of the valuable 

constituents that could be obtained in practice, the test conditions should — as far as possible — be those 
that would apply in large-scale industrial operations. At NIM it was assumed that the Eriez CF30 
pilot-plant separator best simulates plant performance. This does not imply that similar or even better 
results cannot be obtained with other makes of separator, but it does mean that the conditions for any 
smaller-scale tests at NIM that aim at indicating the grade and recovery to be expected in practice should 
conform to those for the Eriez pilot-plant separator. 

3.3. The Carpco Continuous Laboratory Separator 
Extensive use has been made of this machine, and the results obtained with it have sometimes been 

quoted as those to be expected in practice. However, as it has a magnet face of 75 mm (height) by 100 mm 
(length), its effective matrix depth is less than half that of the Eriez separators, and the recoveries obtained 
with it must necessarily be lower than those that can be expected in practice. Also, because of the short 
length of the magnet face, adequate rinsing of the loaded matrix is difficult, with the result that the grade of 
the magnetic product is often low. 

Compensation for the small matrix depth can be made by two stages of treatment, i.e., by the passing of 
the non-magnetic product from the first pass through the separato:. Although this gives a recovery similar 
to that obtainable from the Eriez pilot-plant separator, the grade of the combined magnetic fractions is very 
low. However, it has been found that the low grade is due to the presence of non-mimetic material of a 
grade equal to that of the non-magnetic product obtained in the test. A realistic indicai -n of the grade of 
magnetic product obtainable in practice is gained from the retreatment of the magnetic product in the 
Carpco separator it enough material is available, or in the batch separator when the amount is insufficient 
for the continuous test. 

These statements are based on the data presented in Tables 3 and 4. Table 3 records the results of two 
stages of treatment on the Carpco separator, and Table 4 shows the results of a test in which the Carpco 
separator was used to make a large middling product, and both the concentrate and the middling were 
retreated. The recovery of 45 per cent of the uranium (shown in Table 3) is only slightly higher than the 
percentage recovery that could U expected from a comparable test on the pilot-plant separator, but the 
grade of 786 p.p.m. of U : iON is significantly lower than the 1000 to 1200 p.p.m. of U ; ! O H from the material 
tested on the pilot-plant separator. Table 4 shows that the grade of the concentrate obtained from the 
Carpco separator can be increased by retreatment to match that expected fr. TI the pilot-plant separator. 

It can therefore be concluded that, although a single-stage test on the Ca^jo separator will generally 
indicate a grade and recovery lower than those that can be obtained in practice, a more reliable indication of 
the practical recovery can be obtained after two stages of treatment. A third stage of treatment of the 
magnetic products is required to indicate the grade of magnetic product obtainable in practice. 

TABLE 3 

Two-stage treatment on Carpco contimuus laboratory separator 

Feed material: Stilfo itein residue sample H661 
Matrix: 6,3 mm balls 

Mass 
% 

UA 
Mass 

% Concn, p.p.m. Distn, % 

Magnetic product, 1st pass 
Non-magnetic product 
Magnetic product, 2nd pass 
Non-magnetic product 
Head — calculated 

5,85 

3,54 

886 
118 
612 

V9 
163 

31,7 

13,3 

Combined magnetic product 9,39 786 45,0 
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TABLE 4 

Separation on the Carpco separator with retreatment of magnetic and middling products in batch separator 

Procedure Feed material Stilfontein residue sample H484 
Matrix 4,8 mm balls 

Carpco separator 

1st magnetic Middling 1st non-magnetic 

Eriez batch separator ( C a n b e «treated to 
increase the recovery) 

1 
2nd non-magnetic 

Results 

Mass 
% 

u,o„ 
Mass 

% p.p.m. Distn, % 

Carpco separation 
1st magnetic product 
Middling 
1st non-magnetic product 
Head — calculated 

7,6 
9,9 

82,5 

787 
113 

78 
140 

44,1 
8,3 

47,6 

Retreatment 
1st magnetic product 
2nd magnetic product 
2nd non-magnetic product 

53,6 1390 
78 

95,4 

3.4. The Standard Batch Test and the Effect of Variations in Flow-rate 
The so-called standard batch test, which has been the predominant test in the work at NIM, was 

developed to provide a simple and reproducible method for preliminary tests on the amenability of new 
samples to WHIMS. The Eriez batch-separator model HI W4L is used, but without the feed and discharge 
arrangements of the original equipment, with which, it was considered, reproducible results would not be 
obtained. They were replaced by a feed funnel with a vibrating agitator, a facility for rinsing the matrix, and 
an outlet pipe terminating in an interchangeable nozzle (Figure 4). 

The matrix holder is 25 mm by 50 mm by 200 mm, and, although it can be used with several types of 
matrix, only balls were used for the standard test. The variables that can be introduced are ball size, field 
strength (indicated by the magnet current), feed mass, and the pulp velocity through the matrix. In a typical 
test, 200 g of the material to be tested is agitated with 300 to 400 ml of water before being introduced into 
the feed funnel. The pulp is made up to a mark indicating 2,5 litres, and is then allowed to run through the 
matrix. No objection can be made to the very dilute pulp used because, if the solids concentration does not 
exceed 40 per cent, the results are affected only slightly by variations in the consistency of the pulp. The 
material held on the matrix is rinsed as follows: the funnel is filled to the 2,5-litre mark with water, water is 
run through the matrix, and the rinsing water is added to the non-magnetic product. The magnetic product 
is obtained by the screening of the contents of the matrix holder on a screen that retains the balls. 

2nd magnetic 
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The flow-rate through the matrix is determined to some extent by the size of the balls used, but, more 
significantly, by the size of the nozzle on the discharge pipe. In any test, the flow-rate also varies as the level 
of the pulp in the feed funnel falls; howev er, this variation is slight, and the average flow-rate, as estimated 
fr^m the time required for the discharge of the contents of the feed funnel, is a useful indicator of the flow 
velocity. 

When the standard test was introduced, no information was available on the operating conditions 
(flow-rate of pulp, size of balls, etc.) thai would prevail in an industrial plant, and most of the standard tests 
were done under conditions that were later found to be very different from those in practice. In particular, 
the pulp velocities in the pilot-plant test*, were found to be considerably higher than those that could be 
obtained with the standard test apparatus, and the size of the discharge outlet had to be increased and the 
valve just above the discharge outlet had to be replaced. 

The range of results that can be obtained when the pulp flow-rate is varied in the standard test is shown 
in Table 5 and in Figures 5 and 6. (Figure 5 is derived from Table 5; Figure 6 is from other sources and is 

TABLE 5 

Variation of flow-rate in standard test 

Procedure 200g of Stilfontein residue H661 fed from a 2,5-litre funnel attached to Eriez 
batch separator. Discharge nozzle changed for each test. Time taken to 
discharge funnel used for calculation of average flow-rate. 

Results 

Average velocity 
of pulp 
mm/s 

Mass 
% 

U-A Average velocity 
of pulp 
mm/s 

Mass 
% p.p.m. Distn, % 

4,8 mm ball matrix 

17,6 Magnetic 
Non-magnetic 

8,9 1230 
63 

J 67 

65,6 

39,6 Magnetic 
Non-magnetic 

6,7 1380 
76 

163 

56,5 

72,5 Magnetic 
Non-magnetic 

4,25 1630 
109 
173 

39,8 

6,3 mm ball matrix 

17,9 Magnetic 
Non-magnetic 

9,3 1110 
69 

166 

62,3 

40,9 Magnc.ic 
Non-magnetic 

6,35 1410 
81 

165 

54,1 

87,3 Magnetic 
Non-magnetic 

4,0 

— 

1545 
110 
167 

36,9 
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included to confirm the straight-line relationship between recovery and pulp velocity that is shown in Figure 
5.) The results indicate the following. 

(i) The recovery of uranium decreases markedly as the flow-rate increases: a flow-rate increase from 
20 to 40mm/s can decrease the recovery by about 10 per cent, 

(ii) For the same flow-rate, a change from 6,3 to 4,8 mm balls offers only a slightly improved recovery, 
usually about 5 per cent higher than that for 6,3 mm balls, 

(iii) The higher recoveries at lower flow-rates are accompanied by lower grades of magnetic product; 
the mass of magnetic product increases substantially at the lower flow-rates. 

Because of its simplicity of operation, the reproducibility of the results obtained, and the flexibility it 
provides in the testing of variations in operating conditions, the standard test remains a valuable method for 
exploratory tests on new materials and for observation of the effect of variations in operating conditions. 

3.5. Batch Tests with Free-fall Feed 
The conventional continuous WHIMS separator uses a free-fall feed. The maximum velocity through 

the matrix occurs when the feed floods the matrix, i.e., when it just covers the matrix. At lower feed-rates, 
the matrix must contain some air in addition to the pulp, but there is little doubt that air pockets exist even 
when the matrix is flooded by the feed. Determination of the flooding velocity in small-scale tests is difficult 
because of the intermittent entrainment of air in the descending pulp and the occasional occlusion oi air 
pockets in the matrix. (It is probably because of the adverse effects of air entrainment and air pockets that 
the Sala High Gradient Separator fills the matrix with water before it enters the feed zone.) The batch test 
with a free-fall feed is nevertheless important because it can reproduce nearly all the conditions of a 
large-scale continuous separator, viz feed consistency, flow-rate, contact time, and field intensity 

The equipment used for laboratory tests with a free-fall feed is shown in Figure 7. It includes a 
positive-feed pump (the Delasco) with a variable-speed control, but even with this facility it is difficult to 
maintain the feed at the flooding velocity. There is of course no difficulty in tests in which the feed-rates are 
less than the flooding velocity. 

