PROCESS EVALUATION OF COLUMN
FLOTALSION AT ERGO

Jonathan Charles Joshua Eves

A dissertation submitted to the Faculty of Engineering, University
of the Witwatersrand, Johannesburg, in fulfilment of the require-
“ments for the degree of Master of Science in Engineering.

JOHANNESBURG, 1990,



DECLARATION

I declare that this dissertation is my own, unajded work, except
- where specifically stated. It is being submitted for the Degree of
Master of Science in Engineering at the University of the
Witwatersrand, Johannesburg. It has not been submitted before for

any degree or examination in any other University.

e TE

A
< =

(FOR SIGNATURE)

/5 DAY OF gﬂ'{d@f 1990.

~T



I1

ACHIEVEMENT ATTAINED

Column flotation is an innovation in flotation technology and my
research demonstrated the superior performance of column flotation
over the technology currently employed on the Witwatersrand gold
field.
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ABSTRACT

The static Rand gold price has put pressure on the South African
gold mines to improve efficiency. Superior metallurgical periscrmance
and lower costs attributed to column flotation prompted the
construction of z pilot plant (238 millimetres by 10 metres) at
ERGO, an Anglo American tailings retreatment plant.

The _'CDlunﬁn out-performed a conventional batch cell, showing a 13
percent improvement in gold recovery at & 29 percent ~ulphide
sulphur grade. Because overall column performance was dependent

on froth phase recovery, the column could easily be operated

suboptimally. The USBM bubble generator, which worked well with
potable water, tended to clog up with plant water.

The column's carrying capacity was a tenth that wuredicted by a dBD

correlation. A correlation using the Sauter mean diameter, the

d(3 2), @8 the correct measurement of particle size for carrying
] ¥

capacity is presented for Witwatersrand ore.

Recovery of coarse material by the column was superior to that of
the existing plant.
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CHAPTER 1

INTRODUCTION

1.1 CURRENT STATE OF THE SOUTH AFRICAN GOLD MINING
INDUSTRY

40 percent of South Africa's gold will be produced at a loss in 1990
if current trends continue (Lunsche 1990). This situation has been
brought about by a static Rand gold price and high domestic
inflation since 1987. Indications ave that for this, and the
folluwing reasons, several gold mines will be forced to close by the

end of the year,

The political environment of the gold mining industry is uncertain,
with the unions and the African National Coniyress (ANC) calling
for nationalization of the industry to see it used for the economic

upliftment of the country's poor.

Also significant in the current political environment is the effect of
labour action on production. During January to March 1990, Vaal
Reefs lost the equivalent of two days production due to labour

unrest.

The mines have been caught in a profit squeeze for some time now,
as the dollar gold price remained static but the average cost of gold
production per kilogram rose by approximately 17 percent per
annum. In an attempt to offset this the government devalued the
Rand to allow an average annual increase in the Rand gold price of
9 percent over the last ten years. No further devaluations are
being contemplated.
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Furthermore.. South Africa's gold mines are ageing and their
profitability is declining. Costs naturally increase as a mine ages
and the gold grade of the mined ore decreases,

Capital expenditure has been cut back by all the mining houses to
help keep profitability up. Mines require capital expenditure tfo
open up new mining areas and o maintain and improve mine
efficiency. Therefore reducing capital expenditure can only be =

temporary measure if the mine is fo remain viable.

Two ditfferent strategies have been adopted by the mines to cope
with the financial pressure.

Some mines, particularly those managed by Gencor, are mining more
selectively to keep profits up. They mine fewer tons of ore, but of
higher grade. These mines are kept profitable in the short term,
but if the gold price does not rise the strategy will shorten the

mines' lives.

Anglo American, nn the other hand, has tended to keep its mills
full at the expense of grade. The success of this approach
depends on all opezations running at optimum efficiency. '

1.2 FLOTATION PLANT PRACTICE ON ANGLO AMERICAN GOLD
MINES

Flotation in the Anglo American gold mines is used as a scavenging
process to recover gold from gold plant tailings. Because a
significant quantity of gold is locked in pyrite, the pyrite is floated
along with the gold. The pyrite is then roasted to liberate the
locked gold. |

As the financial pressure on the gold mines increases, flotation as a
gold concentrating process will play an even more important role,
Work at the Anglo American Research Laboratories has shown that
~ more gold can be recovered if the flotation process is moved from

e
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the back to the front of the circuit (Tumilty et. al. 1990). The
gold plant feed can then be separated by flotation into a high and a
low grade fraction (Figure 1.1), and the concentrate can be

sﬁbjected fo intensive leaching.

Existing flotation plants are limited by the efficiency of conventional
flotation cells and operate in the region of 45 percent gold
recovery. If ‘the efficiency of the existing flotation plant is to
improve, as for survival it must, then a more effective flotation cell
must be developed. The new cell must yield higher gold recovery

and cost less to build and operate.,

1.3 OVERALL AIMS OF THE STUDY

Given the financial constraints on the gold mining industry at
present, efficient recovery of gold is vital, Because gold is such a
valuable metal, small improvements in flotation plant performance

mean large increases in mine revenue.

The main objective of this study was to quantify the improvement in
gold recovery using column rather than conventional flotation,
under plant conditions.

1.4 SPECIFIC AIMS OF THE STUDY

In 1986 Dobby and Finch wisely commented "The column differs dra-
matically from conventional mechanical flotation machines, both in
design and operating philosophy, which has been a principal reason
for its slow acceptance by the mineral industry" (Dobby and Finch
1986). The project was to overcome this barrier and to make column
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flotation technology available to the Anglo American Corporation.

The specific aims of the project were:

a)

b}

c)

d}

to evaluate the suitability of column flotation for the flotation of
the Witwatersrand gold ores

to learn an operating philosophy for column flotation of

Witwatersrand gold ores
to identify the important design parameters

to quantify and develop suitable models for important

parameters, e.g, flotation kinetics.

gt

St
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Figure t.1

The FUG Circuit

(Tumilty et al 1994Q) |
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CHAPTER 2

COLUMN FLOTATION PLANT PRACTICE, DESIGN AND MODELLING

2.1 INTRODUCTION

The concept of column flotation was developed in Canada by Wheeler
and Tremblay around 1960. An attempt was made to iniroduce a
commercial scale machine in the mid-sixties. This failed and there
was little further development in the non-communist countries until
the patent expired in the 1980s. Since then, many pilot and
commercial columns have been built and operated on various ores
throughout the world. This situation has led te various designs
(Figure 2.1) and operating philosophies, and conflicting views on the
effect of the operating parameters on column performance. The
variation in design and operé.ting philosophies make it difficult to
generalise and describe the typical flotation column, However, most

columns fit into the description given below.

2,2 DESCRIPTION OF THE FLOTATION COLUMN

The basic flotation column is depicted in Figure 2.2. Ground ore is
ied into the column approximately two thirds of the way up. The
ore can be fed through the side of the column or through a vertical

pipe positioned in the centre of the column.

As the feed descends, the particles meet a rising stream of
bubbles, produced by a sparger situated near the bottom of the
column. This section of descending material is called the collection
or recovery zone and its height determines the recovery of valuable
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Figure 2.1

Various Desiens of flotation columns

{Tyurnikova and Naumov 1981)
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Figure 2.2

SCHEMATIC DIAGI'AM OF THE FLOTATIQN COLUMN

(Me Kay et al. 1988)
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minerals, which attach themselves to the rising bubble stream. The
non-flotable gangue passes out of the bottom of the cell in the

taflings,

The region above the feed entry but below the cell lip is called the
cleaning zone. The concentrate grade is a function of the height of
this zone, especially the froth height above the * froth/pulp
interface. The clean wash water added to the top of the froth
displaces gangue out of the froth and therefore impr.oves grade,

The wash water is also used to stabilise the froth in the deep froth
bed. The wash water can be distributed above the froth or in the
froth itself.

The critical parameter defining the capacity or throughput of the
colimn is the diameter or cross-sectional area. The column
cross-section can be either square or circular and the decision
taken ‘depends on structural rather than metallurgical considerations -
{McKay et al 1989).

2.3 COMPARISON BETWEEN THE COLUMN ALD THE
CONVENTIONAL CELL

The mechanism of particle-bubble attachment differs between
conventional and celumn cells, In the conventional cell, the
rotating impellor breaks down the stream of incoming air into small
bubbles, which then attach to particles. The turbulence from the
impellor can separate a weakly-attached mineral particle from a
bubble.

The column is a counter current contacting device and relies on
plug type flow for good performance. A good approximation of plug

flow is achieved in laboratory columns because of their narrow
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diameter and high Iength to <iimeter ratios (Dobby and Finch
1986). In the early commercial cells, however, poor gas dispersion
and large diameters gave rise to axial mixing and poor performance.
The problem of axial mixing has been reduced by the use of baffles

in the recovery zone,

Unlike conventional flotation, descending mineral particles in the
quiescent recovery zone of the column cell meet rising air bubbles
continuously over two thirds of the length of the column.
Providing plug flow or near plug flow conditions are maintained,
every mineral particle spends its totzl residence time mear an air
bubble, thus effectively increasing its active residence time over
that found in conventional cells.

Work done by Whelan and Brown (1956) has shown that attachment
efficiency between a particle and bubble is dependant on the angle
between the particle and bubble vectors on collision. An angle of
zero degrees or a ‘'head on' collision is most efficient for
attachment. Attachment efficiency - alsoc dependant on the relative
velocities between particle and bubuwie. A relative velocity in the
range 7-9 cm/sec was found to be the most efficient for coal
particles (Tyrunikova et al 1981). The conditions for efficient
attachment are more likely to occur in the gquiescent collection zone
of the column, than in the agitated turbulent condiHons of the
conventional cell, '

The f{flotation activity of air bubbles increases with air bubble
conditioning time (Tyurnikova et al 1981). The substantial height
of the column allows bubble residence times of about 40 seconds in
the collection zone, which allows enough time for conditioning. The
bubble residence times in conventional cells is considerably less,
probably 1-5 seconds.

/
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The combination of counter current flow and quiescent conditions of
the column are associated with higher attfachment efficiencies than

the turbulent, co-current conditions in the conventional celil.
2.3.1 Advantages And Disadvintages Of Column Flotation Cells

Metallurgically, the following advantages are claimed for column
cells:

a} Improved recovery

The recovery of both fine and coarse particles is enhanced in the
column, The longer 'useful' residence time in the column achieves
better recovery of fine particles due to the increased probability of
collision, The quiescent conditions allow a large particle to be
attached to several bubbles at once, and so be carried to the
overflow lip, The absence of turbulence reduces the probability of

detachment.
b) Improved concentrate grade
The displacement of process water and its entrained fine gangue by

a blanket of ¢lean wash water significantly improves the concentrate

grade,
Other advantages given in the literature are:
c) Siﬁgle unit operation

The inherent short circuiting in conventional cells is less likely to
occur in the counter current regime of the flotation columm. Thus
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a whole bank of mechanical cells can be replaced by a single column
cell. This has been demonstrated industrially at the Gaspe Copper
Mines Limited (Coffin 1982) where sixteen ceils were replaced by a
single column. Therefore the requirement of a minimum number of

conventional cells, usually six, does not apply to the column cell.
d) Large capacity unit operation

4 single column can process the feed to a small plant, At Harbour
Lights Mine, Western Australia, (Subramanian et al 1988) a single
2,5 meire column acts as a rougher for a plant processing 100 tons
per hour. Often columns are able to process higher feed densities.
¢} Low maintenance

There are no movixig parts in the column and, because of the
cuiescent conditions, there is little wear by abrasion.

f) Simple scale-up

The relatively simple mechanism of descending particles and
ascending bubbles and the lack of turbulence makes scale-up and
modelling easier using conventional chemical engineering techniques
{Dobby and Finch 1986).

g) Small floor space

The column is a wertical unit and requires less floor space than
conventional cells.
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h) Low capital cost

The cost of the column is low because there are no moving parts
and electric motors. Often it is a homemade device and can be

constructed from standard steel pipe.

i) Low operating cost

The absence of moving paris means that the energy consumption of
the column is approximately 50 percent of that of a conventional

cell, Table 2.1 shows data generated in China comparing the
important cost factors of column and conventional cells of the same

capacity.
The disadvantages of column cells noted in the literature arve:

a) Problems of plugging and scaling of the sparger

"The sparger is the heart of the column® (Wheeler 1986) and any
deterioration in itz performance will significantly reduce the
efficiency of the cell. The best sparger available to date is the
USBM bubble generator, The device is, however, expensive to
operate in South Africa, as it requires significant quantities of pure
water (about five percent of the column's feed capacity).

b) More reagent conditioning is required

Efficient conditioning of the feed after reagent addition should take
place before the pulp enters the column cell due to the absence of
turbulence. The turbulent conditions in a conventional cell will, to’
some extent, compensate for inadequate reagent conditioning.
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Table 2.1

COST OF COLUMN AND CONVENTIONAL CELLS OF
THE SAME CAPACITY COMPARED.

(Hu &Liu 1988)

Unit Column Conventional

Power consumption kWh/t 0,477 0,889
Area Occupied:

Flotation Section m? 216 340
- Compressor Section m? 54 -

Total m? 21 360
Floor Area:

Fiotation Section m? 256 672

Compressor Section m? 540 -

Total m? 796 672
Weight of Equipment:

Flotation Unit T 18,14 45,387

Auxiliary (pump,

compressor, ‘

conditioner) T 10,53 2,72
Total T 28,67 48,107
Installed Power:

Flotation Unit kW 30,2 225,1

Auxiliary (pump, ' '

compressor,
conditioner) kW 113,0 24,0

Total kW 143,2 249,1

[T

e I

o
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c¢) More difficult startup and shutdown

Care has to be taken during start up and shut down that the
tailings line does not block with settled solids or that the contents
of the column do not settie out.

d) Low open area

The open area of a column is relatively low compared to that of a
conventional cell, The open area to pulp volume ratio of the column
is approximately ome fifth that of a conventional cell. The bubble
surface area for carrying concentrate to the overflow lip is the
carrying capacity limitation of the column, This disadvantage
becomes important when the majority of the feed is recovered to the

concentrate, for example, in coal flotation,

2.4 COMMERCIAL APPLICATIONS AND DESIGNS OF FLOTATION
COLUMNS

2,4.1 Mines Gaspé

Comparison of the conventiorial and column circuits at Mines Gaspé,
Quebec, Canada (Coffin 1982),

During the eighties, major process and equipment modifications were
implemented to cope with changing feed rate and mineralisation.
The major change was the replacement of conventional flutation with
column flotation in the cleaning section. The bulk copper/
molybdenum concentrates from all flotation circuits were originally
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'~ Figure 2.3

Mines Gaspé

(Coffin 1982)

CONVENTIONAL MOLYBDENUM CIRCUIT

‘l Mo-Cu concenirales

NaSH
¢ Cu
] concentrates
N MNECEECEE o= NaCN
o 3 ¢4
‘ Fl t i ll | S Il
NapN
_ Y I
| pommm=p--=--NaCN N
-::t::"c::;i*El -l‘....,"'i\\. - =

Mo concenirates .

b




-]17=-

fed to the circuit shown in Figure 2.3, The circuit consisted
initially of a bank ~f seven 8,4 m® Wemco cells, the tailings of
which was the copper concentrate. All tﬁe rougher concentrate was
then cleaned in a single stage in two banks of eight 1,4 m? Denver
DR cells. The first cleaner concentrate was routed to two cleaning
stag.es in a row of eight 1,1 m? Denver DR machines., The third
cleaner concenirate was floated in six stages of cleaning in another
bank of eight 1,1 m?® Denver DR cells, The ninth cleaner
concentrate was pumped into a 1l5em cyclone in close circuit with a

ball mill. The cyclone overflow was routed to the final four stages

of cleaning in a row of eight 0,65 m?® cell-to~cell Denver floating

machines.

As can be appreciated, the main problems with this circuit were the
long retention times and the large circulating loads. The circuit
was inherently unstable and difficult to control.

The decision was made to investigate the use of two-stage cleaning
by column cells (0,9 m x 0,9 m % 12 m primary cleaner and 0,45 m
x 0,45 m x 12 m recleaner). Provision was made for further
cleaning of the column concentrates if necessary, and the circuit
that evolved consisted -of four conwventional fletation banks and two
columns performing a total of eight flotation steps.

The final step was to replace the first cleaner row of sixteen
1,4 m® ‘Denver DR cells by a 1,8 m x 1,8 m x 12 @ column. The
resultant flowsheet, shown in Figure 2.4, consists of one
conventicnal bank of cells and three columns for a total of four
flotation steps. The overall results are summarised in the following
table,
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Figure 2.4

Mines Gaspé -

(Coffin 1982)
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Circuit Recovery ¥ | Upgrading
From To
% Mo % Mo

Conventional 64.5 0,69 50,3

3 Columns 80,3 1,00 52,4

Despite the reduction in the number of cleaning stages, the
recovery as well as the grade of the molybdenum concentrates

improved.

Column design at Mines Gaspé

The feed port on the columns was fitted 3 m, a quarter of the
column height, below the overflow lip, Wash water spray pipes
“were installed a few inches below the froth surface. Temporary
disruptions of the wash water supply were found fo result in a
'drop in concentrate grade, The columns were well instrumented
(Figure 2.5), The tailings flowrate was maintained at a higher rate
than the feed by a fixed amount., This control strategy ensured
good washing of the froth and a net flow of liquid down the column
(positive bias). The pulp/froth level was detected by a differential
‘pressure cell and the froth depth was controlled at a constant value
(between 1 m and 1,3 m) by manipulating the wash water flowrate.
If the level dropped the wash water flowrate increased and vice

versa,
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Figure 2.5

Mines Gaspé

(Coffin 1982)
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Column operation at Mines Gaspé
The following operating factors were found to be important:

a) Feed flow: Stable feed flowrate was critical for good
performance. If the design feed rate was exceeded (see Figure

2.6), a dramatic drop in recovery was observed,

b) Air: The condition of the bubbles was important and an on-
going inspection and maintenance was required. The bubble

flowrate was set in proportion to the feed solids flowrate.

¢) Wash water: Water pressure fluctuations caused disruption in

the operation of the column and poorer performance.

.4.4,2 Harbour Lights

4
Harbour Lights Mining is a gold mine located in Leonora, Western
Australia, The deposit consists of an oxide ore body lying above a
suiphide ore body. The oxide ore is freated by a conventional
carbon-in-pulp plant and the sulphide was to be treated by
flotation, (Subramznian 1988).

The gold present in the sulphide ore is fiee gold or is associated
_ with pyrite and arsenopyrite. The sulphide ore contained
significant amounts of talc minerals and initial laboratory testwork
indicated that this would have an adverse effect on grades. Two
pilot campaigns during 1986-1987 proved successful and a commercial
plant was constructed and commissioned in August 1987. The final
circuit consisted of a primary rougher column 2,5 m in diameter and
12 m high which recovered material at finished grade. The column
tailings were treated by six Outokumpu OK17 cells which acted as

scavengers. The scavenger concentrate was cleaned in a second
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Figure 2.6

Mines Gaspé

(Coffin 1982)
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column cell which was 1,2 m in diametar and 12 m high., This
concentrate was also final grade, while the cleaner tailings were

recirculated back to the conditioning tank of the first column. The

flowsheet is shown in Figure 2.7. Absolute figures are not given

but the following points are listed:

a) Stage 1 (rougher) column flotation produced concentrates
equivalent to, or better than, conventional with three
cleaning stages. |

b) The table below compares the results from the column as a

single stage rougher to multistage tests in conventional cells,
It is noteworthy that the column concentrate grades are

better than those achieved in open cycle laboratory tests

with two cleaning stages.

—

Type of cell Scale Coneentraiz Assay
Gbld Arsenic Sulphur

| st % &

Conventional | Laboratory| 135 1z 28

{Column Pilot 149 11 33

¢} The resulis indicated that an all colummn circuit was feasible,
but it was considered too great a risk at the design stage and
therefore a hybrid design was used. Although not specifically
stated, the authors indicate that in future they would be

prepared to go for an all column circuit.

T3

e e .

e T e e i r———
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Figure 2.7

Harbour Lights Flowsheet
(Subramanian 1988)
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Column Design at Harbour Lights

The superficial feed and gas rates were 1,6 and .1,5 cm/sec
respectively for the larger roughing column. The slurry entered
the column through a centre fred well and was distributed by a
multiport system to minimize turbulence. Six internal wvertieal
baffles were provided to a height of about eight metres from the
bottom to minimise axial mixing. The area of each baffled
compartment was 0,8 mz. The total height of the column was 12 m
and the minimum retention time was 1l minutes. The gas sparger

consisted of a perforated pipe wrapped in filter cloth.

The wash water distributor resembled 2 -spokes-and-wheel
arrasgement and acted av a shower, presumably above the froth.
Apparently wash water was only used when the concentrate grades
dropped. '

The design of the 1,2 m diameter cleaner column was similar except
that it had one baffle.

The control system involved simple level contrel., A differential
pressure cell was used to measure the interface, which was
controlled via a pinch wvalve on the tailings line, To prevent
contamination of the product with feed, an emergency system was
installed to direct the feed to the sump if the level in the column
appreached the overflow lip, The gas and wash water flowrates
were set using rotameters. Sight glasses were used to check the
froth/slurry interface. No bias controls or overflow measurement

devices were installed.

2.4,3. Magma Copper Company

Comparison of Conventional Flotation and Column Flotation at Magma
"Copper Company, Arizona, USA (Clingan and McGregor 1987},

The mining circuit treats 57 000 tons per day of a porphyry copper

A

K<
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deposit with molybdenum as a by-nroduct., The successful imple~
mentation of column flotation in other molybdenum circuits with the
reduction in the number of cleaning stages, the increase in
recovery and grades and the reduced operating costs cited by
molybdenum plants using columns as cleaners, prompted a decision
to replace the conventional cleaning section (Figure 2.8) with

columns.

Two column cells 1,5 m and 1,8 m in diameter and 12 m high were
installed, The height was dictated by the flotation plant building.

The columns were operated in parallel as a single stage (Figure
2.9), and replaced two stage conventional cell cleaning. The
columns replaced 36 Agitair 1,13 m? cells, 2§ on the first cleaner

 and eight on the final cleaner,

The column veolume was 1,23 times the volume of the conventional

cells,

The molybdenum recovery to the bulk copper/molybdenum concen~
trate improved by 5 percent after the installation of the columns.
The reason for this improvement is thought to be the superior
performance of the columns on fine material. The copper recovery

and grades remained similar.

2,4,3 Column Design at Magma Copper Company

The column designs were based on the flotation column scale up

method of Dobby and Finch (1985). No pilot plant work was done,
and the design parameters were based on the performance of the
existing two-stage copper cleaning circuit. Calculations indicated
that two columns would be needed with diameters between 1,5 m and
1,8 m. It was decided to build one column of 1,5 m diameter and

ir::“
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Figure 2.8
San Manuel Flotation Circuit with
Conventional Cleaning

(Clingan and Mc Gregoxr 1987)
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Figure 2.9
San Mznuel Flotation Circuit with

Column Cell Cleaning

(Clingan and Mc Gregor 1987)
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one of 1,8 m to build up design data for future installations. They
were designed to be operated in parallel.

An extensive column cell control system, which is described by
Amelunxen and Redfearn (1985), was fitted to each column.

