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v n

a Exponent

a Inlet velocity loss factor

3 Exponent

y Exponent

A Density differential, pu - pf

6 Particle density

650 Separating density

e Porosity

n Fluid/medium viscosity

na Apparent viscosity

na(min) Minimum apparent viscosity (eqn. 4.41)

nP Plastic viscosity

nr Relative viscosity (na/ns)

ns Viscosity of suspending liquid

e Angle between cyclone axis and line Va = 0 (Ref. 14)

X Lagrangian multiplier

ir 3.142...

P Fluid density

Pc Density of cyclone contents medium

Pf Density of feed medium

PI Liquid density

Pm Medium density

Po Density of overflow medium

Pu Density of underflow medium
T Shear stress

T0 Yield stress

♦ Angle between cyclone axis and line d = const. (Ref. 14)

Mass proportion of FeSi in size interval, i
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CHAPTER 2

REVIEW OF PREVIOUS WORK

Much of the previous work on the dense medium cyclone has been interpreted 

in the context of the existing understanding of the behaviour of 

classifying hydrocyclones. Accordingly any review of the literature should 

begin with a summary of the status of hydrocyclone theory. In addition, in 

view of the approach which has been taken in the present work, it is 

essential also to review the literature on the properties of unstable 

suspensions, and in particular dense medium suspensions. The literature 

survey is therefore presented in three parts: firstly, work pertaining to 

classifying hydrocyclones, secondly, the literature concerning specifically 

dense medium cyclones, and thirdly, the work which has been undertaken in 

the investigation of the rheological properties of dense medium and other 

suspensions.

2.1 Classifying Hydrocyclones and their Relationship 

to Dense Medium Cyclones.

The trajectory and destination of a solid particle entering a cyclone 

depend upon the forces imposed on the particle by virtue of its 

motion, and thus upon the fluid flow patterns. In simple terms, flow 

in a hydrocyclone consists predominantly of two vortices rotating in 

the same sense, the outer one spiralling down to the apex and the 

inner one forming the overflow product, leaving the vessel at the 

vortex finder. Simple 2-dimensional vortex flow can be represented 

by:
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The requirement that the momentum of fluid elements be conserved

(which follows from Newton's second law of motion) leads to the 

derivation of the well-known Navier-Stokes differential equations of 

motion. These equations can sometimes be solved to give the flow 

velocity distribution in 3-dimensions, in cases where certain terms

(such as the time-derivative terms in steady state flow) can be 

ignored, or other simplifying assumptions introduced. Driessen [5], 

for example, treated the flow as a 2 -dimensional (flat), steady,

vortex flow in an incompressible, viscous medium of constant density, 

and solved the resulting Navier-Stokes equations to give the 

tangential velocity distribution. Bloor and Ingham [6 ] assumed the 

flow to be inviscid and axi-symmetric. By incorporating the equation 

of continuity into the model (based on the requirement that mass be 

conserved) they were able to predict the horizontal and vertical

components of velocity at various levels in the cyclone; the 

predictions agreed well with the experimental values determined by 

Kelsall [7].

A similar approach was taken by Brayshaw [8], leading to a solution 

in which the nature of the vorticity term was used to suggest an 

improvement in the geometrical design of the cyclone in order to 

obtain a sharper classification. Renner [13] derived a

3-dimensional model of the fluid flow by assuming the usual vortical 

motion around the cyclone axis and an inward radial motion, decreasing 

proportionally to the radial position (based on Kelsail's measurements 

[?]), which also satisfied the continuity equation. He then 

incorporated into his analysis a model of creeping (viscous) motion of 

a spherical particle in a variable velocity field, developed by other
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coarsest ferrosilicon particle size, which would be expected 

to have the lowest viscosities (other things being equal). 

Inspection of Table 5.4 confirmed this. It seemed,

therefore, that the pressure-flowrate-viscosity relationship 

was in some way dependent upon the ferrosilicon

characteristics (particularly the size distribution), and 

thus presumably upon the behaviour of the medium in the 

cyclone. A particle size term, RRa (Table 5.4, Col. 1), 

was therefore added to eqn. 5.54 and all 27 data sets were 

included in the regression. The fit was improved over that 

without the size term (R2 = 0.928), but was still not 

altogether satisfactory. It seems that a size term alone is 

therefore not sufficient. It would probably be preferable to 

obtain an independent estimate of, say, the sedimentation 

rate of each medium to incorporate in the relationship, 

instead of the value, z, calculated from the data. 

Unfortunately, such information was not available in the 

present work.

Eqn. 5.54 was also applied to the atomised ferrosilicon data 

of Series F4 and F5, with the results shown in Table 5.16 :
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They emphasised that the inlet flow regime has a significant 

effect on the pressure drop relationship, and noted that the 

pressure loss factor vs inlet Reynolds number curve can be 

used to define the relative influence of the components of 

pressure drop : at low Reynolds numbers (or, more

particularly, in the falling section of the curve) friction 

loss is the major contributor, whereas at high Reynolds 

numbers (the rising section of the curve) centrifugal head 

losses predominate. Thus, as noted in Chapter 3, the value 

of the exponents in the pressure-flowrate-viscosity 

relationship (eqn. 5.54) will depend upon the prevailing 

flow regime.

In order to reconcile the apparent anomalies in the 

observations described above, the L-Re-j curve was plotted 

for each of the test series; the results are shown in Figure

5.20. Although some scatter is evident, the conclusions are 

clear : those test series which exhibited a relatively

strong pressure dependency on viscosity (FI, F3, F6 and F4) 

lie on a rising curve, whereas those which did not (F2 and 

F5) lie on a falling curve.

The absolute position of each curve relative to the others 

(in terms of Reynolds number) cannot be firmly identified 

since the value of viscosity used was the "minimum apparent 

viscosity" defined by eqn. 4.41, which is not necessarily 

the "flow viscosity" prevailing in the inlet. Also, this 

viscosity was not corrected for the capillary diameter
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those for which the Pj-r)a relation was weak and which 

lay on the falling portion of the L-Re-j curve (Series F2 

and F4). The division between the two groups is indicated by 

the dashed lines in Figure 5.21.

As noted earlier, the rising (upper) portion of the L-Re-j 

curve is associated with a predominance of centrifugal head 

loss, since "... the revolving liquid shells are pressing 

outwards upon one another" [127]# it was suggested earlier 

that, with dense media, shear rates in the cyclone are 

relatively low owing to a low value of the cyclone constant, 

n, and an increase in the inlet velocity loss factor, a. In 

extreme cases in the present work, the presence of a yield 

stress was inferred from unusually-shaped Tromp curves 

(Section 5.5.4). It seems reasonable to suppose, therefore, 

that the existence of a yield stress in the low-shear parts 

of the cyclone would absorb a portion of the kinetic energy 

of the entering medium, and so contribute to a high 

centrifugal head loss. Since yield stress is usually 

strongly correlated with apparent viscosity, this would be 

reflected in a (relatively) strong pressure drop-viscosity 

relationship. Thus we are drawn to the interesting 

conclusion that the observed pressure drop across a dense 

medium cyclone is a function of the total medium rheology.

The success of eqn. 5.54 in describing data which fall on a 

smooth L-Re-j curve can be deduced by examination of the 

results of test Series F3 and F6 . Figure 5.20 shows that the
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nine data points from these two groups of tests fall on the 

same smooth L-Rei curve. Regression of the basic data in 

the form of eqn. 5.54 gives :

pi „
----  = 1.684 x 10-*
Pf 9

âfmin)-0.254
Pf

2.344

Qf
.... (5.55)

(R2 = 0.996; units as given in Table 5.16).