Results of tests on the effect of variations in the feed rate under free-fall feed conditions are given in 
Table 6 and in Figure 8. For feed rates below the flooding velocity, a decrease in the feed rate leads to a 
higher recovery, but the increase is small for a moderate decrease in feed rate. (The velocity of the pulp 
through the matrix, as defined in this report, is calculated from the feed rate.) 

3.6. Batch Tests with Positive Feed (Up-flow Tests) 
To show the effect of variations in the pulp flow-rate under controlled-feed conditions (i.e.. when 

independent of gravity and free from interference by air pockets in the matrix), tests were carried out in 
which the feed was delivered by a positive-flow pump and was made to pass upwards through the matrix. 
The apparatus used is illustrated in Figure 9. Typical results obtained under up-fUv.v feed conditions are 
shown in Table 7 and in Figure 8. The recovery obtained is clearly dependent on the velocity of the pulp, and 
the variation appears to be greater than that noted for free-fall feed; for 6,3 mm balls and a positive feed, a 
recovery of 60 per cent at 20mm/s is redjeed to one of 50 per cent at 60mm/s. 

4. VARIATION OF THE OPERATING CONDITIONS 
The effect of varying conditions such as magnetic field strength and rinsing-water additions had been 

investigated earlier, and some information on the effects of variations in ball size and pulp velocities is given 
in Section 3 of the present report. 

However, additional tests were considered necessary for the confirmation or extension of previously 
available information, and, in the case of the magnetic load, for the recording of new information. 

No tests on variations in the consistency of the feed pulp (percentage solids) were carried out under the 
present project, because previous tests had indicated that the consistency has a negligible effect on the 
recovery, provided that a maximum of 40 per cent solids is not exceeded. In any operating plant, it is 
expected that the optimum feed consistency will be determined independently since the optimum depends 
on the nature of the material being treated. (The maximum capacity of a separator is related to the 
maximum percentage of solids that can be used.) 

4.1. Variation in the Rinsing Water 
In separations by WHIMS, a rinse with water is employed for the displacement of the non-magnetic 

material present in the matrix when feeding has been completed. The quantity of the rinsing water and the 
velocity of its flow can affect the amount and grade of the magnetic fraction: gentle rinsing may not displace 

10 



WHIMS LABORATORY TESTS 

TABLE 6 

Variation of feed rate under free-fail conditions 

Procedure Feed Stilfontein residue H661 at 33% solids to top of matrix of Eriez batch separator. 
Various feed rates set by Delasco peristaltic pump. 

Results 

Matrix: 4,8mm balls, feed = lQOg | Matrix: 6,3mm balls, feed » 200g 

Pulp 
velocity 
mm/s Product 

1 

Mass 
% 

u 3 o 8 Pulp 
velocity 
mm/s Product 

Mass 
% 

u 3 o 8 Pulp 
velocity 
mm/s Product 

1 

Mass 
% p.p.m. Distn. % 

Pulp 
velocity 
mm/s Product 

Mass 
% p.p.m. Distn, % 

21 Magnetic 
Non-magnetic 
Head 

7,2 1460 
J74 
173 

60,4 16 Magnetic 
Non-magnetic 
Head 

5,1 15S0 
91 

173 

46,6 

27 Magnetic 
Non-magnetic 
Head 

6,6 1510 
26 

171 

58.5 26 Magnetic 
Non-magnetic 
Head 

4.7 1570 
104 
173 

42,2 

33 Magnetic 
Non-magnetic 
Head 

6.9 1550 
73 

175 

61,0 41 Magnetic 
Non-magnetic 
Head 

4.2 1660 
107 
170 

39.6 

38 

I 
i ..., 

Magnetic 
Non-magnetic 
Head 

7.1 1500 
72 

173 

61,4 51 Magnetic 
Non-magnetic 
Head 

4.2 166-̂  
112 
177 

39.4 

43 
(Matrix 
flooded) 

Magnetic 

Non-magnetic 
Head 

6.2 1535 

78 
168 

56.5 66 
(Matrix 
flooded) 

Magnetic 

Non-magnetic 
Head 

4,1 1620 

116 
178 

37.3 

74 
(Well flooded 
with head of 
pulp above 

matrix) 

Magnet' -

Non-magnetic 
Head 

4.1 1630, 

112 
174 

38.4 

all the non-magnetic material and may result in a low-grade magnetic fraction, whereas vigorous rinsing can 
be used, not only to displace the non-magnetic material, but also to remove some of the feebly magnetic 
particles. Under free-fall conditions, there is little scope for variation in the velocity of the rinsing water, and 
a rate close to that of the feed -«ppears to be desirable. The amount of water used for rinsing is, in effect, the 
controllable variable. Because it is applied while the matrix is in the magnetic zone, it has a direct effect on 
the capacity of the separator. 

Table 8 shows the results of a laboratory batch test in which the amount of rinsing water was varied. It is 
clear that a moderate amount of rinsing water must be used if a high grade of concentrate is to be obtained, 
but little is gained from the use of large amounts of rinsing water. 

The optimum amount of rinsing water depends on the operating conditions, and can best be 
determined by experiment. For the batch tests recorded, 0,3 to 0,5 ml of rinsing water per millilitre of 
matrix appears to be sufficient to give a good combination of grade of concentrate and recovery. For 
up-flow feed conditions, the amount of rinsing water must be increased, and amounts of some 0,7 ml per 
millilitre of matrix may be required. 

4.2. Variation in the Size of Bans 
The characteristics of the matrix are of obvious importance in WHIMS, but, because iron balls of 

6,3 mm diameter had been found most suitable in NIM's recent pilot-plant tests with the Eriez CF-30 
separator, practical interest at present is focused on this matrix. Some comparisons between 4,8 and 6,3 mm 
balls had already been made (e.g., Tables 6 and 7), but additional tests with free-fall feed were carried out to 
extend the range of ball sizes being compared. 

The results of the tests are shown in Table 9. It was intended that the feed should be controlled to a rate 
just short of flooding of the matrix, but this is not easily attained in tests of short duration, and, in all but the 
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last one recorded, the flow-rate was less than the flooding rate; in the tests on the largest balls tested, the 
feed rate was much below the desired rate, and the difference between desired and actual flow-rates 
decreased as the ball size decreased. 

TABLE 7 

Variation of flow-rate for up-flow feed 

Procedure Feed material Stilfontein residue H661 at 33% solids, fed by Delasco peristaltic pump to the 
bottom of the matrix of the Eriez batch separator. Feed was timed to deliver approximately 170 g 
of solids. The material captured on the matrix was washed with water delivered by a second 
Delasco pump at the same rate as the feed pulp and for approximately the same length of time. 

. .esults 

Matrix : 4,8 mm balls Matrix : 6,3 mm balls 

Pulp 
flow-rate 

mm/s Product 
Mass 

% 

u,oH Pulp 
flow-rate 

mm/s Product 
Mass 

% 

UiO s Pulp 
flow-rate 

mm/s Product 
Mass 

% p.p.m. Distn, % 

Pulp 
flow-rate 

mm/s Product 
Mass 

% p.p.m. Distn. % 

17 Magnetic 
Non-magnetic 
Head 

11,1 974 
.66 
167 

64,8 19 Magnetic 
Non-magnetic 
Head 

9.0 1110 
.20 
164 

61,1 

21 Magnetic 
Non-magnetic 
Head 

9,3 1160 
66 

167 

64,5 27 Magnetic 
Non-magnetic 
Head 

8,8 1070 
22 
164 

57.4 

29 Magnetic 
Non-magnetic 
Head 

8.1 1360 
71 

176 

62.7 43 Magnetic 
Non-magnetic 
Head 

7,7 1180 
80 

165 

54,7 

37 Magnetic 
Non-magnetic 
Head 

7,1 1476 
76 

176 

59,6 62 Magnetic 
Non-magnetic 
Head 

6,0 1330 
95 

170 

47,5 

45 Magnetic 
Non-magnetic 
Head 

6,3 1539 
81 

176 

55,9 

TABLE 8 

Variation of rinsing water for free-fall conditions 

Procedure 
Matrix 4,8 mm balls 
Feed Approximately 200g of Free State Geduld flotation tailing (sample H423) was 

fed to the top of the matrix of the Eri^z batch separator without flooding the 
matrix. Rinsing water was then applied without flooding the matrix. 

Results 

Rinsing water Magnetic product 

U,0„ 
Calc. head 

U.OH Volume Concn Mass Concn Distn 
Calc. head 

U.OH 
ml ml/ml (of matrix) % p.p.m. % p.p.m. 

0 0 6.2 740 60.4 76 
90 0,36 5,3 940 62,3 80 

150 0.60 4,9 990 59,4 82 
250 1 4,8 1010 59,9 81 
400 1,6 4,1 1080 54,9 80 

12 



WHIMS LABORATORY TESTS 

TABLE 9 

Variation of matrix ball size for free-fall feed 

Procedure Stilfontein residue (sample G603) was fed to the top of the matrix of the Eriez batch 
separator. In all but the last test, the feed rate was below the flooding velocity. 