A bias ratio control loop adjusted the wvalve on the tailings line to
maintain a constant ratio between the tailings and feed {flowrate,
The pulp level conirol loop adjusted the wash water flowrate to
maintain a constant pulp level, The gas rate to the cell was
controlled by correlating the wash water flowrate to the bias.  Part
of the air control loop inveolved measuring air holdup (percent air
present in the slurry). Operation of the columns indicated that a
simple level control manipulating the tailings flowrate would have

been sufficient.

The spargers were fabric-covered filter disk sectors. The sectors
were arranged to fit within the cross section of the cell with the
narrow end of the sector towards the centre, having a "pie-like'
appearance, The tightly woven polypropylene fabric covering the

- spargers required_replacement every two months.

The metallurgical results for the two cells were similar and the
additional retention time of 44 percent in the larger column was
thought to be offset by a higher sparger surface area to air flow
ratio and a smaller bubble size in the smaller column. The
greater axial mixing in the larger column may also be responsible
for its poorer performance. The froth height varied between 0,6 m
to I m and no effect was observed on grade or recovery. No
difference in performance was observed when the bias ratio was
varied between 1 and 1,15, Grade decreaszd when the bias rate
was less than 1 and molybdenum recovery decreased when the bias
ratio was greater than 1,15. Gas rate proved to be the most
important variable at San Manue] (Figure 2,10). The recovery was
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Figure 2.10

Copper Concentrate Grade and Recove?y
with Air Flowrate to Cell Volume Ratio

(Clingan and Mc Gregoxr 1987)
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found to improve with gas rate at the expense of grade until bubble
coalescence became sc extreme that the froth surface became

disrupted.

2,4.4 Summary of Applications Worldwide

There are many other applications documented in the literature:
Amelunxen and Redfearn (1985), at Gibraltar Mines, Espinosa et al
(1Y89) at Mount Isa Mines, Fee' w et al (1987) at Inco's Matte
Separation Plant, Mauro and Grundy (1984) at Lorex Mining
Company, Fickling et al (1989) at Black Mountain in the Cape
Province, Lists of applications of column cells have been
published by Hu and Liu (1988) relating to China, Table 2,2,
relating to North America by Moon and Sirois (1988), Table 2.3,
and worldwide by Yianatos (1989), Table Z.4.

Such lists give an owverall view but ére out of date as soon as they
are published. Clingan and McGregor (1987) and Yianatos et al

(1986) published column flotation surveys, Tables 2.5 and 2.6
respectively, which summarise the important design parameters of

existing columns.
2.5 CARRYING CAPACITY

Z.5.1 Carrying Capacity Models

The carrying capacity of a flotation column in a particular
application is the maximum mass flowrate of the concentrate stream
divided by the column cross section. It is limited by the capacity
of the bubbles te carry mineral tc the froth overflow lip. Carrying
capacity (-Ca) is an important scale-up parameter, especially for fine
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Table 2.2

Use of Column Cells in China

(Hu and Liu 1988)

The following flow sheets have been used in practice:

a}
b)
¢)
Q)

e)
£)

Rougher-scavenger: wused for simple Cu sulfide ore and.
phosphate ore.

Scavenger alone ({conventional flotation cells for roughing):
for Cu ore.

Two-stzge roughingi for complex clayey Cu ore,
Rougher-scavenger-cleaner: for complex clayey Cu ore.
Roﬁgher—-deaner: for coal and iron ore..

Rougher~scavenger (conventional flotation cell for cleaning):

For Sn ore, W ore and mixed sulfide and oxide ore of Cu-Pb-
Sn-Mo-Bi etc. '
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Table 2.3

Applications
of Column Flotation in North America

(Mcon and Sirois 1988)

INCO, Thompson, Manitoba.

INCO, Copper ClLff, Ontario.

Hudson Bay Mining and Smelting Co, Ruttan Mine, Manitoba.
Falconbridge Nickel Mines Lid, Falconbridge, Ontario.

Cominco Litd, Kimberley, Britishtcolumbia.

Cominco Ltd, Polaris Project, Greenland.

Coﬁnincp Ltd, Réd Dog Project, Alaska.

Utah Mines Ltd, Island Copper Mines, British Columbia.
Noranda Mines Ltd, Gaspé Copper Mine, Murdochville, Quebaec.
Noranda Mines Lid, GECQ, Manitouwadge, Ontario.

Noranda Mines Lid, Brunswick Mining and Smelting Corp Ltd.,
Bathurst, New Brunswick.

Gibralter Mines Ltd., McLeese Lake, British Columbia,
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Table 2.4

Summary of Pilot Plant and Plant Operations - Yianatos (1989)
{* indicates column testing reported)

AUSTRALIA

Amdel, Adelaide *several
BHP Central Laboratory _ *coal
Blue Spec/Golden Spec W.A. gold
Harbour Lights, W.A. gold
Hellyer, Tasmania lead, zinc, silver
Kambalda Nickel Operations (WA) nickel
Mount Isa Mines, Queensland copper, lead, zinc
Paddington, W.A, : gold
Renison Ltd Tasmania *tin
Riverside Coal Preparation Plant coal
Tefler, W.A., copper
Woodcutters, N.T, zinc

CANADA
Geco Mines, Ontario . copper, lead
Gibraltar Mines, B.C. copper
Inco, Ontario : copper
Inco, Thompson : copper
Lornex Mining Co., B.C. copper, moly
Mines Gaspé, Quebec moly
Cominco, Polaris lead, zinc
Niobec, Quebec *carbonr 13, niobium
Noranda, New Brunswick *copper, woly
Noranda, Mattabi, Ontario *copper, lead

CHILE
Cia, Minera del Pacifico *phosphates
Codelco, Chuquicamata copper, moly
Codelco, Andina *copper, moly
Codelco, El Teniente *copper
Exxon, Disputado, Les Bronces copper
Exxon, Disputada, El Scldado *copper
La Escondida ¥copper
Mantos Biancos, Antofagasta copper
Soquimich *agtrakanite

PAPUA, NEW GUINEA

Bougainville Copper, Panguna copper
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Table 2.4 Continued

Cuajone, Tatna

Uusa

Cominco, Alaska {project Red Dog)
Cyprus Minerals, Sierrita, Arizona
Magma Copper Co., Pinto Valley

copper

¥lead, zinc

copper, moly
imoly

Magma Copper Co., San Manuel, Arizona copper, moly

Kennecott Copper Co, New Mexico
US Burea of Mines, Salt Lake

moly
*fluorite, chromite

T



Table 2.5

(¢lingan and MeGregor 1987)

Column Fiotation Survey Summary

Cyprus Minerals,
Slerrita

Exxon Minerals,
L.os Bronces {Chile)

Inco Limited,
Gopper CHif

Kennacott Mining Co.,,
Chino

Magma Copper Co.,,
Pinto Valley

Magma Gopper Gb..
San Manuel

Noranda Mines,
Gaspe

Southern Peru Copper,
Cujone

US Bureau of Minas,
Salt Lake

Call Dimensiona

MHelght x
Dlamater (m}

150 x 0.9
15.0 x 0.9
16.0 x 0.9
18,1 % 2.0

120 x 09
12.0

p=J
F
h

om inox b

b wlh ek —
= NN o
nte oy Mo E S
XM XX XXX XX X
s OO0 OO0 -

PR

9.7 x 1.2 ®x.1.2

38 x 08

13,8 x 0.45
13.6 = 09
136 = 1.8

12,1 x 12

5.5 x 0.06
4.2 x 0.06
4.2 % 0.08

Haighi to
Diameatar
Ratlo

16.5:1
1€.5:1
18.5:1
781

13.1:1
26.2:1
10.4:2

8.1:1

28.5:1
18.0:1
12.7:1

12.5:1
12.5:1

Type ol
Circuit
Mo

Mo

Mo
CuiMo

Cu
Cu

Cu
Cu

Mo
Mo
Mo

Mo
Mo

CuiMo
CufMo
Mo
Mo

Mo
Mo
Mo

Cu/Mo

Fluorite
Fluorite
Mica

Application

Inter, Clnr,
inter, Clor,
inter. Clnr.
FInal Clnr.

Final Clinr.
Flnal Clnr.

Flnal Cinr,
Flnal Clnr.

Final Cinr.
Intar. Clor.,
Scavenger
Inter. Clnr,
Scavenger
Flnal Clnar.
Finat Cinr.

Inter. Glnr,
Finat Clnr.

Finat Clne,
Inter, Clnar.
Intar. Clnr,

Final Clnr.

Rougher
Final Clnr.
Rougher

Sparger
Type
Fabrlc
Fabric
Fabric
Fatirle
fFabric
Fabrle

Parf. Rubber
Perf, Rubber

Fabrie
Fabrig
Fabric

fFabric
Fabric

Fabric
Fabrle
fabric
Fabrlc

Perf, Rubber
Pesf, Aubber
Peri. Rubber

Fabric

usaM

- USBM

usemM

" AlrFlow =

Rate to Minacal
Co¥ Volume Recovery
Rafio (%)
0.09:1 38,2
0.08:1 38.2
0.0841 36.2
0.21:1 97.0
0.20:1 88.0
0.20:1 88.0
0.14:1. 50.0
ND ‘ND
0.096:1 85.0
0.01:1 34,0
0.07;:1 75.0
0.2041 ™o
0.20:1 0.0
0.22:1 98.0
0.22:4 86.0
0.18:1 50,0
ND 40.0
0.30:1 72.09
G151 8297
0.08:1 85,79
ND ND
0.32:1 95.8
0.38:1 98,0
0.47:1 90.0

Pulp
Leovel
Cantrol

Auto
Auto
Auto
Auto

Auto
Auto

ND
ND

Auta
Aula
Auto

Auto
Auto

Auto
Autc
Auto
Auta.

Auto
Auto
Auta

ND

Auto
Auto
Auto

Bias
Controf

Man,

. Man,

Man,
Man,

Auto
Auto

ND
ND

Man.
Man,
Man,

Man,
Man,

Man,
Man.,
Man,
Man.
Auto
Auto
Auta.

ND

Man.
Man,
Man,

Alr
Flow
Contral

Man,
Man,
Man,
Man,

Man,
Man,

ND
ND

Man,
Man,
Man,

Man,
Man.
Man,
Man.
Man.
Man.

Auto

Autg
Autn

ND

Auto
Auto
Auto

Frath
Depth
{m)
0.3
0.3
0.3

ND = No Data
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Table 2.6

Survey by Yianatos (1987)

Column Shape Application Gas Uperation
Dimensions Sparger
(m)
0,9 x 15,0 Circ. Mo cleaner Fil. cloth Cyprus
2,0 x 15,1 Cire. Cu/Mo clnr Fil. cloth Minerals
Sierrite
0,9 x 12,0 Cire, Cu cleaner | Fil. cloth Disputada
¢,45x 12,0 Circ. Cu cleaner Fil. cloth Exxon
Chile
0,9 x 13,6 Square Mo cleaner perforated Codelco
rubber Chuquic-
amata
1,1 x11,0 Circ. Cu cleaner perforated INCO
1,8 x 11,0 Cire, Cu cleaner rubber Copper
' Cliff
6,6 x 11,0 Circ. Mo cleaner Fil, cloth Lornex
0,9 % 12,8 Cire. Mo cleaner Fil. cloth Mining Co,
0,6 x 7,6 Circ. Mo cleaner Fil, cloth Magma
0,6 x 7,8 Cire. Mo scav. Fil. cloth Copper Co
Pinto Vall.
1,8 % 12,1 Circ, Cu/Mo clnr. Fil. cloth Magma
1,5 x 12,1 Circ. Cu/Mo cinr. Fil. cloth Copper Co.
1,2 x 1,2 9,7 Square Mo cleaner Fil. cloth San
0,8 x 3,6 Circ. Mo ¢leaner Fil. cloth Manuel
0,45 x13,6 Square Mo cleaner perforated Noranda
rubber Gaspe
0,9 x 13,6 Square Mo cleaner perforated Mines
rubber
0,4 x 11,4 Cire. Mo cleaner . Fil. ¢loth Kennecott
0,6 x 11,6 Cire. Mo cleaner Fil. cloth Min. Co.
0,9 x 11,5 Circ. Mo scav, Fil. cloth Chino
2,1 x 13,0 Cire, Cu cleaner Fil. cloth Gibraltar
Mines
1,2 x 12,1 Cire. Cu/Mo cleaner | Fil. cloth Sthn Peru
I Copper

Cuajone
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particle applications (Yianatos 1989). The maximum carrying
capacity can be determined from pilot plant experiments (Espinosa-
Gomez et al 1988) as mass of sclids per unit column cross-sectional
area per unit time. Alternatively, Ca can be estimated from the
following semi-theoretical relationship (Espinosa-Gomez et al 1988A).

= r &
Ca 60.K1 (Hp pJ

dy

g Equation 2.5.1

where Kl is a combined _efﬁciency factor to account for unknowns
such as a bubble coverage and solids drop~back from the froth.
dp is a measure of particle size and Jop is the particle demsity. J
is the superficial gas wvelocity and d, is the average bubble
diameter,

A simpler model for carrying capacity has alsoc been developed by
Espinosa~Gomez et al (1988) based on Equation Z.5.1.

C, = 0,0682 (daoﬁp) Equation 2.5.2

Equation 2.5.2 is a "best-fit" equation for eleven column flotation
applications of both laboratory and industirial scaie. The dg, is
defined as the aperture size through which 80 per cent of the
particles would pass. The dBO was used as an indication of paricle
size distribution because it "is relatively easy to obtain compared
to, say, the d,," (Espinosa~Gomez et al 1988),

The finer particles consume more bubble surface area per gram than

1
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coarser particies. If the distribution is dominated by fines, the
carrying capacity will be limited by the fine rather than the coarse
part of the size distribution, and the dZO’ although perhaps more
difficult to measure, would probahly be a better mcasure of par”
size for carrying capacity than the dSU' If the distribution is
dominated by coarse particles the dg, would probably be the better
measure However, neither are able to describe a whole particle size
distribution using one point.

In any case, in flotation the critical size parameter is really the
area occupied by the particle on the bubble surface, because once
the bubble is covered it is fully Ioaded. Therefore the
cross=-sectional area of a part_icie, which determines bubble loading,
should be used to calculate mean diameter (Moys and Finch 1988).

2.5.2 Derivation of_ a Suitable Mean Particle Size

Figure 2.11 represents a typical plot of mass distribution pc(l) for
particle size (diameter 1).

Epherical particles are assumed, and the particie size parameter
used in this study is the particle diameter dP that has the mean
cross~sectional area of the particles in the sample.

The total cross-sectional area of a group or sample of particles is

equal to the total number of particles multiplied by the mean
particle cross-sectional area of that sample.

The mean cross-sectional {CS) area = 1TT dpz .

4
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Figure 2,11

PARTICLE SIZE DISTRIBUTION BY MASS

Pg(l)

Particle Diameter (1)
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The total CS area = N T‘r"trlp'2

4

where N = the total number of particles

N = Total Mass
volume of mean particle . particle density

As the total mass = .j&pc-(l)dl =1,
Pie . .

b
i}

-

_/JP is the mean density of the particles and is assumed to be a

constant.
The total CS area of the sample

= (CS area of the mean particle) . N
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T 4.2 1
= P .
4 TYd 3.2
P P
6
6
= Equation 2.5.3
4
P P

The GCS area of the particles of diameter 1 to Idl {whose
distribution is described by a number distribution n(l))

(number of particles in the interval)

(the CS area of a sphere of diameter 1)

a(1)al 7712

i

4

H

p.(Ddl TT12
fpﬁl‘-" 4

6

The cross-section of the whole sample from 1 =0 to 1 = o0

i"“"‘ﬁ‘l2 pc(l)dl
T - LY )
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6 (oep (mal | -
= Equation 2.5.4

Equating Equation 2.5.3 and Equation 2.5.4

6 ) 6 | c(l)dl
4 d 4 1
/o % /pJo
S -1
p.(Ddl
dp = Equation 2.5.5

The {formula is equivalent to the d(3- 2) °F the Sauter mean

diameter, as shown in Appendix I.

2,6 FLOTATION KINETICS IN COLUMN FLOTATION

2.6.1 Introduction

In attempting to find a suitable model for the kinetics of the
flotation column at ERGO, a search was made of the literature for
an adequate mathematical model to describe the flotation kinetics and

estimate important parameters.

From the literature it was clear that first order kineties adequately
describe the recovery of a single flotable species (Harris and
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Chakravarti 1970). Two models specifically used for column
flotation have been proposed by Dobby and Finch (1986), and
Contini et al (1988). Dobby and Finch (1986) use the Kelsall
(1961) model which assumes two flotable species; one fast floating
and one slow floating.

r=(1-x }(1- exp (-kft)) + x(1 - exp (-kst))

This is a three parameter model and x is the fraction of wvaluable
mineral which is slow floating, ks is the rate constant for that
fraction, and kf is the rate constant for the fast floating fraction.

Contini et al {1988) propose using the first order rate equation.

r=1-—expknt

for each narrowly spaced size fraction and individual species.

Dowling et al (1986) and (1986A) tested 13 different kinetic models
on industrial conventional circuit and batch cell data, and in their
list of preferences the Kelsall model fared badly. They also found
that 'flotation models with more than two descriptive parameters.,.
cannot be statistically justified since these assumptions introduce
model error measureable by a poorer fit and for wider confidence
limits®. The best model they found was that which assumed a
uniform distribution of component flotabilities and a first order rate
equation: |

r = R{(l-1 (l-exp(-kut)) _ Equation 2.6.1

kgt
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Seven different ores were used to generate the batch cell data _far
different reagent additions and different flotation stages e.g.
roughing and cleaning (Dowling et al 19864).

Although the 13 models were applied to batch cell data, their
performance is ‘relevant to the choice of a column flotation model
- because the reaction rate in a batch reactor is described by the
same models as that in a plug flow reactor (Levenspiel 1972).

The two industrial rougher flotation circuits modelled {Dowling et al
1986) were Nchanga Consolidated and Tennessee Copper Company.
The roughing circuits for Nchanga and Tennessee Copper consisted
of 20 and 24 copventional cells in series, The abilities of the
various flotation rate m dels to predict the performance of
conventional flotation circuits may be used as criteria for choosing a
column flotation model, as it may be demonstrated that the
performance of n back mixed reactors in series approaches that of a
plug flow reactor for a simple first order reaction as n approaches
infinity (Levenspiel 1972), Ten back mixed reactors perform like a
plug flow reactor within experimental error, and therefore plug flow
flotation columns may be modelled in the same way as the rougher

flotation circuits at Nchanga and Tennessee Copper.

Further, there are a number of practical considerations in choosing
a kinetic model for column flotation. Firstly, recovery versus time
data is limited to the number of different feed rates that the column
can operate at without the pulp lines blockb.; This is particularly
important for pilot plant work because the narrow pipe sizes are
prone to blocking. Indeed, experience at ERGQO was such that each
flowrate setting (or residence time) required its own pipe and

essentially three sets of residence times were achieved.

Secondly, due to the continual variation of the feed to the column,
and its fineness, recovery data for individual size fractions are
difficult to determine with any confidence.
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It was decided to use the model preferred by Dowling et al (1986}
and (1986A) because it has many advantages for column flotat.on.

a) It can be used to predict recovery after infinite flotation time.
This parameter is useful for evaluating the potential of column
flotation for improving the performazice of a conventional
flotation circuit.

b) It is a two parameter mode! and therfore can be statstically
justified. A two parameter model requires only three data
points.

e¢) It was found to yield a good fit on conventional circuit data
{Dowling et al 1986) and it was the preferred model out of the
thirteen tested.

The disadvantage of the model is that it cannot be easily developed
to account for axial mixing in a column.

2.6.2 Derivation of Rate Equation

The model was derived fer conventional batch flotation cells by

Huber-Panu et al (1976). The derivation given below is :or the

flotation cclumn.

The following assumptions were made:

a} the flow of slurry down the column is assumed io be plug flow,

b} Steady state conditions prevailed opver the sampling period,
There was no important variation in either the quantity and or

quality of the feed pulp and there was no variation in the
operation of the column.
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c¢) The non-flotable valuable mineral particles of the ore are
denoted by (1-R).

d) The feed of the pilot plant ERGO scavenger concentrate was
considered o be monosized material., While not rezlistic, this
assumption was made necessary by the fineness of the material.
Idenlly the material would have been screened into several size
fractions and the flotation rate constant of each considered
individually, However, the feed material was in the region of
87 percent minus 45 micrometres (see BR2 head size analyses -
Appendix II), and cyclosizing was required for sizing., The
assay laborzlury requirement for accurate gold analysis is 100g.
As only a small quantity of material may be cyclosized at one
time, and the majority of that reports to the ulirafine fraction,
many cyclosizer runs would be required for each sample. The
cost of such subdivision was prohibitive.

- Flotability

The degree of hydrophobicity of the valuable minerals is determined
by the physical (e.g. liberation) and chemical (e.g. reagents)
conditions in the column. The hydrodynamics of the column
determined the collision probabilities and collision efficiencies
betwzen the bubbles and particles. These factors are reflected in
the flotability (k) of the valuzble minerals. " The flotability can also
be described as the rate of flotation.

The kinetics of flotation of flotable particles of flotability k can be

accurately represented by a rate equation of the form

_dC(k)
dt

.=~ k N C(k}

where C(k) is the concentration of potentially flotable minerals in
the pulp of flotability k, and N is the number of bubbles per unit
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volume of pulp and t denotes time. Using the following terms the
equation may be rewritten; X(k) as the fraction of potentially
flotable valuable mineral of flotability k in the feed which remains
unfloated i.e, in the pulp. phase and C0 as the feed value of C.

COdX(k) =-k.NG‘J X{k)
dt '

The CO terms cancel on both sides.

d X&) _ _ k N X(k) Equation 2.6.2
dt

As the flotability of valuable mineral particles differ from ome to
another, the distribution of the flotabilities is characterized by a
density function for particle flotability f(k}.

Let the fraction of valuable flotable mineral in the feed which is not
recovered be X'I" The fraction of wvaluable mineral recovered r,
can be written as the fraction of the valuable mineral which is
recoverable in the feed R, times the fraction of the recoverable
mineral which actually is floated ( 1-Xr).

then r = R(1-X.) Equation 2.6.3

The fraction of the flotable valuable mineral particles of flotability
between k and k + dk in the feed is f(k) dk. The fraction of
material of flotability k in the column feed which is lost to the
column tails is X(k) by definition of X(k) i.e. the fraction of
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valuable flotable mineral of flotability k in the feed which remains in
the pulp.

. _
Xp = 17 X(k) £(k) dk
0 _

where k  is the maximum flotability of all the particles in the feed.

Substituting Equation 2.6.3

¥ = R(1 —~J’ B X(k) flk) dk } Equation 2.6.4
0 .

Flotable vajuable mineral balance
Balarice over time t to t+ &t of the flotable valuable mineral of
flotability k in the pulp pbase as shown in Figure 2.1Z2.

IN=F Gy X(k)

where F is the volumetric flowrate down the column. ,

-

ouT = F CO (X(k) ~ FX(k))
Rate of removal of valuable mineral from from the pulp phaaé

=}3‘C0 d X(k) £t
dt

Substituting Equation 2.6.2

v

= -F GDkNX(k)Jt.
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Figure 2.12

MASS BALANCE OF VALUABLE.
MINERAL IN THE PULP PHASE

Plug flow of pulp
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Using a valuzble mineral balance i.e.
IN - OUT = ACCUMULATION

the constants F, CO’ cancel.