The value of R2 is very high, and the predictive capability 

of the correlation can be assessed from Figure 5.22; the 

agreement between the predicted and measured values of inlet 

pressure is excellent over the whole range.

It can therefore be concluded that a correlation of the form 

of eqn. 5.54 (or eqn. 3.18) adequately describes the 

pressure-flowrate-viscosity relationship for DM cyclones. 

For the higher inlet Reynolds numbers, the exponent, 3 , for 

the kinematic viscosity term is invariably negative and 

takes the absolute value 0.2 - 0.4; a value of 0.25 

represents a useful compromise, which is close to the value 

0.30 reported for the stable media experiments in Chapter

3. The actual value depends upon the prevailing L-Rei 

relationship which in turn is a function of the medium 

rheology. For the lower inlet Reynolds numbers, the exponent 

is not significantly different to zero.
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FIGURE 5.22 MEASURED re PREDICTED VALUES OF INLET PRESSURE 
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The exponent, a, for flowrate is invariably positive, and 

ranges from 1.65 for results lying on the lower portion of 

the L-Rei curve to 2.41 for results lying on the upper 

portion of the curve. It is interesting to note that the 

highest value of this exponent (2.41; Series F3) coincided 

almost exactly with that obtained with water (2.42; eqn. 

5.52); in both cases, the results lay on the upper, strongly 

rising and well developed portion of the L-Rei curve (cf 

Figures 5.18 and 5.20).

5.6 Summary and Conclusions

The work with the 100mm cyclone and ferrosilicon media has shown that 

the correlation for 6 5 0 utilised successfully in Chapter 3 with stable 

media cannot be applied directly to unstable media. This is 

attributable to the segregation and classification of such media in 

the cyclone. In particular, it has been shown that the separating 

density, 6 50, is not a simple function only of the Reynolds number and 

particle size, and the dependency on flowrate is actually the reverse 

of that predicted by theory.

There is substantial evidence in the literature that, in normal ore 

separations, the separating density equals the underflow medium 

density [48,49,65]. the present work, however, and similarly for 

an extended test programme carried out by the author previously on a 

610mm cyclone with real ores [4], the 650 almost always exceeded 

pu. Inspection of the results suggested that 6 5 0 followed both pf 

and pu (but never p0) on different occasions, and so the following 

simple model was fitted to the data :
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6 5 0  = 3 + b pf + c Pu .... (5.21)

The fit was found to be excellent, and the predictive capability of 

eqn. 5.21 was extremely good. The 6 5 0  for the 4mm tracers was slightly 

lower than that for the 2 imi tracers (as expected), and the 6 5 0 for the 

atomised ferrosilicon was somewhat higher than that for the milled.

Eqn. 5.21 implies that both the feed density and the mechanism(s) 

controlling the underflow density are deterministic influences on 

6 5 q . Since pf is a controllable system variable, the factors which 

determine the degree of medium thickening in the cyclone, and thus 

pu, were considered. Two mechanisms were postulated

classification, and bulk sedimentation. Observation suggested that the 

degree of thickening was related to the recovery of medium to the 

underflow, Rm , (Figure 5.9) and by analogy with the findings of 

Chapter 3, the following expression was tested against the data :

p u a 3 - y
_  = K (1 - Cv) • Rei • L
Pf .... (5.22)

The fit was adequate (but not excellent), and the direction of the 

influence of Cv and Re-j was as expected if the value of pu/pf 

was being controlled solely by forced sedimentation effects. However, 

there was also strong evidence of classification occurring (Appendix 

1 2 ), and so a theoretical approach was sought which contained elements 

of both segregation and classification. Such a theoretical framework 

was found in the bulk hydrocyclone model of Holland-Batt [152] # with 

appropriate modification and development, the following expression was 

obtained :
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Although the modified Holland-Batt theory appears to be successful in 

describing the segregation of the medium in a DM cyclone, it is worth 

noting some of the assumptions implicit in the derivation :

i) Flow in the third dimension (axial flow) is ignored.

ii) The quantities are all time- and distance-averaged.

iii) The geometry terms ignore the apex and vortex finder 

dimensions.

iv) It is implied that the flow of suspension to the overflow 

product is process determining.

v) The "mean" tangential velocity is expressed as :

Vt = /2gh" .... (5.34)

This last is perhaps the least defensible simplification, but it may 

be justified since the entire derivation rests on the assumption of 

bulk and averaged quantities.

One of the successes of the theory is the quantitative prediction of 

the phenomenon of density inversion (pu < pf), which was observed 

several times in the present work. It demonstrates that inversion is 

favoured by low flowrates, a low sedimentation rate and a high 

viscosity, the last two of which are fully compatible. It can also be 

induced by an appropriate cyclone geometry, in particular a large cone 

angle. Inversion is associated with long residence times, and probably

with a high inlet velocity loss factor, a, and a low tangential 

velocity exponent, n.
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where both phases had a similar residence time, and the density of the 

cyclone contents approached that of the feed. The lack of density 

gradients in the cyclone, and the resulting reduction in sorting 

effects, probably therefore allowed more tracers to report to 

underflow, thus reducing the 6 5 9 .

Classification of the ferrosilicon was found to occur in most of the 

tests, except those at high density. However the quality of 

classification was relatively poor, and no by-pass effect was noted, 

as evidenced by the total lack of correspondence between the 

recoveries of fine particles and water. This can be attributed to the 

entrainment of particles of all sizes in the medium (as distinct from 

the water) due to strongly developed hindered settling effects. The 

classification size, d50, increased with flowrate, the reverse trend 

to that predicted by theory. This was probably due to the increased 

segregation, and thus apex crowding, associated with higher flowrates, 

as predicted by the modified Holland-Batt theory.

Thus the classification and sedimentation mechanisms are seen to be 

strongly connected through interference effects. The ds0 was found to 

increase with both solids concentration and liquid viscosity, as 

expected.

A single test with an enlarged apex confirmed that both 6 5 0 and d5 0  

increased with apex diameter, but pu also increased, possibly due to 

changed flow characteristics within the cone of the cyclone. These 

observations emphasised that many of the correlations developed during 

this work apply only to a fixed geometry, and suggested that the
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CHAPTER 6

CONCLUSION - THE MECHANISM OF SEPARATION IN DENSE MEDIUM CYCLONES

6.1 Discussion

This work was motivated principally by the identification of a 

discrepancy between simple theory and observation. Theory predicts 

that the separation density in a DM cyclone, 6 50, should increase with 

the apparent viscosity of the medium. However, the evidence of the 

experimental literature, both direct and indirect, is unanimous in 

expressing the opposite view.

The "theory" utilised initially was a re-arrangement of Bradley's 

expression for the classification size, d50, derived by dimensional 

analysis and based on the equilibrium orbit hypothesis [1], The 

resulting expression was :

� �� �� �� � � �� �� �� � � �� � � �
.... (2.4)

Two important assumptions inherent in this derivation are :

D The particle Reynolds numbers are low, laminar flow 

prevails, and Stokes' Law therefore defines the terminal 

velocity of the (spherical) particles in the centrifugal

force field.
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ii) The system is two-phase : solid particles are separated in a

single liquid medium of constant density, p, and constant 

viscosity, n.