Results 

Ball size 
mm 

Feed 
g 

Pulp 
velocity 
mm/s Product 

Mass 
% 

u.o» 

Ball size 
mm 

Feed 
g 

Pulp 
velocity 
mm/s Product 

Mass 
% 

Concn 
p.p.m. 

Distn 
% 

9,5 300 34 Magnetic 
Non-magnetic 

5,3 810 
135 
171 

25,1 

6,3 212 34 Magnetic 
Non-magnetic 

6,9 1050 
109 
174 

41,6 

4,8 192 24 Magnetic 
Non-magnetic 

7,3 1220 
91 

173 

51,6 

3,2 187 16 
(flooded) 

Magnetic 
Non-magnetic 

12,4 880 
65 

Í66 

65,6 

Table 9 shows the very considerable range of flow-rates and recoveries that are possible: recoveries 
ranged from 25 per cent for the 9,5 mm balls to 65,6 per cent for the 3 mm balls, and it is estimated that in 
practice the corresponding flow-rates would be about 100 mm/s and 16 mm/s. It is probable that the 6,3 mm 
balls preferred for the recent pilot-plant tests with the Eriez separator will be found to be close to the 
optimum. Nevertheless, the ball size should be optimized for each application in relation to separator 
capacity, cost of balls, and recoveries obtainable. 

4.3. Variation in the Magnetic Field 
It is well known that recoveries by WHIMS decrease sharply as the particle size drops below about 

30 /urn. It is also well known that recoveries decrease with a decrease in the magnet field strength as 
indicated by the current supplied to the magnet. However, it was considered possible that the lower field 
strength affected the small particles more than the large particles, i.e., that the overall decrease in recovery 
is due predominantly to losses from the small particles. If this were the case, it would indicate a considerable 
economic advantage to be gained from the separate treatment of coarse and fine fractions, the coarse sizes 
being treated at a low field strength. This possibility was tested by an examination of the products of a 
pilot-plant test that had been carried out at a lower field strength than normal; the magnet current had been 
reduced from the normal 75 per cent setting on the variable transformer to 55 per cent. Size assays were 
done on the products, and the recoveries from each size were calculated. 

The results are shown in Table 10. Figure 10 shows the results graphically and compares them with the 
results obtainable at maximum field strength. Although the test conditions for the two curves differ in 
several respects, it appears that the distributions of recoveries from the various sizes are similar, and that all 
the size fractions are affected significantly by the reduced field intensity. Separate treatment of the coarse 
particles at a low field strength would result in a low recovery. 

4.4. The Magnetic Load 
The term magnetic load is used at NIM to indicate the amount of material that is retained on unit bulk 

volume of the matrix. Because the material retained on the matrix includes any non-magnetic material that 
was entrained with the magnetic particles, the term matrix loading would have been preferable. 
Unfortunately, that term has already been used in published papers on WHIMS: Arvidson et ai, of Sala 
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TABLE 10 

Recoveries from various particle sizes at reduced field strength 

Procedure Size assays were done on the products from a test with the Eriez CF-30 pilot-plant 
separator on Stilfontein cyanide residue. The current to the magnet was 55 per 
cent of the maximum. The recoveries obtained from each size fraction were 
calculated. 

Results 

Feed to WHIMS Magnetic product 

Mass of 
size 

u : i o 8 

Size u,os 

Mass of 
size Recovery 

fraction Mass g/t fraction Concn for size 
fim % (calc.) % p.p.m. fraction, % 

>150 2,7 239 7,8 1210 39 
<150>106 13,6 75 4,1 790 44 
<106 > 75 17,0 78 4,6 850 50 
< 75 > 53 13,1 128 5.4 1400 59 
< 53 > 38 10,5 185 3,5 2240 43 
< 38 43,1 235 1,2 4380 23 
Total 169 3,2 

Magnetics, define matrix loading as the feed mass per unit volume of matrix', and Dobby and Finch define it 
as the r .tio of feed mass to matrix mass"'. The amount of material caught in the matrix, i.e., the magnetic 
load, is an important parameter of performa.ice, and it is rather surprising that it has not been mentioned 
more often in descriptions of 'he performance of WHIMS separators and in comparisons of various types of 
matrix. 

It is to be expected that the presence of any material held by the matrix will decrease both the flow-rate 
of the pulp and the efficiency of recovery of the magnetic particles. It can therefore reasonably be assumed 
that maximum performance as regards capacity and recovery will be obtained when the matrix carries the 
minimum magnetic load. However, very small magnetic loads are unpractical (because of mechanical 
complications), and a compromise has to be found between the metallurgical benefits of the small magnetic-
load and the mechanical conveniences of the large magnetic load. 

To show the effect of the magnetic load on recovery and flow-rate, tests were done under free-fall and 
controlled-flow (up-flow) feed c( .ditJons. As the magnetic load is a dynamic factor, the results are shown in 
relation to the accumulated loaa m any time. 

4.4.7. Magnetic Load n Tests with Free-fall Feed 
The nature of the tests and the res iits are shown in Tat'.: 11 and in Figure 11. It appears that the 

6,3 mm balls can carry a higher magnetic load than the smaller 4,8 mm balls: for the latter, the magnetic load 
should not exceed 100g/l, whereas the 6,3 mm balls can be used for magnetic loads approaching 200 g/l. At 
loads exceeding these figures, the pulp flow-rate through the matrix is low, and there is a danger that the 
matrix riight be blocked by the volume of material held in the matrix. Although the separator can be 
oper? ted at the high loadings indicated, its capacity and recovery are lower than is possible at small loadings. 
This is shown by the values given in Table 12, which were read from Figure 11. It should be noted that the 
flow-rates quoted are those for the matrix when loaded to the extent indicated; at the beginning of the test 
concerned and during the test, the flow-rate was higher than that indicated in the table. 

4.4.2. Magnetic Load in Tests with Fixed-flow Feed 
It was shown in Section 4.4.1 that, for free-fall feeding, the recovery and flow-rate decrease as the 

magnetic load increases. The effect of the magnetic load when the pulp flow-rate was constant was 
determined in a test in which feed was introduced upwards through the matrix by a positive-flow pump, as is 
done in up-flow batch tests. As shown in Figure 12, a straight-line relationship between magnetic load and 
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TABLE 11 

Effect of magnetic loaa on feed velocity and recovery for free-fall conditions 

Procedure A predetermined amount of Stilfontein residue, sample G603, was fed to the top of the matrix of the Eriez batch 
separator at a rate controlled to be less than the flooding velocity. With the field still on, water was introduced at the 
top of the matrix at just the rate required to flood the matrix; this rate was taken to be the flooding velocity for the 
magnetic load at that time. The material retained by the matrix was recovered for analysis. 

Results 

Matrix: 4.8mm balls Matrix 6,3 mm balls 

Feed to 
load 

matrix 
8 

Flow through 
loaded matrix 

mm/s 

Magnetic 
load 

mg/ml Product 
Mass 
% 

t ' : l O H 

Feed to 
load 

matrix 

8 

Flow through 
loaded matrix 

mm/s 

Magnetic 
load 

mg/ml Product 
Mass 
% 

u 3 o H 

Feed to 
load 

matrix 
8 

Flow through 
loaded matrix 

mm/s 

Magnetic 
load 

mg/ml Product 
Mass 
% pp.m. Distn, % 

Feed to 
load 

matrix 

8 

Flow through 
loaded matrix 

mm/s 

Magnetic 
load 

mg/ml Product 
Mass 
% p.p.m. Distn. % 

0 
100 

66 
36 

0 
34 Magnetic 

Non- magnetic 
8,8 1150 

72 
167 

60,6 
0 

200 
66 
48 

0 
49 Magnetic 

Non-magnetic 
6,2 1320 

84 
161 

50,9 

200 26 63 Magnetic 
Non-magnetic 

8,0 1210 

175 

55,3 400 38 91 Magnetic 
Non-magnetic 

5,8 1270 
92 

161 

46,0 

400 13 99 Magnetic 
Non-magnetic 

6.: 1240 
99 

170 

45.2 600 31 118 Magnetic 
Non-magnetic 

5,1 1280 
106 
166 

39,4 

500 4 189 Magnetic 
Non-magnetic 

9,5 800 
99 

165 

45.8 800 10 188 Magnetic 
Non-magnetic 

5,9 1240 
102 
169 

4Ï.2 

1000 10 208 Magnetic 
Non-magnetic 

5,3 1320 
111 
175 

39,9 

1400 5 276 Magnetic 
Non-magnetic 

5,0 1200 
111 
165 

36,2 

X 

s 
(/> 
r 
> 
os 
O 
30 
> 

"< 
- i rr, 
(/! 
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TABLE 12 

Performance of separator at various loadings 

Matrix 

Accumulated 
magnetic 

load 
g/1 

Feed flow-rate 
for loaded 

matrix 
mm/s 

Accumulated 
recovery of 

u,o H 

% 
4,8 mm balls 25 

100 
52 
31 

60 
53 

6,3 mm balls i5 
200 

62 
36 

51 
40 

recovery was obtained. Also noteworthy is the fact that a magnetic load of 300 g/1 was obtained with a 
matrix of 4,8 mm balls; in contrast, a magnetic load of 100 g/1 appears to be close to the maximum possible 
for free-fall feeding because of the very low pulp flow-rate that is imposed. In a similar test on 6,3 mm balls 
as the matrix, a magnetic load of 400 g/1 was obtained, but at that stage the U,O s assay of the non-magnetic 
product was approaching that of the feed. 