Therefore

X(k) - (X(k) -7 X(k)) =~k NX(k)gt

d X(k) _ '
S = -kNXK

gt

taking the limit as 5t - 0

d X{k) = -k N X(k)
d X(k) |
3 = -k Ndt

X(k)
Integrating over time for a constant flotability k .

InX(k) = -k Nt
.

7 X{k) = exp (- k N t) Equation 2.6.5
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Substituting equation 2.6.5 in Equation 2.6.4

k
r = R(I—K Mexp (- k N t) £#(k) ak) Equation 2.6.6
0

Case 1

Assuming a uniform flotability (see Figure 2.13) |

WI

k
r = R’(l-[ Pexp(~ k N t) dk)

6 k
m

: k
-exp{- k N t) m
2 r= Rjl- |
k Nt_lo
m
2 r= RJ|l- (l-exp(-kmNt))
kmNt
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Substituting equation 2.6.5 in Equation 2.6.4

k
r = R(l-y mexp {-k N t) f(k} dk) Equation 2.6.6
i]

Case 1

Arsuming a uniform flotability (see Figure 2.13)

1
i.e. f{ky = 0&k£k
S _ m
k
m
km
r = R(1- exp(- k N t) dk)
0 k
: m
km
-exp{~- k N t)
2 r= R|1- {
k Nt _’ 0
m
2 r= R{I- (l-exp(—km N t))
k Nt

m
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Figure 2.13

FREQUENCY PLOT OF FLOTABILITIES

for a Sample of Particles of Uniform Flotability
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let km N = ku

then r = R I_l-- 1 (l-exp{-—kut)) Equation 2.6.7

k.t
Case 2
Assume a single flotability for all the valuable mineral particles

Let k = k, and therefore f(k)dk = 1.

Vo = R(l—_exp(-kaNt))

let ka N = ks
then
r = R{1 - exp(—kst)) Equation 2.6.8
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2.7 AXIAL MIXING IN THE ERGO COLUMN

2.7.1 Calculation of vessel disperéion number

It was important to determine whether the ERGO pilot plant
deviated from plug flow significantly. LaPlante et al (1988)
present an empirical equation 2.6,1 to estimate the dispersion
.coefficient.

D = 0,000298.a>*3L . 7 933 | oxp(-0,025 5).

g

where D is the dispersion coefficient in m/fsec, d is the
diameter of the column in cm, .]’g is the superficial gas rate in

cm/sec, S is the mass percent solids.

Typical values for the ERGO pilot plant were:

d= 23,8 cm
J-g = 1,2 cm/sec
S = 15 per cent

These values yielded an estimate of D to be about 0,014 m?/sec.

The vessel dispersion number N g Was

D

0.L
i

=

where U, is the interstitial pulp wvelocity and L is the collection
zone length. Typical values for the ERGO pilot plant were:
U; = 0,006 m/sec

L=8 m,

S —— e e e A T 8T Lk e o B e e o f st
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These values yielded an estimate _of N, =0,3.

d
" The dispersion number (0,3) indicated that a significant amount
of mixin~ did take place. The mixing in the column affected
the flotation rate constant but not the infinite time reccvery

values of equation 2,6.1.
2,7.2 Comparison of dispersion coefficients

La Plante et al {1988} cited a dispersion coefficient of 0,001
m%/sec for a 5,1 ecm diameter, 9,2 m high laboratory scale pilot
column, 0,54 m?/sec for a 0,516 m diameter commercial column,
The dispersion coefficient for the ERGO pilot plant of 0,014

m?fsec was between the two.

The relative variance of the residence time distribution in the
recovery zone of the column was calculated fo be §,01 from a
formula given by La Plante. Typical values for a bank of
conventional cells vary between 0,1 and 0,3, The ERGO pilot
column did not have plug flow, but had considerably less axial

mixing than commercial flotation cells.

Although t: .~ use of the rate constant in scale-up was not
explored, nor was scale-up of concern in this project, the
infinite recovery wvalues may be used for comparison purposes
 between conventional cell and column flotation tests.
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CHAPTER 3

PILOT PLANT

3.1 HOST FLOTATION PLANT

The pilot plant was built at the East Rand Gold and Uranium
Company Limited (ERGO), ERGO is situated near Springs on the
eastern side of the Witwatersrand. and treats approximately two
million tons of mine dump materi:zl per month., The ERGO circuit is
shown in Figure 3.1. Slime i5 reclaimed from several slime dams by
monitoring with high pressure water, and is pumped to the flotation
plant conditioning tanks., The different dam materials are kept
separate in three streams: A, B and C. The pulp is diluted from
about 50 to about 39 percent .alids and the pH is reduced to 3,8.
It is then pumped to a distribution box at the head of each stream,
where the stream is split into two. The reagents are added just
hefore the distribution box with a reagent conditioning time of
about 45 secon’s. The pulp residence time in the roughing circuit
is about 17 minutes and 90 in the cleaning circuit.

The plant reagenis added are:

collectors:  sodium mercapto benzo thiazole at 85 g/t- .
dithiophosphate at 12 g/t

frother: Polypropylene glycol methyl ethers (Tow 200) at
17 git.

The flotation plant tailings are treated in the Carbon-~in-Leach
{CIL) plant to recover any cyanidable gold.
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3.2 BASIS OF PILOT PLANT DESIGN

It was decided to build the piloet plant on an existing commercial
plant so that the column's sensitivity to normal! changes in operating
conditions could be assessed. The feed to a flotation plant is
continually changing due to the inhomogenous nature of ore bodies.
Feed grade can change from hour to hour, and operating
parameters also fluctuate, as no control system is perfect.
Parameters such as percent solids, pH and reagent addition are not
constant and may change rapidly. The pH contrel at ERGO was
particularly poor and values between 1,% and 5 were measured.

The pilot plant was designed to be large enough to experience
normal industrial scale problems, and was an order of magnitude
larger than the existing column flotation pilot plant at the

University of the Witwatersrand.

The ERGO flotation column was designed around existing equipment
and the largest slhurry puwnp available was a Bredel peristaltic pump
capable of pumping 9 600 £/hr. Assuming a maximum superficial
feed pulp velocity of 5 cm/sec, the column diameter was calculated
to be in the region of 260 millimetres, The nearest size of pipe
available was used, with an inside diameter of 250 millimetres. It
was mild steel with a 6 millimetre rubber lining for corrosion
protection, which reduced the inside diameter to 238 millimetres.

3.2.1 General Dimensions and Capacity

The column height was ten metres, similar to commercial operations
around the world {Yianatos 1987), The other important parameters
were designed to give maximum flexibility. Three feed entry ports
were fitted; 900, 1300 and 1700 millimetres from the top. The 1700
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millimetre port was found to be satisfactory and was used
throughout the testwork. In general the instrumentation (e.g.
rotameters) was designed to =allow for an order of magnitude
varjation on set point. The designed flowrate ranges were specified
by the project supervisor and are summarised below. |

Feed rate

Superficial velocity Jf: 0,5 to 5 cm/sec

Volumetric flowrate Qf: 13 to 130 1/min

Gas rate (STP)

Superficial velocity J ¢ 5 cm/sec

Volumetric flowrate Qg: 130 1/min

Wash water

Superificial velocity Jw: 0,1 %o 0,5 cm/sec

Volumetric Flowrate Qw: 3 to 13 I/min

 Summary of Specifications

Column height {H): 10 metres

Column Inside Diameter (dc) : 238 mm

Feed Entry Point: 1700 mm from the top
Gas Injection Point: 800 mm from the bottom

Height for Collection Zone
Hold Up Measurement: 7470 mm
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3.2.2 Feed and Tailing Pipe Diameters

The mirdimum pipe velocity to keep slurries in suspension is
1,5 mi/sec. The column was designed to operate with superficial
velocities varying from 0,5 to 5 cm/sec. Such a wide variation in
feed/tailings flowrates required different overall pipe diameters.
Three hose diameters were chosen so that over the wide range of
slurry feed rates the slurry velocity was kept in the range
1,5 to 3,5 m/sec. The hoses chosen had diameters of 30, 20 and 14
millimetres. (The closest available hose size to 14 millimetres was

12,5 millimetres).

3.3 BUBBLE GENERATION SYSTEM

The bubble generator is the heart of the column, because small,
uniform bubbles are essential for the column to perform

satisfactorily.

Fine bubbles are required because the open area of the column is
approximately a fifth of that of a conventional cell. Nonetheless,
the bubble surface area in the column must be similar to that found
in the conventional cell at the concentrate overflow lip if a similar
recovery is to be achieved, This extra surface area is achizved
through the use of finer bubbles. The bubbles must be uniform in
size to avoid large bubbles travelling up the column at a high
velocity and coalescing with the finer bubbles.

The USBM bubble generator described by MeKay et al (1988) was
fitted to the pilot plant. It uses an external contactor to intimately
mix the air and frother phases, as shown in Figure 3.2. The size
of contactor indicated in Figure 3.2 was used successfully (McKay
et al 1988) to generate bubbles for columns o:. diameters between 64
and 300 millimeters, so it was decided to wuse the same size of
contactor for the pilot plant. The two-phase mixture from the

contactor is fed to the injection tube inside the column.
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" Figure 3.2
CROSS SECTION OF THE USBM
BUBBLE GENERATOR

Water inlet

Screen |
g /—O-ring

S : N LY
AR
NN NN
r d
L % /|
/1 2B

“ /—Air inlgt

Perforated

fube

Glass beads

E X IR

Fritted disk(2)
3’

ASRTRRENY

N

i
i)

Alr-woter
outlet

—— 2" 1D —

e 4" O ————¥




-63-
3.3.1 Injector Design

McKay (1988) recommends 10 to 12 injection holes per square foot of
column. From this recommendation the number of holes required for
a2 column of 238 millimetres in diameter is five injection
holes.However, the holes are positioned in pairs along the injection

tube, so the number of holes used was six.

The cross-section of the column was divided into three segments of
equal areas: A, B and C (Figure 3,3). The dimensions of the
circular segments were calculated using Table 1-19a from Perry

(1984). Pairs of injection holes were drilled in each segment.
3.4 WASH WATER DISTRIBUTOR

The design of the wash water distributor is as important as the
wash water itself. The wash water must be distributed equally
over the cross—section of the froth to stabilise the froth evenly;
and the jet from the distributor must not mechanically destroy the
froth. Preferably, the distributor should be able to be operated at

various levels above and below the froth surface.

Two designs of wash water distributor design were aitempted, the
bucket distributor and the concentric coil design. The bucket
design was found not to be suitable on the ERGO column, but may
be valid in other applications. |

3.4.1 Bucket distributor design

In order to distribute the wash water evenly, it was decided to let
it drip onto the top of the froth from many points just above the
froth. The more holes, the more evenly the wash water could be
distributed. A flat-bottomed plastic bucket was mounted just above
the surface of the froth, with pin holes punched in a regular
pattern in the bottom.
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Figure 3.3

COLUMN SEGMENTS OF EQUAL AREAS
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Holes were punched rather than drilled to form a protruding lip
around each hole on the bottom of the bucket to facilitate droplet
form.atiOn at each hole and to preveat the drbps‘ from running
together,

It was &ecided to use a 0,75 millimetre hole to provide a gentle flow
of water without the hole blocking, The flowrate through a 0,5
millimetre hole was determined experimentally for 10 tfo 200
millimetres head of water (see Figure 3.4). The results were
adjusted for a 0,75 millimetre hole, and it was calculated that 413
holes were required for the maximum wash water flowrate with a
head of 160 millimetres.

The wash water used was Rand Water Board water. An air agitated
steady head tank was fitted about 2 metres above the top of the
wash water bucket, with a ballcock valve for level control. A pH
controller was fitted to the tamk tc maintain a pH of 3,8 in the
wash water, the same as the feed pulp. A frother dosing pump
added a known amount of frother to the tank so that frother
washed from the froth would be replaced to maintain the stability of
the froth phase. The wash water was fed from the steady head tank
through a rotameter to the top of the wash water distributor.

During commissioning, however, it hecame apparent that this
arrangement was unsuitable, Firstly, it became clear that
wash water addition above the froth did not stabilise the froth
sufficiently and needed to be added below the froth surface,
Secondly, pin holes in the plastic closed over so the wash water
faile¢ to reach its design capacity.

3.4.2 Concentric Coil Design

It was decided to replace the wash water bucket distributor with a
coil-type distributor.

Stainless steel tubing was bent into three concentric coils, which

were joined together radially by another length of tubing. The
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tubing in turn was fed by a vertical section of pipe connected to
the wash water rotameter. Pairs of holes were drilled downwards at
45° in the fubing as exits for the wash water.

Because the coils were fed at only one point in their circumference,
the distribution was found to be uneven, with most water exiting
near the addition points. The coil was inclined at a slight angle
which improved distribution, However, this was not really
satisfactory, and it would have been better to have had four
addition points. '

Becanse it was decided to use three concentric coils to distribute
the wash water, the cross—section of the column was divided inio
three equal areas: A, 5 and C. A concentric ring served each

area with wash water (see Figure 3.5).

Areg A = Aryea B = Area C

Assuming the diameter of the column to be 238 millimetres,

a = 98 mm
B = 69 mm

To find the radius of the coil r  serving area A, the area A was
divided into two equal areas (see Figure 3.5) and r_ was calculated
to be 109 millimetres.

Similarly, for Area B and Ar=a C:

[a ]
o
(]
=2 ]
b
8
]
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Hole spacing

As the hole diameter was 0,75 millimetres, the total number of holes
required for good distribution was approximately 400, Since each
ring served the same surface area, the number of holes per ring

were equal,

The holes were drilled downwards at 45° in pairs, and spaced ten
millimetres apart in coil A, eight millimetres apart in coil B and five
millimetres apart in coil C.

3.5 DESCRIPTION OF THE PILOT PLANT

A schematic diagram of the pilot plant is shown in Figure 3.6. The
column itself was constructed of three sections., The main section
‘'was a rubber-lined ten-inch mild steel pipe six metres in length.
The rubber lining reduced the inside diameter from 250 millimetres
to 238 millimetres. This section was fixed to the plant steelwork at
its top and bottom.

The top section was made of clear PVC and was two metres in
length. At the top of the column the wash water coil was fitted
just inside the column abuut 20 millimetres below the overflow lip.
An overflow launder was fitted at the top to direct the concentrate
overflow into the sampler situated below. The top section is shown
in the photograph in Figure 3.7. The differential pressure
transducer was connected to the side of the column via a flexible
plastic tube filled with water, A section of the tube was wound
into a coil to prevent solids from the column getting inte the
differential pressure cell, The water line was flushed each day to
remove any solids that had accumulated in the line,

The bottom two-metre section was fabricated from two millimetre
stainless steel plate. This facilitated the welding on of "after-
thoughts", which would not be porsible with rubber-lined mild
steel. The USBM bubble generator injector was fitted to this -
gection 700 millimetres from the bottom of the column.
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Figure 3.6

SCHEMATIC DIAGRAM OF ERGO PILOT PLANT
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Figure 3.7
TOP SECTION OF THE PILOT PLANT
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Six manometers were fitted at 200 millimetre intervals up the side of
the top section to measure gas hold-up in the cleaning zone.To
measure gas hold-up accurately in the collection zone a pressure
gauge was fitted at the top of the column and connected via a water
manometer to a point 500 millimetres above the injector. A U-tube
was used at the point of conmnection to the column to prevent the
manometer from draining when the column was emptied. The use of
the manometer leg meant that a very sensitive pressure gauge could
be used. The pressure difference between the lowest of the six
manometers in the top section and the pressure gauge reading was
used to calculate the relative density in the zone between the two
measuring points. The relative density of the pulp in the zone was
assumed to be that of the tailings, and the difference between
actual and calculated relative density was used to calculate gas
hold~up, The  gas hold-ups in the top section were calculated

similarly,

The USBM bubble generation system was controlled from the top of
the column while the generator itself was situated by the injector.
The 20 ppm Dow 200 frother solution was made up in a one cubic
metre make-up tank. The pH of the solution was adjusted to 3,8 at
the beginning of every day. The frother solution was pressurised
using a variable speed Bredel SP15 peristaltic pump connected to an
accumulator to dampen the pulses. Three in-line filters were used
to ensure the water was clean enough so as not to block up the
bubble generator or sparger holes, and a pressure gauge was fitted
into the line to detect when the filters needed cleaning. The
flowrate was measured using a GEC 14X5 rotameter. A ball valve

and non~return valve were fitted to the line for ease of operation.
A pressure gauge was fitted between the bubble generator and the
injector to monitor the pressure drop across the bubble generator.

Initially the bubbler was operated with mine water, which had high
dissolved and suspended solids content, This water proved
unsuitable for the bubble generator, as the silica bed and fitted
disks became inoperative due to suspended solids, and the sparger
holes became sealed. The problem was overcome by the use of

Rand Water Board water, which proved an unfortunate condition, as
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RWB water is expensive and makes the USBM bubble generaior

unattractive for commercial applications.

The compressed air or gas was instrument air, and was available at
seven bar. The air contained significant amounts of oil, and two
in-line coalescing filters were fitted to ensure that the air had less
than 1 ppm oil present, The air rate was conirolled by an air
regulator fitted before a GEC 14K air rotameter. A pressure gauge
was fitted at the top of the rotameter to measure the pressure in
the rotameter. The rotameter was calibrated for air at one
atmosphere and 15°C, The reading was adjusted for pressure
according to the formula below in kPa. '

Q =0

. +
actual calibration / 3 gauge Patmosphere

Pcalibration

where

Q
Q

actual 1 the volumetric flowrate at 1 atmosphere and 15°C.

- . - . . '
calibration % the flowrate obtained from the manufacturer's

calibration curve.

Pgauge is the gauge pressure at the top of the rotameter.

Patmosph ere 15 atmospheric pressure at the measurement

location.
Pc alibration 15 the pressure at which the rotameter was

calibrated by the manufacturer.

A non-return valve and gate valve were fitted to the air line for
ease of operation. All the controls for the bubble generation
éystem were situated at the top of the column for ease of control.

The feed system pumped feed from the scavenger concentrate pump



74—

discharge line up to a steady-~head tank. The tank was cylindrical
with a conical base and had a volume of about 200 litres. A slurry
hose was fitted to the apex of the cone and the slurry was fed by
| gravity to the column. The pH control on the plant was poor and a
pH meter was fitted so tests could be stopped when the plant pH
went out of control. As mentioned previously, three different sizes
of hose were used to allow a wide range of flowrates to be tested
without the line blocking up. All the hose connections were two-
inch Table D type flanges and each shury hose was fitted to a
polypropylene two~inch flange. Thus the hoses could be inter-
changed quickly and efficiently. A reagent pump was installed to
allow reagent addition to the feed tank. |

The major operating problem of the whole pilot plant was the
blocking of the line from the feed steady-head tank to the column,
Eventually an air line was fitted to the middle of the slurry line so
that when the line blocked it could be immediately cleared by

compressed air. This proved to be a satisfactory arrangement.

The feed dilution water was Rand Water Board water and connected
via a gate valve to a GEC 655 rotameter. The line fed into the
feed steady~head tank, The line was desgigned to dilute the
maximum feed rate by 100 percent. ’

The wash water was fed from a stainless steel steady-head tank,
The tank was air agitated and the level control was by a ballcock
valve. A Hanna Instruments pH controlier was fitted and frother
was added at a pre-determined rate by a Watson Marlow 101 UR
variable speed peristaltic pump.

The wash water flowrate was measured using a GEC 245 rotameter
and controlled manually with a gate valve. The line was prone io
air locking, and a ball valve was fitted below the rotameter to
remove air locks and to allow the wash water to be sampled for pH

measurement during a test.

All the controls were fitted at the top of the column for ease of
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 operation and are illustrated in the photograph in Figure 3.8, A
data sheet was t;sed to record the operating parameters (Figure
3.9)5

3.6 CONTROL STRATEGY

The control strategies employed in column flotation worldwide are
discussed in Section 2., The simple 'level' control sirategy was

chosen for ERGO because it gives adequate conitrol and is the most -

flexible for pilot plant operation, which, unlike plant operation, has
the undivided attention of the engineer. Because of this close
attention, the differential pressure cell finally used gave adequate
level control, whereas in normal plant operation its sensitivity to
ﬂuctuéting conditions would make it unreliable.

Initially, a conductivity meter was used as the t.ransducer for level
measurement, The method was recommended by Moys and Finch
(1988) to overcome the problems associated with differential
pressure transducers in column flotation. Moys and Finch state:
"The use of pneumatic pressure measurements for obtaining
estimates of interface level is subject to large errors because the
measurement is a strong function of all variables which define the
state of the slurry and the froth above the point of measurement®.
The variables referred to are bubble size, gas hold up, particle
size and gas rate. Deviations of 400 millimetres have besn
measured on an industrial plant (Moys and Finch 1988).

The conduc.tivity probes consisted of stainless steel bolts with the
centres drilled out fitted every 200 millimetres along the side of the
top clear PVC section of the column, The two probes above and
below the interface were connected to the conductivity meter via
banana clips inserted into the bolts.
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Figure 3.8
PILOT PLANT INSTRUMENTATION
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Figure 3.9

DATA SHEET

ERGO FLOTATION COLUMN.
XXX KK XXX XXX KX KKK XXX KK XKKKX

pH Meter Reading

Date : Stream
TEST NUMBER UNITS ! f '
Time : ; i
: : ; i
BUBBLE : Water Pressure kPa H H i
GENERATOR: Water Rotameter Reading : d g
Water pH _ ! ] ]
Water Frother Concentration ppm : d '
Gas Pressure kPa H H !
Gas Rotameter Reading ' d i
Injector Pressure kra ! ' '
: d H
WASH WATER: Rotameter Reading ; H i
PH : ; !
Frother Concentration Ppm : H :
L) 1 1
] 1 1
FROTH PHASE: Froth Height mm H ' i
: W/W Distributor Position mm i ; :
1 ] )
; ; ;
! i !
HOLDUP: " Collection Zone Dp. kpa H ; H
Manometer Reading 1 Tam H ' i
Manometer Reading 2 mm H i d
Manometer Reading 3 mm : i }
Manometer Reading 4 mm ; H :
Manometer Reading 5 Iom H ' :
Manopeter Reading 6 mm ! ! ;
Manometer Reading 7 mimn H ' i
1] t L]
[] 1 1
CONTROL: Set Point (Dp Cell} : d !
Conductivity ' ' ]
[ ] (] 1
] ] r
CONCENTRATE: Sample Volume i : : ;
Sample Mass kg H ' '
pH : i '
: : : i
'TAILS: Flowrate ' l/min d d i
Sample Volume 1 : d i
Sample Ma=ss kg t 1 H
rH d i :
1 1 1
1 1 1
HEAD: Sample Volume 1 ! | i
Sample Mass kg i H i
Bample pH ! i ]
1 1 [
1 1 1
} g ;
] 1 []
1 1 ]
H i :
1 [ ] r
[] (] r
: ' ]
! : d
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- . The conductivity meter was connected to a Rex F9 temperature

controller. Only proportional and integral control was used, and
control set points were determined empirically using the quarter
wave dampening technique., The contreller output was connected to
a current to pneumatic convertier, i.e. an I to P converter. The
pneumatic pressure controlled a Fischer pinch valve on the tailings
line. All electrical sigrals were 4 to 20 milliamperes.