The discrepancies between this theory and the observations of the 

literature were attributed to the fact that these assumptions, in 

particular the second, are not fulfilled in the case of DM cyclones 

operating with unstable media. In such three-phase systems, the 

behaviour of the medium particles in the carrier liquid (usually 

water) must be considered separately from that of the ore particles, 

which may be up to two orders of magnitude larger in size. It is well 

known that the instability of a conventional suspensoid medium 

subjected to centrifugal forces in the cyclone results in 3 density 

gradient across the cyclone radius, leading to the commonly-observed 

thickening effect and density differential between the media reporting 

to overflow and underflow. The evidence of the literature, especially 

the author's previous study [4], suggested that this behaviour, and 

thus the properties of the medium contributing to such behaviour, 

might be process-determining in respect of the separation of ore 

particles by density.

Operational trends in DM cyclone performance are quite well documented 

in the literature, and there is some conformity in the conclusions 

reported. However, few authors have sought an understanding of the 

basic mechanisms underlying such trends, and in this aspect of the 

problem there is some lack of agreement.
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The conclusions of the limited number of fundamental investigations

which have been reported can be divided into three principal groups :

i) Those which interpret observed trends in terms of the

rheology and/or sedimentation of the medium; Li 1ge et al 

[57], Tarjan [14] and Collins et al [55] are of this 

type. Li 1 ge [57] concluded that any variable which

increases apparent viscosity will increase the proportion 

of ore reporting to underflow (implying a decrease in 6 5o ) • 

For example, for "dilatant" media such as ferrosilicon

[56], an increase in shear rate (e.g. by increasing

flowrate) will increase viscosity and thus increase the 

yield. Collins [65] interpreted his data in terms of the

observed cyclone differential, pu-p0, and the 

sedimentation and classification behaviour of the medium. 

Under stable conditions (a low differential) "the bulk of 

the medium ... would be at a relatively constant density, a 

zone of low density occurring near the cyclone axis". Little 

classification occurs, and since the "normal" yield of 

medium to underflow is 35-40%, "the controlling density for 

separation should be the cyclone underflow density". This 

was evidenced by the observation that 6 5 0  = pu. At a 

certain critical differential, however, segregation 

(classification) occurred, pu reached a constant value, 

and 6 5 0 < pu. Collins postulated that, under segregation 

conditions, the zone of low density is considerably enlarged 

and the density of this zone then becomes controlling. 

Tarjan [14] treated the DM cyclone as a classifier of the
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medium particles, and proposed that 650 is defined by the 

medium density prevailing at the locus of zero axial 

velocity. The rheology and size distribution of the medium, 

and the cyclone geometry, then control the density 

distribution across the cyclone, and thus the separating 

density.

ii) Those which regard crowding at the apex as process­

controlling. Cohen and Isherwood [35] first articulated 

this view, and a more recent study by Upadrashta and 

Venkateswarlu [49] showed that a form of Fahlstrom's 

equation [33] (based on his crowding hypothesis) 

correlated theirs and Davies et al's [48] dm cyclone data 

well. This approach describes the DM cyclone as a classifier 

of all solid particles reporting to it. The coarse and dense 

solids then compete for the limited volume available at the 

apex, and the finer or less dense particles report by 

displacement to the overflow. In this scenario, the medium 

particles "constitute a deliberate attempt to interfere with 

the hydrocyclone's natural classifying action"[35]# Less 

dense (though coarse) ore particles are thus displaced by 

the more dense (though fine) medium.

iii) Those which postulate other mechanisms for the density 

separation, principally the Russian school of authors. 

Gupalo et al [51] and Olfert [52] both dealt with the 

reasons for the observation that the separating density 

always exceeds the feed density. Gupalo et al attributed
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this to inertial effects which result in the tangential 

velocities of the water being higher than those of the 

solids. Olfert, however, stated that 6 5 0  is a direct 

function of Ep, and Ep depends upon medium yield stress and 

ore particle size.

The principal conclusion of the present work is that DM cyclone 

operation with stable media or pure liquids follows simple theory 

(based on the equilibrium orbit hypothesis), whereas with unstable 

media it does not. The former observation is reflected in the 

following expression, derived by dimensional analysis, which 

successfully correlated the data obtained from a 30nm DM cyclone using 

stable media :

650 - P -a
-------  = K • Rei • d

p .... (3.10)

(The exponents, a and e, arise from consideration of fluid drag on the 

particles). 6 5 0  thus increases with increase in viscosity and 

decreases with increase in flowrate.

The most significant equation illustrating the latter observation is 

the expression which demonstrates that 6 5 0 is a quantitative function 

of only the feed and underflow densities :

6 5 0  = a + b pf + c pu .... (5.21)

This expression implies that 6 5 0  is determined by the density 

distribution of the medium in the cyclone, since both pf and pu 

are present. Only Hundertmark [60] has observed this directly and he
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reported a minimum in the central part of the cyclone radius, 

increasing steeply to the periphery and slowly to the axis; at a given 

radius, the density increased down the vessel (towards the apex). 

Tarjan [14] made predictions of the density distribution, based on 

classification theory (Figures 2.2a - 2.2f of this thesis). He 

presented four scenarios, depending on operating conditions and medium 

size distribution. However none of them correspond to Hundertmark's 

observations; this may be due to a failure to take sedimentation 

effects (as distinct from classification) into account.

There is an important discrepancy between eqn. 5.21 and the 

observation of three groups of workers [48,49,65] that

^ 5 0  = Pu •••• (5.20)

which conforms best to Tarjan's scenario, Figure 2.2d.

Of course, eqn. 5.20 is a special case of eqn. 5.21. Substituting 

eqn. 5.20 into eqn. 5.21 for the 2mm tracers, milled ferrosilicon, 

gives (Section 5.5.2) :

6 5 0 = Pu = 419 + 1.387 pf .... (5.56)

However, inspection of Table 5.4 suggests that this will only hold at 

low feed densities, e.g. for pf = 2000 kg m“3, pu = 3193 kg nr3. 

This is in contradiction to the conclusion of Collins [65] who 

states that eqn. 5.20 applies to conditions in which the differential, 

Pu"Po> 1S low and therefore stability is high. At higher
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differentials, he states that 650 < pu, which may conform to

Tarjan's scenarios, Figures 2.2c and 2.2e. This again is in 

contradiction to the observations of the present work, which appear to 

conform best to Tarjan's Figure 2.2f.

In attempting to reconcile these important differences, it is worth 

noting that eqn. 5.20 applied only to the total ore tested in each 

case [48,49,65]• several of the individual finer size ranges 

separated such that 6S0 > pu, and it is difficult therefore to find 

a convincing explanation for the apparent coincidence that all the 

sizes taken together separated at 650 = pu. However, the most

important difference in operating condition between those three 

investigations and the present one was the presence of a significant 

tonnage of ore in their work, and the absence of such tonnage in the 

present work. Perhaps more important, the three other investigations 

all produced significant yields to the underflow, of 30% and above. 

This suggests the following explanation.

If one considers the sedimentation of a dense medium as consisting of 

water being displaced by medium particles, channelling past the 

sedimenting volume, it follows that a very large particle settling in 

the sedimenting medium will displace water rather than medium in its

passage. In the cyclone context, this would result in a local increase

of the underflow medium density. However, if the underflow medium 

forms a relatively small proportion of the total, this might not 

significantly affect 650, particularly since, if there is competition 

for volume at the apex, 65q will be determined more by a crowding 

mechanism than a strict dependency upon medium densities. Under these 

conditions, 650 +  pu.
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Two forms of confirmation of this hypothesis were obtained by 

inspection of some of the results of the author's previous study of a 

large cyclone with real ores at high tonnages [4], Firstly, the 

correlation for pu obtained from that work was of the form :

Pu = K + 0.675 F kg nr3 .... (5.57)

where K incorporates all other operating variables, and F = ore 

feedrate (t/hr).

