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A simulator to predict the oerformance of the Foskor plant 

was investigated. The kinetic parameters required for the 

simulator were obtained from the batch flotation of a 

standard ore, conditioned old plant feed, unconditioned 

new plant feed, and unconditioned P.M.C. tailings, also 

from continuous experiments carried out on the rougher bankt 

of the old and new plants.

1

The kinetic parameters obtained from the batch flotation 

of unconditioned feed gave comparable results, but with a 

wide 95% confidence band, while the conditioned old plant 

feed gave equivalent results but a narrow 95% confidence 

band. Those parameters obtained froa tbe.continuous 

experiments gave very wide 95% confidence bands and the 

average results differed from the batch experiments by 

a factor of 2 and 0,5 for tbs old plant and new plant 

respectively. i
The description of both the old and new plants was best 

given by the kinetic parameters obtained from the batch 

flotation of conditioned old-plant feed.
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INTRODUCTION

1. I Statement of the ProblPm

Ovrji’ the past decade much work has been carried out 

into developing nv'dds of flotation plants. The approach to that 

work has been to derive kinetic, equations to represent what is 

actually taking pi.vc in the flotation process.

It Ii,i:; been shown in the literature (1,3) that kinetic 

models can adequately describe the behaviour of single cells (batch or 

continuous), pilot plants and the cleaner banks of a continuous opera­

ting plant.

The scope of this dissertation is to investigate how 

well the model developed by the National Institute for Metallurgy de­

scribes an industrial operating plant with all its attendant variables.

In h•*tef tin- problem , be s’ated as follows. How, 

from an industrial plant, can the nei.R- < • rirametcm required to set 

up tl2 model beat be measured. that is to say, can the required model 

parameter;, be determined uy batch tests re,"led out in the laboratory 

or must they be obtained fru-n * hr continuous operating plant. Also do 

the estimated parameters from the laboratory agree with those from the 

plant, if not why, and then which of the parameter estimates best pre­

dict the plant performance when the kinelio model is used to simulate 

plant performance.

The proposed use of the simulator in not to replace eithei 

the laboratory or pilot plant test work, hut to act as a guide to the



direction such work should take, and so alleviate unnecessary experimen­

tation. Also plant configurations that could not bo tried out on an 

operating plant, because of extensive piping alteration and loss of pro­

duction could be carried cut. Those configurations that the simulator 

predicts should increase production, can then be tested on a pilot plant 

scale. Vhus the model can short circuit the normal lengthy experiments 

required to test out various plant configurations.

1.3 Experiment al programme

As will be pet out later in the dissertation, the main 

parameters for the model that can not be directly measured are the kinetic 

flotation parameters. These have to be determined by either batch flota­

tion in the laboratory or from measurements carried out on the continuous 

running plant. At Foskor ic is already known that the reagent dosage used 

in the laboratory arc different from those used in the plant. It is thought 

that these differences can be attributed to the circulating masses of solids 

and water, both of which carry with them flotatid’ reagents. Thus a measure 

of the difference, if any, between the kinetic i.'.ramoterr. measured in the 

laboratory and plant is of fundamental interest

The kinetic flotation parametc of foskoritc ore were 

measured in the following series of experiment . -ho first ueries of 

experiments consisted of laboratory batch flo'i 1 •> teats carried out on 

a representative ore sample (standard ore), o:. i- ..nt conditioned rougher 

feed, new plant uneondilionnd food and uncondi 11 - "d P.M.C. tailings feed.

The second series consisted of measuring the parameters from the continuously 

operating plant. These experiments were carried out on 50 cubic foot 

rougher cells (old plant) and 300 cubic feet rougher cells (new plant).

Figs 18 and 3d show the layout of the plants.



Component
Foskorite Pyroxenite Foskorite

Concentrate

Pyroxenite

Concentrate

P2O5 a.o 37,5 .

C O 53.7 .

C02 3.6

Fei°4 ■ 0.35

MgO

TiQ2 Trace

Zr02 Trace

Rare Earths

F

sio2 10.0 35.6 - -
Acid Insolu=

" - 0.09

MnO 0.54 o.oa 0.02

K20 0.76 2.10 0.01. 0.05

Na20 0.46 0.67 0.07 0,04

0.23 0.004 - ~

0.01 . -

Trace - -

AI2O3 0.4 0.05 0.15
Cl? ...

Table 1 Analysis of Phosphate feed and concentrate



RELATIVE 

PROPORTION OF 

CONSTITUENTS

MINERALS COMPOSITION

Caleite

Magnetite FeO . FegOs

Apatite Ca4 (<;aF) (P04 )3

Subordinate Phlogopite Ha KMgg Al. (5104)3

(MgFe)2 S1O4

Diopside CaO. MgO . 2Si02

Somite CutjFeS4

Trace Chalcnpyrite CuFe52

MonozJte iCeLaDy) P04 ThSi04

Table 1a Analyst, of Fc.korlto Ore



1.4 S^a-em to bo studied

The kinetic para- i_ers that have been estimated are 

those of an ore type known as "foskorite". This ore is obtained from 

the Phalaborwa complex in the Eastern Transvaal. An analyses of this 

ore is shown in table 1 and 1(a). The initial work on the t.-oth flota­

tion of forikorite was done by Kreller (3). The reagents used to float

a) Unitol D.S.R. - tall oil fatty acid, which acts as a 

frothar/collector.

b) Berol E.M.U. - poly-glycol ethsr, which is a dispersant 

and froth modifier.

c) Sodium silicate - a Oispersant and calcite depressant.

d) Sodium hydroxide - pH regulator.

Due to the complex na.ture of the ore body, there is no guaranteed reagent 

combination that will float the ore. The method used at Foskor, in the 

research department, is to start with a fixed ratio of reagents, then 

to raise and lower each one in turn until a "good" Float is obtained. Al­

though this method is subjective it is reliable. A point to be argued 

again&t laboratory batch test work, is that the floats are so good as to 

be unrepresentive of the plant, where the control over the float is more 

difficult.



CHAPTER II.
MINERALOGICAL STUDY OF FOSKORITE

2.1 Phalaborwa igneous complex (4)

This igneous complex is a cylindrical intrusion in 

the granites of the archean era consisting of the following discrete 

ore bodies as illustrated yr. Figure 1.

2.1.1 Central Carbonatite body

The ore has a low phosphate content (1,25 - 2,5% P), 

but an economically mineable copper content of between 0,5 - 

0,8% Cu. Associated with these minerals are baddeleyite 

(natural ZrOa), uranium and magnetite with a low titanium 

content (< 1% TiOa)•

2.1.2 Surrounding body of Foshorjtr ore

It differs in two important aspects from the 

carbonatite. The phosphate content is higher (3,5 - 4,6% P) 

and the titanium content of the magnetite is higher (3 - 

5% TiOa)• The main diluent minerals in the above two 

mentioned bodies are olivine-serpentine, carbonatite and 

phlogopite.

2.1.3 Massive Pyrcxenitr ore body

This body is 6 km long and 3 km wide with an 

average phosphate content of 2,5 - 3,5% P. The main diluent 

minerals are diopuide and phlogopitic-vermiculite. Apatite, 

the phosphate bearing ore, is the only mineral of economic 

importance.
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2.2 Liberation of minerals in Foskorite ore

A miheralogical study of Foskorite was undertaken 

to determine the liberation of mineral species. This was achieved 

by using the following techniques; microscopic examination, 

magnetic separation, and heavy liquids.

Z.2.1 Microscopic examination of Foskorite

Various size fractions of foskorite ore were 

examined microscopically. All fractions examined 

(-417/+295 microns to -T4/+43 microns) showed complete 

liberation of apatite from serpentine and phlogopite; 

and greater than 95% liberat • magnetite.

These magnetite inclusions .• tite were in the form

of finely disseminated particles. The liberation of 

apatite from calcite could not be determined microscopically 

due to the siroularity in colour and texture of the minerals.

2.2.2 Determination of the liberation of apatite and calcite 

To determine the liberation of apatite and calcite, 

these minerals had to be separated from the other minerals 

that make up foskorite. Apatite has a negative magnetic 

susceptibility and calcite a low but positive magnetic 

susceptibility, all the other minerals have a high positive 

susceptibility. Because of these differences in magnetic 

susceptibility magnetic separation using the Frantz isodynamic 

separator, was used as the technique for obtaining samples 

of apatite and calcite.
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2.2.2.1 Magnetic separation

The Frantz isodynamic separator is used to

separate out minerals having low but different magnetic 

susceptibilities. It consists of a vibrating 

chute mounted centrally between the pole pieces of 

an electro-magnet. This unit may be inclined in 

any direction by a universal mounting, and the electro­

magnetic current is continuously adjustable from 

0 to 1,5 amperes.

sieved through Tyler screens and the +147/-295 micron 

size fraction retained Magnetite was then removed 

using a hand magnetic separator from this size 

fraction. The non-magnetic fraction was weighed.