However, the conductivity meter proved to be sensitive to changes
in the feed pH, which fluctuated widely because of poor plant
control, so the conductivity meter was replaced by the differential
pressure cell. One side of the DP cell was connected 1,5 metres
from the top of the column and the other side to the atmosphere.
The differential pressure cell gave good level indication once all the
column variables, such as gas and wash water rate, were fixed.
However, if these variables were changed, the level maintained by
the control system also changed, but not usually significantly. The

final control system worked satisfactorily.

Moys (198%) adapted the conductivity meter to measure conductivity
across the pulp/froth interface relative to the conductivity of the
pulp, which essentially eliminates the problem of pH variations in
the feed.
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CHAPTER 4

EXPERIMENTAL FROCEDURE

4.1 OQOPERATION OF THE USBM BUBBLE GENERATOR
4,1,1 Testing Of The Bubble Generator

Plug flow is the ideal flow regime for column flotation, and although
it is never possible, it may be approximated, Bubble flux behaviour
is important in premoting plug flow. Bubbles must have uniform
size and be evenly distributed across the cross-section of the

column,

McKay et al (1988), the designers of the USBM bubble generator,
claimed that its bubble distribution is uniform U,46 m above the

sparger, and the system was tested at the University of the
| Witwatersrand before being installed at ERGO. It was to be tested
on a two-metre section of clear PVC to observe bubble size and
bubble size distribution, but the clear section failed under pressure

testing, and was replaced by a stainless steel section.,

The uniformity of bubble distribution was measured using
conductivity. Conductivity, however, is dependent on a2 number of
factors, including pH, temperature, gas hold-up and bubble size.
S0 to minimise variation, a flow of fresh water with a superficial
velocity of 0,7 cmfsec was used to keep the frother concentration in
the column at 10 ppm of Dow 200, The bubble generator pressure
- was 515 kPa, The conductivity was measured at 16 points through-
out the cross—-section of the column as shown in Figure 4.1. The
probe, depicted in Figure 4.2, was held one metre above the

injector.
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Figure 4.1

MEASURING POINTS FOR THE CONDUCTIVITY PROBE
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Figure

CONDUCTIVITY PROBE
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The measurements were begun on the outside arc above the injector
fitting, and the probe was movad counter-clockwise froin measuring
point to measuring point, some distance from the column wall to
prevent the stainless steel interfering with the conductivity
reading. Eight readings were taken. The inside arc was measured
similarly, and the readings were recorded by computer.

Five such measurements of conductivity were made at different gas
rates, raﬁging between 2 and 2.8 cm/sec. The first two testé,
BS/1 and BS/2, are plotted in Figure 4.3. The conductivity is
represented as a percentage of the conductivity reading without
bubbles present, and is plotted against probe position. Uniiorm
bubble distribution is indicated by a straight horizontal line, so the
steady rise in percent conductivity in BS/1l suggested that the
electrode was probably greasy.

Gas hold-up is another important parameter for good flotation
column performance, and it was measured at gas rates between 1,6
cm/sec and 2,8 cm/sec, The results are tabulated in Table 4.1
and show that hold~up increased with gas rate.

It was found, however, that a conaiderable increase in gas rate
gave only a small increase in hold-up, presumably because of
bubble size also increasing with gas rate.

During commissioning at ERGO, BSallies Mine water was used in the
bubble generator. Howsver, this water was found to scale up the
injector holes. When the injector was operateci outside the column it
was discovered that the holes furthest from the inlet blocked first.
This was because the holes nearest the inlet produced wet spray
and the holes furthest from the inlet produced a very fine dry
spray with assoclated evaporation and consequent scaling.
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Tabkle 4.1

Bubble Generator Test

Test Air Hold-Up
Number Flowrate %
cm/sec
1 1,6 14,8
2 1,8 16,3
3 2,4 18,5
4 2,8 18,7
5 2,8 20,1
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As a result the decision was made to clean the injector regulariy
with a rifle cleaner and acid, and the injector hole._s were checked
for scaling. The apertures of the holes were checked by
connecting the injector to a water supply and ensuring, by
measuring or visually, that there was a similar water flowrate from

each hole.

4.2 EXPERIMENTAL PROCEDURE

Several tests were conducted on ERGO cleaner feed using conven-—
tional laboratory flotaticn machines, to give a reference for the
column flotation results. The first test was a release analysis test
described by Dell for coal flotation. The second set of tests were
routine laboratory flotation tests with and without reagent addition.
The experimental procedure frr start-up and shut-down of the

flotation column is also described in this section.

4.2.1 Release Analysis

The objective of the release analysis is to make a perfect separation
of a sample into a number of fractions of diminishing flotability
(Dell 1964). The release anlysis was conducted to establish the

optimum grade/recovery curve for ERGO scavanger concentrate.

A conventional laboratory flotation machine which allowed air rate to
be conirolled separately to impeller speed was used. The testwork
was conducted at the ERGO metallurgical laboratories. A sample of
ERGO cleaner feed (s_cavenger concentrate) was taken at the plant
and immediately placed in the flotation machine. The machine had a
capacity of approximalely two kilograms. After conditioning the

sample was floated in the normal way, using every means possible
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(such as keeping up the pulp level, scraping well, adding extra
frother) to obtain a high recovery. The cell was then emptied and
the froth returned to the cell. The tailings were filtered and dried

and prepared for analysis.

This procedure was repeated with further additions of reagent as

necessary,

Thus a separation had been effected between the floatable and the
non-flotable material, and the final separation was then to separate
the flotable material into fractions of progressively less flotable

material.

This was done by returning the comcentrate to the cell, The air
was turned off and the impeller speed was reduced to the point
where froth formation and flotation cease. Both were then
increased cautiously until flotation was just discernable, This froth

was scraped for as long as it appeared,

The concentrate sample basin was then changed; the in‘fpeller speed
and air vate were slightly increased, and the froth was scraped for
as long as it appeared. The concentrate sample basin was again
changed and the procedure repeated wuniil the impeller was
operating at full speed with the air valve fully open. Reagent was
added as needed. Eight fractions in all were collected. The
tailings were filtered, dried and prepared for assay, as were the

eight concentrate samples.

4,2,2 Routine Conventional Laboratory Cell Tests

The routine conventional laboratory tests were conducted at Anglo
American Jesearch Laboratories by Mr J.F. Muller of the Ore
Processing section. The tests were done in one kilogram D12 Denver
cells.The cleaner feed stream at ERGO was sampled in the morning,
and the sample transported to the AARL where it was floated the
same day. This was to minimise any oxidation or alteration of the

pyrite surfaces and consequent deterioration of the flotation

oY
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response of the sample., The sample was floated "as received' i.e.

no adjus.tments were made to the pH or RD of the sample.

Four tests in all were conducted. The first two tests, one without
and one with reagent addition, were repeated., because the pH of
the first sample was 1,56, whereas the correct pH for acidic pyrite
flotation is 3,8. The poor pH control on the plant proved to be a
headache throughout the testwork, and the pH readings recorded
prompted plant management to upgrade their pH control. A further
sample was taken with a pH of 3,96 which was considered to be
within experimental limits, and tests with and without reagent

addition were also conducted on this material.

The experimental procedure described bhelow assumes reagent
addition. The tests conducted without reagent addition had a
similar procedure except for réé,gent addition and reagent

conditioning,

The impellor speed was set at 1 350 rpm., A head sample was
dipped for RD measurements. The sample was conditioned by
agitating for five minutes and the reagents were then added, The
dosages of the reagents are given in Tables 4.2 and 4.3.

The reagent was conditioned for one minute and concentrate was
prlled for five minutes. During flotation the froth is pulle? from
the back of the cell to the cell overflow lip four or five times a
minute, manually, with a scraper. Senkel 50 and more copper
sulphate were added, and this time conditioned for half a minute.
The sample was floated for a further five minutes. Again reagent
was added and conditioned for half a minute, and the sample floated
for five minutes. This procedure was repeated three more times for
flotation times of five, ten and ten minutes respectively.
The procedﬁre is summarised in Tables 4.2 to 4.5, Each
concentrate was collected in a separate tray and filtered, dried,
and rubbed down through a sieve to break up agglomerates. The
sample was then weighed and split for gold, suiphide sulphur and
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Table 4.2

Conventional Laboratory Tests - Experimental Conditions

Test 1
Reagent Addition Time in Minutes
glt
Stage
Copper | Senkol Conditioning Flotation
! Sulphate ;| 50 -
Cl - ' - r 5 i 5
Cc2 : - - : - 5
c3 ; - - 1 - 5
C4 | - - ; - 5
C5 - : - - 10
ol | - C- - 10
T ; - - - -
! ; I
Test 2
Reagent Addition Time in Minutes
glt
Stage _
Copper Senkol Conditioning Flotation
Sulphate 50
5 -
Cl 49 - 1 5
C2 24 49 0,5 5
C3 10 19 0,5 5
C4 10 19 0,5 5
C5 10 19 0,5 10
Co 5 10 0,5 10
T - - - -

S P S P SR AR P e
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Table 4.3

Conventional Laboratory Tests - Experimental Conditions

Test 3
‘Reagent Addition Time in Minutes
g/t
Stage
Copper | Senkol Conditioning Flotation
Sulphate 50
; Cl - - i 5 ! 5
; c2 - ~ - i 5
: C3 - - - 5
; C4 - ~ - 5
C5 ' - - i - 10
Cé ; - - { - I 10
T : - ha { - -
‘ .
Test 4 iy
! [
:  Reagent Addition Time in Minutes
| glt ;
Stage : _ :
Copper Senkol Conditioning Flotation t
Sulphate 50 l
. i
i 5
Cl 38 - ; 1,0 5 i
G2 | 19 38 0,5 "B :
| c3 i § 15 0,5 5 l
Ca i 4 8 0,5 5
c5 4 8 0,5 10 |
Cé 4 8 0,5 10 I
: .
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uranium analyses. The analysés were conducted by the Anglo
American Research Laboratories Analytical Department according to
the methods described by Lenahan and Murray-Smith (1988).

4,2.3 BSampling Procedure

The feed, concentrate and tailings streams were each fitted with a
sampler, a short vertical pipe with 2 conical outflow supported on a
tripod. The slurry hose was held in the pipe by a ring fixed
above the pipe mouth. A sample was taken by lifting the hose out
of its ring holder and placing it intn a sample bucket at the same
elevation. In this way the whole stream was sampled. The hose

was returned to the sampler after the sampling period.

The feed sampler was considerably larger than the concentrate and
tailings samplers because it was also used as a conditioning tank,

and had a volume of approximately 200 litres.

Each stream was sampled four times over approximately a residence
time {o ensure representative sampling. The sampling time
depended on the flowrate of the stream. Typically the feed and

_ tailings sireams were sampled four times for ten seconds each; a

total sampling time of 40 seconds., The concentrate stream was

typically sampled four times for 20 seconds each.

Samples were taken in 20 litre buckets lined with fresh plastic
bags each time to avoid the possibility of contamination. The
samples were transported to the Anglo American Research
Laboratories for sample preparation and analysis. The sample
volumes and wet and dry masses were recorded and used to
calculate flowrates, with the exception of the tailings flowrate which

was measured separately.

Midway through the sampling procedure, all the relevant process
variables were recorded. The data sheet shown in Figure 3.9 was
used. The operating parameters of the bubble generator were
recorded: pressures and flowrates of the water and air, and the
operating pressure of the injector. The observed bubble size at
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the base and top of the froth were recorded. The pH of each

slurry and water stream was recorded. The wash water flowrate
and the wash distributor depth was measured. The reagent
addition was recorded.The treatment of the samples is given in
Section 4.3,

4,2.4 Flotation Column Operation
Reagent addition

Frother was added to the wash water and bubble generator water in
excess (more than 70 g/t) so that its actual concentration did not
influence the results. In some earher tests copper sulphate was
added at 10 g/t as a sulphide activator and Senkol 50 was added at
20 g/t as a sulphide collector. When the conventional batch tests
were done and their results indicated that these reagents did not

improve final recoveries, they were no longer added.
Start-up (see Figure 3.6}

Initially the bubble generator frother tank was made up with RWB
{Raud Water Board) water and 20 ppm Dow 200 frother, and the pH
was adjusted to 3.8, The USBM bubble generator was started up
first to prevent the injector holes from being blocked. The water
pump for the generator was swiiched on and the pressure allowed
to build up. The water pump was a variable speed peristaltic
Bredel pump connected to an accumulator to dampen its pulses. As
the pressure in the water system built up, so the air regulator was
turned up to the corresponding water pressure, until the whole
bubble generation system reached the pressure of five bar.

Once the bubble generation system wus operating satisfactorily, and
the gas rate set correctly by adjusting the gas regulator, the
column was ready for pulp. The feed dilution water was turned on
to prevent the line from the feed steady-head tank to the column
from blocking.

The feed pump was switched on, The feed was taken from a

sampling peoint in the scavenger concentrate pump discharge line.
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This .valve had to have been opened before the feed pump was
operated. Once the slurry was flowing into the column the feed
dilation water was shut off and compressed air was added to
thebottom of the column to agitate the contents of the cowamn. The
wash~water valve was adjusted to give the correct flowrate on the

rotameier.

When the slurry level in the column rose to the correct level, the
bompr&ssed alr at the bottom of the column was closed off and the
control system switched on. The timing for the change-over was
important because, if effected too early, the tailings line would
block up.

Once the control system was controlling the slurry/froth interface
correctly and the froth was overflowing freely, the column was

deemed to have been started-up.

Before samples were taken all the water lines were flushed out e.g.

the manometer lines and the differential pressure cell water line.

Shut down

At the end of a day's testwork the column was shut down. First,
the controller was switched off (the tailings valve was set to fail
open) and the column began to drain, The feed dilution water was
switched on and the feed Iine was flushed with process water. The
feed pump was then switched off. When the feed to the column was
free of solids the feed dilution water was switched off, The wash-
water pH controller and frother pump were switched off. When the
column had completely drained the wash-water was shut Off ind the
bubble generator water pump shut off. The gas pressure was
reduced at the pressure regulator as the water pressure dropped,
until the bubble generator reached atmospheric pressure when all
the valves in the bubble generation system were closed. Finally
the column was washed down and the water and air supplies to the

column were shut off,
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4.3 SAMPLE PREPARATION AND ANALYSIS
4,3.1 Sample Preparation

The pilot plant samples were transported back to the Anglo
American Research Laboratories for sample preparation and analysis.

initially the samples were removed from the buckets in their sample
bags and weighed, The sample bags were doubled, as it was found
that single bags tended to burst. The average weight of the bags

was known and subtracted frora the total mass to yield the sample.

mass, The volumes of “he samples were measured using a two-litre
measuring cylinder: first the tailings samples, then head and
roncentrate samples to avoid contamination. The acute problem of
gvld cross-contamination between samples was greatly reduced
because no large gold particles were present in the waterial.
(ERGO material is mine dump material which has alreadj' been
leached for free gold).

The samples were then fiitered in a pressure filier and dried in a

.drying oven. The duied sample waz rubbed through a 300 micro-

metre screen with a large rubber bung to break up the
agglomerates formed during filtering and drying. The sample was
then weighed tc obtain its dry mass, and split into four duplicate

samples as follows:-

2 x 150 gms for gold analysis (50 gms for concentrate gold
analysis)

2 x 5 gms for sulphide sulphur

2x 20 gms for uranjium analyses

2 x 20 gms for Malvern size analyser

An additional hundred gram sample was screened at 75 micrometres
and the plus and minus fractions were submitted for gold and

sulphide analysis.

R



4.3.2 Sample Analysis

Analysis was done by the Anglo American Research Laboratories
analytical department by procedures outlined by Lenahan and
Murray-Smith {1986},

Gold analysis was done by fire assay; uranium is analysed as USOB
by X-ray fluorescence spectrometry.

Sulphide sulphur. is approximated as available sulphur at 850 °C in
the South African gold mining industry. The method for
determining available sulphur was originally developed because of
the importance of combustible sulphur content in ensuring sufficient
heat of reaction for roaster operation. Although not an exact
determination of sulphide sulphur, it is considered a fair
approximation, and the more correct X-ray diffraction method is not
performed at AARL.

4,4 DATA ANALYSIS

The flotation column has many more operating wvariables than
conventional cells. ‘This, together with the thorough treatment of
the samples and extensive instrumentation on the column, meant
that a considerable amount of data was collected each run. A Lotus
1-2-3 spreadsheet was used to process the data. The spreadsheets
for the testwork are contained in Appendix I,

The top seclion of the spreadsheet included all instrument readings
and sample data, including bubble size at the base of the froth and
pH readings of the three streams, The lower part of the spread-
sheet contained the calculated results e g. percentage recovery and
residence times. The screening results were alsg tabulated. The
important data were summarised in table 5,1 and a regression was
done to establish the relationship between the dependent and
independent variables.



Table 5.1

Column Cell Reaults on Ergoe Scavanger Concentrate

Tent Mass Gold Gold Goldin 8/ S/ §&/5 in Residence Superficial Wash Bias Carrying Hold~up Feed Feed Feed Froth
Numbur|Recovery Recovery Grade Talla Recovery Grade Tails Time CGas Water Ratio Capacity Solids Geld S/3 Helght
. Velocity Rate Grade Grade
Units % % g/t git % % E min cmlgec gfmin -  g/minjem® % % glt % mn
TTLL 23 &7 10,7 1,62 77 21,4 1,95 12,4 1,24 10,3 1,154 1,85 - 13 2,9 73 710
TTL2 15 44 11,7 2,17 b2 a0, 4 2,20 13,6 1,13 8,5 1,185 1,06 - 13 4,7 5,6 870
TTL) | 35 10,6 1,67 48 - 21,6 Z,01 12,1 1,33 8,5 1,131 0,73 - 15 2,7 3,4 850
TTL 8 37 13,2 2,05 57 19,3 1,34 12,6 1,50 8,5 1,078 0,77 - i4 3,8 4,0 azo
BRY 8 17 14,8 1,57 56 27,1 1,27 14,3 0,94 6,1 1,20 0,79 - 16 3,7 4,6 410
BR2 16 55 13,6 2,15 80 26,3 1,28 16,4 0,94 4,8 1,15 1,36 - 16 3.5 4,7 330
BR3 10 A2 4,94 1,59 5 32,6 1,26 13,8 6,94 3,7 1,08 1,08 - 17 5,3 4,8 410
CF1 k1] 42 8,97 5,33 50 24,9 10,96 21,5 1,43 2.0 6,858 2,42 22 iy 7.8 20,8 150
CF2 49 57 2,24 b,6b A9 27,9 12,22 33,5 1,24 0,0 0,47 3,86 19 Nia NiA NiA 270
RT1 18 55 12,0 2,17 71 24,0 2,10 14,2 1,128 6,7 1,14 1,16 15 12,4 6,4 4,2 115
RT2 15 a8 14,5 1,29 62 19,3 2,22 14,0 1,128 6,7 1,14 0,86 15 12,4 4,6 3,8 290
IB1 18 67 13,5 1,48 8 29,2 1,09 20,2 1,08 6,5 1,33 0,71 15 14 3,4 4,9 500
JB2 12 58 12,7 1,28 82 24,1 0,74 23,4 1,20 4,8 1,11 0,48 16 11 3,3 5,6 490
JB1 3 73 7.45 1,23 H 21,1 1,10 42,8 1,20 4,0 1,61 0,37 I4 17 3,1 5,8 420
JB4 26 7l 9,01 1,27 §7 22,8 1,14 42,4 1,20 4,0 1,83 0,34 14 15 3.6 5,2 420

-Ch=-
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CHAPTER 5

RESULTS AND DISCUSSION
5,1 PRESENTATION OF RESULTS

2.1.1 Introduction

The objective of the project was to evaluate column flotation under
plant conditions at ERGO. Once the column flotation pilot plant had
been commissioned the best operating philosophy for ERGO had to
be established. Previous experience in conventional flotation
proved to be a handicap, and only after several months of
frustration and heart-scarching was a good operating philosophy

learned.

The next stage was to operate the column as close to plant
conditions as possible for comparison purposes. This proverd diffi-
cult for three main reasons. Firstly, the residence times of column
and plant were completely dissimilar. The maximum residence time
in a column is limited by the settling rate of the solids, and 20
minutes appears to be the upi::er limit for indwustrial columns.
ERGQ's cleaner circuit, on the other hand, has a residence time of
90 minutes, due to a deviation in plant usage from original design.
Originally, the cleaner circuit was intended to clean both rougher
and scavenger concentrates, but after commissioning the concenirate
from the 10 rougher cells was routed to the final product (see
figure 5.1 page 95). The lower feed rate to the cleaner bank
resulted in the increase in the residence time, and consequently the

cleaner cells' performance was unusually good,

The second difficulty in comparison was that ERGO's cleaner tircuit
treats scavenger concentrate from A, B, C and ) streams, whereas
the column flotation pilot plant operated on A stream acavenger
concentrate only. So although the feed materials were similar, they
were not identical.
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Thirdiy, although the column feed rate was measured, the cleaner
circuit's performance could only be estimated because the feed rate

was neither measured nor constant.

Conventional laboratory cell data have been used for design at the
Anglo American Research Laboratories for many years. Experience
has shown that the laboratory cell can predict the grade/recovery
- relationship for the plant, The flotation time for a full scale
conventional flotation plant is assumed to be 2,5 times that of the
laboratory cell. Therefore laboratory-scale conventional tests were
carried out, and the resulis were used for compurison with the

flotation ' column,

5.1.2 Comparison Of The Grade/Recovery Curves For Column And

Conventional Flotation

The grade/recovery data for both the column cell and conventional
flotation are plotted in Figu're 5.2 for gold flotation, and 5.3 for
sulphide sulphur flotation. Sulphide sulphur i¢ ' limiting grade
at ERGO because a minimum sulphide sulphur gr . of 29 percent is
required for efficient operation of the pyrite roaster. Sulphide

.sulphur grade is thus the abscissa in both graphs.

Because of the large number of variables in column flotation, it is
possible for the column to be operated suboptlimally. This was the
case with nﬁoSt of the data, as the column was operated to establish
the effect of the variables on column performance, not to obtain
optimal resulis. For instance, sulphide sulphur grades achieved by
the column were wunexpectedly low, only slightly better than
conventional grades (see Figure 5.3). Because of the froth washing
they should have been better, had the operating parameters been
optimised.

Therefore the curves drawa on the graph were an attempt to
represent optimum behaviour, and demonstrate the superior
metallurgy of the column cell for BRGO scavenger concentrate, The
result most significant for the South African gold mining industry is
the 13 percent improvement in gold recovery achieved by the
columm at a sulphide sulphur concentrate grade of 29 percent
(Figure 5.2) and it is a pity that this conclusion is supported by
only one data point. This is

ToooEeT T T TP - Ll



Figure 5.2
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obviously the best operating point for the column and the residence
time for this test (JB1 in Table 5.1) was 20 minutes, which is in

the upper range of residence times of flotation columns.