Thus, an increase in feedrate from zero to 100 t/hr would induce an 

increase in pu of about 70 kg m-3.

Secondly, although most of the tests produced very low underflow 

yields (typically about 1%), a few produced significant yields 

(30-40%). Comparison of groups of tests for which other factors were 

equal showed that the underflow densities for the high yield tests 

were about 50 kg nr3 higher than those for the low yields, despite the 

medium being finer in the former case.

Both these observations indicate that ore tonnage, and particularly 

the tonnage reporting to underflow, influence the underflow medium 

density, which may account for the discrepancies between eqns. 5.20 

and 5.21. One might postulate that a crowding mechanism leads to eqn. 

5.20, whereas the intrinsic separation (neglecting the influence of 

the ore, and assuming a constant liquid viscosity) is controlled by 

eqn . 5.21. Alternatively, one could state that the constants a,b and 

c in eqn. 5.21 are themselves functions of tonnage, yield and ore size 

and density distribution.
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In the present work, it has been shown that the bulk hydrocyclone 

model of Holland-Batt, suitably modified, successfully predicts the

trends in the overflow and underflow densities. This model contains

elements of both classification and sedimentation, and is essentially 

a residence time model in the sense that it predicts the overflow and 

underflow densities on the basis of the time required for medium

particles to migrate to the periphery, relative to the bulk residence

time. It has been shown that the medium solids generally have a 

residence time longer than that of the water, due to inertial and 

fluid drag effects. However, as the fluid viscosity increases due to 

the addition of glycerine (or, in the practical situation, fine

contaminants), the difference in residence time reduces, in the limit

to zero. This causes the density of the cyclone contents to approach 

that of the feed. The 650 then decreases due to the weakening of the 

density gradients in the cyclone and the consequent reduction in 

sorting effects.

The intrinsic density separation is thus seen to be dependent upon the 

behaviour of the medium in the cyclone, which is reflected in its

numerical dependency upon pf and pu (eqn. 5.21). The equations 

derived from Hoiland-Batt's theory (eqns. 5.37 and 5.39g) are useful 

in assessing the influence of various parameters upon p u , and thus 

650. Substituting into eqn. 5.39g the pressure-flowrate relationship 

(eqn. 5.54), with values of the flowrate exponent, a = 2, and the

viscosity exponent, 3 = -0.2, gives :

Pu-Pl = (Pf-Pl)
Of Pf

0.2--»

âfmin)0 . 2

.... (5.58)

where ki and k z are geometry constants.
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iv) There was a greater tendency for tracers of density close to

the separating density to accumulate or "hang up" in the 

cyclone in the atomised tests than in the milled tests 

(Tables 5.4 and 5.5).

One must therefore postulate that the mechanism of the density 

separation differs somewhat for the different ferrosilicon shapes. 

Taking the four points together, one could tentatively attribute the 

discrepancy to a difference in density gradient and flow pattern 

within the cyclone, possibly due to a different rheology and packing 

characteristic. Certainly, the apparent viscosities of the atomised 

media showed relatively little change with density (Table 5.5), 

whereas the apparent viscosity of the milled media increased 

significantly with density (Table 5.4). From the arguments advanced 

earlier, this would imply differences in the inlet velocity loss 

factor and the cyclone tangential velocity constant, n, implying a 

change in flow pattern, particularly a more strongly developed 

vertical convection flow. This would lead, in the case of the atomised 

media, to higher tangential velocities, steeper density gradients, and 

a higher underflow density for a given feed density, with a consequent 

increase in sorting effects and thus in 650-

6.2 Conclusions

The principal conclusions of this work may be summarised as follows :
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6.2.1 Sedimentation and Rheology of Ferrosilicon Suspensions

6.2.1.1 Ferrosilicon/water suspensions sediment under gravity 

according to a modified Richardson and Zaki equation :

4.65
v«j = v<jq (1 - K Cy) .... (2.23)

where K = 1.7, indicating water bound to the particles, 

effectively increasing the solids concentration. The 

sedimentation rate decreases as the particle size becomes 

finer.

Measurements with a capillary viscometer, using a specially- 

developed data reduction procedure, showed that ferrosilicon 

media are Bingham plastics with a tendency to dilatancy at 

the higher shear rates. The flow curve is well described by 

the equation :

,n
t = t 0 + K S (n > 1) .... (4.38)

$
The apparent viscosity at a shear rate, S-j, can be defined 
as :

Ti
nai = 7—  ,

S-j ....(2.30)

A minimum apparent viscosity is then then evident, defined 

by :

6.2.1.2

(1-1/n) 1/n ( n \
^a(min) = To * [K(n-1)] •(---1

\n-1 / .... (4.41)
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6.3.1 The distribution of medium densities within the cyclone 

should be established for different operating conditions, 

perhaps using the apparatus described by Renner [13], Such 

apparatus, appropriately modified, might also be capable of 

establishing local flow velocities, and thus assessing the 

influence of medium properties upon the inlet velocity loss 

factor, a, and tangential velocity constant, n.

6.3.2 Further experiments of the kind described in Chapter 5 

should be conducted, in which the gravitational 

sedimentation rate of each medium is first measured, to 

determine whether the bulk sedimentation term, z, in the 

modified Holland-Batt model (eqn. 5.37) can be evaluated 

independently. Attention should also be given to 

modification of this model to incorporate the vortex finder 

and apex diameters as variables, and to the establishment of 

scale-up procedures using the model. A refinement of the 

model should be sought in order to derive an expression for 

p u directly from first principles, possibly taking into 

account the different residence times of solid and liquid 

and the division of flow between overflow and underflow.

6.3.3 Further research into the properties of ferrosilicon 

suspensions should aim at extending the reliable measurement 

of flow curves to lower shear rates. A study of the effect 

of electrochemical factors on sedimentation and rheology 

should be undertaken, and attention should be given to 

establishing the sedimentation characteristics of dense 

media (including the variation of both density and particle 

size distribution with depth) in centrifugal force fields.
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APPENDIX 1 - SEDIMENTATION DATA FOR FERROSILICON SUSPENSIONS 

FROM REFERENCES 56, 71 AND 80

Reference 56 Reference 80
(Govier et al) (Apian and Spedden)

Milled Atomised

Cv vs lx Cv vs ,
(cm s"1)

Cv vs,
(cm s"1)(cm s )

0.138 0.268 0.181 0.105 0.181 0.113
0.172 0.135 0.259 0.0300 0.257 0.0767
0.207 0.0758 0.295 0.0183 0.291 0.0633
0.241 0.0480 0.326 0.0117 0.347 0.0433
0.276 0.0321 0.414 0.0050 0.378 0.0350
0.310 0.0276 0.412 0.0267

0.447 0.0183
0.481 0.0100
0.567 0.0083

Reference 71 (Nesbitt and Loesch)

65D Milled 100D Milled Special Coarse Cyclone Grade
Atomised Atomised

Cv , vs 1% , vs . vs lx vs i
(cm s ) (cm s“A) (cm s ) (cm s"1)

0.276 0.250 0.125
0.293 0.200 0.0833
0.310 0.125 0.0625 0.250 0.0313
0.328 0.0909 0.0370 0.200 0.0250
0.345 0.0667 0.0204 0.167 0.0196
0.362 0.0500 0.143 0.0145
0.379 0.0370 0.111 0.0108
0.397 0.0833 0.0083
0.414 0.0667 0.0065
0.431 0.0526 0.0039
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APPENDIX 2

TYPICAL DATA SET FOR STABLE MEDIUM EXPERIMENTS (Ch.3) 

Test B4 : -150 +105pm 

Partition Curve Data

Nominal Density 
Range 

(kg itT 3 )

Lower Liquid 
Density 
(kg nr3)

Mean 
Density 
(kg nr3)

Concentrate
Mass

(g)

Tailings
Mass

(g)

Partiton 
Number {%) 

Yfi

-3300 +3100 3139 3227 0.6061 0.0723 89.34
-3100 +3000 3053 3096 0.3847 0.0828 82.29
-3000 +2900 2912 2983 0.7143 0.3032 70.20
-2900 +2800 2823 2868 0.5449 0.4579 54.34
-2800 +2700 2739 2781 0.5154 0.6867 42.87
-2700 +2650 2655 2697 0.5308 0.9063 36.94
-2650 +2600 2632 2644 0.1808 0.4139 30.41
-2600 +2500 2521 2577 0.0460 0.0892 34.02
-2500 +2400 2418 2470 0.0056 0.0083 40.29
-2400 - -2418 0.0045 0.0126 26.32

Totals - - 3.5332 3.0332 -

Rheological Data 

Ferranti VL, Cylinder B

Speed
No.