The Frantz isodynamic separator was set with a 

longitudinal angle of +25* and a transverse slope 

of +20®, with a current setting of zero. The non- 

magnetict. were tht-n loaded into the hopper of the 

separator, and the chute vibrator activated. The 

resulting magnetic and non-magnetic fractions were 

weighed. The current was then adjusted to 0,1 amp 

and the non-magn^tica placod in the hopper, the 

chute vibrator war. again activated. This procedure 

was reprated for current values of 0,3 0,5 0,7

and 1,0 amperes, clip magnetic fractions being retained. 

Table 2 shows the results from the separation.

A sample of Standard Ore Foskorite was dry





then adjusted to +16° and the non-magnetic fraction 

from the 1,0 ampere separation loaded into the hoppe 

the chute vibrator was then activated. The current 

being kept at 1,0 ampere. The resulting magnetic 

and non-magnetic fractions were weighed. Then the 

transverse angle was adjusted to +10= and the non­

magnetics loaded. This procedure was repeated for 

transverse angles 6, 4, 2 and 0°, the magnetic 

fractions being retained. Table 3 shows the re­

sults from the separation.

Visual examination of the magnetic 

fractions from the 0, 2, 4 and 6° transverse angle 

separations and also the final non-magnetic fraction 

showed that the majority of the particles were eithe 

colourless or opaque white. To determine the amount 

of liberation between apatite and calcite heavy 

liquid separation was used.

2.2.2.2 Heavy liquid separation

The specific gravities of apatite and 

calcite are 3,2 and 2,71 (5), thus are ameanable 

to heavy liquid separation. The heavy liquid 

mediums used were tetrabrofiioethane (sg 2,64) and 

methylene iodide (sg 3,3). To obtain a range of 

densities from 2,0 1 "',94 mixtures of acetone (AR)

and tetrabromoethane were prepared : for densities 

between 2,94 and 3,33 mixtures of tetrabromoethane •
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The samples that were separated by heavy 

liquids were those magnetic fractions with a 

transverse angle of 0, 2, 4 and 6° with an electro­

magnetic current of 1,0 amperes. Also examined 

was the final non-magnetic fraction.

A weighed sample (ca 1,5 g) was placed 

in a heavy liquid column containing tetrabromoethane. 

After a suitable time (30 - 60 minutes) both the 

sink and float fractions were removed, washed with 

acetone, dried and weighed. The sink fraction 

(sg>2,94) was transferred to a heavy liquid column 

containing a mi-ture of tetrabromoethane end methylene 

iodide, and sink/float fractions were obtained. This 

procedure was repeated on the successive sink fractions 

at four different specific gravities. The same procedur; 

was adopted for the initial float fraction (sg<2,94), 

but this time using tetrabromoethane and acetone (AR) 

as the heavy liquid medium. The method of determining 

the density of the heavy liquid is given in appendix 1. 

Figures 2 - 6  show the specific gravity vs cumulative 

float fraction for the samples examined.

The two significant features of the Figures 2 - 6  

! the plateau and the vertical lines at sg 2,72 and 3,2.

r.;i
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Figure 2 Cumulative distribution function for

magnetic fraction of
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Figure 3 Cumulative float fraction vs. specific gravity of 
magnetic material obtained at transverse angle 0

Specific gravity 

Figure 4 Cumulative float fraction vs. specific gravity of 
magnetic material obtained at transverse angle +2
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The steepness of the steps in the distribution function 

at sg 2,72 and 3,2 and the horizontal plateau between shows 

that there is virtually complete liberation between apatite 

and calcite. The slightly larger magnetic susceptibility 

of the calcite is evident from the larger calcite fractions 

in the magnetic fractions at the larger angles in figures

Figure 2, which is the final non-magnetic fraction, 

shows that approximately SOX of this fraction is pure 

apatite and 10% calcite. Figures 3 and 4 show the same 

complete liberation of apatite and calcite but with a greater 

amount of calcite occuring at the higher angle. Figures 

5 and 6 also show that the apatite is completely liberated 

but with a third mineral occuring at these higher angles.

This third mineral,phlogopite, has a sg. of 2,8 and is 

completely liberated from both apatite and calcite (Figure 6) 

as indicated by the plateau and vertical line.

2.3 Classification of Foskorite

From the microscopic examination and heavy liquid 

separation carried out on foskorite the ore can be classified into 

two spiecies so far as flotation is concerned : apatite, the 

valuable mineral and gangue, all other minerals. These mineral 

classes will be referred to as G classes. Thus mineral class Gi 

will refer to apatite and mineral class Gg to gangue. No un= 

liberated mineral classes need be examined or allowed for in the 

model.



CHAPTER 3.
ESTIMATION OF MODEL PARAMETERS

3.1 The Flotation model

The investigation undertaken was not to develop 
a new model, but to use the existing one developed by the National 
Institute for Metallurgy, and test its adequacy to predict the 
performance of the Foskor plant. The modification of the model 
or the simulator was outside the scope of this investigation.

The model chosen is one that recognizes the similarity 
between the flotation process and a first ortier chemical reaction. 
That is to say the fundamental basis for tbs modelling of a flotation 
cell is that the rate at which material leaves the pulp is a strong 
function of the amount of that particular kind of material present 
in the pulp. It also takes into account that the system is not 
homogeneous, in that particles of ore differ one from another and 
must be treated differently.

The model classifies particles into discrete classes 
of size, mineral content, and flotation rate constant. It assumes 
that there is no interaction between classes when the average 
is taken over the entire heterogeneous population for the modelling 
of the rate in the coll containing many different particle types.(5)

The difficulty with a distributed rate constant 
model is that there are a great number of variables generated, 
both state variables such as particle size, mineral type, and 
model parameters of which there is correspondingly a large number. 
This problem is overcome by considering only a few groups with 
differing properties. The assumption is then that the solid 
particles entering a system can be classified according to their 
flotation behaviour, and a number of discrete classes considered 
based on particle size (O-class), degree of liberation (G-claso), 
and flotation rate constant (K-class). The first two of these 
can be measured directly, but the third must be obtained from



observation of the ore in a flotation cell. Bubble loading is 

accounted for according to the model of Pogorely (7). The water 

balance in the model is determined tfn the assumption that the 

percent solids in the concentrate stream is known as primary 

data. The holding times are calculated internally. There is 

no restriction on plant configuration.

The model is based upon the equation rate of 

flotation = k @ (G,D) A S C where X  is the fraction of floated 

material that passes into the concentrate stream, k is the 

specific rate constant, d <G,0) is the fractional efficiency 

for flotation of particles of size D, A is the bubble surface 

area per unit volume of the cell, S is the fraction of the 

bubble area that is not covered by adhering particles, and 

C is the concentration of particles of a particular class in 

the cell.

3.2. Particle size determination (Q-class)

The flotation feed samples were classified into 

nine fractions using Tyler standard screens. Figure 7 shows the 

particle size distribution vs. percent mass retained. The shallower 

the slope the more even the distribution of particles. The five 

curves shown are for P.M.C. tailings, standard ore, old plant 

rougher feed, old plant feed and new plant feed.

The standard ore sample was rod milled in the 

laboratory to give a profile as near ideal as possible. P.M.C. 

tailings comes from the final copper tailings stream after a re* 

grind has been carried out on the primary copper tailings, and the 

liberated copper removed. It is due to the regrinding step that
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the cui'vc is so shaHovv. The old plant roughen fend contains plant 

feed pluj the recirculating load from the scavenger concentrate and 

cleaner tails, this accounts for its steeper slope compared to the old 

plant feed. (8) The new plant feed shows a very steep profile indica­

ting the poor performance of the mills at higher tonnages.

3.2.1. Assay Analysis

The phosphate analysis was carried out by the analytical 

department at foskor. The analysis is a photometric method using 

molybdovanadate reagent. Replicate samples were sent for analysis 

to check the variance of the analytical method. The results of 

these replicate samples showed that over a range of values

(2,4 % to 29,7 ?; PgOg) the average error was + 0,6 %. Samples

having a P ^  content between 2,4 55 P^Og and 2,9 % P^O^ had an

error of + 1 , 9 55. Appendix ?- gives the comparison of results for

the replicate analysis.

3.4 Effect of particle, si?? on the rate of flotation

The effect of particle siae on the rate of flotation has

been taken into account, by Colborn's 3 (D) factor. (0). This assumes

that all particles having the same mineral content are affected in the 

same relative way by particle size, independent of the rate constant 

assigned to the particular mineral clan:,. Colborn was able do correlate 

his observations with 0 (D) - 2,33 ( £. /D2)^ exp (-£/D2) (1 - 

wheroAip the largrnt part;Hr floated, D in the particle size and £  is 

the turbulence intensity which is approximately equal to 0,5 D2 max whore 

0 max is the particle size.



that has the largest rate of flotation, Eauii mineral class has a 

specific pair of values for £  and A  . Thus two 0(0) curves were 

required for foskorj fa, one for apatite the other for the 

ganguc minerals.

Colborn’r. function tvai. calculaiGtl for frush feed and also for 

the old plant iMuyher fved.