5. CAPACITY OF WHIMS SEPARATORS 
The capacity of WHIMS separators is generally quoted by manufacturers in terms of solid feed per 

hour. However, the figures quoted can apply only to a certain set of operating conditions, which are seldom 
defined. For example, NIM's pilct-plant separator (Eriez model CF-30) was described as a 3 t/h machine, 
but, when it was used on cyanide residue at Blyvooruitzicht, a capacity of 2 t/h was determined for a matrix 
of 6,3 mm balls, and only 1 t/h when the ball size was reduced to 4,8 mm. The nominal capacities quoted by 
manufacturers can therefore provide only a very rough guide. 

The capacity of a separator is determined by the dimensions of the matrix contained between the 
magnet faces and by the velocity of the pulp through the matrix". It was shown in Section 4 that the velocity 
of the pulp is influenced by the nature of the matrix used and by the magnetic load cieated by the magnetic 
product, but it should be possible for manufacturers to indicate, for specific matrices, the initial flow-rate 
and the flow-rates at several magnetic loads. The prospective purchaser could then make his own estimate 
of the amount of rinsing water required, and proceed to calculate the capacity of the separator. Even where 
the prospective purchaser lacks sufficient information to do the calculation, he would still be able to 
compare the capacities of alternative machines from the data provided. 

It should also be possible for manufacturers to supply information on the magnetic susceptibilities and 
the particle sizes of minerals recoverable by their separators, but the prospective purchaser may find it more 
convenient to have an actual WHIMS test done than to determine the magnetic susceptibilities of the 
minerals he is concerned with. 

6. LEAKAGE OF FLUX IN CONTINUOUS SEPARATORS 
There are necessarily differences in the design of batch and continuous separators, and some 

experiments were done to show whether the differences in design lead to differences in performance. 
In the batch test, the matrix occupies the whole space between the faces of the magnet poles. In the 

continuous separator, there are air gaps between the magnet faces and the matrix, and the matrix extends 
laterally (or, in some designs, vertically) beyond the space between the faces of the magnet poles. These 
differences are illustrated in Figure 13. Both the air gaps and the extensions tend to decrease the magnetic 
field in the matrix. 

The effect of these differences was assessed by batch tests in which a narrow matrix holder was located 
between the poles of the Eriez batch separator by spacers between each pole face and the matrix holder; 
polythene spacers were used to simulate air gaps, and mild-steel spacers were used to simulate the absence 
of air gaps. Mild-steel bars were placed on the edges of the matrix holder to approximate the extension of 
the matrix beyond the faces of the magnet poles. 

Table 13 describes the procedure used and the results obtained in tests done at various field strengths 
(Figure 14). Although the tests exaggerated the differences in operating conditions between the continuous 
and the batch tests, the differences in the results are relevant: the recoveries from the simulated 
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TABLE 13 

Leakage of flux — comparison of batch and continuous separators 

Procedure Eriez batch separator used with a matrix holder in which the width was reduced from the normal 
25 mm to 18 mm. To reproduce normal batch test conditions, the gaps between the matrix 
holder and the magnet faces were filled with two mild-steel plates, each 3,5 mm thick. To 
simulate operation of a continuous separator, the gaps were filled with polythene p' es; in 
addition, steel bars 40 by 20 mm were placed on either side of the matri t holder to simulate the 
extension of the matrix beyond the magnet space. 

Feed Stilfontein residue H608, 33% solids fed to the top of the matrix at a flow-rate of 14mm/s 
Matrix 4,8 ura balls 

Steel bar 

Magnet > m 

*a 

Iron spacers 

^ I Balls | \ 

h»A 

Plastic spacer 

Simulation of batch test Simulation of continuous test 

Results 

Simulated normal batch test Simulated continuous test 

Magnetic product 

Non-magnetic 

Magnetic product 

Non-magnetic Non-magnetic Non-magnetic 
Field Mass Distn u,oH 

Field Mass Distn U :,OM 
A % p.p.m. % p.p.m. A % p.p.m. % p.p.m. 

20 7,3 1251 59,5 67 20 7,3 1201 55,1 77 
!5 7,6 1238 61,4 64 15 6,9 1211 56,2 70 
10 7,2 1327 59,9 69 10 6,7 1347 54,7 80 
8 6,0 1469 58,3 67 5 5,9 1243 47,3 87 
4 6.2 1411 55,1 76 
2 6,1 1362 54,1 75 

continuous-test conditions were lower by 5 per cent when the field strength was in the upper portion of the 
range tested, and the differences were even larger for low field strengths. 

It can be concluded that a minimum air space between the magnet and the carousel should be aimed at, 
and that extensions of the matrix above or below the magnet faces should be limited. In an industrial 
machine with its long magnet face, the horizontal extension can have little effect, but extensions above and 
below the magnet are detrimental. 

(An example of extensions above and below the magnet is found in the modified carousel used in 
NIM's continuous ball-discharge and cleaning system.) 

7. FLOWSHEETS BASED ON THE TREATMENT OF COARSE FEED 
Because of the inefficiency of WHIMS when treating material smaller than about 20 /urn, the major loss 

of recovery in its application occurs in the slime fraction. In most Witwatersrand residues, between 20 and 
40 per cent of the uranium (but considerably less of the gold) occurs in the fraction smaller than 20 /urn, and 
this places a severe limitation on the recovery of uranium by WHIMS. The losses would be considerably 
reduced if a coarse grind were employed, but the degree of grinding is determined by the requirements for 
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high gold extraction. However, it might be possible for a portion 01 the ore to be concentrated after a 
primary stage of grinding, and for another stage of concentration to be applied when the final degree of 
grinding has been attained. Some tests were done on the rod-mill products from the Stiifontein and 
Blyvooruitzicht plants to show the possible benefits when ores are treated at a stage before the final grind. 

7.1. Tests on Rod-mill Product from Stiifontein 
The first stage of concentration was done on the rod-mill product after the removal of the material 

larger than 300/urn; the coarse material had to be removed because it contained no discrete uranium 
minerals, and because it would have interfered with the concentration of the finer fraction. As the fine 
fraction amounted to 43 per cent of the whole, the quantity of n aterial that had to be concentrated in the 
first stage was greatly reduced, but, because the fine fraction is enriched in uranium, a significant recovery of 
the uranium could possibly be obtained at that stage. 

Because the fine fraction of the rod-mill product is suitable for gravity concentration, some tests were 
conducted on gravity concentration both as an addition and as an alternative to WHIMS. The results of the 
tests are recorded in Table 14, which, for purposes of comparison, includes a single WHIMS test on finely 
ground ore. 

TABLE 14 

Treatment of coarse and fine fractions of ore from Stiifontein mine 

Procedure Stiifontein rod-mill product (sample H576) 

Screen approximately 300 /nm 

r i 
Coarse (57% mass) Fine (43% mass) 

1 
1st concentration by WHIMS or baking table 

I 1 
1st tailing 

_l 
1st concentrate 

Grind to 65% <15fim, 
2nd concentration by 
WHIMS or shaking table 

WHIMS standard test conditions: 6,3 mm ball matrix, average flow velocity 41 mm/s. 

Results 

Comparative test of Gravity concentration 
WHIMS on final grind Two stages of first stage, and WHIMS WHIMS for two 

only gravity concentration second stage stages > 

u,o„ u3o„ u,o„ U;,O H 

Mass 
% 

Mass 
% 

Mass 
% 

\4 *i f f 

Product 
Mass 
% p.p.m. Distn, % 

Mass 
% p.p.m. Distn, % 

Mass 
% p.p.m. Distn. % % 1 p.p.m. Distn. % 

1 st concentrate - _ 5,71 653 25,6 5,71 653 25,5 5.25 j 1IO0 35.6 
2nd concentrate 7,02 922 47,1 2,61 840 15,0 6,12 744 31,1 11.84 ; 559 40.8 
Final tailing 92.98 78 52,9 91,68 M. 59,4 88.17 72 43,4 82.91 46 23.6 
Head — calculated 137 145 146 1 162 i 
Combined concentrate» 7,02 922 47,1 8,32 711 40,6 11.83 700 56.6 17.09 | 725 76.4 
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The recoveries obtained in the various tests are summarized as foBows. 

Recovery of UjO, 
% 

WHIMS on final product ony 47.1 
WHIMS on rod-mill and final products 7b.4 
Gravity concentration on rod-mill and final products 40.6 
Gravity concentration on rod-mill product and WHIMS on final product 56.6 
Gravity concentration on rod-mill product 25.5 

These results show the potential benefits of two stages of concentration, whether **y WHIMS or gravity 
or a combination of the two. but the introduction of the necessary flowsheet modifications in a., existing 
plant may not always be convenient. The plant that lends itself most readily to the introduction of a 
concentration stage of coarsely ground ore is one that has separate sections for the treatment of high-grade 
and low-grade ores, since concentrate obtained from the low-grade ore could then be added to the 
high-grade ore. As this situation exists at die Blyvooruitzicht plant, a test on the concentration of the 
rod-mill product trom that plant was considered to be of interest. 