In order to appreciate the significance of the column flotation
results for ERGO, it is important to understand the economics and

mineralogy of the ERGO operation,

The sulphide sulphur has little economic value and is floated at
ERGO not for itself, but because it contains gold. Gold is "locked"
inside the pyri.: particles, It is not known whether the gold is
present in the pyrite in solid solution or as sub-micron-size
particles, but it is liberated by roasting the pyrite (FeSz) to form
haematite (Fe203). Haematite is a porous mineral and a significant
proportion of the "locked® gold is liberated on roasting (see ERGO
flowsheet Figure 3.1). The concenirate grade should be at least 29
percent sulphide sulphur for efficient operationn of the roaster and
the objective of the ERGO f{lotation plant is to maximise gold
recovery at a concentrate grade of 29 percent sulphide sulphur. If
column flotation improved' sulphide sulphur récovery alone, for
ERGO it would have no economic advantages over conventional
flotation. However, because higher gold recoveries were achieved
at the same sulphide sulphur grades as conventional flotation, the
column has the potential to significantly improve the profitability of
the ERGO flotation plant, because higher gold recoveries at similar
sulphide sulphur grades would increase the plant's revenue per ton

of concentrate produced.

The reason for the improved gold recovery in column flotation may
to some extent be explained by the gold deportment by size
fraction. Table 5,2 summarises the gold and sulphide sulphur
deportment in the plus and minus 75 micrometre fractions of the
head, concentrate and tailings. The feed was fine, and 93 percent
was minus 75 micrometres. The gold and sulphide sulphur minerals
were significantly upgraded in the plus fraction of the feed. (The
scavenger conceitrate was the slower floating fraction of the plant

feed and contained the finer and coarser material). The concentrate
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was much coarser than the feed at 78 percent minus 75 micrometres
and the tailings was consequently finer than the feed. The plus
fraction of the tailings had a lower gold grade compared to the
finer fraction. Calculations indicate that while the gold recovery
of the minus 75 micrometre fraction was 65 percent, the recovery of
gold in the plus fraction was 95 percent. The ability of the
flotation column to float the plus 75 micrometre particles was a
significant result, as columns had earned the reputation of yielding
superior results on fine cleaner feed materials. However a sampling
campaign on the cleaner circuit conducted by plant personnel
revealed that on average the plant cleaner concentrate was 88
percent minus 75 micrometres. The equivalent figure for the
column testwork was 78 (section 5.1.4), indicating that the column
was in this case better than the plant at floating coarse material.
Thus the column would appear to be superior to conventional
flotation for both the coarser and finer fractions which are the

slow-floating fractions.

The superior performance of the column may also be due to its
stable froth phase. Unpublished work done by Loveday and
discussed in 1990 has shown that 90 percent of the collected
material in conventional flotation is rejected in the froth phase.
This high figure is due to the method of upgrading in conventional
flotation of bubble coalescence, whereas upgrading in column
flotation is achieved by froth washing and not coalescerce.
Therefore a particle attached to a bubble in a flotation column has a
greater probability of being recovered, and froth phagse recoveries
in column flotation may be as high as 95 percent (Yianatos et al
1988). This has important implications for slow-floating fractions as
a slow-floating particle (less hydrophobic) has a higher probability
of rejection by coalescence,

The improved grade/recovery curve for the flotation column was
also due to the column's upgrading obtained by washing the froth,
because the feed water and its associated gangue minerals were
displaced by wash-water which almost eliminated recovery of gangue
by entrainment. As little as one percent of the feed water reports
to the concentrate (Dobby and Finch 1986).
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' _5.1.3 Column Flotation Results

The results are presented in Table 5.1 in chronological order.
Tests CF1 and CF2 were excluded from parts of this discussion
because their feed grades (21 percent sulphide sulphur and 8 g/t
gold instead of the normal 6 percent sulphide sulphur and 3 or
4 g/t of gold) were so different, due perhaps to temporary
disruption of the operation of the rougher cells, it was as if they
had a different source.

The first column of results in Table 5.1 shows percentage mass
pull, which varied between 8 and 31 percent (excluding tests CF1l
and CF2)., This wvariation was achieved by changing the gas and
wash-water rates. An increase in either the gas rate or the bias
ratio (a measure of washing in the column defined as volumetric
tailings flowrate divided by volumetric feed flowrate) increased the

mass pull.

Test BR3 had a low gas rate of 0,94 em/sec, and a low bias ratio of
1,08 due 1o a low wash water flowrate of 3,7 £&fmin, and,
consequently, a low mass pull of 10 percent. Test TTL1l, with a
. high gas rate of 1,24 cm/sec and a high bias ratic of 1,16 due to
the higher wash water rate of 10,3 2/min, had a mass pull of 23
percent. The higher mass pull yielded higher recoveries at lower
grades.

The gold recoveries varied between 35 and 73 percent. Gold
recovery was a function of many interacting variables: residence
time, gas rate, wash water flowrate, bias ratio, carrying capacity
etc, The results indicated that gold recovery increased with
residence time (Test JB3) but that the optimum residence time for
good efficiency was -approximately 20 minutes (Test JB1). To
achieve further gold recovery a second column could be installed in
series.

The concentrate gold grades of Tests BR1, BR2, JBl and JB2Z were
higher than those achieved in conventional flotation {Table 5.3) due
to the method of upgrading used in column flotation.

«




Table 5

<3

Conventional Laboratory Results

Test 3
Mass Sulphur Gold Uranium
Fraction Assay Distribution Assay Distribution Assay Distribution
% Cum
$ % Cum % Cum. | g/t  Cum. $ Cum. | g/t Cum.| % Cum..
% 1 % Coglt % g/t $
Cl 7,3 7,3 34,75 34,75 59,7 59,7 12,10 12,10 34,5 34,5 514 514 17,8 17,8
cz 3,4 10,7 23,55 31,19 18,9 78,6 11,20 11,81 14,9 49,4 557 528 9.0 26,8
Cc3 2,6 13,3 11,74 27,39 7.2 85,8 9,53 11,37 9,7 59,1 603 542 7.4 34,2
C4 2,0 15,3 7,67 24,81 3,6 89,4 8,03 { 10,93 6,3 65, 592 549 5,6 39,8
Cs 3,4 18,7 4,35 21,09 3,5 | 92,9 7,61 @ 10,33 10,1 75,5 621 562 10,0 49,8
Co 2,4 21,1 3,04 19,04 1,7 94,6 6,47 |1 9,89 6,0 81,5 750 583 8,6 58,4
cT 78,9 100 0,29 4,25 5,4 100 . 0,60 2,56 18,5 100 111 211 41,6 100
ASSAY HEAD VALUES 4,33 3,19 212
Pulp Conditions : pH = 3,96

14 § Solids
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The gold tallings grades varied between 1,23 g/t (Test JB3) and
2,17 (Test TTL2) ignoring tests CFl and CF2Z due to their
exceptionally high feed grades. This is a small variation for plant
conditions and demonstrates how column flotation handles a wide
variation of gold feed grades (2,9 to 6,4 g/t). In a month picked
randomly ERGO's cleaner tailings' gold grades varied between 3,2
and 0,7 g/t.

The sulphide sulphur recoveriee varigd hetween 48 and 90 percent,
and the sulphide sulphur grades variwd between 21 and 33 percent.
These variations were due to different operating conditions and
varying feed grades. The -snlphide sulphur tailings grades rangéd
from 2,2 to 0,74 percent. This was a larger range than the gold
tailings range, and indicates that the column was more consistent in

gold than sulphide sulphur recovery.

The residsnce time had a comprehensive range between 12 minutes
and 43 minutes, The optimum residence time for this application

was approximately 20 minutes,

Superficial pgas velocity is one of the key parameters in column
flotation., It was varied from 0,94 to 1,50 cm/sec. 1,5 cm/sec was
higher than the optimum as it produced low concentrate grade (19
percent sulphide sulphur) and low gold recovery (37 percent).
This result agrees with observations of the froth. Above a gas
rate of approximately 1,2 cm/sec the froth-pulp interface underwent
« trangition from a thin plane to a thicker zone and increased
mixing occured in the froth. At low pgas velocities the froth
behaved 2s an ordered bubble bed in a plug flow regime. At
higher velocities the froth behaved in an agitated fashion. If gas
rate is low, surface area flux is low, and recovery decreases. The
optimum gas rate was found to be approximately 1,1 cm/sec (Test
JBl). Above this, the concentrate grade dropped significantly

without a corresponding increase in gold recovery.

The wash water rate and bias ratio may be discussed together. The

wash water rate is simply the flowrate of waier distributed to the

top of the froth bed. The bias ratio is the volumetric ratio of

b
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tailings 1o feed flowrate. Values greater than one indicate "a
positive bias®, and are achieved by the flow of wash-water
increasing the down-flow through the column. As the wash-water
flows downwards through the froth it displaces the feed water and
entrained gangue from the concentrate, The column was operated
at a positive bias, at wash-water rates varying from 3 o 10 £/min,
and the bias ratios wvarying from 1,1 to 1,8, The wash-water
served two purposes. Firstly it stabilised the froth and made it
more fluid, by acting as a lubricant between the bubbles, and
preventing the bubble walls from thinning and the bubbles from
coalescing. Secondly it washed the entrained gangue minerals from
the froth. A high wash-water rate was thus required both for

good recovery and good grades,

The importance of wagh-water in stabilising the froth to produce
high mass pulls was demonstrated in Test TTL1. The wash-water
rate was set at 10 L/min. The rusulting mass pull was a high 23
percenf. However, the bias ratio was about average at 1,16
because the high mass recovery also meant a high recovery of the
wash water to the concentrate. 5So a high wash water rate may
mean a lower bias rate due to the increase in mass pull. Test
TTL3 was similar to test TTLl (similar residence time and gas rate)
but the wash-water rate was reduced from 10 to 8,5 &/min. The
mass recovery fell from 23 percent to 8 percent. (The high mass
pull in CF2 with a wash-water rate of zero was due to the five-fold

increase in feed grade).

The disadvantage of high mass pull was that grade tended to drop,
and good wash-water rates and bias ratios were found to be in the

region of 5 £/min and 1,15 respectively.

Carrying capacity iz defined as the maximum concentrate mass
flowrate for a pgiven material and flux of. bubble surface area
divided by the column cross-section. There is a limit to the
concentrate mass flowrate and thus the carrying capacity in the
column due to bubble surface limitations, but the limit is impossible
to ascextain theoretically because not all the factors involved are
yet known. However, il appears to be characteristic of a particular
column application, and must be determined empirically. The
carrying capacity for ERGO was taken as the maximum carrying

capacity measured i.e, 1,85 g/min/cm?.

e e e s b e e T L N e T R e el .
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The hold-up is the percentage of pulp displaced by air. The
press're gauge for the hold up measurement was fitted halfway
through the testwork. The results ranged from 14 to 21 percent,
the hold-up being proportional to gas rate (Table 5.1). Hold-up is
also affected by slurry density, but the variation in slurry density
was so small that this effect was not observed.Feed percent solids
varied between 11 and 17 percent, and unfortunately this range
was too narrow to enable conclusions to be drawn on the effect of

feed percent solids on column performance.

The gold and sulphide sulphur feed grades wvaried considerably.
Gold grade varied beiween 2,7 and 6,4 g/t and sulphide-sulphur
between 3,8 and 7,3 percent. The ranges were evern greater if

tests CFl and CF2 were taken into account.

Froth depth proved to be an important wvariable. The froth depth
was deepest in the first four tests for which the sulphide-sulphur
grades were remarkably low (approximately 20 percent). This
result conflicted with observations by Yianatos et al (1988) who
observed that concenirate grades increased with froth depth. Work
done at Mintek has shown that the deeper froths have a higher
drop-back of coarse pyrite (Ross 1989). This would seem to be the
case at ERGO as the sulphide sulphur recovery tended to be higher
with low freoth heights.

The effect of reagent addition (see appendix II) was masked by
froth recovery effects. Column performance was both good and
poor with and without reagent addition, and no conclusions could be
drawn on reagent addition from the results.

5,1.4 Statistical Analysis of Results

The data were interpreted in the previous sections on the basis of
operating experience and visual observations, In this section a
statistical analysis, wusing the computer package writien by SAS
Institute Inc. (1985), was performed to give a more objective view.

Definite conclusions could not be drawn from the analysis, due to
the large number of variables associated with the ERGO column
flotation pilot plant and the limited number of data points. Certain
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variables, such as bubble size and reagent addition, wére also not
quantifiable in the commercial environment in which the testwork
was done. Wevertheless, the analvsis was useful for identifying
trends.

An initial analysis by univariate statistics revealed no outliers
among the data. Thereafter, regressions were done to investigate
the effect of the independent on the dependent variables. The
seven independent variables used were residence time, superficial
gas velocity, wash-water flowrate, percent solids in the feed, feed
gold grade, feed sulphide sulphur grade and froth height. The six
dependent variables wsare pgold recovery, gold concentrate grade,
sulphide sulphur recovery, sulphide sulphur concentra.te grade,
bias ratioc and carrying capacity. A regression was attempted for
each dependent wvariable as a linear function of the seven

independent variables.

Because of the small sample size, only residence time showed up as
significant to the one percent level (Table 5.4).Next the ten
percent significance level was used, along with the higher
probability of falge leads, to give pointers to potential areas of
further research. On this basis the regressions for gold recovery
and bias ratio revealed independent wvariables with statistical

significance.

Gold Recovery Regression (Table 5.4)

Residence time was significant to the one percent level, with a
coefficient (parameter estimate) of 1,3 + 0,66 (i.e. 1,94 x std
error) with 95 percent confidence. Thus a change in r‘sidence
time from 20 to 25 minutes ¢ n be predicted with 95 percent
confidence to improve gold recovery by 6,5 + 3,3 percentége

points.

The coefficient for superficial gas velocity was negative and large:
-40 + 36 to 95 percent confidence. This suggests that an increase
in superficial gas velocity of 1,4 to 1,5 would decrease gold
recovery 4 + 3,6 percent. However, this result was influenced by
the particularly high gas rates and low gold recoveries in tests |




Table 5.4
REGRESSfGN RESULTS FOR GOLD RECOVERY

Model: MODELL
Dependent Variable: GREC

Analygis of Variance

Sum of Mean
Source DF Squares Sguare F Value Prob>F
Model 7 1939.80073 277.11439 5.951 0.0225
Error 6 279.41355 46.56893
C Total 13 2219.21429
Root MSE 6.82414 R-square 0.8741
Dep Mean 54.64286 Ad} R-sg 0.7272
c.V. 12.46863 :
Parametér Estimates
Parameter Standard T for HO:
Variable DF Egtimate Error Parameter=0 Prob » |T|
INTERCEP 1 114.361157 27.55037001 4.15% 0.0060
RESTIME 1 1.291329 0.32851288 3.931 0.0077
GASV 1 -40.497974 18.11758707 -2.235 0.0668
WWRATIO 1 5.370226 2.08983674 2.570 0.0424
FEEDSOLS i ~2,.593271 1.19156976 -2.176 0.0724
FEEDGG 1 -2.672587 2.24633925 -1.190 0.2791
FEEDSSG 1 -0.501927 0.92510637 -0.975 D.3672
FROTH 1 ~0.037440 0.01591339 -2.353 0.0568

-0t~
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TTL3, TTL4 and CFl (see Figure 5.4). The suggestion was made
in section 5.1.,3 that recovery improved with increasing gas velocity
up to a maximum value, above which the froth became turbulent and
recovery dropped. The regression was unable to account for this

non-linear behaviour.

The wash water rate coefficient was large and positive. An
increase of 6 to 8 in wash water rate is predicted to increase gold
recovery by 11 + 8 percentage points io 95 percent confidence
which suggested a froth stabilising effect of wash water (see

section 5.1.3).

The feed percent solids coefficient was negative, and an increase
from 13 to 16 percent is predicted to reduce the gold recovery by 8
+ 7 percentage points to 95 percent confidence, A similar trend

has been observed in conventional flotation,
The coefficients for the feed grades were not significant.

The froth height coefficient was negative, giving the prediction that
a decrease in froth height from 800 to 400 millimetres would increase
gold recovery 15 + 13 percentage points with 95 percent
confidence, This trend ﬁgreed with observations noted in section
5.1.3.

Bias Ratio Regression (Table 5.5)

This is an interesting regression, highlighting wvariables important

for good washing in the column.

The residence time coefficient was positive for the prediction of bias
ratio, and was strongly influenced by tests JB3 and IB4, which had
long residence times and high biag ratios. Although the
concentrate flowrate decreased with increasing residence time (due
to lower feedrates), ths wash water flowrate often remained
constant and hence the bias ratio in the column tended to increase

with residence time. P
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Model: MODELS

"REGRESSION RESULTS FOR BIAS RATIO

Dependent Variable: BIASRAT

Source

Model
Error
¢ Total

Root MSEE
Dep Mean
c.v-

Variable DF

INTERCEP
RESTIME
GASV
WWRATIO
FEEDSOLS
FEEDGG
FEEDSSG
FROTH

1
1
1
1
1
1
1
1

Table 5.5

Analysis of Variance

0.076
1.213
6.318

Sum of
Squares
0.71692 0
0.03530 0
0.75221
70 R-sgquar
93 Adj R-s
19

Mean
Square F Value Prob>F
.10242 17.410 0.0014
00588
e 0.9531
q 0.8583

Parameter Egtinates

Parameter
Estimate

0.733649
0.028670
-0.487329
0.066732
0.010655
0.020494
-0.035822

0.000045497

Standard
Error

0.30964568
0.00369224
0.20363271
0.02348821
#.01335236
6.02524718
M 01039751

.00017885

T for HQ:
Parameter=0

2.369
7.765
~2.393
2,841
0.796
0.812
-3.445
0.254

Prob > T}

0.0556
0.0002
0.0538
0.0295
0.4566
0.4479
0.01.7
0.8077

~Ell-
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Gas velocity had a negative coefficient. As it increased, so the
concentrate flowrate increased and the washing in the column
dropped off.

Wash water rate had a positive coefficient, and an increase in
wash water flowrate of 4 to 8 I/min is predicted to increase the bias
ratio by 0,27 + 0,18 to a 95 percent confidence limit.

The only other variable identified as significant to bias ratic was
the feed sulphide sulphur grade. The coefficient was negative and
largely influenced by tests CFl and CF2 which had wvery high
sulphide sulphur feed grades and a correspondingly high mass pull.
The high mass pull resulted in low washing efficiency. '

5.1.5 Routine Conventional Cell Laboratory Test Results

The recovery versus time curve is shown in Figure 5.5 for test
number 3. The curve is typical for conventional flotation of
Witwatersrand gold ore. The sulphide-sulphur is fast-floating and
its recovery surve fluttened off after 20 minutes of flotation. Gold
flotation being slower, had not been completed at the end of the 40
minute test, The concentrate sulphide-sulphur grade was low at
the ond of the tesi j.e. 19 percent.

The results for the four tests conducted are tabulated in Tables
5.6, 5.7, 5.3 and 5.8 respectively. The first two tests were
repeated due to a low sample pH of 1,56, Tests 2 and 4 (Tables 5.3
and 5.8} were conducted with the addition of reagent. The reagent
was added as deemed necessary to improve the float. ' A comparison
of test 1 and 2 (low pH) and tests 3 and 4 {correct pH) revealed
the importance of good pH control for flotation. The low pH had a
deleterious effect on the concentrate sulphide sulphur grades, and
adversely nffected the gold recovery, although not the sulphide

sulphur recovery,

The low pH decreased the rate of flotation of both gold and
sulphide sulphur. The ERGO management have since improved the
pH control system at the flotation plant.



Figure 5.5

Flotation Kinetics of Batch Test No. 3.
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Table 5.6

Conventlonz] Laboratory Reaulia

Toat 1
kass Sulphur Gold Urznjum
Fraction . Assay * Matribution Asmay i Diatribution Aomay Distribution
i
i Cum. |
i Cum. | % Cum. | gft . { Cum. 13 Cum.| gft | Cum. % Cum,|
3 ] glt L] gt i L1
cl 6,6 6,6 29,20 | 29,20 | 53,6 | 53.6 11,75 11,75 29,9 | 29,9 | 37 [ 37 251 ; 23,1
G2 3.6 0.2 130 1 25,70 | 19,3 | 12,9 10,01 11,14 13,9 | 43,8 | 215 [ 320 i 7.2 [ A3
G3 2.7 12,9 11,00 | 22,83 6.3 | 8,2 8,49 10,58 a,% bt 52,7 | 222 | 0o 5,5 | 5.9
(] 2,5 15,4 T.60 | 20.22 5,4 | 86,4 7,01 10,08 b4 59,5 | 246 | 291 5.7 11,5
G5 3.9 19,1 4,86 i1.12 5.3 | 91,% 5,13 9.4 8.6 | 68,1 [ 257 | 2Bd 9.3 | 50,8
ch 3,1 | 22,4 2,65 15,11 2,3 | 94,2 4,59 B,51 5.5 | 73,6 | 214 | 275 6.1 56,9
cr 7.6 0 0,27 3,60 5,8 100 0,88 2,59 | 26,4 100 &0 | 108 43,1 100
ASSAY HEAD VALUES 3N Z.46 ]
Pulp Gonditlons : pH = 1.56
13 % Sollds
Tabla 5.7
Conventional Laboratory Resilts
Teat 2
Muasg Sulphur Gold Urankam
Fraction Apsay Diatributon Asaay }— Distribution Aasay Diztribution
5 Cumo B
] ) GCum. [} Cum, | git Cum, ' % Gum, | g/t | Cum,' % Gum.
L] % git i ] gt §
Ccl 8,4 B,4 24,20 | 24,20 | 53.0 ¢ 53,0 10, 60 10,560 32,1 | 32,1 ] 326 | 32% 21,3 7.3
cz 5,2 13,6 16,2¢ | 21,14 | 21,9 74,2 9,14 14,12 13,5 19,5 116 | 269 9.1 36,4
c3 1.9 17,5 10.20 14,70 | 10,4 ] &5.,3 Y 9.51 10,4 | &0,0 | 208 | 258 8.1  #4,5
cq 4.3 21,8 5,4% | 16,10 6,1 9l,4 5,64 4,75 4,8 | 68,8 | 235 | 28l 10,0 54,5
] 4,0 25,5 1,42 14,13 3.6 | 95.0 5,01 8,17 7,2 | 74,0 | 208 | 244 8.3 52,8
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The addition of reagent significantly improved the final recovery of
gold from 82 to 88 percent. The sulphide sulphur recovery
improved from 95 to 97 percent. However, the increase in the
flotation rates is of pgreater significance. Because rate of gold
flotation is slow, the flotation of gold is generally not completed on
a plant. Therefore, if the rate of flotation of gold is increased the

gold recbvery in the plant will increase for the same residence time.

5.1.6 Release Analysis Results

The release analysis was conducted to establish the optimum grade/
recovery curve for ERGO scavenger concentrate. This curve was
plotted in Figure 5.6. The gradel/recovery curves for the column
flotation pilot plant and the conventional cell bench tests were
included for comparison purposes, The release analysis indicated
that the performance of the column was close to optimum in the
operating range of 26 and 30 percent sulphide sulphur,

The release analysis gold results were far from satisfactory {Table
5.9). The pracedure for the analysis relied on visually detecting
the flotation 2nd point. While this was straightforward for pyrite
flotation it was impossible for gold flotation because the pyrite is
visible, but not the gold. Gold flotation was slower and was not
completed when the pyvrite flotation end point was detected.