3.4.1. Colborn'H funttion for fr< Lh feed

An as-say uiuvo analysis was, carried out on the feed 

and the fir-t concci.tiatc sample of an incremental float. 

for each size fraction the recovery is calculated and a 

plot of ln(1 - R(G,D)> against particle size gives 

the functional form of 0(G,D) (17,18). R(G,D) is the 

fracticnal rerovcry of oise D and composition G. This 

was carried ocit for both mineral (apatite) and gangue.

An averaQv avLay dlevt analyi.i? for both feed and first 

concentrate inmplo of the standard ore series is shown 

in Table 4. FiQuret, 8 and 9 show the (3(0,0) curves for 

apatite and (tongue respectively. Using these experimental 

curves the- value of Dmax and A  wore determined and the 0(G,D) 

curve v/at, then calcvilatcd and plotted. Due to experimental 

errors th-.- value of Dmax could nut always Uv precisely 

dtitermined so a trial and error technique was used until 

a best fit wao obtained.

3.4.2. Co3l)f;rnf. fnnotinn for a continuous rougher bank

To calculate t-h« recovery on the continuous operating 

r-'-uohi'i' bank, nn ituuny c.iove annlynis was carried out on
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the rougher feed, combined concentrate and rougher tails.

A slot of R(G,D)/(1 - R (G,D)lagainot particle size gave 

the experimental 0 (G>D) curve. Kigures 9a and 10 show 

the experimental and calculated 0 (G,D) curves for apatite 

and gangue respectively. Table 5 gives the average assay 

sieve analysis for the rougher feed, and combined concen-

In the following work the 0 (0,0) curve obtained 

from the fresh feed was used for calculations involving the 

batch flotation of standard ore, while the 0 (G,0) curve 

obtained from the old plant rougher circuit was used for all 

ether parameter estimations. Further-more the function obtained 

from the old plant rougher was also used in the simulations of 

both the old and new plants, and also the daily simulations.

From figure 3 it can be noted thav the recovery in the 

laboratory batch cell ir, significantly higher in the larger 

particle sizes. This probably reflects better flotation condi­

tions obtainable in the laboratory. Consequently the data collected 

from the plant way considered to be more representative. It 

should be noted that the old plant rougher feed contained middlings 

returned from the scavenger concentrate and cleaner tails, while 

the- fresh feed contained no circulating material.

Aeration Ratos

The effect of aeration rate can be modelled in a very 

simple way by postulating that the rate of flotation is proportional 

to the available surface area of bubbles per unit volume of pulp.



The: relationship can

where A n bubb'e surface < 

o- a bubhl v p'ii’race i 

in bubhlv i 

' o l umb

' unit colume of pulp 

' unit volume of bubble

flotation tell, 'y varipi; with the vi.’.n of t 

dct crmi ni'd by Vh ■ -.hapc and i lzr nf bubble, 

cell an i the di: pernl, /, and agitation meeha

scale up relation for the 

:ell, and o- , which is 

'ies; with the size of the

Throughout thir work the bubble tize was assumed to have 

the value (Jimn) in ert'.h of the flotation cell types. This assumption

undoubtedly account'., for -tome of the variation in rate constant found from 

cel 1 to cell during the investigation. However, visual observation in­

dicated that large variation', in bubble size could not be expected and the 

measurement of mean bubble size in each cell (a difficult and time con­

suming procedure) was lot considered justified in this study.

■ nfficient

The direct mnnr.uromcnt of lh<! froth transmission coeffi­

cient is as yet not possible. This coefficient is defined as the ratio 

of solids flow rate across the froth lip to that across the pulp froth 

interface. It has been suggested (10) that an estimate of the froth 

transmission coefficient can bo obtained fromV i = g i/g^ where ^ i is 

the froth transmission coefficient for the i^1'1 stage and gi is the water 

flow rate in the i*1' stage.



In thr plai 

ganma was calculated &# A>n

fr(-in any c 

•for thp es

for flotation parameter estimates, 

icauured water rate in the concen- 

rate in w e  concentrate streams,- 

consiutant with the method used 

■Itrs fri'in the balir.h toots.

c-ulation*. 

i'iU rcclcnr

torized by the clean,-r a 

tighter nature than the r 
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ihnvr mcl hurl, the froth transmission coefficient 

. nqvr, olfi.’inor and rt'Cl/>aner circuits, (no 

1 nr»r.tr,i.:,r,y5. It wna noted that the cells in 

><uik jirodiif.ed froth f,jgnificpnt]y different 

tin- rounhvr bank. This difft-rtuco was charac- 

1 reelt-.iner froths bving of a more brittle and 
miter <2V --c.avpngcr. Dye to the froth being 

"Oth breakage rate hut 3 ess of the solids appeared

to return from th> froth piiave to the pulp at, i.nmpared to the water. Thus 

it was felt reasonable to as-.sunvs that the froth transmission coefficient 

r. " the fleaner <*nd reejsaner waq hct^aen the water ratio anU unity.

for the simulations of the new plant the froth transmissioi 

coefficient was asiiumrd to De comaaat th-oughout the plant and adjusted 

to get a * oti fit betwoon predicted and experimental data.

Standnrd (

A representative batch of foskorite ore (150 kg) was 

collected over a period of eight hours from six ribbon 

feeders to the rod mills at the f-'-skor plant. The 

maximum lump size- in this sample wus 2 cm. The oro
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was thun ci'Ui-fw-d u'ijrtg a jaw i.rush 

Tyloi’ standand sitivi; (-236.?/^). T sampln was thoroughly 

mixed then ojilit jiM o 1 kg samplufl. In order to simulate 

the Fos-.kor flotat ion process as close as possible in the 

laboratory, the samr s.tops as those carried out in the 

plant were observed. These si opr. are:- 

1 - rod milling nro 

? - copper flotation 

3 - magnetite removal 

< - apatite flotation 

A sample of t he standard ore (?,5 kg) was loaded into a 

labornii.ry rod mill with of industrial water and milled

for 300 at 00 r.p.m.. The slurry was then transferred 

to a 5C batch flotation cell, whore, 'using it's back edge 

0.9 a weir the sample was split through a riffler. The 

sample war. split four successive times to give a split 

feed cample of approximately 0,157 kg. The remainder was 

combined ii- form the feed to the copper float. The slurry 

was then condit imix'd for 1?0 sec. at ambient temperature 

with potassium amyl xauthal'- {0,2 kg/t) followed by 00 sec 

with pine oil (0,03 kg/t). The. speed of the impeller during 

the conditioning period was 2300 r.p.m,. After conditioning 

the impeller speed was not reduced, as in the case of the 

standard Foskor laboratory flotation technique, as the con­

centrate was allowed to flow over the cell lip without the 

aid of rubber scrapers. The slurry was then made up with 

industrial water to within 0,7 cm of the cell lip. This was 

the height rise upon aeration of the pulp. Aeration was started, 

itored with a rotameter (4,2f/m!.the volume of >

collected t i period of 245 see,



by which time no more concentrate was coming over 

the cell lip.

After copper flotation the sides of the cell 

were washed with industrial water. The magnetite 

was removed using a hand magnetic separator. When 

all the magnetite has been removed from the copper 

tailings, the magnetite was diluted with 2bO m< 

water and again separated, this ensured that any 

entrained particlos in the magnetite were liberated.

These entrained particles were then returned to the 

copper tailings. This pulp was then split three 

successive times to give a split feed sample 

for the apatite float. This split feed sample was 

then screened and each size fraction sent for assay, 

ihc non-magnetic copper tailing:- were then transferred 

to a 38 hatch flotation cell. The slurry was conditioned 

at 1800 r.p.m. with sodium silicate (2,2 kg/t ) for 120 

sec at ambient temperature, followed by 120 sec with 

a tall oil fatty acid (1,1 kg/t ) and a pc'yglycol 

ether (0,05 kg/t ). During this- conditioning period, 

a layer of heavily loaded froth built up on the surface 

of the Blurry and war, djochargvd very rapidly over the 

froth lip as soon as aeration started, which necessitated 

a zero time correction to each of the batch experiments. 

The concentrate was collected in cumulative samples 

for 150 sec. The first four samples were collected at 

15 sec intervals and ton last three at 30 second 

intervals.
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The zero-time correction was calculated in the 

following way; the flow rate of water in the concentrate 

was plotted as a function of the time at which the 

sample was taken, and the curve was extrapolated through 

the second and third points to the time for the first 

sample. This defined the rate at which water would 

have been collected had no froth accumulated during the 

conditioning. The rate of water actually collected 

compared with its extrapolated rate gave an estimate 

of the effective flotation time for the first sample, 

and the origin was adjusted accordingly. Figure 11 

shows a typical set of data. The basic data that 

was used for the estimation of the kinetic parameters 

was the cumulative recovery of apatite and gangue as a 

function of time. Figures 12 - 16 show both the com= 

puted and experimental data points for the fraction of 

each minoral that remains in the batch cell.