Shear Rate 
S

(s-1)

Reading
(0-100)

Equivalent 
Newtonian 

Viscosity, n 
(N s nr2 x 103)

Shear Stress, x 
(N m"2)

1 109.6 18.9 34.40 3.77
2 163.8 21.7 26.26 4.30
3 216.6 24.5 22.49 4.87
4 273.6 27.1 19.78 5.41
5 327.6 29.5 18.05 5.91

Notes 1 2 3 4

Notes : 1. Fixed for speed/cylinder combination; given by
manufacturers, and checked by direct measurement of cylinder 
geometry and rpm.

2. Read from torque spring dial indicator.

3. Calculated by multiplying reading by manufacturer's 
calibration factor; this factor checked using aqueous 
glycerine solutions.

4. Calculated as t  = nS (see also discussion Section 2.3.3, 
equation 2.36).
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Test C4 Test D1 Test D2

Mean Liquid 
Density * 
(kg nr3)

Partition
Number
(X)

Mean Liquid 
Density * 
(kg m"3)

Partition
Number
(X)

Mean Liquid 
Density * 
(kg m“3)

Partition
Number
(X)

3,220 96.8 3,234 100.0 3,213 99.8
3,074 94.1 3,089 100.0 3,079 99.6
2,974 91.0 2,969 99.7 2,985 98.8
2,870 79.1 2,879 99.1 2,874 95.2
2,765 49.5 2,790 87.4 2,753 65.3
2,694 33.1 2,718 53.0 2,676 41.1
2,645 28.1 2,679 14.7 2,644 19.8
2,567 24.6 2,602 8.3 2,568 16.7
2,472 22.2 2,496 9.0 -2,520 10.5

-2,423 19.0 -2,445 2.3

Medium Volume Medium Volume Medium Volume
Flowrates Flowrates Flowrates

(m3 s-1 x 106) (m3 s"1 x 106) (m3 s'1 x 10b)
Underflow 23.9 Underflow 10.7 Underflow 20.4
Overflow 56.7 Overflow 61.9 Overflow 58.6

Test D3 Test D4 Test D5

Mean Liquid Partition Mean Liquid Partition Mean Liquid Partition
Density * Number Density * Number Density * Number
(kg m”3) (*) (kg nf3) (X) (kg m“3) (X)

3,215 99.6 3,219 98.0 3,226 89.6
3,080 99.0 3,073 95.9 3,087 84.2
2,992 97.9 2,982 93.1 2,993 76.7
2,889 92.2 2,887 83.0 2,895 64.3
2,784 66.0 2,796 59.8 2,784 52.2
2,709 34.9 2,726 42.8 2,706 45.7
2,650 20.9 2,665 32.8 2,655 42.8
2,571 17.5 2,589 31.9 2,578 47.5
2,479 25.6 2,488 36.5 2,486 45.8

-2,425 13.3 -2,435 27.0 -2,440 31.5

Medium Volume Medium Volume Medium Volume
Flowrates Flowrates Flowrates

(m3 s-1 x 106) (m3 s-1 x 10b) (m3 s-1 x 10b)
Underflow 20.4 Underflow 24.3 Underflow 27.8
Overflow 61.1 Overflow 54.3 Overflow 45.6
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Test El Test E2

Tracer Density Partition Tracer Density Partition
(kg m"3) Number (%) (kg m’3 Number (%)

3,300 100.0 3,300 100.0
3,200 100.0 3,200 100.0
3,100 100.0 3,100 100.0
3,000 100.0 3,000 100.0
2,900 99.0 2,900 100.0
2,800 100.0 2,800 100.0
2,700 95.0 2,700 81.0
2,600 0.0 2,600 3.6
2,500 1.0 2,500 0.0

Medium Volume Medium Volume
Flowrates Flowrates

(m3 s"1 x 106) (m3 s'1 x 106)
Underflow 13.4 Underflow 24.3
Overflow 61.5 Overflow 58.4

Test Series M (Medium Only)

Medium Volume 
Flowrates 

(m3 s"1 x 106)

Test
Ml

Test
M2

Test
M3

Test
M4

Underflow 13.6 23.4 24.8 20.2

Overflow 62.8 55.3 54.2 56.2
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APPENDIX 4

DETERMINATION OF THE PARTICLE REYNOLDS NUMBER, Rep (Section 3.4.2)

The particle Reynolds number is given by

p  v d 
Rep ------

n p  . . . .  ( A 4 . 1 )

Here, v is the ambient velocity of the particle in the fluid. Assume 

for simplicity a spherical particle which attains a terminal velocity 

v = vt radially, vt can be determined using the expression of 

Concha and Almendra [32], replacing g by the radial acceleration of 

the particle, a = Vt2/r. Assuming the validity of the semi-empirical 

relation U ]

Vt rn = K, 0 < n < 1 ___  (A4.2)

. _(2n+l)
we obtain a = K r ___  (A4.3)

Unfortunately, neither K nor n is known (indeed, there is evidence

that n itself varies with viscosity U]), and the selection of an 

appropriate value of r is also problematical. Accordingly, in order to

achieve a representative estimate of a, sufficient for the present

purpose, we assume Vt = Vi = 2.70 ms"1, and r = R = 0.015 m, 

giving a = 487 m s-2 (- 50 g). Inserting this value into Concha and 

Almendra's expression for vt, and assuming (6 - p) = 350 kg m 

(i.e. 6 = 3000 kg m“3) it is possible to calculate Rep for various 

values of d and np. The resulting family of curves is shown in 

Figure A4.1, from which it is apparent that the intermediate flow

regime probably prevailed in most of the tests conducted.
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It is interesting to note that similar calculations for a 610mm dense 

medium cyclone [4], for which a is about half that for the 30mm 

cyclone, suggest that particles below about 7mm also settle in the 

intermediate regime, and so will be susceptible to the influence of 

medium viscosity.