7.2. Tests on Rod-mill Product from the Low-grade Circuit at Blyvooruitzicht 
The sample of rod-mill product received for the tests (NIM sample H615) was of much lower grade and 

also considerably coarser than the rod-mill product from Stilfontein. and more emphasis was therefore 
placed on gravity concentration. 

7.2.1. Gravity-concentration Tests 
Th se tests involved two stages of concentration applied in success on to coarse and fine material, and a 

tocked-cycle test, as shown in Table 15. 
Concentration of the fine fraction of the rod-mill product gave a recovery of 13.4 per cent of the total 

uranium content at the high grade of 350 p.p.m. An additional 24.1 per cent of the total uranium was 
obtained b> the regrinding and tabling of the remainder of the sample (tailing and coarse fraction): the total 
recovery' was thus 37.5 per cent. 

In the locked-cycle test. 29.3 per cent of the uranium was recovered at the comparatively high grade of 
291 p.p.m. of \J£>n. 

7.2.2. Tests on Concentration by WHIMS 
The procedure followed and the results obtained are shown in Table 16. After treatment of (he fine 

fraction of the rod-mill product, which amounted to 29 per cent of the total mass. 22.9 per cent of the total 
uranium was recovered. An additional 50.6 per cent of the total uranium was recovered after the regrinding 
of the coarse fraction of the rod-mill sample together with the non-magnetic product just obtained. The 
overall recovery of uranium was thus 73,5 per cent, which had been obtained by the treatment of 29 per cent 
of the total rod-mill product in one stage and 93 per cent of the total -od-mill product in the second stage. 
The recovery of gold was about the same as that of the uranium, i.e., over 70 per cent. 

In any case, the treatment of the fine portion of the rod-mill product either by WHIMS or by gravity 
concentration merits consideration. 

The recoveries made possible by WHIMS are considerably higher than those from gravity 
concentration, but, because of the higher capital costs for WHIMS, gravity concentration cannot be 
disregarded. The potential for gravity concentration of the finer portion of the rod-mill product could be 
greatly increased if the rod-mill product were slightly finer than the sample tested, e.g.. as fine as the 
rod-mill product from Stiifontein. which was 17.5 per cent smaller than 75 fim. In the Blyvooruitzicht 
rod-mill product tested, the material smaller than 75 /im constituted only 6.8 per cent of th? total. 

8. EXPLORATORY TESTS ON THE POTENTIAL APPLICATION OF WriiMb 
In previous work on WHIMS, numerous samples were received for exploratory tests on the possible 

application of WHIMS to their treatment. Fewer such samples were tested under the present project, and. 
except for the two samples mentioned below, the results obtained were of little interest and are not recorded 
here. 
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TABLE 15 

Table concentration tests on Blyvooruitzicht rod-mill product 

Procedure (A) Table concentration on coarse and fine material 

Rod-mill product sample H615 

i 
Classify 

, 1 , 
Coarse (60% mass) 

Grind to 50% <75 nm 4-

Fine (40% mass) 

1 
Table 

r 
Tailing Concentrate 1 

Table 

* • — i 
Final tailing Concentrate 2 

Procedure (B) Locked-* ycle tablt concentration 

Rod-mill product sample H615 

• Classify 

t ' * 
Coarse 

Secondary mill • • 

Results 

Fine 

Deslime 

I 
Table 

Classify «-
r 

Tailing Concentrate 

r 
Coarse 

1 
Fine (to cyanidation) 

Product 
Mass 

% 

u ; t o M 

Product 
Mass 

% 
Concn 
p.p.m. Distn, % 

A Concentrate 1 
Concentrate 2 
Combined concentrates 
Head — calculated 

2,42 
6,16 
8,58 

350 
248 
277 

63,3 

13,4 
24,1 
37,5 

B Concentrate for locked cycle test 
Head — assay 

5,92 291 
60,0 

29,3 
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TABLE 16 

WHIMS tests on Blyvooruitzicht low-grade rod-mill product 

Rod-mill product (sample H615j 

I 
Classify 

Coarse (71% mass) Fine (29% mass) 

Batch WHIMS test 

1st non-magnetic 

Grind to 70% <75ju.m 

i 
Batch WHIMS test 

J • ; 
Final non-magnetic 2nd magnetic product 

1st magnetic product 

Results 

U.A Gold 
Mass 

% Product 
Mass 

% p.p.m. Distn, % g/t Distn, % 

1st magnetic 6,84 208 22,9 16,8 21,4 
1st non-magnetic 21.82 20 2,54 
2nd magnetic 15,0 209 50,6 17,9 50,0 
Final non-magnetic 78,16 21 26,5 1,96 28,6 
Combined magnetic 21,84 209 73,5 17,6 71,4 
Head — calculated 62 5,37 
Assay 4,85 

8.1. Tailings from the Flotation Plant at Free State Geduld 
Although samples from Free State Geduld had been tested previously, two additional samples were 

tested in order to confirm earlier results and to maintain interest in what appears to be a promising 
application for WHIMS. Of the results of the various tests that were carried out, only those shown in Table 
17 are relevant to an assessment of the performance of WHIMS in practice. 

The tabulated results are interpreted as indicating the possibility of a recovery, under practical 
conditions, of over 50 per cent of the uranium from the first sample and barely 40 per cent from the second 
sample. It is understood that the first sample (H423) was derived from current residue, and the second 
sample (H633) from a residue dam. 
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TABLE 17 

WHIMS tests on tailings from the flotation plant at Free State Geduld 

NIM 
sample 

no. Nature of test Product 

Products 

NIM 
sample 

no. Nature of test Product 
Mass 

% 

u,o H 

NIM 
sample 

no. Nature of test Product 
Mass 

% 
Concn 
p.p.m. 

Distn 
% 

H423 Standard batch, 6,3 mm balls, 
average velocity 42 mm/s 

Magnetic 
Non-magnetic 

7,1 706 
37 
84 

59,3 H423 

Batch, 4,8 mm balls, free-fall feed Magnetic 
Non-magnetic 

4,8 1013 
36 
88 

55,3 

i 

•Carpco continuous separator, 4,8 mm balls Magnetic 
Non-magnetic 

11,9 330 
49 
83 

1 
47.6* | 

1 

H633 Standard batch, 6,3 mm balls Magnetic 
Non-magnetic 

3,3 780 
52 
76 

33.9 

1 

Batch, 6,3 mm balls, free-fall feed Magnetic 
Non-magnetic 
Head — calculated 

4,6 694 
46 
76 

42.1 

1 

*Carpco continuous separator, 6,3 mm balls, 2 passes 1st magnetic 
2nd magnetic 
Combined 
Non-magnetic 
Head — calculated 

5,56 
3,93 
9,49 

408 
218 
329 

44 
71 

31.9* 
1 12,1 

44.0 

* See discussion in Section 3.3 on the performance of the Carpco separator 

8.2. Chromite Ore 
Many enquiries have been received about the possible use of WHIMS for the concentration of 

chromite ores. It is known that WHIMS is used as part of the process for the concentration of chromite in 
Finland, but early attempts to apply WHIMS to South African ores were not successful. In view of the 
extensive work carried out recently by NIM on the platiniferous chromitite seam of the UG-2 Reef, it was 
decided that samples from this reef should be tested by WHIMS. Suitable samples in the form of ore that 
had been ground for the flotation of the platiniferous sulphides were available, and were used for batch 
WHIMS tests. The results obtained are shown in Table 18. 

From Section B of the table it will be seen that a considerable amount of the non-magnetic material is 
entrained in the magnetic fraction in the normal WHIMS test. Removal of the non-magnetic material by 
retreatment increased the Cr.O.i content of one magnetic fraction from 25,3 to 29,9 per cent, but, even if 
allowance is made for retreatment of all the magnetic products, the grades of concentrate obtained arc too 
low to be acceptable. It is therefore considered that WHIMS cannot be applied advantageously to chromite 
ores of the type tested — and the main mineralogical components of the sample tested are found in all the 
South African chromite ores examined to date. This unfavourable conclusion arises largely from the fact 
that the gangue minerals of the chromite ores have magnetic properties similar to those of the chromite. The 
exception to this is the relatively small proportion of non-magnetic silicates, mostly feldspar, which can be 
separated from the ore with negligible loss of chromite. The predominant gangue minerals, however, are 
pyroxenes (both clino- and ortho-pyroxenes) and serpentine, and they were distributed fairly uniformly in 
all the magnetic fractions produced except that the serpentine tended to concentrate at the low intensities. 
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TABLE 18 

Tests on chromitite from the UG-2 Reef 
(SIM sample H666) 

Procedure A. A sample of the ore that had been ground for a flotation test was passed through the Eriez 
batch separator with 6,3 mm balls as the matrix. The initia» pass was at a very low intensity, 
but the non-magnetic product was retreated repeatedly at higher intensities. 

B. The above test was repeated with the fraction of the feed between 150 and 75 /im. 
C. So that the effect of the entrainment of non-magnetic material in the magnetic product could 

be observed, the magnetic product that was obtained at 8 V was retreated twice at the same 
voltage. 