The theoretical reasoning behind plotting 

the natural logarithm of the fraction remaining against 

time ir, evident from the following consideration. If, 

as it has been stated, the recovery of the valuable mineri 

i;> comparable with a first order chemical reaction,then 

starting with the first order reaction rate equation

whore C is the concentration, the following may be deduced: 

The rate equation for a first order reaction may be 

integrated after it has been written in the form

d(C)
‘ <c> ;
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Figure 11 Water rate as a function of sample time
in a batch test

Water collected - First sample = 0,294 kg
Water rate in first sample by extrapolation = 0,0178
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Figure 12 Batch data for experiment P52
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If the concentration of C is C-| at time t-j and Cg at 

t2 »

At the start of a process t-] = U thus the above 

equation can be written

Co . (1)

At any time interval the concentration Co will be 

equal to that of the feed (F) and C to that of the 

tails T, Equation (1) can thus be written

The mass balance equation for any process with 

C - concentrate

is F = C I- T (3)

Also the recovery can be expressed as 

£  = Recovery (4)

<3> in equation (2)Substituting equable

Substituting equation (4) in equation <!a 

In (1 - Recovery) = l-.t 

Thus the plot of In U  - Recovorj/) sgainst time 

will give a curve whose gradient is equal to the 

rate constant for the process.



All these curves show the characteristic curve on 

a log-linear plot, which is an indication of the 

departure of the process from linear kinetic 

behaviour. This departure has been ascribed to 

three possible causes (10); distribution of the 

rate constant, gradual reduction in the froth production 

capacity during the course of the experiment, and 

true non-linear kinetic behaviour. The last of 

these three possibilities was excluded by Loveday 

He showed that the average value of the rate constant 

for all particles was invariant with initial pulp 

concentration, and so eliminated the multiple-order- 

rate model. It appears to be impossible to separate 

in any unambiguous way the effect of decreasing froth 

production from Lhe effect of rate-constant distribu= 

tion. During the batch tests, the production of 

froth could not be maintained for more than about 

150 sec, This was due to che pulp level dropping 

during the ter.t bec&u&t nc water was added and the 

froth stability decreasing as the amount of solid 

contained in the froth ii’creased progressively. The 

progressive decrease in the production of froth was 

probably a good indication that a large part of the 

fall off in flotation rate was due to reduction in the 

ability of the froth to transmit the solid,that was 

carried across the pulp interface,over the froth 

lip. The froth production rate is included in the 

model through the froth transmission coefficient.



During the batch tests, the water production rate 

decreased steadily, and consequently the froth trans= 

mission coefficient as calculated from the water rate 

decreased also. The calculated values of the froth 

transmission coefficient which are shown on figures. 12 - 

16, were used in the theoretical model for the estimation 

of the kinetic constants.

The standard regression computer programme 

(12, ID) that was used in the estimation of the kinetic 

constants for the gangue and the apatite incorporates 

all the nccessary statistical tests to determine the 

number of significant values over which the rate coo= 

stant must be distributed. Earlier work on this ore 

by Davey{13) and Moys(12) indicated that the apatite 

and gangue were each characterized by two kinetic 

parameters; sbt. specific rate constant for the floatable 

component, and thu fraction of unfloatable components. 

These estimations are ahovm in figure 17 and table 5a.

Conditioned roufllw feed

The reagent consumption in the operating plant 

at Foskor differs from thnt predicted by batch flotation 

in the laboratory. Table G shows the comparative 

quantities. In spite of the differences both the 

plant and the laboratory giw the same order of grade 

and recovery. It was important in the experimental 

programme to observe the effect's of floating conditioned 

feed on the kinetic parameters.
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Consumption g/t

Reagent

Laboratory

Sodium hydrox:

Comparative consumption of reagents in plantTable G

:d laboratory



Figure 18 shows the old plant lay-out and the sampling 

points. The reagents are added to the fresh feed be=

fore the distributor. The combined recirculating load

plus the fresh feed was gravity fed to the first cell 

of the rougher bank through a vertical standpipe.

This stream was cut eight times to obtain a represents 

tative sample for the assay sieve analysis and another 

eight times to give sufficient pulp to carry out a 

batch flotation test. Table 7 shows a typical assay 

sieve analysis for the rougher feed.

The conditioned plant rougher feed was brought 

back to the laboratory and allowed to stand for one 

hour, this then ensured that the effect of conditioning 

time was constant for each experiment. The clear water

was then syphoned off from the settled pulp, and

retained and used to wash the pulp into a 3 litre 

batch flotation cell. The cell was then filled, 

using the syphoned water, to within 0,7 cm of the lip, 

Aeration war- started and measured by a rotameter 

in the air lire, The concentrate was collected in 

cumulative samples for 150 sec., as in the case of the 

standard ore. The fraction of each mineral that 

remained in the batch cell was computed and plotted 

against time for each of the batch experiments.

(Figures 19 - 30). The kinetic constants for gangue 

and apatite are shown in Figure 31 and Table 8.

3.6 .1.3 Unconditioned new plant feed

During the period of investigation Foskor
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Average
Particle

percent Apatite

300 44,97

53,35

10,36 47,60

42,70

5,51 39,82

. 6,49 37,46

4,67

4,39. 36,49

Old plant rougher feed assay sieve 

analysis
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Figure 19 Batch data for experiment RF/16/76
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Figure 20 Batch data for experiment RF/15/7Q
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Figure 22 Batch data for experiment RF/13/76
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Figure 23 Batch data for experiment RF/10/76

Figure 24 Batch data for experiment RF/9/76
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Figure 25 Batch data for experiment RF/8/76
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Figure 26 Batch data for experiment RF/7/76
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Figure 27 Batch data for experiment RF/6/76
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Figure 29 Batch data for experiment RF/4/76
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Figure 30 Batch data for experiment RF/3/76
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changed over from using 50 cubic foot flotation cell 

for the flotation of foskorite to 300 cubic foot cells. 

Also new mills were being brought on line to facili= 

tate the expansion in production. This increase in 

cell size, by a factor of six, and also the fact that 

the particle size distribution for the new section 

was markedly different gave rise to a further series 

of experimental runs.

Colborn's 0(G,D) function was assumed to be 

the same as for the old plant, this for two reasons: 

the largest particle floated and the Omax value 

should not vary with increase flow rate (14), 

which is basically what happens with increased cell 

volume, the coarseness of grind could possibly effect 

the coarse end of the 0 (G,D) curve, but not to a sig= 

nificant extent. The second reason was that the amount 

of work required to obtain a satisfactory curve was 

out of all proportion to the information gained.

Figure 32 shows the new plant configuration, 

and sampling points. Unconditioned plant feed was 

sampled before it entered the conditioning tanks.

Enough sample was cut to Just fill a 3 litre flota= 

tion cell, p.nd a representative sample cut to carry 

out an ass 'alysis Tabic 9. The unconditioned

feed samp. ought back to the laboratory and

tested to r"ii— - suitable roagont combination. After 

finding a reagent combination that gave a satisfac= 

tory float an incremental batch flotation was carried out.







Average
Particle

Percent
Apatite
Percent

300 37,01

10,92

124 9,46

96 4,79

3,89

4,49

1,30

40

, 25,3”

New plant food assay sieve 

analysis



Table 10 shows the reagent combinations used.

The fraction of each mineral that remains in the 

cell was plotted against time for each batch 

experiment {Figures 33 - 43). The kinetic constants 

for gangue and apatite are shown in Figure 44 and

3.6.1.4 Unconditioned P.M.C. tailings

The carbonatite core of the Phalaborwa com= 

plex is a low copper bearing deposit which is mined 

by the Palabora Mining Company. This part of the 

ore body also contains a significant amount of 

apatite bearing rock {average 21% apatite) . After 

the copper bearing minerals have been recovered by 

P.M.C. the taiiings are pumped to Foskor and the 

apatite floated. Due to the reagents used in the re= 

covery of copper and also other contaminants from 

the P.M.C. gas scrubbing plant, the P.M.C. tailings 

can not be floated with the same reagents as foskorite.

Samples of unconditioned P.M.C. tailings 

feed were cut from the receiving station at Foskor, 

and floated in the same manner as described for the 

new plant unconditioned feed. The reagent combina= 

tions used for this test series are shown in table 

12. Due to the re grinding process at P.M.C. the 

particle size distribution is different to that of 

both the old and now plant feeds. The assay sieve 

analysis of P.M.C. tailings feed is shown in Table 13.