5.2 ACCURACY OF REPORTED DATA

The large number of wvariables in column flotation make the
reproduction of a test difficult, and when columns are operated on
‘a widely fluctuating feed reproducibility becomes even more difficult
to check. |

However, tests JB3 and JB4 were similar in all respects and both
achieved similar recoveries. The gold recoveries were 73 and 71
percent and the sulphide sulphur recoveries were 90 and 87 percent

respectively.
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It is also difficuit to evaluate the accuracy of the data by mass
balances because of the continuous variation in feed density. The
volumetric balance is the best measure of accuracy as it will only
vary due to changes in feed viscosity. (The feed flowed by
gravity from the feed sampler to the column and a change in
viscosity would affect the flowrate). Table 5.10 shows the mass
and volumetric balances for each test. The "IN" (measured) and
"OUT" (calculated) volumetric flowrates agree, the average
deviation being four percent and the maximum being 12 percent
(test BR2)., The average values for the IN and OUT wvolumetric
flowrates are in close agreement, being 27,4 and 27,6 respectively.
The mass flowrate pairs vary more widely due to variations in feed
densities. The volumetric balances for some tests are perfect but
the mass balance is poor e.g. test JB2. However, the average
mass flowrate figures for the In and the Out agree and are 2,82

and 2,92 respectively.

It should be noted that feed samples were taken directly after the
test unlike the concentrate and tailings samples, which were taken
during the test. This was done because sampling the feed
interrupted the flow of slurry to the column, thus interfering with
the column's performance during the test. The feed line also

tended to block when being sampled.

Table 5.11 compares the actual feed gold anA euiphide sulphur
grades, with the feed grades calculated from the tailings and
concentrate assays. The pairs of results differ widely, indicating
that the feed grades wvaried continuously, though the sulphide
sulphur grades varied less than the gold. The average of the
actual (IN) grades was higher than the average of the calculated
(OUT) grades. The average of the mass and volumetric flowrates
IN were less than the OUT: an opposite trend.

In some tests e.g, TTL1 the calculated gold grade was greater than
the actual gold grade, while the calculated sulphide sulphur grade
was less than the actual sulphide sulphur grade. These
observations suggested that the differences in the grades and
balances were due to random fluctuations and not a systematic error

in the testwork. The average actual sulphide sulphur grade agreed
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Table 5.10

Mass and Volumetric Balances

I~
I
i
Mass Balance Volumetric Balance
kg/min £/min
Test _
In Qut In Out

TTLL 3,1 3,5 36 37

TTL2 2,9 3,2 32 32

TTL3 3,7 4,2 34 36

TTLA4 3,8 4,1 35 36

BR1 3,6 4,2 29 30

BR2 4,0 3,7 29 26

BR3 4,3 4,5 30 30

CF1 3,9 3,6 3] 31

CF2 - 3,5% - 22%

RT1 2,7 2,9 30 32

RT2 2,9 2,4 32 32 B}

JB1 1,9 1,7 22 22 .

JB2 1,3 1,8 20 20

JB3 0,73 0,53 12 11

JB4 0,68 0,59 12 11

5= 2,82 2,92 27,4 27,6

o' 1,17 1,28 7,59 8,25

On 1,22 1,32 7,88 8,56

n 14 14 14 14

¥ Not included in averages.
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Table 5.11

Gold Grades
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with the average calcﬁla’ced grade, but the agreerﬁent was not as
good for the gold grade averages being 4,20 and 3,75 for actual
and calculated grades respectively, which represents a difference of

12 percent.

5.3 PIL.OT PLANT OPERATION
B.3.1 Visual Assessment of Performance

Like conventional flotation, the operation of a flotation column may
be assessed visually. At the beginning of each test run one or two
parameters would be set to predetermined wvalues, and the others
would be adjusted to give the best operation, determined visually.

The procedure used is described helow.
Gas Rate

At low gas rates the bubbles behave in an orderly fashion and rise
in a plug to overflow at the concentrate lip. The optimum gas rate
was found by increasing the gas rate until the froth/pulp interface
expanded from a thin distinct line to a thick blurred line. The gas
rate was than reduced slightly so that the froth/pulp interface was
a3 fine line. This visual practice was based om the idea that
increasing the gés‘rate increases gold recovery until turbulence and
axial mixing in the froth caused a loss of valuable mineral, This

tendency was confirmed in the statistical analysis.

Wash Water Flowrate

Moys (1978) states "well-drained froths are generally unstable and
do not flow easily®’. The wash water flowrate used was the minimum
flowrate required to make the froth stable enough to eliminate
coalescetice, This froth stability was achieved by separating the
individual bubbles with interstitial wash water, which made the
froth more bulky and less wviscous. The additional volume of the
water in the froth zome reduced the bubble residence time in the
froth phase., Coalescence was a function of the residence time of
the bubbles in the froth phase because a long bubble residence time
facreases the probablity of coalescence, |
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Froth Height

The froth height was set at the minimum height to keep the bubble
residence time low, while still allowing the entrained feed water to
be washed out. Moys (1984) demonstrated with conventional
flotation that froth stability was increased in shallow froths with
high gas rates. This corresponds to a low residence time in the

froth phase.

Wash Water Distributor Depth

The wash water stabilises the froth below the distributor. Above
the distributor conventional froth, with froth drainage and
coalescence, occurs. The wash water distributor was set below the
froth at all times, and its depth was adjustable. The distributor
was raised when too much bubble coalescence was observed. It was
lowered when the concentrate grade was foo low to allow just

enough coalescence for the grade to improve.

5.3.2 Operation of Pilot Plant

In general the pilot plant operation was satisfactory. It appeared
to be possible to operate the column continuously for indefinite
periods of time, although the longest period it was operated was a
working day.

The pilot plant required regular maintenance. The bubble injector
was cleaned with hydrochloric acid and a rifle barrel cleaning
brugh., The water filters for the bubble generator and wash water
were cleaned. The wash water disiributor holes were checked for
blockages and washed with hydrochloric acid., The manometer lines
were washed out with fresh water before each reading. '

The Bredel pumps performed reliably; the sampling system proved
to be simple and effective; the three interchangeable diameters of-
pipe were essential for differing feed flowrates., The control system
was reliable and effective, although the detection of the froth/pulp
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interface level with the differential pressure cell had a minor
drawback, When operating variables such as gas rate and
wash water rate were changed, the bulk density of the froth, and
hence the level of the froth/pulp interface, also changed. When
these variables were set the level was controlled adequately.,

The only other problem encountered with the pilot plant was the
tendency of the line between the feed sampler and the column to
block., The blocking was due to the build-up of solids at the
bottom of the sampler because of a low hydrostatic head between
the sampler and the column. The bottom of the sampler was a 30°
cone which fed the feed line,.but this angle should have been
greater to avoid the blockages. To facilitate unblocking of the line
without a shutdown, air and water iines were fitted to the slurry
line. If the line blocked during a test the samples were discarded.

The wash water steady-head tank operated satisfactorily and the

Hanna pH controller was reliable,

5.4 CARRYING CAPACITY AND FLOTATION KINETICS

5.4.1 Discrimination between Carrying Capacity and Flotation

Kinetic Limitations '
It is important to distinguish, when studying the performance of a
flotation column, between the results limited by carrying capacity
and the results limited by flotation kinetics. In conventional
flotation, bubble carrying capacity is ravely a limitation. The open
area of a column is approximalely a fifth that of the conventional
cell, and bubble surface area is often the parameter limiting a

column's performance.

5.4,2 QCarrying Capacity

A semi-empirical relationship is discussed in Section 2.5.1 for the
estimation of carrying capacity.
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d ,Pp J i Equation 2.5.1

In this testwork the average bubble size at the top of the froth db
was kept censtant, so the equation may be simplified to

Ca = Const, dpJpp .]'g.

This is a linear equation and the straight line passes through the
origin, The best measure of dp {mean particle diameter) is
diccussed in depth in Section 2.5. It is suggested that the best
mean diameter for bubble loading is the diameter of a sphere whose
cross-sectional area is the average cross-sectional area of the
particles i.e, the d(3,2)’ while the diameter used in the literature
is the dBD and is equal to the size of aperture through which 80

percent of the distribution passes.

Table 5.12 summarises the relevant information, The right hand
side of Equation 5.4.1 was calculated for each test, using both
measures of particle diameters. The data is plotted in Figure 5.7
using the d(3,2)’ and Figure 5.8 using the dBD' On the
assumption that at least one or two tests in the upper range of the
graphs were carrying capacity limited, a line was drawn separating
thege from the rest of the data. The lines divide the results into
two sets: the carrying capacity limited results on the left hand

side and the flotation kinetic limited results on the right hand side.

Although CFl and CF2 clearly have the highest concentrate mass
flux, and were obviously limited by carrying capacity, they were
excluded from consideration. The column was operating under very
different conditions with this matevial than it was in the other
tasts. The very high quantity of hydrophobic material made the
froth exceptionally stable and fluid, and the bubble residence time
in the froth low. While no wash water was used in CF2, it had a
higher concnetrate mass flux than CFl, whereas with the usual feed
froth without wash water would be unstable and have very low

coricentrate mass flux and recovery., So the carrying capacities of
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Table 5,12

Concentrate Mass Flux and Particle Size

. d A7

Test Cong, d(3,2) dg, J'g Particle dp‘%'rg PP
Mass
No Flux um um em/sec  Density d(3 ,2) dSO
)
g/min/cm g/em?

TTLL 1,85 12,6 72,8 1,24 3,38 52,8 305
TTLZ 1,06 10,5 57,3 1,13 3,38 40,1 219
TTL3 0,73 8,4 37,9 1,31 3,38 37,2 169
TTL4 0,77 7.5 27,6 1,50 3,38 38,0 142
BRI 0,79 11,7 73,7 0,94 3,65 40,1 253
BR2 1,36 12,5 71,9 0,94 3,58 42,1 242
BR3 1,05 13,0 61,1 0,94 3,79 46,3 218
RT1 1,16 12,6 76,1 1,13 3,52 50,1 303
RT2 0,86 11,5 77,1 1,13 3,38 43,9 294
JB1 0,71 11,9 68,8 1,05 3,70 46,2 267
JB2 0,48 7,7 35,9 1,20 3,52 32,5 152
JB3 0,37 8,5 45,6 1,20 3,40 34,7 186
JB4 0,34 10,2 42,6 1,20 3,50 42,8 179
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these tests were not considered true of the column under normal

conditions.

Both measurements of particle size segregated the individual test
results, except for test TTL4, into the same categories i.e. the
carrying capacity limited category. TTL1 had the highest
concentrate mass flux 1,85 g/minfcm?, after the CFl and CF2 tests,
probably due in part to a slightly higher sulphide sulphur feed
grade of 7,3 percent, BRZ was probably also limited by carrying
capacity, as it had the next highest concentrate mass flux of 1,36
g/min/cm?, although it had a normal sulphide sulphur feed grade of
4,7 percent. It is unlikely that TTL4 was limited by carrying
capacity, as it had a low concentrate mass tlux of 0,77 g/min/cm?,
The reason it was identified by the dSO analysis as being carrying
capacity limited was that the dSO indicated it as wvery fine, finer
than the d(3,2) indicated it to be.

The best étra.ight' line fit through the origin was determined by
linear regression for each measure of diameter (Figures 5.9 and
5.10). The d(3’2), however, is a better measure of mean particle
diameter for carrying capacity, and was thereiore the measurement

used in this discussion.

The following relationship is proposed for the estimation of carrying

capacity for Witwatersrand gold ores:
Ca = 0,034 d(B,Z)Jap Jg Equation 5.4.2

The bubble diameter is not included in this relationship as it was
not measured. . From wvisual estimation of the bubble size the
diameter appeared to be two millimetres at the top of the froth.

The empirical eguation for carrying capacity based on operating
data (Section 2.5.1) estimates the carrying capacity for ERGO

scavenger concentrate to be:



Carrying Copaclty {gm/min/ag.cm}

Carnying Capeelty (am/min/2q.cm)

=130~

Figure 5.9
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Ca = 0,0682 (dSU .ﬁp) Equation 2.5.2

= 0,0682 . 57,3 . 3,38
{data from test TTL2)

= 13,2 gm/min/em?

The actual value for test TTL2 was 1,06 gm/min/em?. The carrying
capacity for ERGO material was approximately a magnitude less than
predicted by equation 2.5.2, The ERGO value of carrying capacity
for Witwatersrand gold ore has been confirmed by results from
another column flotation pilot plant operating on sgimilar material
(Moys 1989A). The reason for the poor prediction may be the use
of the d80 to quantify the particle size distribution. While the dBD
quantified the coarse range of the size distribution adequately, it is
the ultra~fine material that consumes bubble surface area, and

hence determines the column's carrying capacity for the material,

5.4.3 Flotation Rates

On a conventional flotation plant it is relatively simple to obtain
kinetic data by sampling each cell lip along a bank of cells. The
column on the other hand, had to be run at different feed rates to
establish kinetic data. However, it is not possible to keep
important variables, like gas rate and bias ratio, constant for the
different tests. Bias ratio is a function of mass pull, which
changes with residence time and wash water rate, and the optimum
gas rate changes with feed grade and residence time. The
variables in column flotation are interdependant, and a change in

one may have ramifications for several others.

The column results not governed by the carrying capacity limitation
were poverned by other limitations e.g. flotation kinetics. The
gold and sulphide sulphur recoveries were plotted versus residence
time in Figure 5,11. The liquid residence times were adjusted to
allow for settling of the solids (see Appendix III), With residence
times in excess of 20 minutes, settling became an important
limitation. For instance, in test JBZ, a liquid residence time of 23



=132~

% Recovery

100

20

80

7C

60

50

40

30

20

10 -

ERG '0 Flotation Column Kinetics.

Figure 5.11

Recavery Versus Residence Time.

Bim b = embhf kWA mhr ras rrein ke ke e

-

u!

Gold

i '
20

Residence Time in minutes
-+ Sulphide Sulphur

40




¥ Recovery

Figure 5.11

E R G O Flotation Column Kinetics. -

Recovery Versus Residence Time.
100 - . M C g me s a mbe was s Amede 1w

0 - T ' I ' 1 ' T
| G 20 40

- Residence Time in minutes
=} Gold + Sulphide Sulphur




-133~

minutes was calculated to have a mean flotable sulphide sulphur
particle residence time of 20 minutes. The equivalent figures for
tegt JB4 were 43 and 34 minutes,

Data were scattered because of different froth stabilities in
different tests. While collection zone conditions were probably
similar for most of the tests, the froth conditions were mnot.
Column performance - is sensitive to froth recoveries, in turn
sensitive to froth conditions, so the column performance varied for

similar residence times.

The criteria for choosing results approximately on the same kinetic

curve are given below:

a) The concentrate grade must decrease with time.

b) = The recovery must increase with time.

The tests which approximate to the same kinetic curve are testis
BR3, JBl and JB3 (Table 5.13). The feed grades for these tests
were close to the mean values, except for the gold result for BR3.
However the gold recovery for this test was not abnormally high,

The three results are plotted in Figure 5.11. The best-fit curves
were determined using the Eureka P.C. package (1987) for the least
~ squares fit of

r=R (1-1/(kut)(1-exp-kut)) Equation 2.6.7

and the results are tabulated in Table 5.14 for both column and
conventional flotation.

Although the infinite time recovery of gold for column flotation was
higher than for conventional flotation, the difference was within
experimental error.

The rate constants for column and batch flotation are not really
comparable, because they are a function of bublkie size, bubble
concentration, froth recovery ete., and not just flotability.



=134~

Table 5.13

RESULTS APPROXIMATING TO THE SAME KINETIC CURVE

Test No. Residence Gold [ Sulphide Sulphide
Time Recovery Sulphur Sulphur
Z Recovery Grade
F 4
BR3 11,8 42 75 32,6
JB1 18,8 67 86 29,2
JB3 34,1 73 90 21,1
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Table 5.14

Comparison of the Parameters of Equation 2.6.7
for Column Flotation and Conventional Flotation

Infinite Flotation Max.
Time Rate Error
Recovery  Constant Time
R k Lag
u .
% t—l Minutes
Column Flotation
Gold _ 98 0,13 0 6,7
Sulphide Sulphur 99 0,36 0 1,7 ;
Conventional Flotation (Batch)
Gold 92 0,18 0 2,92
Sulphide S_ulphur 101 : 0,44 0 0,44
Column Flotation Assuming a Time Lag
Gold 77 0,87 9,7
Sulphide Sulphur 92 1,17 7.4

*
The maxium error is the largest difference between the data and the
curve fit.
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Kinetic data collected in other work (Moys 1989) indicated a time lag
for gold flotation, The term {t-c) was substituted for t in Equation
2.6.7 and the equation solved for the three constants R, k, and c
{Table 5.14). While the results have no statistical significance, the
time lag c¢ for gold flotation was 2,3 minutes greater than the time
lag for sulphide sulphur flotation which rﬁay’ be attributed to the
lower flotability of gold relative to sulphide sulphur. In the
flotation column, where bubble surface area is lmited, it is
hypothesised that the gold tended to be crowded off the bubbles by
the more flotable sulphides at lower residence times.

The infinite time .recovery' results for both cells were within limits
of experimental error (Table 5.12), and the column vecoveries
showed no significant improvement over conventional flotation. The
netallurgical benefit of ceclumn flotation for ERGO is an improved

grade/recovery relationship.

e
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS

a) A column flotation pilot plant was operated "live" in the ERGO
flotation plant building. It experienced the normal plant
variations and was large enough to experience industrial scale

problems like axial mixing.

b) The gold reéovery' by column flotation may be improved 13
percentage points to 67 percent compared to a conventional
bench scale test at a sulphide sulphur grade of 29 percent.
Subsequent testwork (mot discussed here) on rougher feed
material at ERGO showed & significant improvement in
erformance by the single-stage zolumn over the three-stage

plant,

. ¢) The column's recovery of coarse material was superior to that
of the plant. The coarse material recovered by the column

was probably coarse pyrite,

d) The USBM bubble generator performed well and produced fine
(ca. one millimetre diameter) wuniform bubbles, However,
process water caused clogging in the bubble generator and
scale formation in the injector holes, and potable water, which

is expensive in South Africa, had to be used to operate it,

e) The overall performance of the column was dependant on the
froth phase. Coalescence caused loss of recovery and it was
‘necessary to add sufficlent wash water to maintain a fluid
froth.

f)  The performance of the column was a complex function of the
many variables associated with column flotation e.g. gas rate,
residence timé, froth height, bias rate, wash water rate and
the position of the waslh water distributar.



g}

h)

1)

i

k)
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The many parameters in column flotation are difficult to keep
constant over varying residence times. For example, bias
ratio varies with residence time if all other wvariables are

constant.

The results were separated into two categories: those resulis
assumed to be limited by carrying capacity and those with
other limitations such as flotation kinetics, gas rate,
wash-water rate, etc. When plotted as recovery versus time,
the data were scattered (Figure 5.11) and in order to best
identify those results which were flotation rate limited and on

the same flotation rate curve two criteria were used,

i) The gold and sulphide sulphur recoveries must increase

with residence time; and

'ii} the sulphide sulphur concentrate grade must decrease

with residence time.

The mean Sauter diameter or d(3’2) is the correct measure of
particle size for carrying capacity correlations. It is defined
as the diameter of a sphere whose cross~sectional area is the
mean sectional area of the particles and is easily determined on
a laser particle size analyser, The use of other size distri~
bution parameters e.g. dSD may lead to incorrect conclusions

and unreliable carrying capacity correlations,

The carrying capacity of the ERGO column was a tenth that
predicted by dBO literature correlations, The correlation
suggested for Witwatersrand gold ore is:

C, = 0,034.d.5 5. Jg.:rg.

The efficiency of the column dropped off at residence times in
excess of 20 minutes due to settling in the column.



1)

6.2

a)
b)
c)
_ d.).

e)
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The differential pressure cell performed adequately as a level
transducer for steady-state operation of the ERGO pilot plant.
However, differential pressure cell level control is vulnerable
to variations in column parameters such as gas rate, and is
subject to Ilarge errors where operating parameters are

sxpected to vary.

'RECOMMENDATIONS

The performance of the flotation column should be evaluated on

different feeds at ERGO e.g. rougher feed, plant tailings, etc.

Column flotation should be evaluated on other Witwatersrand
flotation plants.

A feasibility study should be conducted for column flotation of

Witwatersrand gold are,

A commercially viable sparger which can use dirty plant water
should be developed.

A lundamental investigation should be conducted into the low

carrying capacities associated with Witwatersrand gold ore.
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DEMONSTRATION OF THE EQUIVALENCE OF THE dp' THE DERIVED
PARTICLE DIAMETER FROM SECTION 2.5.2, AND THE d(3 2)*
" THE SAUTER MEAN DIAMETER

D,
D3n(D)dD
dis 2y 1 (Malvern 1987)
D,
D?n(D)dD

In the same notation used previously to derive Equation 2Z.5.5
{Section 2.5)

2 pa@)a
1l
d(3 2) = J 1 Equation I
- .
I
1*n(1)dl
J 11

In this study the whole size range of the sample is of interest and
the integral limits are: '

11={Ja_nd12=oa

-

Equation I then becomes

20
Jl’n (1)1 _
(“l’-zn (Hdl
Jo
n(l)dl = the fraction by number of particles in the interval

1to 1+ d(l).
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Mass of particles in the interval di
Mass of a particle of diameter 1

n{lydl =

Total number of particles

pc(l)d.l

3
/’P Mt

6
= Equation III

(0 p, (Dl

However, for any particular sample the total number of particles is

constant.

f‘mp RO

il
=2

ﬂp T3

Jo 6

Equation III becomes

p.(Ddl

"'OP T(13

b
n{l)dl =
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6 p_(1dl
n{l)dl= €

3
ﬁp 1l N'I'

Substituting Equation IV in Equation II

o
1. 6 p (DAl

ﬂp'ﬂ’l-"NT

|
- O
dgzy = 7
‘&I’ . b pc(l)dl
) ,OPTTPNT
f"“pcu)dl
4@,2y T °
@ (a
Jo 1
-1
r’pc(l)dl
d
(3,2)
Jo 1

d3,2) = p

Egquation IV
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Date } 15-May 18-Nay 18-Nay 1@-May
Streas (4,B,0) iA A A f
Expt no b TELL TTL2 T3 L4
! PBID

HEASURERENTS: i
FEED !