Results 

— 
Mass Cr2Ot 

% % 

A. Treatment of whole sample 
Magnetic at 0,5 V 11,2 24,8 

2V 15,2 29,7 
4V 22,0 33,9 
8V 30,3 29,7 

16V 14,3 22,8 
Non-magnetic 7,0 7,1 
Head — calculated 27,2 

B. Treatment of fraction <150 > 75 fim 
Magnetic ai 0,5 V 8,1 15,0 

IV 3,0 18,5 
2V 3,4 21,0 
4V 5,3 25,7 i 
8V 16,9 25,3 

16V 32,4 15,6 
Non-magnetic 30,9 0,7 
Head — calculated 13,4 

C. Retreatment of magnetic prodi xct obtained 
1 
at8V 

1 st non-magnetic product 13,8 3,7 
2nd non-magnetic product 4,6 8,2 
Final magnetic products 81,6 29,9 
Head — calculated 25,3 

9. SOME OBSERVATIONS AND TESTS ON THE MATRIX 
The matrix is the characteristic feature of WHIMS. Several types of matrix are used in practice and 

several more types have been suggested, but further investigation will have to be carried out before the best 
type of matrix (as regards composition and form) can be selected. 

The following are the important properties of a matrix: 
(i) magnetic properties (permeability, remanence, coercive force, and saturation value), 
(ii) shape and size as they affect the field gradient, resistance to blockage, ease of packing into the 

matrix holder, and magnetic load, 
(iii) cost, and 
(iv) durability (resistance to corrosion and abrasion). 
NIM has done relatively little work on different types of matrices, and most of what has been done has 

been tentative in nature. Among the reasons for this is the fact that, in the early work on the Eriez batch 
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separator, iron balls were found io be more effective than the other available matrices. In addition, at the 
stage when the continuous ball-discharge and cleaning system was developed to overcome the blockage 
problem, balls were the only matrix that could be used, and a strong preference for the use of balls was 
established. 

However, it would be wrong to conclude that the NIM system for continuous cleaning of the matrix is 
the only practical way for WHIMS to be applied, and that balls, apart from being essential to the NIM 
continuous matrix-cleaning system, are the ideal type of matrix. The following are among the limitations of 
balls. 

(i) The space between balls is relatively small, and the feed should be screened to ensure that the 
matrix is not blocked by oversize particles, 

(ii) Smaller balls give higher recoveries, but the cost of the matrix increases rapidly as the ball-size 
decreases. Because of their cost and the limitation on the particle-size of the feed, the use of small 
balls (say, smaller than 5 mm) is not practical for most applications, 

(iii) It is suspected that the point contact between balls encourages the entrapment of wood fibres. 

9.1. Early Tests on Various Matrices 
The Eriez batch separator was designed for use with several types of matrix. Plates with vertical ridges 

were found to be difficult to fix in the matrix holder, and they could accept only a small amount of feed 
before becoming choked. Expanded metal plates gave very low recoveries, and a stainless-steel wool matrix 
was rejected because the recovery of the magnetic product from the matrix was difficult. None of these 
objections applied to the ball matrix, which was adopted for nearly all the later tests, although it was 
recognized that the tests on other types of matrix had been perfunctory. 

After the early tests, various investigators at NIM tested types of matrix that might be cheaper or more 
effective than balls, but, even when promising recoveries were obtained, the tests were not continued to the 
stage where a conclusion could reasonably be drawn. The failure to follow up favourable indications is 
attributed in most cases to an awareness that there was some objection to the matrix tested despite its ability 
to obtain a high recovery. 

9.2. Tests on Matrices under the Present Project 
The investigation of various matrices during the present project was confined to tests on protective 

coatings for balls, on stainless-steel and soft-iron balls, and on matrices of various shapes. 

9.2.1. Protective Coatings on Balls 
Consideration was given to an increase in the durability of the ball matrix by the application of 

protective coatings to iron balls. Samples of galvanized balls and balls coated by the electrodeless nickel 
process were obtained, as were samples of carburized and nitrided balls. However, the sample balls were 
not tested because of the difficulty posed by a small-scale test that would provide reliable information, and 
no comment can be made on the value of surface coatings other than that it is unlikely that the surface 
coatings mentioned will provide a cheap and satisfactory answer to the problem of increased durability of 
the ball matrix. 

9.2.2. Tests on Magnetic Stainless-steel Balls 
Some magnetic stainle s-steel balls, described as Type 430, were supplied by Fraser and Chalmers 

Equipment Limited for comparison with the iron balls used in the standard test. Table 19 indicates the 
nature of the tests, and shows the results obtained. It was concluded that the use of the magnetic 
stainless-steel balls supplied would i .It in a very large reduction in recovery (from 47.7 per cent to 34.0 
per cent in a typical test) without an increase in the grade of the magnetic product. It should be noted that 
this unfavourable conclusion applies only to the use of WHIMS for the treatment of Witwatersrand 
residues, for which a very high magnetic intensity is desired. It is also noteworthy that types of magnetic 
stainless steel other than the Type 4.30 tested may have better magnetic properties. (For example, Type 410 
is said to have a higher saturation value.) 

9.2.3. Comparison of Steel and Soft-iron Balls 
Table 20 shows the results of batch tests in which unhardened-steel and soft-iron balls were compared. 

The soft-iron balls gave significantly higher recoveries (up to 9 per cent), but they are probably less durable 
than the unhardened-steel balls. The difference in the effectiveness of the two types of ball may result from 
the presence of constituents other than carbon. 

24 



WHIMS LABORATORY TESTS 

TABLE 19 

The stainless-steel balls 
The soft-iron balls 
Test material 
Test procedures 

Results 

Comparative tests on stainless-steel and soft-iron balls 

Type 430 stainless steel, V* inch dia., supplied by Fraser and Chalmers Equipment on 2.2.79. 
Originally supplied with Eriez H1W4L batch separator, "A inch dia. 
Stilfontein residue sample H608. 
1. Standard batch test, with 9 mm discharge aperture. 
2. Free-fall tests in which pulp was fed to the top of the matrix at a constant rate of 

23'/Oml/min (equivalent to 32mm/s) for 12 s. (Total amount of solid feed was approx. 
210g.) 

i 1 

Field 
current 

A Product 

Stainless steel i 
i 

Soft iron ! 

! Type 
of 

i test 
i 

Field 
current 

A Product 
Mass 

U:,0, t 
j 

1 
Mass 

U:<0, 
Í 

i 
! Type 

of 
i test 
i 

Field 
current 

A Product 
Mass ! ] 

! Concn 
p.p.m. 

Distn 

t 
j 

1 
Mass Concn 

p.p.m. 
Distn 

% 

Standard 
with 9 mm 
discharge 

orifice 

20 Magnetic 
Non-magnetic 
Head 

4,8 1362 
I 1 1 4 

174 

37.6 6.5 1 1397 
Í 82 : 

167 

54,2 

Standard 
with 9 mm 
discharge 

orifice 

15 Magnetic 
Non-magnetic 
Head 

5.2 1284 

; 163 

40.8 6.3 1390 
79 

162 

54.2 

i 

10 Magnetic 
Non-magnetic 
Head 

4,9 1312 
JU 3 
172 

37.4 6.5 1404 
93 

178 

51.2 j 
! 

Free 
fall 

20 Magnetic 
Non-magnetic 
Head 

3.6 1366 
99 

145 

34,0 4,8 1521 
84 

153 

47,7 

Free 
fall .0 | 

| 

Magnetic 
Non-magnetic 
Head 

3.6 1316 
105 
149" ! 

31.9 5,0 1552 
' 79 ' 
Í .53 ! 

50.8 

9.2.4. Tests on Novel Shapes of Matrix 
Exploratory tests were conducted on short rods of various diameters (with length equal to the diameter 

or twice the diameter), on twisted rods of rectangular cross-section, and on a mixture of balls and short rods. 
In single tests, all the matrices gave results comparable with those obtainable with balls, but for various 
reasons their use was not investigated further. The twisted rods were difficult to fix in position in the matrix 
holder and, in retrospect, are considered to have too few points of contact with adjacent rods It is 
considered that the short rods would not be satisfactory because they pack unevenly with frequent pairs of 
touching parallel rods, which would interfere with the flow of the pulp. A matrix that appears to have 
several advantages but has not yet been tested is one consisting of spaced horizontal rods; the spaces would 
be defined by collars of a non-magnetic metal on the iron rods (Figure 15). The advantages foreseen are a 
decreased tendency to blockage and a higher magnetic load. 

10. THE MINERALS RECOVERED BY WHIMS 
It has been stated that, because the minerals to be recovered arc "feebly magnetic', high magnetic 

intensities are required if satisfactory recoveries of gold and uranium are to be obtained from 
Witwatersrand cyanidation residues. As an answer to the question How feebly magnetic are those 
minerals?', the mass magnetic s. .ceptibilities of the components of a typical WHIMS concentrate were 
determined by the method described by McAndrcw'-'. In this method, the material is treated on a Frantz 
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TABLE 20 

Comparison of steel and soft-iron balls 

Procedure Standard batch trsts with a 9 mm discharge orifice were conducted on 200g portions of Stilfontein 
residue (sample ii608). 
Steel-ball matrix: 6 mm SKF unhardened balls (probably 0,9% C). 
Soft-iron matrix: 6,3 mm soft-iron balls as originally supplied with the Eriez batch separator (probably 

0,1% C). 