Experiment
number

Reagent consumption kg/t

Sodium silicate Fatty acid Polyglycol ether

NPB 1 1,05 0,39 0,07

NPB 2 Experim nt terminated

NPB 3 1,00 0,38 0,06

NPB 4 1,02 0,38 0,06

NPB 5 0,90 0,36 0,06

NPB 6 0,40 0,07

NPB 7 1,22 0,37 o,oe

NPB 8 1,22 '0,06

NPB 9 1,22 0,06

NPB 10 0,94

NPB 11 0,03 0,35 0,12

0,12

Table 10 Reagent combination used to float unconditioned

new plant feed
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Figure 34 Batch data for experiment NPB 3
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Reagent consumption kg/t

Experiment
number

meta-siZicste
Natural Poly= 

sacharide Futty acid
Polyglycol

PMC 1 2,11 1,13- 0,42 0,14

PMC 2 2,13 1,14 0,43 0,14

PMC 3 ' 2,14 1,14 0,43 0,14

PMC 4 0,69 1,10 0,41 0,07

PMC 5 0,70 0,42 0,07

PMC 6 0,70 0,42 0,07

PMC 7 2,77 0,42 0,14

PMC 6 2,76 0,28 0,07

PMC 9 2,73 1,09 0,41 0,07

PMC 2,14 1,14 0,43 0,07

PMC 11 2,13 1,13 0,43 0,07

2,13 1,13 ....

Table 12 Reagent combination used to float unconditioned 

P.M.C. tailings feed



Average
Particle

(microns)
Percent

Apatite
Percent

300 7,76 9,2

174 11,54 15,8

. 124 20,8

96 8,46

5,31 23,9

7,70 24,3

24,1

40 3,38

36,76

P.M.C. tailings feed assay sieve 

analysis



Again Colborn"s 0(G,D) function was assumed to be 

the -same for the old plant rougher feed for similar 

reasons as those given for the new plant unconditioned 

feed, excepting that fineness of grind could possibly 

effect the fine fraction end of the 0(G,O) curve.

The kinetic constants for gangue and apatite are 

shown in Figure 45 and Table 14.

3.6.2. Continuous flotation

3.6.2.1 Old plant

The estimation of kinetic parameters from 

a continuous operating plant requires only data from 

the rougher bank, as one of the criteria of the simulator 

is that the material will float at the same rate in 

every stage, and only the amount recovered will vary 

with stage: i.e. the holding time varies. To

facilitate the ease of naming the streams and stages 

of a large plant unambiguously the following numbering 

system has been adopted (15). Let the stages be 

numbered 1 "o N where N is the total number of stages. 

Then the tailing stream is also numbered 1 to N, the 

concentrate stream is numbered N + J where J is the 

number of the stage from which it emanates. Let any 

streams that arise from a node be labled 2N+K where 

K is the number of the node. The feed stream is 

unnumbered. Figure 18 shows the old plant plan 

view using this numbering system.
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Stream 61 was sampled to obtain the necessary 

feed input data i.e. assay screen analysis Table 7. 

Streams 31 - 42 were sampled with a sample cutter 

which covered the complete cell lip. The concentrate 

flow rate from each stream was measured by allowing 

the concentrate to flow from the sample cutter into 

a bucket for a known time, weighing the bucket both 

full and empty then weighing the dry solid. From 

this the percent solids and water flow rate was de= 

termined per stream. To calculate the mass flow of 

the feed stream 61 to the rougher bank it was necessarj 

tc sample stream 12 (rougher tails) and the combined 

concentrate stream. Thus from the assay screen 

analvsis of the feed, concentrate and tails of the 

rougher bank it was possible tc calculate the mass

flow of the feed i ugher bank.

:ion 0 (G,D) that was used 

; obtained from the work carried 

>ugher batch test series, 

tch stage was measured using 

rotameter Figure 46. The kinetic constants for 

.ngufi and apatite are shown in Figure 47 and Table 15.

Colborn 

in the estimator i 

out on the condit 

The anrcation rati

3.6.2.2 New plant

Figure 32 gives a plan view of the new 

plant configuration. Streams 25 to 30 were sampled 

and their mass flow measured in the same manner as 

for the old plant. The aeration of the cells was
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measured using an anemometer. Figure 48 shows the 

aeration rate down the whole bank. Due to the pipe 

configuration it was impossible to take a sample of 

either the rougher feed or tails. It was assumed 

that the assay sieve analysis of the plant feed 

very closely represented that of the rougher feed, 

therefore the plant feed was sampled Table 9.

The calculation of the mass flow of material into 

the rougher was obtained from the daily work sheets 

produced by Foskor, which give the plant feed mass 

per day. The recirculating load was calculated on 

the basis of a Foskor report (16) issued by it's 

engineering department. This stated that the 

recirculating load was 100% of the flotation feed.

The kinetic constants for gangue and apatite are 

shown in Figure 49 and Table 16

Discussion of Kinetic Parameters

3.7.1 Standard Ore

The validity of the kinetic parameters 

generated by the regression programme can be assessed 

by the goodness of fit between the experimental and 

predicted data points. As with any experimental 

procedure there are random variables associated with 

the experiment, thus the real test of any predictions 

generated by a model are the 95% confidence limits.
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Figurrs 12 - 16 show that the experimental data 

points fall within the 95% confidence limits as 

predicted by the model.

Each of the-five batch tests on the 

standard ore was a replicate, thus in the ideal 

situation, where no other factors, except those 

generated by the experiment were allowed, the 

estimated kinetic parameters should be the same 

for each of the tests: in practice this is found

not to be the case. Figure 17 shows the 95% con= 

fidence limits for each of the parameter estimates 

for apatite and gangue. The specific rate constants 

for apatite show a degree of overlap, and this would 

tend to indicate that the "true" specific rate 

constant value for apatite lies at the mid point of 

the maxi ium overlap. The degree of overlap for the 

specific rate constant for gangue is not so great, 

as in the case of the apatite, but it can be argued 

that it is in this overlap region that the true 

specific rate constant lies.

The amount of material that is floated 

by the mineral/gangue with a specific rate constant 

is more difficult to determine because of the physical 

barrier imposed on the parameter, i.e. it cannot be 

greater than unity. For this reason the 95% con= 

fidence limits are truncated at i.O, thus the region 

of overlap is difficult to estimate.



From the parameter estimates it is possible

to calculate a 95% confidence band using the mean 

values of all the five parameters, this gives rise to 

the 'M' band on figure 17. The M band is calculated 

on the assumption that the population is nocma.! 

but with an unknown variance and known mean. It 

is known (20 that when sampling from a normal dis= 

tribution with a known mean and unknown variance 

that the random variable

has a t-distribution - 1 degrees of freedom

(s is the standard deviation, ,i is the sample size). 

Thus it fo.’ gws that

where t fX/2 represents the upper «/2 point of the 

t-distribution.

It can be shown that the above probability statement 

is equivalent to

And an exact 100 (1 - cO percent confidence interval 

for jj is given by

( x - t a/2 S , x + t x/2 S )

where x is the mean of the sample.

This M band shows the spread of the specific rate 

constant and the fraction floated, thus by using

P f- t «/2 < x - <. t */2 j

t «/2 S <  >- <  x + t «/2 S J



the upper and lower limits of this confidence region 

it should be possible to predict a band of results 

within which the experimental results should fall.

The width of this confidence uand is indicative of 

the difficulty in estimating a unique value for any 

of the kinetic parameters. The causes of the band 

width can be categorized as follows; (a) experimental 

techniques, (b) experimental parameters, such as small 

variations in aeration, conditioning time, reagent 

addition and grinding. The error due to experimental 

technique is very small and random, because of the 

care that was taken to perfect a standard technique. 

The experimental parameters introduce a large variety 

of errors, the main one being conditioning time, 

not only of the pulp with the reagents but also 

the aging of the pulp without any reagents. An 

effort was made to minimize all the types of errors, 

but because of the statistical nature of the material 

being studied, the 95% confidence band is broad.

Condi t mgher feed

Figure 31 shows the 95% confidence bands of each 

'individual experiment. The specific rate constant 

band-s for apatite and ganguo show a much narrower 

width Lhan with the standard ore experiments. This 

is due, in the main, to there being a much longer 

conditioning period ca 60 - 90 minutes compared with 

3 - 5  minutes for the standard ore. In each rougher



feed test the reagent combination varied, because 

of normal plant operation. No figures could be 

obtained from the plant on an hourly basis, but it 

was noted that the operators on the plant varied 

the reagent combination and dosage throughout the 

day. From this it can be concluded that the longer 

the conditioning time the better the experimental 

results, as observed by the narrowness of the con= 

fidence bands.

Although there is a narrowing of the band 

width there is still a spread of results, this is 

especially noticeable in the case of the specific 

rate constant for apatite. Using the mean values 

of the kinetic parameters it was possible to 

calculate the 95% confidence limits on the predicted 

values. These are represented on figure 31 by the 

M bands.

Batch tests c « plant feed

Unlike the batch tests carried out on the 

old plant rougher feed, the new plant feed had no 

reagents added to it, and reagent combinations had 

to be worked out for each experiment by carrying 

out several preliminary float tests before arriving 

at the "best" combination, The main features of the 

estimated kinetic parameters of the batch tests on 

the new plant are that the specific rate constant for 

apatite shows a marked degree of variation with a •



corresponding large 95% confidence band. Also the 

specific rate constant for the gangue has a wide 

range of values, which is uncharacteristic, as the 

model has shown that it’s prediction of the 

gangue kinetic constants is better than that for 

the valuable mineral.

The calculated 95% confidence bands based 

on the mean value of the kinetic parameters, as 

shown by the M bands on figure 44, are wide in 

comparison to the number of experiments carried out. 