It is also important to realise that Rep will fall as 6 -► p; 

viscosity will therefore tend to have its maximum influence on the 

separation of so-called "near gravity" material.
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FIGURE A U  PARTICLE REYNOLDS N° l# FLUID VISCOSITY CALCULATED FOR��
CONDITIONS GIVEN IN  A PR  U
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APPENDIX 5

INFLUENCE OF YIELD STRESS ON A PARTICLE IMMERSED IN A BINGHAM PLASTIC

It can be shown [122, 123] that the shear stress imposed on a 

Newtonian fluid by a spherical particle immersed in the fluid is 

independent of Rep and is given by

d (6 - p) a
T  =  ---------------------------------

6 .... (A5.1)

Unfortunately, the situation is more complicated when the fluid or 

suspension is a Bingham plastic [124], Boardman and Whitmore [125] 

showed that there is no concensus in the literature as to the value of 

t0 prevailing for a particle held in such a suspension, and their

experiments suggested that "... yield stresses obtained from

viscometer measurements may not be of much use in predicting

instability towards bodies immersed in (Bingham plastic

suspensions)". However, in order to obtain some idea of the magnitude 

of the effect prevailing in the present work, use has been made of an 

expression given by Andres [126] for the limiting size of a sphere 

for which t  =  t 0 .  After re-arranging, this gives for the

corresponding limiting density difference

3 ^ x0
(6 - p)c = ------

2 d a .... (A5.2)

Considering test series B, and assuming (as in Appendix 4) a 

representative value of a = 487 ms-2, we have from equation A5.2 :
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Test t0 (6 - p)c 
N m"z kg m"3

B3
B4
B5

2.36
2.70
6.64

182
208
512

The width of the "plateau" on the partition curve due to the capture 

by the medium of particles for which t 0 > i may be assumed to be 

equal to 2(6 - p)c. Allowing for difficulties in defining the 

plateau, reference to Figures 3.6A-3.6E suggests that the estimated 

values of (6 - p)c are somewhat high, but of the correct order and 

within the limits of accuracy attributable to errors in the assumed 

value of a, particularly as a is probably underestimated.
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IV 360N-FO-479 3-8 HAINPGM DATE 17/05/83 TIME 12.43.22

IMPLICIT REAL*8(A-H»0-2)
DIMENSION P 120),T(20),PN(20),TAUl20J,S(20),TAUP(20),SLOPE(20),ALPH 

1A(20),PNC(20).STRESS(20),B(20),RATE(20),AVISC(2 0 J,k E (20),Z (20),V IS 
2C1 (20) .C0RR120) .RECRITC20) . V ISC2 ( 20) . T1TLEK3)
V0L=95.0E-06 

5 READ(1,10) N
IFIN.EO.O) GO TU 250 
R E A C H , 20) TITLE1 
READ(1,30) D,CL.HEAD,SG 
PEADll,40) (P(l)>Ttl)yI-L»N)

10 FORMAT I 12)
20 FORMAT(3A8)
30 FORMAT(4F10.0)
40 FORMAT(OF 10.0)

D=D/1000.0 
SG=SG*1000.0 
DO 50 1=1,N
PN(I)=HEAD*SG*9.807+P(I)*1333.22 
TAU(I)=PN(1)*D/(4.0*CL)

50 S(I)=10.1859*V0L/(T(I)*D*D*D)
CALL KEGRE(TAU,S,N,80,B1,B2*CD1)
DO 60 1=1,N
TAOP(I) =BO+Bl*DLOG(SI I) )+B2*(DLQGCS(I)) )**2 
TAUP(I)=DEXP(TAOP(I))
SLOPE H  )=B1+2.0*82*DL0G( S( I) )
ALPHAH) = (4.0*SL0PEH)+2.0)*15.0*SL0PEI I)+3.0)/13.0*13.0*SL0PEII)♦

11.0)**2)
CORRII)=1.62114*V0L*V0L*SG/((D**4)*T(I)*T(II*ALPHA(I))
P N C H )  = PN(I )-CORR(I)

60 STk ESSCI )=PNC(I)*D/(4.0*CL)
CALL REGRE(S,STRESS,N,CO,Cl,C2,CD2)
K=0
DO 70 1=1,N
B (I)=C1+2.0*C2*DLOG(STRESS(I))
Z(I)=1.0/B(I)
AV1SC(I)=STRESS(I)/(S (1)**ZlI)}
RATE(I)=(0.75+0.25*0(1))*SII)
VI SC 1(11=1000.0*AVISC(1 )*IS(I)**(Z(1)-1.0))
VISC2(I)=1000.0*STRESS(I)/KATE(I)
PH I = ( (3.0*Z(I) + 1.0)**2)*(1.0/(Z(I )+2.0))**({ZII)+2.0)/(Z (I) + 1.0)I/
1Z( 1)
RECRITII) = (((3.0*Z(1J + l-Ol/ZCI))**Z(I))*404.0*4.0**12.0-Z(11)/PHI 

70 RE(I)=D**Z(I)*(1.2732*V0L/(T(I)*D*D))**(2.0-ZlI))*SG/(AV I S C H )*8.0 
1**(Z(I)— 1.0))
DO 75 1=1,N
IF(REH).GT.RECRITCI)) GO TO 80

75 CONTINUE 
GO TO 85 

80 K= I
85 WRITEI3,100)

WRITE(3,110) TITLE1 
WRITE(3»120)
KRI1E (3,130)
WRITE(3,140) (I,STRESS(I),RATE(1),AVI SC(I),Z11),VI SCl(I),VISC2(I),

IRE(1),RECR1T(I),I=1,N)
IFU.EQ.O) GO TO 90 
WRITEI3,145) K 

90 WRITEI3,150)
WRITE(3,160) CD1 
WRITE(3,170) CD2
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IV 360N-FU—479 3-8 MAINPGM DATE 17/05/83 TIME 12.43.22

100 FORMAT(1HI»//»24X,'CAPILLARY VISCOMETER RESULTS'I 
110 FOr.MAT { / »24X,' T C S T - *f3A8)
120 FORMAT!//,IX,'READING SHEAR STRESS SHEAR RATE LOCAL POWER LAW 

LAPP.VISC.-MPAS REYNOLDS NJS')
130 FORMAT(IX,'NUMBER ', 6X,' N/M2 • ,BX, »SEC-1 • ,6X, • K N',4X,' PO

1WER NEWT. MEAS. CRIT.',/)
140 FORMATl3X,12,3X,T10.2,6X,F8.1,2X,E10.4, IX,F6.3,IX,2F7.2,1X.2F7.0)
145 FORMAT(/,IX»•WARNING - CRITICAL RE EXCEEDED FROM READING NO. ',12)
150 FORMAT!//,17X,'COEFFICIENTS OF DETERMINATION FOR CURVE FITS:')
160 FORMAT 1/,20X,'KINETIC ENERGY CORRECTION = ',F8.3,' PCT.')
170 FORMAT(21X,'RABINOWITSCH CORRECTION =',F8.3»' PCT.',//)

WRITE(3,180)
WRITE(3,190)
WRITE13,195)
WRITE(3,200) (I,PN(I),CORRlI).SLOPE(I ),ALPHAII),TAUII),S (I),1=1,N) 
WRITC(3,210)
WRITEl3,220)
WRITF(3,230 I BO,CO,B1,C1,B2,C2

180 FORMAT(//,IX,'READING / KINCTIC ENERGY CORRECTION FOR NET HEAD AND 
1 SHEAR STRESS/ UNCORRECTED') '

190 FORMAT(IX,'NUMBER MEASURED NET CORRECTION KE CORR FACTOR 'UN 
1C0KR.SHEAR SHEAR RATE')

195 FORMAT(1IX,'HEAD IN/M2)'»5X,'(N/M2) SLOPE ALPHA STRESSIN/M
12) (SEC-1)',/)

200 F0RMAT(3X,I3,3X,F10.1,5X,F8.1,4X,F6.3,4X,F6.3,2X,F7.2,5X,F10.1)
210 FORMAT!//,25X,'COEFFICIENTS FOR CURVE FITS')
220 FORMAT(/,23X, 'KE CUk RECTION RAB.CORRECT ION')
230 FORMAT!18X,'AO',3X,F10.4 ,6X, F10.4,/,18X,'A1•,3X,F10.4,6X,F10.4,/,l 

18X,■A2',3X,F10.4,6X,F10.4,//I 
GO TO 5 

250 CONTINUE 
STOP 
END





APPENDIX 7 - TYPICAL OUTPUT OF CAPILLARY VISCOMETER 

COMPUTER PROGRAM (CHAPTER 4)
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CAPILLARY VISCOMETER RESULTS 

TEST - SERIES R 3 , TEST R3/4

REAOING SHEAR STRESS SHEAR RATE LOCAL POWER LAW APP.VISC .-MPAS REYNOLDS NOS
NUMBER N/M2 SEC-1 K N POnER NEWT. MEAS. CRIT.