Steel balls Soft-iron balls 
! 

Mass 
% 

U ( 0 H 

Product 
Mass 

% 

u(o, 
Magnet 

A Product 
Mass 

% 
Concn 
p.p.m. 

Distn 
% Product 

Mass 
% 

Concn 
p.p.m. 

1338 
73 ! 

15Ï J 

1297 ! 
8 i 

153 ' 
r 

1273 
81 ; 

152 1 
.. 

Distn 
% 1 

2C 

15 

Magnetic 
Non-magnetic 

Magnetic 
Non-magnetic 

6,9 

6,3 

1265 
57 

140 

1307 
69 

147 

62,2 Magnetic 
Non-magnetic 

6,35 

Concn 
p.p.m. 

1338 
73 ! 

15Ï J 

1297 ! 
8 i 

153 ' 
r 

1273 
81 ; 

152 1 
.. 

55.4 ' 2C 

15 

Magnetic 
Non-magnetic 

Magnetic 
Non-magnetic 

6,9 

6,3 

1265 
57 

140 

1307 
69 

147 

56,0 Magnetic 
Non-magnetic 

5,9 

5,95 " 

Concn 
p.p.m. 

1338 
73 ! 

15Ï J 

1297 ! 
8 i 

153 ' 
r 

1273 
81 ; 

152 1 
.. 

50,1 

10 

i 

Magnetic 
Non-magnetic 

6,45 1317 
68 

149 

57.2 Magnetic 
Non-magnetic 

5,9 

5,95 " 

Concn 
p.p.m. 

1338 
73 ! 

15Ï J 

1297 ! 
8 i 

153 ' 
r 

1273 
81 ; 

152 1 
.. 

49,9 

Isodynamic Separator at various magnetic intensities. The magnetic susceptibilities corresponding to the 
conditions under which the separations are made are determined by calibration of the Isodynamic 
Separator against chemical compounds of known magnetic susceptibilities. 

The magnetic susceptibility was determined on the fraction of a magnetic product from a Stilfontein 
residue between 75 and 38^im. This size fraction was chosen for the following reasons. 

(1) The recovery of gold and uranium in the magnetic product from this portion of the feed is high 
(about 80 per cent of the gold and uranium in this size fraction). 

(2) There is very little liberation of the uranium minerals in particles larger then 75 (xm. 
(3) Treatment of particles smaller than 38 /xm is difficult, sometimes impossible, on the Isodynamic 

Separator. (Although the portion of the magnetic concentrate between 75 and 38 fitn was treated 
satisfactorily, larger particle sizes had to be used for the calibration with salts of known 
susceptibility because of the agglomeration of the smaller particles.) 

Table 21 shows the results obtained together with an outline of the procedure followed, and Figure 16 
shows the results graphically. The mass susceptibility of the constituents recovered ranges from less than 5.4 
x 10 , ; to slightly more than 33,9 x 10 "e.m.u. The higher grades and recoveries of uranium are obtained in 
the constituents of low susceptibility, 38,5 per cent of the uranium in the WHIMS concentrate being found 
in the fraction with a susceptibility of less than 5,4 x 10 , ; e.m.u. This susceptibility is less than that of copper 
sulphate crystals, which have a susceptibility of 5,9 * 10 " e.r.i.u. The contention that high intensities are 
required for the magnetic separation of the Witwatersrand residues is evidently justified. 

The mineral composition of the five magnetic fractions obtained by means of the Isodynamic Separator 
was determined at NIM, and the results are summarized graphically in Figure 17. This shows, among other 
things, that 

(i) thucholite is of variable susceptibility, ranging from strongly to feebly magnetic. 
(ii) brannerite (or uraniferous leucoxene) is of variable susceptibility, much of it being of low 

susceptibility, 
(iii) uraninite was observed only in the feebly magnetic products, 
(iv) gold was observed in the fraction of lowest susceptibility, 
(v) pyrite, pyrophyllite, and mica were observed in all the fractions, and 

(vi) quartz is the predominant constituent of all the magnetic fractions. 
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TABLE 21 

Magnetic susceptibility of minerals recovered by WHIMS from a Stilfontein residue 

Procedure: (i) Treatment of magnetic concentrate on Frantz Isodynamic Separator 

WHIMS concentrate from Stilfontein residue (sample H661) 

Separate <75 >38/*m fraction by sieving 

Retreat on Eriez batch separator to reject non-magnetic particles 

Remove ferromagnetic particles by hand magnet 

Treat on Isodynamic separate r, at various ,s intensities, for production of 5 fractions 

(ii) Calibration of Frantz Isodynamic Separator 
Determine K from K = sin H/X r, 
where 0 = cross-slope of separator, in degrees, 

X = mass magnetic susceptibility, and 
; = amps shown on Separator. 

Material for calibration 0 K x 10 K 

Ferrous ammonium sulphate (with 6H_,0) 
(X = 32.4 x H) , ;e.m.u.) 

5,1 
15,1 
20,1 

0,21 
0.395 
0,485 

0,062 
0,051 
0,045 

Nickel sulphate (with 7H,.0) 
(X = 15.8 x 10 "e.m.u.) 15,1 

20,1 
25.1 

0,59 
0,66 
0,76 

0.047 
0.050 
0,046 

Copper sulphate (with 5H..O) 
(.Y = 5.98 x io "e.m.u.) 15,1 0,98 0.046 

K average = 0.048 x 10 '• 
(excludes first, abnormal figure of the Table) 

(Hi) Fractionation of WHIMS on Frantz Isodynamic Separator 

The WHIMS concentrate, after treatment as in (i) above, was passed through the Separator at 
increasing intensities, the non-magnetic product of a separation being retreated at a higher 
intensity. The cross-slope was constant at 15.1°. 

Magnetic product 
Mass susceptibility 

(x |o , ;) e.m.u. 
Product 

no. 
i 
A 

Mass 
% Concn, p.p.m. 

U,O s 

Distn, % 
Mass susceptibility 

(x |o , ;) e.m.u. 

1 
2 
3 
4 
5 

0,4 
0,54 
0,7 
1,0 

•1.0 

14,0 
24.0 
25,2 
16,5 
20,3 

1140 
610 
915 

2414 
2892 

10,5 
9,6 

15,2 
26,2 
38,5 

33,9 
18,6 
11,1 
5.4 

"5.4 

Gold, pyrite, and quartz are normally non-magnetic, and their presence in a discrete form in a magnetic 
product of WHIMS may be surprising. However, the gold and pyrite appeared to be discoloured to varying 
degrees, and it is probable that coatings or stains of iron oxide caused this response to WHIMS. 
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Discoloration of the quartz was observed only occasionally, and the magnetic property of the quartz is 
probably due to minute inclusions of iron oxide, which have been observed in other samples of quartz from 
the Witwatersrand ores. 

Clearly, the grade of the magnetic product is determined largely by the amount of magnetic quartz in 
the material treated, but also to a large degree by the amount of chlorite present. However, although the 
quartz can be assumed to be barren as regards both gold and uranium, the chlorite (and the other matrix 
minerals) may contain small amounts of these elements. It is unlikely that the discrete gold observed in the 
product of lowest susceptibility is the main source of the gold in the WHIMS concentrate. 
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FIGURE 9. Equipment for up-ftow (positive feed) tests 
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FIGURE 11. Effect of magnetic load on flow-rate and recovery for free-fall feed 
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Stilfontein rasidue (sample G603) 
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FIGURE 12. Effect of magnetic load on recovery for constant flow-rate of pulp 
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APPENOIXI 

SIEVE ANALYSES AND ASSAYS OF SAMPLES USED IN THE LABORATORY TESTS 

H576 H615 G603 H484 H608 H661 H689 

Stilfontein Blyvoor. 
Particle rod-mill rod-mill Stilfontein residue 

size product product I size product product 1 
j im % % % % % % % 

>1180 34,5 
> 850 13,3 
> 600 31,1 12,3 
> 425 12,5 9,8 
> 300 10,5 7,5 
> 212 11,6 6,6 0,6 1,0 0,3 0,2 0,3 

! > 150 6,6 4,0 3,7 3,5 1,4 1,5 1,8 
> 106 6,0 3,2 10,0 14,0 9,7 10,0 !0,3 
> 75 3,9 2,0 15,3 17,3 14,9 14,7 14,7 
> 53 17,8 6.8 10,6 14.5 13,6 ! 13,4 13,4 
> 38 5,8 7,2 8,0 7,9 8,3 
< 38 54,0 42,5 52,1 52,3 51,2 

Assay, p .p.m. 1 
1 

1 
i ! I i 

u 3 o s 
146 Í 59 1 166 145 154 j 170 ! 190 

Gold j 5,7 1 
i ! 1 | 
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APPENOIXI 

RESULTS OF CYCLIC REVERSE-FLUSHING TESTS 

Note: 1. A summary of the results is presented in Table 1 in the text. 
2. Several samples of Stilfontein residue were used as the feed, which was presented to the WHIMS 

separator as a slurry with a solids content of 33 per cent. 
3. The volume of the matrix was 260 ml. 