It would be expected that by increasing the number of 

tests there would be a tendency For any randomness in 

the experimental procedure to cancel out, thus 

producing a narrow confidence band. Since this is 

not the case, there must be 'other factors influencing 

the prediction of the kinetic parameters, namely the 

reagent combination, because it is this that 

effects the kinetics of the float.

3.7.4 Batch tests carried out on P.M.C. tailings feed 

The kinetic parameters estimated for the P.M.C. 

tailings feed (figure 45) show the same type of deviation 

in the mean values and 65% confidence limits as for 

the new plant unconditioned feed. The reasons for 

this variation in kinetic parameters can be attributed 

to the same reasons as stated above.



3.7.5 Continuous runs, old and new plants

Figures 47 and 49 show the kinetic parameters 

as estimated for the continuous old and new plants 

respectively. Again it will be noticed that the 

confidence bands are wide, this is due to the 

difficulty in obtaining reliable data from a continuous 

operating plant. In a small scale environment such 

as batch flotation in the laboratory or pilot plant 

work, the experimental parameters are determined or 

at least under the control of the experimenter, but 

in the cate of a real operating plant it must be 

accepted that the plant condition is a factor that 

is not under a unique controller. For example 

during a sampling programme, that may take from 1 - 2  

hours, the type of ore might change, mass feed 

to the mills or reagent combinations could vary, 

all of which effect the reproductibility of any given 

experiment. Also to contend with is the fact that 

the macs volumer, and flow rates are all subject to 

mechanical variation in the form of pump surges.

It is brf.nuuc of these factors that the 

confidence limit-, are so wide. In spite of this 

there is overlap of the confidence limits which 

is evidence thnl the kinetic parameters lie in the



For all six.types of experiment:

1) batch flotation of standard ore

2) batch flotation of old plant conditioned rougher

3) continuous old plant

4) batch flotation of new plant unconditioned 

plant feed

5) continuous new plant

6) batch flotation of unconditioned P.M.C. tailings

A mean value of the kinetic parameters was calculated 

with a 95% confidence interval, M-band, (Table 17, 

figure 50).

It is clear from Figure 50 that there is a wide 

variation in specific rate constants for apatite, 

and to a lesser extent for gangue, also the fraction 

floated for gangue is less well defined than for 

apatito. Series 1, 4, 6, that is the batch flotation 

of unconditioned feeds show a good degree of overlap 

for all parameters, while the batch flotation of the 

conditioned rougher feed has a small 95% confidence 

region for the specific rate constants, they are 

outside the overlap region for apatite and gangue. 

Both of the continuous tusts show a marked deviation 

from the batch test kinetic parameters, in the case 

of the old plant the specific rate constant is 

greater by a factor of 2 and the new plant less 

by a factor of 0,5, the corresponding fractions 

floated also show u similar discrepancy. The reasons
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behind these differences in kinetic parameters, for 

what da, for all purposes the same ore is difficult 

to - resolve. The obvious factors such as fineness 

of grind with the associated liberation of minerals 

does not appear to have had any effect upon the 

kinetic parameters (series 1, 4, 6) because P.M.C. 

tailings feed is ground much finer than either the 

standard ore or the new plant feed. (Figure 7)

It is possible to postulate that the kinetic 

parameters are a function of reagent combination and 

addition rate, and because these are known and controlled 

in the batch flotation of the unconditioned feeds, 

the parameter estimates obtained are similar. In 

the case of the conditioned rougher feed of the old 

plant (series 2) the length of conditioning time 

was the overriding factor in determining the kinetic 

constants, this would" account for the specific rate 

constants being lower than for the other batch tests 

as all the reagents had been adsorbed onto the mineral 

surface.

For both of the continuous series the 

errors introduced by the system itself contributed 

to the variation in kinetic constants. Had it been 

possible to sample the plant at one inntant in time 

the results would have probably been more coherent 

although not necessarily the same as for the batch 

test work.



SIMULATION OF THE FOSKOR PLANT#
11 4.1 Simulation of the old plant roughen bank

H  The ultimate test of any simulator is its usefulness

in t of the performance of a continuously operating plant.

r*** Since - parameters from the batch test work on the standard

^ 0 0  ore, condition . rougher feed, and the continuous plant were so

divergent, all three sets of kinetic parameters were used in eatima= 

ting the plant performance.

| j j |  A significant source of uncertainty in the model is the

1 value of the froth transmission coefficient {gamma) in each of the

cells. Gamma was calculated as thu ratio of the measured water 

rate in the concentrate stream to the maximum water production rate, 

j This was consistent with the method used for the estimation of the flota

j j j J  tion parameters from the batch tests. The value of gamma as calculated

f from the water ratio is only an estimate of its true value, and a

more realistic argument is to let its value lie between the water ratio 

and unity. Thus in the simulations carried out, both the water ratio 

and unity vali: of gamma wore used.

The simulator FLOAT was used to predict the old plant 

rougher bank. The 05% confidence regions around the predictions 

that wore generated by the 95% confidence limits in the parameter 

estimates arc showr in figures 51 - 78. The two variables plotted 

were the percent apatite and mass flow rate in each concentrate stream. 

These were chosen because they could be directly measured, and did not 

Involve any multiplication of errors, such as recovery which is 

calculated from two observed variables.



SltlBdv %6v() a^Bj M0ti ssew



6%) aasu motj ss?w 56



#
1
1
1
1
1
1

f

1
u

W+t C(|
frf k

r /

(1.-8 6>f) BO.BJ MOtJ. SSBW



8%; a^eu Mcifj 33TM a^HBdv %



6%) 0)9.1 M0[> SS13W S)T)9C)V H



6%) areu motj ssb^ aiT^Bdv %



a^t^dv %( L - s  S^) mox> bb-bw



4

6%) 9SBJ M0X1 SST3|lJ SlT-IBdV %

old
 

pl
ar



B>1) SIBJ MOtJ 8SBW aiTiedv %



(L -  S 5>j) 93B-J MOXJ 33T)Bdy %



1I
t1 

El
11

11
11

11
11

11
11

1

8  8  9  8

S)-BJ M0T4 SSBW

11
i
If

4

L



6>|) 0}<eJ moxj ascw X



Gy) 85-bj MOTi SS5M



a #

6%) 3̂ -ej mot; 8)-c»vdv 56



Ml
 t
il 

l
Simulations using gamma calculated from water ratio.

4.1-.1.1 Percent apatite in concentrate streams

The modelts prediction of the percent apatite 

in each concentrate stream is fairly closely modelled 

by the standard ore kinetic parameters, as shown by the 

experimental points falling within the 95% confidence inte 

val generated by the model. Figs 51 - 56. In Figures 

54 and 55 the final four and hree experimental points 

respectively fall outside the 95% confidence band.

The reason that the model does not allow a quick enough 

fall off in grade can be attributed to either the specific 

rate constant for apatite being tco high or the specific 

rate constant for gangue too low.

The prediction of the apatite grade using 

the kinetic parameters from the conditioned rougher feed 

and continuous plant runs {Figs 57 - 64) all show the 

trend of over estimation of this variable, for the same 

reasons as stated above.

4.1.1.2 Mass flow rate in concentrate streams

In all cases, Figs 51 - 64, the estimation of 

the mass flow rate is too low, although the predicted 

curves do show the same trend as the experimental.

The cause of this lack of fit can be attributed to 

one or a combination of the following factors, either 

there is not enough aeration in the cells, or t:i.-



specific rate constant for apatite is tco low, or the 

froth transmission coefficient is too low.

4.1.2 Simulations using a gamma value of unity

4.1.2.1 Percent apatite in concentrate streams 

The estimator gave good correlations be=

tween the predicted and experimental grade value in 

the concentrate streams when using the kinetic para= 

meters of the standard ore series Fig 65 - 70, but 

once again there was significant lack of fit when 

using either the continuous c ■ ■. mditioned rougher 

feed kinetic parameters. Figs 71 - 78, The estima= 

ted curves show a shallower fall off than the observed, 

again indicating that either the specific rate con= 

stants for apatite are tco high or those for gangue

4.1.2.2 Mass flow rate in concentrate streams 

The predictions using the standard ore

and conditioned rougher feed kinetic parameters 

still show a lack of fit compared with the experimental, 

although the shape of the curve is followed showing that 

there is either too little aeration or the specific 

rate constant for apatite is low. Using the kinetic 

parameters from the continuous plant runs, the 

estimator gave a better fit to the experimental 

points, although some still fell outside the 95%



confidence region. It 
fit obtained uning a nigh 
ganguc and a froth trannm 
a closer fit might be obt 
rate in the cells.

>e inferred from the better 
specific rate constant for 
.ion coefficient of one, that 
ied by increasing the aercation

The simulator has two uses, the first is a detailed 
prediction of mass flows, grade and particle size distribution in each 
stream, which is of use when designing a flotation plant, and the other 
is a more gross uuu, where the simulator is only required to predict 
the final grade and roccery.