SAMPLE: VYolume - 1 bOE5.000 14,250  3.000 14.500

Wet Mass kg boOEE900  15.150 17,800 §7.400

Bry Mass kg P20 1.%0B - 2.495 2,503

Tine SEC PoA0.000  40.000 40,000  40.000

ASSAYS:Sulphide Sulphur ¥ Poo.300  5.600 3,370 3.940

Gold olt ! 2870 4,850 2,710 3,700

Uranium git ! 317,000 212,000 130,000

pH Y3800 340 1600 3000
EDNCENTRATE :

SANPLE: VYoluae | tOLJM0 4,006 5,730 B.AOO

Het Hass . kg P 4580 4500 7,090 B.990

Dry Hass ke P05 0uA25 0,432 0.438

Tine s8¢ ! 20,000 BO.000 80,000  BY.00D

ASSHYS:Sulphide Sulphur £ {2,400 20,600 21,800  19.300

“fald g/t I O10.860 10,700 10,600 13,200

Uranium gt ! 724,000 370,000 441,000

i : 3.800  3.B60  3.550

TRILS

SAMPLE: Voluap 1 0.500 18,500 15,340 20,000

Wet Hass kg o 25,400 19,000 15,500 21,240

Bry Kass kg b L7853 1,803 1,889 2514

Time gEC V40,000 30,006 40.000 40,000

Yolusetric Flowrate 1/nin | J0.800 27,400 31,200 30.000

RS8AYS: Sulphide Sulphur % VoL 2,200 oI L3

fnld git I L6200 21720 f.600 2,050

Uraniua gt ' 193.060 185.000 125,000

pit ! 3.080 3. 780 1.430
OPERATING :
CONDITIONS: BUBHLE RENERATOR !

fBas Rate L/ein {33,000 30,000 35.000 40,040

fas Pressure kPa b 630,000 400,000 500,000 500,000

Hater Flawrate 1/ain P27 L0 1,750 1,600

Water Prassure kPa b 390,000 540,000 550,000 S50.000

Water ph o300 3200 FA50 1400

Frother Concentration  ppa | 165,000 1AS5.000 15.000 145,000

B. Benerator Pressure kP2 ! 500,000 500.00¢- 400,000
WASH MATER !

Wach Later Flowreate 1/ain { 16,306 8500 B.500 A.500

Frother Conceatpation  ppa {165,000 145,000 £45.000 145.000

P P30 3200 3150 3.400
Bistributor above or !

below Froth Surface iBelow belew  belay  Below
FROTH Siiptt !

Froth Height (1] P 710,000 B70.000 HB50.000 820,000

Controller Set Point | OB5.000  50.000  A0.000 40,000
Conductivity Reading !
RERBENT i

ADDITICN:  Copper Sulphate ppR bo10,000 0,000  0.006 0,000

Senkel G0 [ {20,000 0,000 0,000 0,000
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CONEY

CALCULATEONS:

FEED
Yolusetric Flowrate Fain
Mass Flowrate kg/nin
{ Golids i
R.D. kg/l

Superficial Velocity cefs
RECONSTITUTED FEED

Mass Flowrate kg/mia
ASSAYS18ulphide Sulphur %
Boid g/t
Uraniva git
CONCENTRATE
¥ RecoveryiMass ]
8/8ulphue 3
Gald H
Uraniva 1
Yolusetric Flowrate Vain
Mass Flourate kglain
% Solids H
k.0, kg/l
- TAILS
Valugetric Flowrate loip
Hass Flowrate kg/nin
1 Rolids ]
/.5, kg/1
CRITICAL C.F. PARAMETERS
Residence Tina #in

Guperficial fas Velocity oo/s

Concentrate ¥ass Fiwx  o/fein/sq.ta

Bias Ratin
REABENT CONSUHPTIEN
Frather 5/t
Caopper Sulphate g/t
Benkol 50 gt
VOLUMETRIC BALANCE
IN i/ain
put Linin
'HASS BALANCE
Ik _ kg/nin

i) kefein

— g e e AL e A E Ee S W e B R A e = e e e R e e e SR e e e M e e i e BT e A A MR e A e e —

22,500
3.0m
2.1
1,060
0.84%

3,508
5516
.2
0.000

.41
77,100
£, 874

ERR

8,510

0.823
11.978
1053

30,800
2.682
B.343
1.044

12,411
1,238
1,852
1,156

11,301
11,412
22,823

33. 550
37,310

3,095
3.505

21,375
2,862
12,39
1,043
0,802

.15
1.93
3.584
27.802

14.840
62,002
48, 442
39,530
4.500
0.45%
2.415
1.083

21,600
2,890
7.489
1,027

13.592
L%
1.635
1.185

43,383
§.000
0.000

31.BI3
32.100

2,842
3159

24,000
3.143
4.0
1.06%
0,900

1,164
3.5
- 2363
196, 458

LA
47.51
4. B6S
22,540

3. 0l5

0.3H4

6,093

1,044

31.200
3.842
11,448
1,076

12,052
1,313
0.19
t.431

405,942
0,000
0.000

W, 2190
3b. 2685

3.743
4,184

4.7
3,755
14,385
1,083
0.928

£.115
2.83%
2.981
fsl. 381

a,34%
Sh. 14T
34.96%
24.321

5,450

0.3

5.0%5

1043

30,000
3.m
11.825
1.043

12.57%
1,300
0.1
1.0

143,847
9.000
0.0

34,850
36,450

3.755
{.115

Wy



. | =154

ERGO FLOTATION COLUMN
Test Ho, TILI
PIREL R R R IR AR AR A A E A I N B A R FE P R R A R B AR A AR R SR R N R R D R L RN A Y

$ ! HKass Hass Bold 875 U308 ! T Distribution b 5-32 ¢
] f kg/he 4 o/t 1 9/t ! fnld 5/8 HigE ! um 2
¥ +
r fons ! 49.4 3 Wb 2,40 0 ' & 7t ERRY 5831
£ Tails | 180,9 n 1.462 1.95 - 0 ! 13 23 ERR | 91.% 2
¥ - o
# Lalp Mead ' 210.3 100 1. 8,52 ¢ ! 100 {00 100 { 84.7¢
+ Keas’d Head! 185.7 2.087 7.30 0 H H %

lill!lI!!!iilii!iiilll!i!iilii!!ii!!iii!liii!!i!iii!*iiiii*!!i!!iiiil!iiifi*!iilii!ii!II!iii!!i*iiif!!i!!i

ERBD FLOTATIDR COLUMM
Test No. TIL2
MO I F T S F R F A EE S R SRR S B R R A S B R S H R R IR ST R R

2 i Hass Hass Bold 815 U308 f % Distribution i §-32 %
% Vokgie X o/t ] gft H bald 8/ VDB 3 um
s . : '
¥ Cons ' M1 {5 11.70  20.40 774 ! 5 &2 ! &0
# Tails | 1.1 B 211 .20 193 ' 52 I 1 92012
E - . ; 2
¢ Calcifead ! 1B%.5 16D 3.58 L9 i } 100 100 100 ¢ 904 %
% Heas'd Head! 71,7 4,65 S.b0 3t t ] N

MR IR R F A S R A R R T H M R R R H R A TR E R TR R R M ER R A R SR F LA F R R R 434 %

ERGO FLOTATION COLUHN
Test Ho. TTL3
!!!!I!IIIi!!!!Ill!lli!lilIiil!!lli!il!IliIl!l!l*i!!l!illill!!l!i!!lliIi!i?lill!lli!lilll!!ll!Illlillilllil

i { Mass  Mass  Gold 85 U8 § 1 Distribution =} $-32 %
# ! ko/hr H g/t 4 o/t { Spld 518 U308 ! em &
| B . 3
#  Coms | 19.4 8 19,60 .00 57¢ : b 4 3 b
¥ Tails | 230.5 92 1.a7 2.01 163 ! &5 a2 wi 9.8
3 '3
% Cale Kead {  250.0 [y .34 1.3 194 i 100 100 0 8993
# Neas'd Head) 224.& 2.7t 3.3 i ¥ { ! ]

FHEFFLEIH I e E R T E R R F R E R F A T R N N F L F S S R S HE E S L ER R R R R F E R R AR E S 42 K2

ERG O FLOTATION COLUMN
Test Mo, TTLA
AR R R S R R R LRI A R R A R A R R F R R R S F R R IR R R T R R R R R LS R E RS S R F A B N R S A3 15 551 52

¥ | Mass Mass Bold §/5 368 1 # Distribution ! §-32 ¢
% | kothe I g/t H g/t } Gold 5/8 3B ! um £
# : aimmi : r¥
# Qfems | 20.b B 1320 1930 44t 1 n 5 A B9+
t  Yails } 224.3 72 2,05 L3 125 ! &3 i3 Wt M4
y ; '3
# Cale Head ' 4.9 100 2.98 2.0 154 ' foo 100 100 ¢ 7.8 2
# Mpas® Headt  225.3 L 3.9 130 H ! 3

FEFH R M E R A A R R F R B L S R R R R E R R 15215313
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Bate ¢ 08-dun  08-Jun  O8-Jun
Streas (f,B,E} i A i A
Expt no 1 BRI BR2 %3
{
HEASUREMENTS: : !
FEED i
SANPLE: Volume 1 i 13,200 14,550 15,400
Yot Hiss kg ! 14,800 14,200 17.400
. Dry Hass ky 1 2388 2,556 2.B93
Ting 114 40,000  40.000 40,000
ASSAYS:Sulphide Sulphur % PoLse0 L7200 4. TM
Bold g/t i LeB0 3490 5.3
Hraniua g/t i 158,000 193.000 147.000
oH Po2.700 3,200 3200
CONCEXTRATE ;
SAMPLE: Voluae 1 P800 2,790 2,300
et Hass kg PoL000 4800 2,500
Dry Hass kg Poo0.4T0 0.BOB 0573
Tiae set ! B0.000 80.000 BO.GOO
ASSAYS:Sulphide Sulphur % § 20,100 26,300 32,400
Gold g/t V14,800  13.800 9,940
draniva g/t ! B55.000 633.000 422,000
pH 13,320 4080 4150
TANS !
SAMPLE: Valune 1 {19,000 16,400 18,23¢
et Kass kg 1 20,800 17,900 29,000
Iry Mass ko | 2.626 2.4 2,545
Tine sec {40,000  40.000 40,000
Unlusevric Flowrate Yiain i 21,800 4,300 28.400
~ ABSAYS:5ulphide Sulphur I VL.210 f.280  1.280
Gold g/t POLAT 2,150 1.5%0
tiranium git }IHR000 141,000 A1.000
o bOAIT0 340 3.5
OPERATING i
CONDITIONS: BHIBBLE SENERATOR |
Gas fate 1/ain P 25.000 25.000  25.000
fizs Pressure kba i 520,000 &00.00C 400,000
Watar Flowrate 1/nin b7 2,780 .79
Water Pressure kPa {520,000 40,000 540,000
Hater pH PoLBasd 3470 3.800
frother Concentration  ppa ! £45,000 165.000 1AD.009
B. Generator Pressure  kPa i 570.000 570.000 580.000
WASH WATER H
Kash Hater Flowrate l/ain Po&100 4800 3700
Frother Concentration  ppe ! 185,000 185,000 145,000
pH , {3860 3470 3,800
Bisteibutor above or H
below Froth Surface ! Delow  Below  Below
FROTH PHASE H
Froth Haight an { 410,000 390,000 480,000
fontroller Set Point tovs.000 75,000 75,000
- - Conductivity Reading A
RERBENT !
ADDITIDN:  Copper Sulphate fipa b 10,000  10.000 10,000
Senkol S0 opa i 20.000 20,000 20.000
[
1
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CALEULATIONS:

FEFD

Volugetric Flowrake
Hass Fiowrate
I Yolids

Rl n.

Buperficial Yelocity

RECONSTITUTED FEED

Hass Flowrake

ASSAYS: Sulphide Sulphur

Bold
{iraniua
CONCENTRATE

% Recovery:Mass

8/Sulphur
Bald
Uraniug

Valueetric Flowrate
Hass Flokrake
1 Solids

TAILS

Yaluretric Flowrate
Hass Flowrate
¥ Solids

R,

CRITICAL C.F. PARAHETERS

Residence Tise
Superficial Gas Velocity cafs

Gancentrate Mass Flux

Has Ratio

REAGENT COMSUHPTION

Frother
Copper Sulphate
Senkol 30

VOLUMETRIC DALANCE

I
Ut

N
oy

HARS BALANLE

Hein
ko/oin

kg/1
ce/s

1niz
kofrin
1
kgfl’

1fain

kg/ein -

!
ky/]

Bin

glainfsq.ca

gft
git
glt

I/nin
1/ain

ka/nin
kg/min

19.800
1,571
16,122
1.621
0,743

4,187
3. 458
2.4R9
181.344

8,439
46,351
84,154
3%.930

1,350

4,351
15, 667

1.154

27.600
3.815
12.748
1.0B4

14,334
0.%38
0.793
1.200

350,423
9,499
19.1%8

28. 650
29,500

3.9
4,147

21.825
3.984
£6.393
1113
- 0.818

3. 135
3.340
4.008
220,837

16.227
19,920
33,062
§6.513
2,083
0. 404
18,364
1,600

28,200
3.1
11,98
1.0

16,364
0.%30
1,384
1.144

333.374
16,711
2.422

9.3
24,263

3.984
3.135

AL 100
4.340
16,626
1.130
0.864

{408
4,847
2,48k
98. 848

10,487
15,183
42,217
4. 744
1.723
0,480
23,962
1,130

28,400
3.968
12,723
1,098

13.832
0.934
1.051
§.083

238,858
d.%78
17.935

29,350
30.325

4.340
£.454

L)
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ERED FLOTATION COLUMN

Test Na. BRI
R A A S T E R A RN R L R R R I L B R R E R
i Mass Hass Bold 1 I 1]: I’ % Distribution P 1-32 ¢
i kglhe 4 g/t 4 g/t | Bald 515 U8 ¢ us %

g

Cons | 20.2 B 80 210 85

]
]
%
]
+ Tafls | 72289 27 1,57 .27 i

i f ob i Sar

i % i 0.4
i %
£ Calc Head ! 250.0 100 2.9 345 184 § 100 100 100 92373
® Neas'd Head! 214.7 o 6B 458 158 ¢ ' t
HEHHHHEH U H B T P B R R I T L A

ERG0 FLOTATEON CAOLUMN
Test Ma. BR2

FHER IR R R R A F M A P R R R T R R F R S PP I E TR SR F LR R R R R I R R AR B F1 3

¥ | MNass Mass fold 818 308 ! I Distribution I s P |
2 ! kodhe 4 git 3 git . fold &5 0308 | us ¥
P i
¢ fons | 354 16 1360 26,30 8334 53 B4 Tt STt
+ Taiis | 187 Bi 2,15 1.28 14§ | 45 20 NP BT
' : : 3
¥ Calc Head ! 224.1 100 4.01 5,34 221 1 100 100 00} 8679
# Baas'd Head! 239.0 3.4 4.72 193 ¢ H #

R A R A R E R R R R A R R S R R R R R R R R R R H X Y

ERG 0 FLATATION COLUMN

: Test Mo, BR3 _
FHAPRHH TR I B H P R R LA R A R H R R R A R
% { HKass Hass fioid 8/5 i | ¥ Distribution ! 1-32 %
) i ko/he 1 g/t H g/t | Eold §/8 D30 | wua #
¥ 5
t femas } 28.0 i 2.9 12.40 422 ) 2 73 T A
t Tafls | 2393 %0 1.59 f.24 &1 1 ] 25 RR ' @R,2 %
L § . : O 3
# Calc Head § 287.3 100 2.47 4.55 99 ! 100 100 100 4 B5.2 ¥
¥ Neas'd Head! 240.4 3 4,75 1z | { ¥

I HF R T L R E R A T R A A A H S R E I R E R R R L R SR R E 3 A R 41 SR L R 103
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SIIE ANALYSES
BR? Concentrate

M PR R F R EM S E R R R R R AR R A SR

% Screen | Cua, Com, #
# Bize | HKasms Hass tiass 2
1 un I 1 X T ¢
| i ¥
¥ } 3
£ HIG 9.3 $.3% 100,08
& -150+i06 1} b.5% 91 9974
r -106470 V 22.0% 28.9% 5L
+ ~IH5 08 35.9% 0 7Lt
¥ -G 0.9F 3631 HL1L:
¥ -3 1 7Y 100,08 £3.71x
¥ H I
k! H i
¥ Total | 100.0% 100.0% 100.0%s

SEH PR IS S E S EE R AR EEE

SIZE ANALYSES

BRZ Head
ERHA MM E I HE FEFE R S R L E R LT
%+ Bereen | Cua, Cun.
+ Bize | Hass Hass Hass
t ux I | ] -4
§ i
¥ H
¥ 30 ! 4.5% £.3% 100,082
& =150+06 | 2.8% 7.08 95,58
£ -10&473 .61 1.6 9303
B 1 5% S .71 13,38 BG4I
t  -§3E 0.4 13.5%  BLT7E
2 ~45 t  BA5% 100.0%  0b.5%:
¥ H ¥
¥ ! #
#  Total ¢ (00,00 100.0F 100,01z

I H I R R H H G R

SITE ANALYSES
BR2 Tailings

FHEH AR R RS AR L AR SRR E R AR

FHEE R R A LR E TR R E R IR R R H 3 125

+ Screen | Cua, Cus, +#
#  Bize | HKass Hass Hass &
L] ta L 1 4 I
x ! %
+ t ¥
#1850 | 5,58 5.8 170,05+
 -i50+i08 } 2,3 .78 143
2 -l0a75 1.%% D.61 2.3
+ -1553 i 0.7%F 10,35 0.4k
& -5id5 .08 10,31 B7.7Ia
§ -t ! B%7E 100,00  BY.VI
) ! ¥
& ; 3
¥  Total 1 100.0%  100.0%  100.0%

e A M M WM

™
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ENBD COLUMH FLOTATION RESULTS
Rttittititatetitiistititititity

Date -

{ 23l 23-dm
Strean (4,B,0) iR #
Expt no HI 3| CF2
| {LEANER FEED
NEASUAEMENTS: |
FEED H
SAKFLE: Volume i 1 12,500
¥ot Mass kg 1 .00
Dry Hass ky N F
- Tiae sec i 40,000
ABSAVE: Sulphide Sulphur X [ 20,025
Gaid aft I T.e40
Uraniua git I
pH Y3800
CONCEHYRATE t
SAHPLE: Voiume 1 1 15500 (13.000
' et Hass kg P985 14,830
Dry Mass kg | L4329
Tiae sec 1 #0.000 BO.00G
ASSAYStSulphide Sulphur ¥ | M55 2050
flald git I B9 R
Hranjum g/t H
ot 3T L0040
T4ILS |
SAMPLE: Volume 1 I 4780 8,500
Wot Hass kg 1 i5.90 9,325
Bry Mass kg ! 1LHMs L
Tine sec boag000 40,000
Voluasteic Flowrate Lrain | 16900 12,004
A55AYS:Sulphide Sulphur 3 t 10,958 12,245
Ha}d §it I 532 4480
Uramiva 't 1
|
] : L Lo
QPERATING : t
CONDETIONS: BUBDLE SENERATOR f
Bas Rate Luin | 3,000 J33.004
aa Pressurs kPa | b20,000 &00.000
Hater Flowrate 1inin I J4d 1450
Nater fressure kPa [ B84, 004
Water pH I 3.800  3.B0O
Frother Concentratien  ppe I o000 9,000
B. Beneratar Pressurz  Pa { 800,000 S80.000
HASH HATER 1 '
Wash Rater Fiowrake 1 fuin I §.000  0.000
Frather Concentration  ppw i 80000 0,000
pH 1 4t
Bistritutor abave or H .
balnw Froth Surface { belaw  abave
PROTH FHASE b
Frofk Height 113 V150,400 276,000
Concpraller Set Paint VoM 77000
Conductivlty Reading t
|
AEABENT K
AOITION:  Copper SBulphite poa Po10.000 10,000
- Senkel S0 [ : 20,000  20.008
HOLDUPY Nanoaeter 7 i 11905, 000 1897.000 al
Hanometer & a 11935, 000 1525, 800
Nanometer § a }1980.000 §950.000
Nancaeter § [T} | Edf ERR
Hinaaaker 3 . ERt  ER
Hanpugter 2 " ERR ERE
Bauge Reading WP -5.400

{
i "H.HW
i
H

I
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CALCULATIONS:

FEED
Velucetric Flawrate Iialn
Hass Floweate kp/ain
" 1 Solids |
R.D, kg/l

RECOVERY

CRITICAL
PARRHETERS

Superficial Velocity  cals
RECOMSTITUYED FEED

Hass Flowrate kg/ain
ABSAYS: Sul phide Sulphur %
Bold git
Uraniue g/t
CONCENTRATE
i Recoveryifass H
8/Sutphup H
Buld ]
Uranium ]
Valuaeteic Flowrate }/sin
Hasz Flawrate ko/ein
i Salids g
k.ik kg/1
TAILS
VYolusetric Flowrate l/nin
Hass Flowpate - kgfwin
1 Solids ’ H
R. 0. kol
ERITICAL C.F. PARAHETERS
Residence Tise ]

Superficial Bas Velocity ca/s

Concantrate Mass Flux  o/nin/sq.co

Bias Ratio -

HaLDup

Collection Ione 1

fianoweters (137511750 1

Henoseters {1105-970)0 X

Manoaeters {975-773) |

Kanometers (775-575) ]

Hanpeeters (579-375) 4
REAGENT CONSUHPTION

Frother it

Copper Sulphate git

fenkol 50 g/t
YOLUNETRIC BALANCE

IN 1/ain

43 Ifgin

Hh8S BALANCE
IN kg/ein

aur kglein

e e e W wm aler m— e——

TR FEE e AN T e W e e W e e W bk ETEE M S e My s e -
e mE maw e A O A P R e W A i R

8,750
3,459
17,42
1.120

0.703

3.553
15.1H
6.427
0,000

30.24
.614
41,150

ERR
§1.628

1.074

8. 5634
L.0?0

18,900
2,479
1,1
1.082

.54
1,425
4
0. 853

22,474
21444
28,324
ERR
ERR
ERR

151,988
11,231
22,513

31,150
30,528

393
3,593

ERR
ERR
ERR
ERR
ERR

3.518
19.87%
7.918
0.000

48,797
£8,537
3. 13
ERR
9.750
L7
15. 444
125

12,000
1,80
13. 584
1.097

33.486
.28
3.863
0.447

19.408
21,407
20,241
ERR
_ERR
ERR

0,000
11378
22,139

ERR
21,750

ERR
3.518
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ERGO FLOTATION COLUMN
Test Ho. CF1 o
HEHHHH R R R M P S B L M 1 R

] { Hass Nass Bold 815 [11.01]: % Distribution 1 1-32 #
¥ b ke/hr X g/t ¥ g/t | Goid &/s U308 | um %
¥ §
¥ Lons 1 A4 30 8,9 M9 I 2 50 ERR ! ¥
s Tails | (48,8 - V0 533 10.%% g b} 50 ERR | .
3 3
+ balc Wead | 213.2 180 6.4 15.0T I 100 160 100 | L]
¥ Neas'd Head! 2363 7.4 20.83 0! { 3

R R R R AR S R R E R R R R R R R F R R R TR A R T L R AR R R

ERED FLOTATION COLUMN
Test Mo, CF?
BN E AR R R M R R R EE R M R D R R R HE A R R B E R L R TR RS SR B R A R S T A S AR TR SR 4

% | Mass Hass Gold ~ 5/8 e I BMstribution ! $-37 %
# 1 kolhe i 1t | g/t { Bold 5/% e § uw ¥
] g : ¥
+ fons } 103.0 49 9,28  27.92 o\ 57 (Y4 ERR | ¥
¥ Tails | 108.1 8l bbb 12.22 0! 4 n ERR | 3
] : g
# Calc Head ! 2111 100 7.9z  19.88 0t 100 100 100 | ¥
t Weas'd Headl ERR 0.80 0,90 1 ! 3