TESTA 

Conditions: 
Feed 
Matrix holder 
Matrix 
Feed velocity 
Air flush 
Water flush 
Duration of test 

Sample G603 
Two-compartment 
4,8 mm balls 
12 mm/s 
3s at lOOkP 
200 ml 
26 cycles 

Cycle no. Product 

Mass u,oN 

Cycle no. Product g | % 
Concn 
p.p.m. 

Distn 
% 

1 to 9 Magnetic 
Non-magnetic 
Head — calculated 

14.1 
iQS. 
482.7 

15,5 708 

174 

63,0 

10 to 20 Magnetic 
Non-magnetic 
Head — calculated 

116,5 
506 
622,5 

18,7 570 
79 

171 

62,4 

21 to 26 Magnetic 
Non-magnetic 
Head — calculated 
Head — assay 

19,3 
90 

109,3 

17,7 575 
81 

168 
166 

60,4 

Contents of matrix at end of test: 3.9g 
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TESTB 

Conditions: 
Feed Sample G603 spiked with wood fibre (l,49g/kg). magnc 
Matrix 4,8 mm balls 
Matrix holder Two-compartment 
Feed velocity 14mm/s 
Air flush 5 s a t l 0 0 k P 
Water flush 10s 
Duration of test 18 cycles 

:tite(5g/kg). and ilmenite (5 g/!*g) 

Test products 

:tite(5g/kg). 

Cycle 
no. 

Mass u : ( o N 

:tite(5g/kg). 

Cycle 
no. g % p.p.m. Distn, % 

:tite(5g/kg). 

1 to 18 Magnetic 
Non-magnetic 
Head — calculated 
Head — assay 

79,9 
325,0 
404,9 

19,7 510 59,0 
86 

170 
172 

Contents of matrix at end of test: 0,3 g 

TESTC 

Conditions: 
Feed 
Matrix 
Matrix holder 
Feed velocity 
Rinse 
Air flush 
Water flush 
Duration of test 

Sample H661 
6,3 mm balls 
Single compartment 
37mm/s 
39mm/s 
None 
36 mm/s 
31 cycles 

Test products 

Cycle 
no. 

Mass u,oH 

Cycle 
no. g % p.p.m. Distn, % 

10 Non-magnetic 459 90 

20 Magnetic 
Non-magnetic 
Head 

25,0 
449 
474 

5,3 1130 
99 

153 

38,9 

30 Non-magnetic 436 112 

1 to 30 Magnetic 
Non-magnetic 
Head 

820 
13 890 
14 710 

5,6 1069 

155 

38,5 

Contents of matrix at end of test: 26,7g assaying 1500 p.p.m. of U.,0,, 
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TESTD 

Conditions: 
Feed Sample H661 
Matrix 6,3 mm balk 
Matrix holder Single compartment 
Duration of test 60 cycles 

Cycle time, s 
Magnet rise 11 
Feed 34 
Rinse 14 
Magnet decay 23 
Air flush 0 
Water flush 11 
Total cycle 93 

Flow-rate, mm/s 
Feed after 20 cycles 38 
Feed after 50 cycles 37 
Rinse 36 
Water flush 37 

Test products 

Cycle 
no. 

Mass u 3o„ 
Cycle 
no. g % p.p.m. Distn, % 
10 
20 
30 
40 
50 
60 

Non-magnetic 
Non-magnetic 
Non-magnetic 
Non-magnetic 
Non-magnetic 
Non-magnetic 

516 
522 
494 
486 
491 
497 

I l l 
125 
125 
126 
123 
124 

10 Magnetic 
Non-magnetic 
Head — calculated 

29,2 
516 
545 

5,30 1120 
111 
164 

36,1 

50 Magnetic 
Non-magnetic 
Head — calculated 

27,4 
491 
518 

5,28 1040 
123 
171 

32,0 

1 to 60 Magnetic 
Non-magnetic 
Head — calculated 

1671 
30 060 

5,27 1100 
122 
173 

33,4 1 to 60 Magnetic 
Non-magnetic 
Head — calculated 31731 

5,27 1100 
122 
173 

33,4 

Removed from feed 
by permanent 
magnet 168 440 

Contents of matrix at end of tei it: 30,7 g ass laying 15i 10 p.p.m. ( rfUA, 

41 



WHIMS LABORATORY TESTS 

TEST E 

Conditions: 
Feed Sunple H661 
Matrix 6,3 mm balls 
Matrix holder Single < compartment 

Cycle time, s 
Magnet rise 12 
Feed 33 
Rinse 12 
Magnet decay 24 
Air flush 0 
Water flush 12 
Total cycle 93 

Flow-rate, mm/s 
Feed 33 
Rinse 33 
Water flush 66 

Test products 

Cycle 
no. 

Mass iw. 
Cycle 
no. g % p.p.m. Distn, % 

5 Magnetic 
Non-magnetic 
Head — calculated 

34,4 
467,5 
501,9 

6,85 1200 
119 
193 

42,6 

15 Magnetic 
Non-magnetic 
Head — calculated 

32.9 
463,7 
496,6 

6,63 1180 
104 
175 

44,6 

30 Magnetic 
Non-magnetic 
Head — calculated 

32,2 
460 
492,2 

6,54 1180 
112 
174 

44,3 

50 Magnetic 
Non-magnetic 
Head — calculated 

31,0 
441 
472,0 

6,57 1226 
115 
188 

42,7 

75 Magnetic 
Non-magnetic 
Head — calculated 

24,0 
417 
446,0 

6,50 1140 
119 
185 

40,0 

1 to 75 Magnetic 
Non-magnetic 
Head — calculated 

31,9 
450 
481,9 

6,62 1180 
114 
185 

42,3 

Head — assay 171 
i 

Content i of matrix at end of te< rt: 16,6g 
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WHIMS LABORATORY TESTS 

TESTF 

Conditions: 
Feed Sample H689 
Matrix 6,3 mm balls 
Matrix holder Single compartment 
Duration of test 109 cycles 

Cycle time, s 
Magnet rise 12 
Feed 34 
Rinse 12 
Magnet decay 20 
Air flush 12 
Water flush 11 
Total cycle 101 

Flow-rate, mm/s 
Feed 31 
Rinse 32 
Air flush n.d. 
Water flush 60 

Test products 

Cycle 
no. 

Mass u,o. 
j p.p.m. I Pistn. % 

Non-magnetic 424 109 

Magnetic 
Non-magnetic 
Head — calculated 

38.3 
441 
479.3 

7.99 1220 
111 
200 

48.8 

18 Non-magnetic 408 117 

29 Magnetic 
Non-magnetic 
Head — calculated 

34.5 7.69 1245 48,1 
414 j 112 i 
448,5 J 199 ! 

52 Magnetic 
Nonmagnetic 
Head — calculated 

31.2 
394 
425,2 

7.33 1240 46,7 
112 i 
195 

82 Magnetic 
Non-magnetic 
Head — calculated 

33.6 
395 
428.6 

7.84 1205 
112 
198 

47.8 

Removed from feed 
by permanent 
magnet 206 505 

Contents of matrix at end of test: I2,6g 

n.d. - no! determined 

4.1 



WHIMS LABORATORY TESTS 

TESTG 

Conditions: 
Feed Sample H689 
Matrix 6,3 mm balk 
Matrix holder Single compartment 
Duration of test 402 cycles 

Cycle time, s 
Magnet rise 9 
Feed 33,5 
Rinse 11,5 
Magnet decay 19 
Air flush 6 
Water flush 10 
Total cycle 89 

Flow-rate, mm/s 
Feed initial 26 
Feed final 29 
Rinse initial 16 
Rinse final 14 
Air flush n.d. 
Water flush 63 

Test products 

Cycle 
no. 

Mass u,a 
Cycle 

no. g % p.p.m. Distn, % 

3 Magnetic 
Non-magnetic 
Head — calculated 

40,8 
370 
410,8 

9,93 1010 
109 
198 

50,5 

18 Magnetic 
Non-magnetic 
Head — calculated 

39,0 
369 
408,0 

9,56 1014 
J07 
194 

50,0 

37 Magnetic 
Non-magnetic 
Head — calculated 

39,4 
363 
402,4 

9,74 1032 
103 
194 

52,1 

! 7 5 

i 
Magnetic 
Non-magnetic 
Head — calculated 

34,6 
365 
399,6 

8.66 1107 
109 
195 

49,1 

Í 

| 130 
Í 
i 
i 

Magnetic 
Non-magnetic 
Head — calculated 

36.2 
368 
404.2 

8,96 1108 
ill 
200 

49,6 

i 206 

Í | 

Magnetic 
Non-magnetic 
Head — calculated 

37.4 
367 
404,4 

9,25 1014 
112 
195 

48,0 ! 
i 

262 Magnetic 
Non-magnetic 
Head — calculated 

34,7 
357 
401.7 

8.64 1054 
111 
192 

47.3 

i 

318 Magnetic 
Non-magnetic 
Head — calculated 

38,1 
389 
427,1 

8.92 1032 
112 
194 

47,4 

393 Magnetic 
Non-magnetic 
Head — calculated 

35,0 
354 
389,0 

9,00 1069 
i l l 
197 

48,8 

Head — assay 196 

Removed from feed 
by permanent 
magnet 860 500 

Content s of matrix at end of te st: I2,2g 
n.d. - not determined 
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