It has been shown that t 
the experimental and predicted curves ir 
olo plant rougher bank, and that the fit

tore is a lack of fit botweei 
the detailed analy: 
could be improved t

increasing
3) increasing 

Therefore using, an a starting

specific rate constant for gangue 
froth transmission coefficient to c

the standard ore kinetic parameters, 
the above parameters were adjusted until a fit was obtained. The month 
of January was arbitrarily chosen for the adjustment of the kinetic para­
meters. They were altered until a "good" fit of predicted values to plant 
data was obtained. The parameters that were obtained in this way were 
then used to simulate the months of February through to June, i.e. para­
meters were adjusted once only. To establish the validity of these ad­
justments to the model parameters a daily simulation was carried out on 
the old plant for six months, and the experimental and predicted percent 
apatite and grade in the final concentrate were plotted. (Figs 79 - 84).

The data that ; i for the daily s



ll
ll

li
ll

fI
f

Exp-irimefi* ;il



Experimental

Predicted

Daily graph of experimental and predicted 
recovery and grade of apatite for January

Table 79



Experimental

Predicted

Daily graph of experimental and predicted 
recovery and grade of apatite for February



Experimental

Predicted

Daily graph of experimental and predicted 
recovery and grade of apatite for March 1977



L Experimental 

• Predicted

Daily graph of experimental and predicted 

recovery and grade of apatite for April 1977



Predicted

Daily graph of experimental and predicted 
recovery and grade of apatite for May 1977

Table 83



Experimental

Predicted

Daily graph of experimental and predicted 
recovery and grade of apatite for June 1977



Table 84 Daily graph of experimental and predicted 
recovery and grade of apatite for June 1977



1) feed rate in metric tonnes per day

2) percent P205 in feed

3) mass percent i- 417 microns

4) mass percent - 208 microns

all of which were available from daily plant records.

It was found that a straight 'Line fit was adequate 

in describing the relationship between mass percent and particle 

size, thus the simulator was adjusted sv that the distribution of 

particles among O-classes could be calculated from the mass percent 

+417 micron and mass percent -208 micron size fractions. The distri= 

button of particles among G-classes for each D-class was then back 

calculated using the daily percent PgOg value for the feed and the 

newly calculated distribution of particles among O-classes, It was 

assumed that the relative ratio between the particles in the G-classes 

for each O-class would remain constant.

The visual impression from Figs 7 9 - 8 4  tends to 

indicate that the apatite grade can be fairly accurately modelled, 

but the percent recovery of the apatite shows a lack of fit in some 

instances i.e. Fig 80,, although the shape of the predicted curve 

follows the experimental. Upon a closer statistical investigation 

between the predicted and experimental data points the correlation 

coefficient for the apatite grade is 0,17 while that for the recovery 

of apatite is -0,01. This indicates that there is little correlation 

between the calculated and actual results for the apatite grade and vir 

tually none between the recovery data points.
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Notwithstanding this fact inferences can be drawn from 

these figures. It will be noticed that on days when there was a low 

feed rate (Fig 80, day 11 : Fig 81; days 4,17 : Fig 82; day 24) 

the predicted recovery is lower than the observed while the grade is 

higher. This would indicate that some other factor is operating on 

the system. The outside influence is the process operator. The 

operator’s scenario is that apatite grade must be maintained at an 

average shift (8 hours) value of 34,6% PgOg (81,6% apatite). To 

achieve this grade value reagent combinations, addition rates and 

•Troth heights are varied. This operator factor may be interpreted 

as a type of froth transmission coefficient which is being continually 

adjusted, and no simulator, however, complex or sophisticated can 

allow for this type of interaction.

4.3 Simulatj

Having simulated the old plant using the kinetic 

parameters from the stanuard ore, conditioned rougher feed and 

continuous series, and finding that those parameters from the conditioned 

rougher feed gave the best fit, it was decided to scrutunize the suite 

of parameters obtained before ‘.mbarking upon the simulation of the 

new plant. Unlike the simulation of the old plant, which consisted 

only of predicting the rougtvsr bank, the simulation of the new plant 

also entailed thu prediction of the performance of the scavenger, 

cleaner and rccleaner.

A comparison of the kinetic parameters produced by 

King (17), on the same oro type, showed that there was a significant 

overlap in the 85% confidence regions of those kinctic parameters



*

=

estimated From the batch flotation of conditioned rougher feed and 

the 95% confidence regions of the average kinetic parameters of 

king's (Table 18). As one of the main purposes of this thesis was 

to determine whether or not it was possible to produce kinetic parameters 

in a batch cell that would predict what was happening on an industrial 

scale plant, it was decided to use the mean value of those parameters 

obtained from the conditioned rougher feed in predicting the new

Data on four days (NP1, NP2, NP3, NP4) was collected 

from each cell in the new plant. This consisted of, mass percent 

solids, percent apatite per stage, water addition rates to the launders, 

assay sieve analysis of plant feed, final concent id tails, and

also the fresh feed flow rate. It must be noteci . u new plant 

consists of four banks of cells, as shown in figure , run in parallel. 

Thus the feed is split into four streams which go to conditioning tanks, 

where the reagents are added and then on to the banks of cells. The 

final tailings,stream 16,of each of the four banks are combined into 

a single stream which can then be sampled, similiarly with the final 

concentrate streams (stream 52).

It was found that for each day, with small adjustments 

to one of the fractions floated and the froth transmission coefficient, 

that the final concentrate grade and recovery could be well simulated.

The grades and recoveries were obtained from the daily log sheets at 

Foskor and are based on 24 hour composite samples analysed at the 

Foskor Analytical Laboratory. Table 19 shows the changes, on a day- 

to-day basis, of the fraction floated and froth transmission coefficient



estimated from the batch flotation of conditioned rougher feed and 

the 95% confidence regions of the average kinetic parameters of 

King's (Table 18). Aa one of the main purposes of this thesis was 

to determine whether or not it was possible to produce kinetic parameters 

in a batch cell that would predict what was happening on an industrial 

scale plant, it was decided to use the mean value of those parameters 

obtained from the conditioned rougher feed in predicting the new

Data on four days (NP1, NP2, NP3, NP4) was collected 

from each cell in the new plant. This consisted of, mass percent 

solids, percent apatite per stage, water addition rates to the launders, 

assay sieve analysis of plant feed, final concentrate and tails, and 

also the fresh feed flow rate. It must be noted that the new plant 

consists of four banks of cells, as shown in figure 18, run in parallel. 

Thus the feed is split into four streams which go to conditioning tanks, 

where the reagents are added and then on to the banks of cells. The 

final tailings,stream 16,of each of the four banks are combined into 

a single stream which can then be sampled, similiarly with the final 

concentrate streams (stream 52!.

It was found that for each day, with small adjustments 

to one of the fractions floated and the froth transmission coefficient, 

that the final concentrate grade and recovery could be well simulated. 

The grades and recoveries were obtained from the daily.log sheets at 

Foskor and are based on 24 hour composite samples analysed efc the 

Foskor Analytical Laboratory. Table 19 shows the changes, on a day- 

to-day basis, of the fraction floated and From transmission coefficient



05% Confidence Regions
Average Conditioned 

Rougher Feed

0,782 - 0,932

0,293 - 0,281 0,198 - 0,501

0,736 - 1,20

Table 18 Comparison of 95% confidence regions



Conditioned

Table 19 Comparison of kinetic parameters used to
simulate new plant



with those obtained from the old plant conditioned rougher feed.

Table 20 gives the experimental and predicted percent 

^2^5 percent recovery from the final concentrate. As it can be 

seen from table 20, the fit between the experimental and predicted 

results are excellent, thus showing that the model is capable of not 

only predicting the grade but also the recovery of the final concen= 

trate. More significant than this, is the fact, that the parameters 

which were used to predict the behaviour of the new plant, which 

consisted of 300 and 150 cubic foot cells, were obtained from a 

3 litre batch flotation cell.

Thus in a global sense the simulator can be said to 

give good representation of tnd wurMng plant. But the simulator 

to be of any true value must also be able to predict the finer details 

of the plant. An estimation of the power of the simulator can be 

obtained by an examination of the grade as a function of particle size 

and also the particle size distribution in the final concentrate and 

tails, as'predicted by the simulator (Figures 85-88). In figures 

85, 86 which show the grade and particle size distribution in the 

final tails, there is good agreement between experimental and 

predicted results.

The discrepancies in the largest and smallest particle 

size are probably due to the difficulty in determining the correspond:! n 

values in Colborn's 0(D) function. In figures 87, 88 which show 

the grade and particle size distribution in the final concentrate, 

there is good agreement between experimental and predicted results for 

the particle size distribution, except for the end values, which again 

can be attributed to the uncertainty of the corresponding values in the



u„ Percent P2O5 Percent Recovery

Experimental Pvsdicted Experimental Predicted

NC1 34.8 .0,3

N R 36,3 w ,.