1 5.85 562.2 0.1686D 00 0.576 12.33 10.41 52. 2590.
2 9.32 1242.5 0.8431D-0I 0.678 8.84 7.90 170. 2474.
3 11.94 1593.9 0.59640-01 0.727 8.19 7.49 240. 2416.
4 15.85 2200.6 0.3I83D-0I 0.813 7.62 7.20 368. 2314.
5 18.48 2587.5 0.2084D-01 0.868 7.41 7.14 454. 2250.
6 21.22 2986.6 0.1326D-01 0.924 7.25 7.10 545. 2184.
7 23.96 3328.3 0.8484D-02 0.980 7.23 7.20 618. 2121.
8 28.04 3881.6 0.41940-02 1.064 7.12 7.22 747. 2030.

COEFFICIENTS OF DETERMINATION FOR CURVE FITS:

KINETIC ENERGY CORRECTION = 99.998 PCT.
RA8INOWITSCH CORRECTION = 99.982 PCT.

REAOING / KINETIC ENERGY CORRECTION FOR NET HEAD AND SHEAR STRESS/ UNCORRECTED
NUMBER MEASURED NET CORRECTlUN KE CORR FACTOR UNCORR.SHEAR SHEAR RATE

HEAD (N/M2J (N/M2) SLOPE ALPHA STRESSIN/M2) 1 SEC-1J

1 8840.6 32.6 0.516 1.164 5.87 474.7
2 14973.4 193.5 0.718 1.076 9.95 1110.9
3 18306.5 339.6 0.782 1.055 12.16 1457.4
4 24572.6 708.3 0.867 1.031 16.32 2080.8
5 28838.9 1027.0 0.910 1.020 19.16 2492.6
6 33371.9 1428.7 0.948 1.0L1 22.17 2926.9
7 37904.8 1840.8 0.977 1.005 25.18 3311.7
8 44837.6 2629.2 1.019 0.996 29.79 3940.8

COEFFICIENTS FOR CURVE FITS

KE CORRECTION RAB.CORRECTION
AO 3.0968 2.3048 '
A1 -0.9466 2.6366
A2 0.1187 -0.2545



APPENDIX 8 - RHEOLOGICAL DATA FROM CAPILLARY VISCOMETER MEASUREMENTS

SERIES R1-R5 (CHAPTER 4)

Test R1A/1 R1A/2

Pulp Density 
(kg nr3) 3090 3090

Capi 1lary 
Diameter (mm) 1.56 1.90

Temperature (°C) 21.5 20.8

Reading Number Shear Stress 
(N nr2)

Shear Rate 
(s-1)

Corr. Shear* 
Rate (s_1)

Shear Stress 
(N nr2)

Shear Rate 
(s-1)

Corr. Shear* 
Rate (s‘*)

1 14.31 1202 686 12.35 757 339
2 17.90 1711 792 14.71 1001 502
3 21.46 2132 1017 17.40 1258 661
4 25.93 2592 1212 21.73 1647 880

• 5 31.56 3135 1407 25.94 2018 1078
6 35.53 3369 1399 30.37 2421 1294
7 37.88 3057 1597
8 42.73 3440 1760

Test R1A/3 R1B/1

Pulp Density 
(kg m"3) 3070 2750
Capi1lary 

Diameter (mm) 2.77 1.56

Temperature (°C) 21.0 19.0

Reading Number Shear Stress Shear Rate 
(s-1)

Corr. Shear* 
Rate (s_l)

Shear Stress Shear Rate Corr. Shear* 
Rate (s~1)(N m-2) (N nr2) (s-1)

1 9.99 404 245 7.87 1188 623
2 11.26 504 327 10.28 1729 981
3 12.78 631 431 12.74 2267 1320
4 15.31 815 571 16.20 2997 1753
5 18.55 1064 757 19.64 3595 2044
6 24.69 1504 1060 23.02 4178 2319
7 25.03 4533 2489
6 29.11 5145 2722

* Corrected for effect of capillary diameter - see Section 4.3.5.1 for explanation

APPENDIX 8 - Continued

Test R1B/2 R1B/3

Pulp Density 
(kg m-3) 2740 2760

Capillary 
Diameter (nm) 1.90 2.77

Temperature (°C) 16.8 18.2

Reading Number Shear Stress Shear Rate Corr. Shear* Shear Stress Shear Rate Corr. Shear* 
Rate (s~l)(N m~2) (s-1) Rate (s~l) (N m-2) (s-1)

1 6.11 648 353 7.80 757 582
2 7.68 928 557 9.50 1044 830
3 10.25 1423 920 10.94 1259 1009
4 12.70 1869 1229 12.12 1445 1165
5 15.28 2321 1529 14.39 1823 1484
6 18.58 2838 1841 16.48 2169 1772
7 21.63 3372 2181 20.94 2753 2228
8 25.16 3871 2449
9 28.04 4340 2726

Test R1C/1 R1C/2

Pulp Density 
(kg nr3) 2390 2390

Capi1lary 
Diameter (mm) 1.56 1.90

Temperature (°C) 16.3 15.8

Reading Number Shear Stress 
(N m“2)

Shear Rate 
(s-1)

Corr. Shear* 
Rate (s_1)

Shear Stress 
(N m-2)

Shear Rate 
(s-1)

Corr. Shear* 
Rate (s_1)

1 5.34 1172 555 5.04 904 507
2 6.61 1629 861 7.66 1765 1167
3 8.62 2378 1360 10.23 2645 1821
4 11.00 3207 1867 13.02 3506 2410
5 14.40 4472 2652 15.31 4229. 2897
6 17.47 5463 3185 17.43 4811 3253
7 20.65 6605 3840 19.46 5295 3515
8 22.43 7250 4208
9 25.36 8121 4616

_________

* Corrected for effect of capillary diameter - see Section 4.3.5.1 for explanation

T
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AP-PENPIX 8 - Continued

Test R1C/3 R2/1

Pulp Density 
(kg nr3) 2390 1960

Capillary
Diameter (mm) 2.77 1.90

Temperature (°C) 16.5 20.8

Reading Number Shear Stress Shear Rate Corr. Shear* Shear Stress Shear Rate
(N m~2) (s-1) Rate (s-1) (N nr2) (s-1)

1 5.24 705 501 3.38 970
2 6.86 1266 1021 4.04 1353
3 7.75 1508 1231 4.86 1668
4 8.82 1794 1473 6.74 2536
5 10.15 2117 1733 8.73 3251
6 10.23 3877
7 11.87 4559
8 13.49 4920

Test R2/2 R2/3 R2/4
Pulp Density
(kg m-3) 2195 2455 2660

Capillary
Diameter (mm) 1.90 1.90 1.90'

Temperature (°C) 21.9 21..3 21.5

Reading Number Shear Stress Shear Rate Shear Stress Shear Rate Shear Stress Shear Rate
(N m-2) (s-1) (N m-2) (s-1) (N m*2) (s-1)