NP3 36,6 59,7

, « 35,5 34,6 69,»

Table 20 Comparison between experimental and predicted
grade and recovery of the final concentrate



FIGURE 85 ASSAY SIEVE ANALYSIS OF FINAL TAILS
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FIGURE 87 ASSAY SIEVE ANALYSIS OF FINAL CONCENTRATE
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FIGURE 88 ASSAY SIEVE ANALYSIS OF FINAL CONCENTRATE
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: the Colborn 0(0)

'as that obtained from- the rougher feed in the old . 

simulator uses these values for the rougher, scavenger,

Colborn 0(0) function. 11 should be noted 1 

function use 

plant, and t

cleaner and recleaner stages. The plot of grade as a function of particle 

size, on all four days, shows a lack of fit between experimental 

and predicted results. The reason for the dip in the predicted 

results can be attributed to the fact that too much gangue is reporting 

in the middle size ranges. A possible explanation for this is that the • 

mean rate constant for the gangue is too high and/or Colborn's 0(D) 

function is incorrect, and this combined with the fact that the observed 

recirculating load was 100 percent of the fresh feed would probably 

cause a dip in the apatite grade.

It has been shown above, that the kinetic parameters 

give a final grade and recovery that agrees with the experimental re= 

suits, and although it is not possible to predict the assay sieve 

analysis of the final concentrate and thus determine in which particle 

sizes the apatite reports, an examination of the grade along the new 

plant bank would give an estimate of the significance of the kinetic

parameters. Figures 69, 92 show the experimental and predicted percent

P2O5 for each stage of the new plant.

From these figures it can be seen that the simulator

gives a good description of the cleaner and recleaner (streams 41 - 48)

on all four days, also of the rougher and scavenger on day NP2 . For the 

other three days the simulator shows a too steep fall off in the rougher 

and scavenger. It is significant to note that even when the simulator 

fails to predict the rougher and scavenger it is still able to predict 

the cleaner and recleaner. To explain the lack of fit in the rougher and 

scavenger the Allowing are postulated-.-
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1 * The froth transmission coefficient is incorrect.

2. Due to the large reciculating load (100%), a small 

error in the mean values of the kinetic parameters 

associated with the gartgue could cause too much 

gangue to be recovered and thus recycled.

3. The simulations have been restricted to the simple 

case where each mineral has been regarded as only 

having a floatable and a non-floatable component, 

with nothing in between.



CHAPTER 5.

DISCUSSION AND CONCLUSIONS 

Kinetic Parameters

It has been demonstrated that within experimental limit: 

that there is no unique value for any of the kinetic parameters. 

Further, by using the same ore type, but varying the conditioning, 

different values of the kinetic parameters are obtained. The reasons 

for this lack of coherent results may be enumerated thus:-

1) conditioning i xmc-

2) reagent combination

3) reagent addition rates.

The batch tests carried out on the unconditioned feeds, indicate that 

the above three variables can be minimized, as shown by the estimated 

kinetic parameters having very similar values.

The conditioning time has the greatest effect upon 

the reproductibillty of experimental results as shown by the narrow 

95% confidence limits of the kinetic parameters for the batch tests 

on the conditioned rougher feed. It is possible to explain the 

effect of prolonged conditioning upon the kinetic parameters in terms 

of the reagent contact time, i.e., the longer the contact time the 

more reagent will adsorb on to the mineral species. To test this 

hypothesis out on the batch flotation of unconditioned feed would 

be difficult due to the variability of the experimental results.

It would be more beneficial to determine the adsorption isotherms 

of the various minerals with respect to each of the reagents. From 

these isotherms the optimum conditioning time for the ore could be



determined and float tests carried out to verify the results. The 

optimum conditioning time should minimize the experimental variation 

in the kinetic parameter estimates.

5-2 Froth Transmission Coefficient

Of all the primary data required to calculate the 

kinetic parameters, and also run the simulation model, the froth 

transmission coefficient is the least amenable to measurement.

It has been shown, in the simulation of the old plant rougher bank 

that its value lies between the one calculated from the water ratio and

To obtain a true value of the froth transmission 

coefficient, the froth must be sampled as it is formed, i.e., at the 

puip/froth interface. The designing of an interface sampling apparatus 

presents few difficultips if it’s use is confined to the laboratory 

or pilot .plant scale work where the pulp density, aeration rate, 

impeller speed and froth height are carefully controlled. In an 

operating plant the aeration is such that it causes turbulence 

over the whole surface area of the cell, thus the pulp/froth inter= 

face is unstable and non-uniform. Therefore until such time as 

apparatus can be designed to cope with a normal operating plant, 

the value of the froth transmission coefficient can only be estimated 

from the water ratio in the concentrate streams.

Previous workers using Foskorite ore have shown



that the simulator is capable of predicting a single batch cell and 

& continuous running pilot plant. The lack of fit of the simulator 

for a "real" continuous operating plant can be explained as follows.

The system upon which the previous work was carried out, was one in which 

the variables were closely monitored, but more important than this 

the ore type remained constant. Thus in all cases the test work 

was carried out on the same batch of ore. The kinetic parameters, 

whether obtained via batch or continuous test work would be 

expected to be the same or very close. Under these "ideal" conditions 

plant configurations can be tested against theory, but in practical 

terms the simulator can only give an indication of the best possible 

plant configuration to maximize the grade and recovery.

It has been amply demonstrated throughout this work 

that the simulator in its present state is incapable of being used 

for daily predictions of plant grade or recovery, and that the de= 

tailed analysis for each stage cannot be adequately simulated, thus 

no indication of the best plant configuration can be obtained.
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APPENDIX 1

MEASUREMENT OF SPECIFIC GRAVITY.

The method employed utilizes the fact that calibrated micro­

syringes are able to deliver small volumes of liquids with extremely 

high precision and accuracy. Such syringes are rated to deliver 

an accuracy of * IK of the volume delivered.

PROCEDURE

A sample of liquid was drawn into the syringe. All bubbles were 

removed by inverting the syringe and tapping it gently. The plunger 

was set at the volume mark 0,3, and the tip of the needle was cleaned 

with a paper tissue. The mass of the syringe plus contents was then 

determined and recorded. The sample was expelled from the syringe, 

the tip was again cleaned, and the syringe re-weighed. The 

density was calculated from the difference in the two weights 

divided by the corrected volume charge taken. (19)

The syringe was calibrated using distilled water at a known 

temperature, thus the corrected volume of the syringe was obtained.

ft 
ft



APPENDIX 2 Replicate analysis by Foskor 's Analytical
"Laboratory

Experiment

number

Percent P2O5 
1st

Percent P^Og

P48/T 2,9 2,8

P4S/S 29,6 29,7

P51/T 2,7 2,7

P4B/2 22,5 22,6

P51/2 19,4 19,7

P4B/6 16,8

P52/5

P50/6 10,6

P51/3 12,9

P52/3 13,3 13,*5

P52/2 18,8 18,9

P50/2 22,9 23,0

P50/5 23,4 28,0

P5Q/7 11,2 11,3

P5&/4 14,6

P49/T 2,8 2,9

P48/T 2,6 2,8

P49/6 11,4 11,3

P53/T 2,4 ‘ 2,3

P53/S 27,0 26,9



Appendix 2 cent:

$#

*
;
i
#
i
i
i
i

Experiment
Percent PgOg Percent P20g

number assay

RF/35 ,b

RF/42 23,8 24,4

RF/52 25,1 24,9

RF/33 '22,1 22,3

RF/S1 29,0- 29,7

RF/31 29,5

RF/44 20,1

P50/T 2,0 1,6

P49/S 26,7

P49/5 12,3 12,7

T.t^ 496,3 «..3

Average %

Table 2.1 Replicate results, and their average percent e



appendix 3

HEAVY LIQUID SEPARATION 

In the following tables the results of the heavy liquid 
separation on the magnetic and non-magnetic samples as 
separated from the Frantz Isodynamic Separator are given

Transverse ngle + 0

Density
Cumulative float 

fraction

2 , eg 0,028

0,092

0,213

0,406

0,525

2,90 0,546

3,08 0,554

0,561

3,16 0,640

3,19 ' 0,824

0.987

Density vs. cumulative float fraction of 

material collected at transverse angle +0



# '

0 .

0
0

Transverse angle + 2

Density
Cumulative float' 

f raction

0,138

2,75 0,489

. 0,641

2,95 0,663

0,676

0,716

0,776

3,22

TaDle 3.2 Density vs. cumulative float fraction of

material collected at transverse angle. +2 ,



*

Transverse angle

.Cumulative float

2.70

2.71 

2,78

2,95

3,22

Table 3.3 - Density vs..cumulative float fraction of

material collected at transverse angle +4



##

Transverse a git + 6

Density
Cumulative float 

fraction

0,171

0,456

0,482

0,523

2,88 0,558

2,95 0,587

3,08 0,610

3,15 0,656

3,16 0,729

3,22 0,965

Table 3.4 . Density vs..cumulative float fraction of

material collected at transverse angle +6



Transver
-magnetic fraction)

Cumulative Float 
fraction

ilative float fraction ofTable 3.6

material collected at transverse angle -0
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