1 3.98 905 3.78 459 4.94 466
2 5.16 1393 5.08 845 6.77 862
3 5.65 1609 7.62 1583 8.40 1201
4 7.78 2514 10.73 2389 11.61 1791
5 9.34 3174 13.23 3093 14.33 2306
6 11.27 3765 15.94 3823 17.41 2836
7 13.03 4346 18.16 4348 20.78 3322
8 14.53 4709 20.59 4936 23.02 3703

APPENDIX 8 - Continued

Test R2/5 R2/6 R2/7

Pulp Density 
(kg m~3) 2755 2895 3020

Capillary
Diameter (mm) 1.90 1.90 1.90

Temperature (°C) 23.4 22.8 22.5

Reading Number Shear Stress Shear Rate Shear Stress Shear Rate Shear Stress Shear Rate
(N m-2) (s-1) (N nr2) (s-1) (N nr2) (s-1)

1 4.74 283 7.83 358 10.85 435
2 6.32 573 9.85 563 13.93 682
3 8.76 952 12.65 833 17.26 922
4 10.81 1355 15.96 1155 21.45 1236
5 12.43 1598 20.64 1561 25.87 1568
6 14.87 2004 24.41 1896 30.02 1816
7 17.53 2374 28.50 2255 37.48 2322
8 20.29 2800 36.63 2818
9 23.69 3221



FVECC(5)«-2.0*WT(5)*(XO(5)-XC(5))-XC(7)*(XC(2)-GAL)-XC(8) 
FVECC(b)— 2.0*WT(6)*(X0(6)-XC(6))-XC(7)*(XC(3)-GAL)-XC(») 
FVECC(7)-XC(4)*(XC(1)-GAL)-XC(5)*(XC(2)-GAL)-XC(6)*(XC(3)-GAL) 
FVECC(8)-XC(4)-XC(5)-XC(6)
RETURN
END

INPUT DATA FILE FOR TEST Fl/1

FI/l II 6.747 1.0 12.3 3.128
0.1 0.1 0.1

3.045 2.860 3.264
17.1 9.02 8.44

..0 2.0 2.0 2.0 1.0 1.0 1.0 2.0 2.0
3.15 3.68 2.37 2.01 75.13
1.82 2.76 1.48 1.34 59.63
8.06 6.66 8.59 3.36 47.33

13.33 8.50 11.33 8.97 37.56
14.61 15.55 13.10 16.35 29.82
18.67 14.88 17.77 19.48 23.66
13.67 13.45 16.03 12.41 18.78 1

8.66 12.14 11.09 13.91 14.91 Go
7.68 8.05 6.88 8.07 11.83 ����

3.85 4.89 4.68 4.85 9.39 o

2.70 4.02 2.87 3.94 7.45 1
3.58 5.42 3.82 5.31
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APPENDIX 10

MEASURED AND OPTIMISED FERROSILICON RESULTS FROM 100MM CYCLONE TESTS

Given as the output from the program "0PTIM6"

(see Appendix 9)
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APPENDIX 11

TROMP CURVES FROM 100MM CYCLONE TESTS WITH FERROSILICON MEDIA

NOTES :

1. J3 = 2mm tracers 

A  = 4mm tracers

2. Series F4, and tests F5/1, F5/3 and F5/5, are not included, since in 

those cases all the tracers reported to the overflow.

3. The smooth curves were fitted by the method of Akima [154]  ̂ with an 

arbitrary truncation at 0 and 1003». The interpolated values of 6 5 0 and 

Ep are given in Tables 5.4 and 5.5.
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APPENDIX 13A - DERIVED DATA FROM MILLED FERROSILICON CYCLONE TESTS : SERIES Flt F2. F3 AND F6

Test
Number 1 - Cvf Rei L Pu/Pf (mVr ‘)

Residence
T1me(s)

Pl/pf 9
(m)

T’a(mln)

(m2 s-^fx 106)
(m s-lZx 10“)

Fl/1 0.6427 30,856 2.123 0.936 5.11 1.052 2.832 2.984 1.35
Fl/2 0.6615 20,305 2.303 0.958 3.64 1.481 1.551 3.222 1.48
Fl/3 0.7064 70,628 2.601 1.114 5.72 0.941 4.345 1.459 1.64
Fl/4 0.7087 57,064 3.161 1.025 3.50 1.539 1.972 1.103 1.88
Fl/5 0.7513 105,343 2.562 1.296 6.12 0.880 4.889 1.045 1.89
F1/6A 0.7535 74,060 2.741 1.151 3.69 1.457 1.907 0.898 2.84
F1/6B 0.7563 61,455 2.936 1.203 3.74 1.440 2.094 1.095 2.57
Fl/7 0.8169 124,363 2.577 1.642 6.94 0.776 6.321 1.004 2.48
Fl/8 0.8185 70,988 2.855 1.495 4.40 1.223 2.820 1.116 3.37

F2/1 0.6608 47,922 2.416 1.098 4.93 1.093 2.988 1.850 2.15
F2/2 0.6651 48,884 2.726 0.971 3.76 1.432 1.964 1.384 1.18
F2/2A 0.6749 68,660 2.286 1.110 4.49 1.198 2.353 1.178 2.61
F2/3 0.7086 111,339 2.230 1.293 6.02 0.894 4.119 0.973 2.36
F2/4 0.7175 75,980 2.216 1.171 4.47 1.204 2.261 1.060 3.08
F2/5 0.7536 112,650 1.869 1.423 6.88 0.783 4.507 1.099 2.92
F2/6 0.7625 61,386 2.306 1.287 4.36 1.236 2.230 1.277 3.78
F2/7 0.8137 145,838 2.348 1.663 6.50 0.829 5.052 0.802 3.33
F2/8 0.8220 89,147 2.354 1.532 4.70 1.146 2.646 0.948 5.13

F3/1 0.6688 45,095 2.827 1.016 5.08 1.059 3.723 2.029 1.38
F3/3 0.7128 66,820 3.393 1.030 5.50 0.979 5.236 1.482 1.11
F3/4 0.7127 59,791 2.946 0.991 4.24 1.270 2.697 1.276 1.44
F3/7 0.8198 118,913 3.664 1.378 6.67 .0.807 8.321 1.010 1.29

F6/1 0.6885 34,848 2.642 0.974 4.09 1.317 2.250 2.111 1.60
F6/2 0.6711 28,927 2.501 0.935 4.25 1.267 2.304 2.645 1.38
F6/3 0.7668 61,800 3.048 1.109 4.09 1.317 2.595 1.190 1.92
F6/4 0.8162 65,784 3.156 1.306 4.06 1.326 2.653 1.111 2.65
F6/5 0.7193 48,779 2.869 0.989 4.05 1.328 2.404 1.496 1.63
F6/6 0.9416 - 3.268 1.979 4.74 1.137 3.743 - 5.17

Column 1 2 3 4 5 6 7 8 9

Notes : Col. 1 CVf a Volume cone, solids In feed medium.
Col. 2 Ref =* Inlet Reynolds No. = pf D^/na(min).
Col. 3 L ■ Pressure loss coefficient * P-|/(0.5 pf Vf2).
Col. 4 pu/pf ■ Ratio of underflow and feed medium densities.
Col. 5 V| * Inlet velocity.
Col. 6 Bulk flow residence time ■ Cyclone volume/Qf.
Col. 7 Pressure drop 1n m of pulp.
Col. 8 Kinematic viscosity.
Col. 9 z - Effective gravity sedimentation rate of feed medium, determined from eqn. 5.38