FHE PR S FH SR B A R S A I T T R I E
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ERGE COLUNR FLOTATION RESULTS
FHEENFOREIARRRETIO bR RTOSEREEISIH

date ) I 29-Jun  29-Jun
Straae {4,6,01 TR R
Expt na I Rl RT2
i CLEAMER FEED
 NEASUREMENTS: : i
FEED i
SANPLE: Yolune 1 PO 1,56
Net Mass kg VOILM00 15,400
Dry Hass kg i Laer 1950
Tae - § 10,000 40,000
ASSAYS:Sulphide Sulphur $ I P8 & R I/ 1.3
Gold g/t i 5,350 4,590
Uraniue it 1 298,000 255,000
pH T N N .
CONCENTRATE |
SAKPLE: Voluae i tALME  LEW
Wet Mass kg P 5400 5.200
Try Hasg kg | 0,485 0,508
Tine (11 I 80,000 BO.0OO
A554¥2:5alphide Bulghur % } L0000 19.300
fold i 112000 14,500
Uraniva git § 858.000 Bed, 000
'l 1 L240  3.650
TRILS H
BAMPLE: Yolume ] iOE000 19,750
et Hass ki Yo20.000 20,500
Ory Hass kg { 1381 1,383
Tine 1114 i 20,000  40.000
Yolunetric Flowrate 1ain VOB 2857
ASSAYSeSulphide Selphar I PoLaee 2,22
Sol¢ git PO L9
Uraniuve git } 204,000 170.000
¥
pH !4 3070
H
GPERATING !
CONBITI0NS: BUBBLE BENERRTOR '
Bay Rite ' 1/ain bo30.080  30.000
Bas Pressure %Pa ! 500.808 40G.000
Nater Flowrate  1ain Pa7s  3.750
Mater Prassure WPz ! 560,000 585,000
Hater gl VL L
Frothér Concentration ppm I 20.000 20,000
B. Generator Pressure  IPa i 380,000 580,000
RASH WATER I
Wash ¥ater Flowrate Efain i obT00  A.T00
Frother Soncentration  ppa ! 20.000 20,000
pH 13008 3710
Bistributer azbove or i
below Froth Surface i Below EBelow
FROTH PHASE t
Froth fleight (1] + 315,806 290,000
Contpeller Set Peint P00 77.000
Conductivity Reading 5
. 1
REABENT t
RODITION:  Copper Sulphate pp P00 0.000
Senkal 50 ppe T 0008 0,000
{

ROLOURs Kanoseter 7 n 11500, 000 1317, 000
Mananuter & L[] i ERR 1937.000
Kanosster § n } ERB 1945.000
Mancaetar 4 an H ERR 19B5,000
Manoaeter 3 " i EAR 2010.000
Mangaelpr 2 n H ERR ERR
Gauge Reading kPa Po-.%0  -L900

1

LA N
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————

CALCNEAT[ORS:

RECOVERY

CRITICAL
PARANETERS

FEEB
Voluastric Flowrate
Hass Flowrate
1 Solids
.l
Superficial Velority

RECONSTITUTED r£ED
Mass Flowrate
ASSAYS:Sulphide Bulphur

Eold
tranius
CONCENTRATE
¥ RecoveryiHass
5 /0] phur
tinld
Uraniue
Volumetric Flowrate
Kass Flowrate
¥ Solids
.0

TALLS
Volugetric Flowrate
Hass Flowrate
1 Gnlids
.0
CRYTICAL C.F. PARANETERS
Residence Tine
Superficial Bas Yelocity

Concentrata Mass Flux  g/nin/sg.ca

Plas Ratio

HOLOUP

Callection Zane
Nanoaeters {1375-1175)
Hanometers (E175-970)
Nanoapters {975-775)
Hanometers {775-575)
Hannseters (875-375)

REARENT CONSLHPTION
frother
Copper Sutphate
Gerko) 50

VOLUKETRIC BALAMCE
It
auY
' NS5 BALANCE »
N '

-

Iinin
ko/ein
H

ky/t
rals

kg/min
H

git
git

i

H
1/ain
kg/ein
]

ko/1

1/ain
knfain
-
kg1

Rin
tals

e R PR ME R BN

git
git
g/t

bnin
1ialn

kgfuin
kg/ein

=
Il
1
1
i
!
1
i
b
i
!
1
1
!
i
!
i
1
1
i
1
!
!
!
i
i
!
1
i
H
I
!
H
!
|
i
!
!
I
|
i
i

!
!
I
;
I
I
|
{
!
f

19.040
2.481
12,410
1.088
0.3

2.0843

4,030

3.9
207,288

17,743
71420
54.735
4,726
3,483
0 514
12,485
1,100

28.245
.39
1.0
1,053

14,181
1125
i 156
LM

12. 544
ERR
ERR
ERR
ERR
ERR

72,995
0.000
0.900

30.310
it.e

2,581
2.863

21,225
2,925
13,682
1. 0Bé
0.79%

2,302

4.932

3.403
202,418

15.9%7
§2.303
8. 158
19470

1.615
0.381
9,74
1,070

28,57t
2.001
&, T4
1.043

14,033
(4]
0.852
1,142

13,267
13,714
12.549
13,14
16,110

ERR

87,782
0. 000
0.000

31415
32,184

.90
2382
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EREQ FLOTATIDN COLLHN

) Test Ma. RTI )
HA AT HEEH P HH I H S HHE HHH HEH A T
' ! Mass  Hass  &old /5 3w ¢ 1 Distelbution [ )
¥ ¢t kylhy 3 aft 4 ¢/k § Bald S/ B i wa ¢
t - [
t Cams | .8 1B 1.00 .00 (11 ] | 27 Tl
+  hils | Lo B2 %17 L 08¢ 13 b ¥ o894
N .
¢ Calg Huad (718 (T R B W vt i) 100 e 1 H
® Meas'd Headi 140,80 f35 A8 mal L

RN R EH I I TR T T H R D E O VI HHE TN P

ERGD FLOTATIEN COCUNN

Yest Fa, R¥Z
RPN S B H I H P H T HTHH
' [ Masa Hass Bodd 88 [11,: S { Distribubion [ -
+ HI H gt H gt 1 Bald 545 e P ow
(] i
v funs 1 2.9 I T % T L B4 | 9 &2 g S
+  Taits & 1200 Bt 1.29 ) iro & n 3 HYI O w3s
] '
& Calc Head +  142.9 100 340 493 283 1 100 oo 08 i L
2 Eras'd Read!  175.5 4.5% L b I (N

THIHEHH AT A H P TR H B I A R T P B TR S P E P R Y

ERGO FLOTATION COLUMH
fest Ho. BTI

HEH I R T M HH MBS P M S P H M HH R M H M A R FEH M

HHAEHHMH T H MM A HH H M S Y M G H A D R R S EH L R D G P A S A R

ERE G FLOFATION COCIRIN
Test Ko, RT2

HHHE S H A E IR G U R A T A I AL N E R LA

i HEAD | CONCEXNTRATE ]
t+ Screen ! : - i- 1
1 §lze b Nass Gofd 5/8 Bal4 85 t Hass fiold 8/5 Eold '
4 ua (I 1 gt b I - I 3t H H t
' f [ - i
] 4 1250 55 NS0 945 ATl B30 I3 340 TR !
¥ < I I T 3.82 527 8031 WA AW .M 248 f8.08 i
] : H - . + | %
+ fverall | 100,00 L4 6,36 100.00 100,00 [ E00.00 12,33 #5501 100.00  100.00 1 p04.00 2,18 100.00 100.89 +

FHEEH MR B TH R R A EH B R L R E R I A H T A I R IR A M HH O R Tt AL

1

[} l HEAD H CONCERTRATE i [
¢ Gerean | . et -~ l 4
¢ Biza | Mass anld 88 flotd 85 | Mass Eald &5 bold H E
rom 18 gl H T T I qit 1 1 H i
' { . t i 3
] H ) 1S b 10 .90 20.7% WA F R0 1506 0.7 40.09 ¢

3 -5 | 8.0 3.3 B3 OMM AL T BAE L9 1290 5%.81 i

s : 1 . ; .

$ Oesrall 1 100,00 3.8% .20 500,00 100,00 ! L0o.00 13.M  §6.83  foo.00 f00.00 ! 100,40

—_—



' ERBO COLUAN FLOTATION RESULTS

EXERXIXNXRANEANARRXANANERXEAALRXA

fate VO03-Jul 03-Jul  O-Rul  OF-dud
Strean (A,B,L) I A A A
Expt na i bt b7 183 JB4
t  [CLEAMER FEEB 12400  12h20
BEASUREMENTS: i
FEED !
SANPLE: Voluae | t RO 7336 5020 5.156
Ret Mass ke t BB0G  8.000  S.800 5.900
Bry Mass ky 'OLIM 0671 0.9 0.30¢
Tine SBEL | 40,000  AD.OOD 60,000 80,000
RS5AYS:Suiphide Sulphur ¥ P4 5.9 4970 5,150
Bold g/t VLI LIS 0N 3540
Uranium g/t {201,000 225.000 212,000 253,000
pH Vol 4570 3,730 1.880
COHCENTRATE H
SANPLE: Volume ’ ! 1 J.400  4.550 5.180  4.050
Nt Mass kg o000  RB0O 5000  A.400
Dry Hass kg ! 0420  0.287 0438 0,401
Tine L1:] i 80000  BO.OOD 140,000 140,000
A854YSs Sulphide Sulphur L { 9,200 4.100 100 22,800
bold g/t PO13,500 12,700 7.450  9.010
Uraniun g/t 107,000, 355,000 §73.000 &39.000
pH . 1 4,280 4,360 39830 40N
TRILS i
SANPLE: Voluae i {13,080 11,400 13.040 11,650
Wet Hass kg i 13.900 12,100 13,300 12,000
Bry Hass kp P09l LOA7 0,520 0,549
Tise SELC {40,000 40,000 B0.000 BO.O00
Yolumetric Fiowrate 1/ain VOI%IES 1ALTEY 9291 9,248
ASSAYE:1Sulphide Sulpher % P09 o.M L0  (.1d0
Bold Tl vy e 1,230 L2
Uranivn g/t i 105,000 99,000 97.000 104.000
pH V4050 4IB0 3,950 .0
H
OPERATINE i
CONGITIONS: BUCBLE GENERATOR i
fas Rate 1/ain { 28,000 32.000 32,000 32,000
Bas Pressure kPa ! 510.000 510.000 510,000 510.000
Nater Flowrate 1/ain i L5006 3800 3.800 3.800
Mater Pressure “kPa {470,000 475,000 460,000 440,000
Water pH !OSB00 3.BO0 4050 4,030
Frather Concentration  ppw {20,000 20,000 20,000 20,000
B. Benerator Pressere  KPa ! ABD.OBD 480,000 ABO.ODO £B0.00D
WASH WATER H
Wash Water Flawrate I/uin i &S00 ABOC 4000 4,000
Frather Concentration  ppa tO20.000  25.000 25,000 25,000
ali V3320 3,500 3560 L.500
Bistributor above or H Below  Below
helon Froth Surface ! Below  Below Low Pown Low Down
FROTH PHASE '
Froth Height an f 500.000 490,000 4£20.000 420,000
Costroller Set Point f 70,000 70,000 49,000 65,000
fonductivity Reading H §30.000 800,000
f
REAGENT H
ADDITION:  Copper Suighstz ppa Fo.000 0000 0,000  0.000
Sankol 30 PP I 0.000 0.000 0000  0.000
l .
HOLBUPs Hanomefer 7 an 11795.000 1794.000 1807,000 1807.000
Hanoaeter & ne {16820,000 1817.000 {838,000 iH3A.000
Kanomater 5 " §1B40.000 1H42,000 (BAE.000 1845.000
Nanoaeter 4. : 71 {1BE7, 000 1855,000 1897000 1B93.000
Hanoseter 3 (1 11890.000 1694.000 1931.000 1923.000
Hanometer 2 (1] ! EAR ERR ERR ERR
Bauge Reading kPa ' ERR ERR  -5.908 -A,500
[
BUBBLE SIZE: I 000 1,000 OO0 1000

Visual estieation Al
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CALCULATIONS:

RECOVERY

CRITECAL
PARAKETERS

FEED
Yolueetric Flaxrate - l/eia
Hass Flowrate kg/ain
% Salids |
8.0 kg/l

Superficial Velocity tals
RECOMBTITUTED FEED

Hass Flowrats kg/ein
ASGAYE:Sulphide Sulphur &
fiold alt
Uraniue g/t
CONCERTRATE
{ Recovery:Hass H
§/8ulphur ]
Bnld ]
Uraniun 1
Voluretric Flowrate I/ain
Hass Flowraks kg/ein
¥ Solids 1
kD kall
TAILS
Volugetric Flowrate 1/zin
Hass Flowrate kn/nin
¥ Solids H
R.0. kg/l
CRITICAL C.F. PARAMETERS
fesidence Tiae : ein

Buperficial Bas Velocity ca/s
toncentrate Mass Flux  glain/sn.on
Bias Ratio

HOL BGP

Giltectipn Jone I

Honnueters (1375-1875)0

Nanometers {1175-975) 1

Hanoaeters (975-775) 3

Hanoreters (¥75-5751 ]

Hanapeters {§575<315) 5
REABENT CORSUMPTION

Frother g/t

Copper Sulphate g/t

Benkol 50 g/t
VDLUKETRIC DALANCE

14 Vfuln

auT 1/ain

HAGS BALANCE
IN kg/uin

aur kofoin

— i iy W b e mr mred dme e M M dem e THE mhE Ay M M S e Rl S MR M AR e Ay MR N MR el M AkA ST A M e R M MR M PN e et T e e v mm e

12,000
1,941
14.4¢7
f.100
0,450

Lt
6.266
3.6%3
215,854

16444
gi.q08
57.307
40,314
2,700
0,315
10, 5060
.1t

%35
1.3%
&, 970
{.034

20.233
{.060
0,707
1.3

ERR
1547
13.000
16,383
14,430

ERR

121,593
0.000
0.000

22,400
22,055

1.911
Lt

10995
1307
10.688
f.om
0.412

NG
3.402
2,409
130.4%1

12,253
81,978
58.081
33.429
3.488
0. 2135
w918
1,032

16,783
i.541
B. 553
1,0b4

23,359
{.200
0.484
f.i12

£
{5,678
17.542
1b. 820
19.446
ERR

11L5Th
§.000
0,000

19,593
20,271

1,307
1,757

3785
0.73
16,793
1.153
g 14

0.533
1.238
3.145
243,953

30.788
89,510
72,932
72,433
1,935
0. 164
7.300
1.183

2.2
0.36%
3,90
1.023

42,809
1,200
0.370
1014

37
1%, 404
16.917
16,429
18.872

ERR

329.909
0.000
0.000

11,565
il.1h8

0.73)
0,333

1,883
0. 482
15.400
i, 148
0.145

0.587
b. 088
3,253
40201

25,615
17,34
0.934
&7. 455
1,519
. 450
%114
1.084

%244
0. 437
4,975
1.030

§2.544
1,200
0,338
1.831

14.187
16,99
16,994
14,508
i1.409

ERR

209,804
0.000
£.000

11,463
10,785

0.582
0.58?
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ERGO ~ "TATION COLUMN
Test *
FFHF N I P R R R I R B 5 b OSBRI F TR S I IR MR E R R E B L A B EE IR B R £ 05

% § Masg Hass Bold 575 yie | ¥ Distribution i §-32 ¢+
# i kgthe 1 git 1 g/t 1 Gold sIs (L5171 T T
1 g
¥ foms 1 1B.% 16 1350 29.20 (T &7 b 0t %0+
v Tails | 83,7 a2 1.48 1.0% 105 ! X S ¥ | Y1 LT
¥ _ _ 3
% falc Head {  102.6 100 1.49 6,27 215} 100 100 100 4 3
& Meas'd Head! 1i4.7 3.36 4.%0 201 ! i 53.21:

BEESEER IR O R R F R R I AT F T M A L L R A E R R A R

ERE T FLOTATION COLEMK
Test Ho. JB2
A R M R R A A 4 S M S R S EE R R R M RSN FI IR E R SR

£ | Hass Nass Bold 5/% (1511} I t Distribution P I-32 s
3 i koihr 3 git S g/t | Eold g8 rpes + ua ¢
# : ¥
£ fens | 12,9 12 12,70 2410 kLT3 58 82 K5 T O 3
+ Tails Y %25 8 1.28 0.74 93 1 A2 i LY ?2.0_1
H - P
¥ Calc Head ! 105.4 100 2,48 3.60 130 100 oo 00 | %
¥ Heas'd Headi  7B.4 3.39 [T ) 226 1 T

R A R R R R L R T R A T R PR A R E A L R R R R R R R R S R

ERGB 0 FLOTATION COLUMY
Test No. dB3
H R HIR B R R R E F R F N R S E HA L R T B R R R F R R R R E AL R R A 5

2.2 &9 1,23 L.10 7

¢ ! Mass  Mass  Bold &/ UI0E ! f Distribution -
s P okghe % g/t 1 gft | Gold  S/8  WIME { um ¥
* i
# Cons b 99 O3 240 SIT W %0 71 n.e
t  Tails | T 10 Wl b
E 3

# Calc Head | J32.0 me 315 .24 244 | 100 §00 100 4 )
+ Neas'd Headi 43,8 3.0t 97 424 I §0.7¢#
SEHHPHA I G T R R R H O H U

. ERGD FLOTATION COLUMN
Test No. JB4 .
FEHEH R RS R R M B R TR F R B L E R S E R L E RS

. |

# i Mass Hass fald 8/8 uIog ¢ t Bistribution t §1-32 %
¥ i kgfhe 1 g/t i git 1 Eold 8/5 U30B | ua ¥
% : 2
¥ fons | 9.8 25 .08 22,80 638 } 2 it i1 2.7+
+ Tails 1 24,2 ™ 1.27 i.14 104 § 29 13 [ 134
% Calcfead | 35.2 100 1.75 b,5% - W2 100 160 - 106 ¢ 3
# Heastd Head! 40,9 3.94 5.1% 53! Vo923

S EH S R G H L R
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ERE O FLOYATION CHLIMA
Test do, 3B
T I H I H S ST A G R R LY EH A A B E L CH R R R L PR B I A F R R A

i ! HEAD H CONCENTRATE H TATLIKRGS t
¢ Gcresn |- H H S
t  Size | Mass  Gold 5/  Gola §/5 ! Mass  Bold 545 told 8/8 | Mase  Gold 5/  Gold S5 1
+ ul 1 1 gt * 4 T 1 ot i I | S | git H 4 T =
¥ fams H : ! )
3 19 0V T %B2 M0 2272 .24 3 22,00 B0 230 328 22131 ADD L s Sl [ R
¥ 15§ e 247 00 YRR MR TAE TR0 (L0 20 BBLTZ TTLEBT 1 970 1.84 L4 #H1 i
] H 1 i ' 3
£ Overall 1 10000 320 5,31 109,00 10000 3 100.00  12.9%  2nGd 100.00 100.00 f 106.00 1LY 1.8 100,00 100.06 ¢

FEEEH SRR FH A FH HAEH T HH S 1 M H T N L P FH R H T TR PR U R H A P R N L E B EEFH S ST L

ERGO FLOTATEON COLUMN
Test No. 382
SRR B ER A E N L SR L R L S R L R T E A RN S FH T H G EF R R D H P L

E H HEAD H CONCENTRATE H TAFLINES H
i Screen H ! ¥
¢ Slzr ) Mass Eold §/5 Bald 815 ) Mass Bold §/5 Boid 85 1 Mass Eold 5/5 fiold 8/5 4
1 us 1 3 ot 1 I i I 3 alt i H S T g/t H 1 I
¥ { § H ]
B 78 ! &&0 WD 2800 2049 J0E3 Y 550 19,50 3D T.86 7.54 3 4.0 1.34 0,15 $.41 0.92 ¢
# -5 1 M 3 L4B T3 3T Y s 1530 23590 8L10 FRA6 Y 9RO0 .18 .85 9.3 YoBs
¥ H H § :
¥  DOverall. ! 100,00 L7 8,03 100.00 100.00 ¢ 100.00  (3.68 2647 100,04 100,00 1 100.00 §.47 6,82 §00.00  300.00 1

18 H I AR H I P H R R I P E N E L A A M R L A S A S S A R S N e R R R RV R R F R R R

ERBO FLOTATION CBLIs:v
Tesk No. JB3 . )
EHEEEAH IR A B I P T E S S S R R A B N H L H P P M EEE R E A R I S

{ HE&B 4 EONCENTRATE ] THRILINES ¥
& Screen ! i = - ¥
+ Bize ! Masz Gold LT Gald Ef§ 1 HMass Sold 815 Hold 5§18 | Hass Boid LT3 fiold 515 s
2 s I | it H I r ot ut H 4 i 7 3 g/t 1 i | I
¥ H i ] #
t + 1 5200 %40 1300 1402 40,70 % 180 1400 1840 25,33 teSEE 231 1.50 641 L4 LI s
L] - i " 2,74 % 88 89,301 PN 535 1490 e B L FLAY 1.23 128 %53  98.87 »
f i - H H =t
v Overall 1 10000 312 4,32 100,00 kG000 ¢ 100,60 L3 % L0600 100,00 ¢ 100.00 L.27 LM 100,00 100,00 ¢

SEHHEAH I HR R HH T HEH R A HE R I S A I R P S M R R R F I PR M M IR H B HH i M e e

E# 60 FLOTATION COLUMK
Test No. JM
FEEH I T E R L B S S E P R L R E A S S L F M H R R R TR TU R L 8y

¥ I HEAD I COKCEXTYRATE H TATLI{KGS %
& Seeeen f fuet ; H : "
#  Bize 1 Mass fiold §i8 Gokd §/5 | Mags Bold 8/ 8old 8/5 1 HMass Bold 518 8old 83 =
ua {1 git | 1 $ 4 3 g/t 1 4 I T | [ 744 4 4 S
' — | ! '
¥ 474 [T % B\ R ERL  21.48 ERR T 158 1.0 .00 BBy 1A L 1.5¢ 0.31 1.4 Lt ¢
¥ o I Y 3.08 R 78.52 ERR ¢ 8L TS 7./ .4 70.85 BO.TZ ) %634 i LI 95.52 9.5+
F H - : { ¥ t
t cppall 100,60 b ERR 100,00 ERR § 100.00 73T 2,40 100,00 100,08 1 100,00 1.2% £.2% 100,00 100,00 &
ISR E A R R M R N L I R I RS L E D L A TR N S B A M I Y
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CORRECTION OF RESIDENCE TIMES FOR PARTICLE SETTLING
VELOCITIES

A suitable particle size was needed to calculate settling velocity,
and it was decided to use the screen size which retains 50 percent
of the flotable sulphide sulphur,

Ideally, to determine this size a head sample for each test would
have been floated to completion in a batch cell (as described in
section 4.2.1) and a screen analysis, together with a sulphide

sulphur size analysis, would have been done for each head sample.

In the plant environment however, this type of attention to detail
was not really feasible, s0 a reasonable estimate of the screen size

was sttempted using the available data.

In the last six tests done the concentrate was screened at 75
micrometres, and the fractions were assayed for sulphbur. The
average concentrate mass of the plus 75 micrometre fraction was
found to be 22,2 percent, containing 35,5 percent of the sulphide
sulphur. Test JBZ v 1s excluded from consideration because the
concentrate screen analysis disagreed with the head and tails
analyses,

Assuming the assay on the next size fraction down to be the same,
it was estimated that the coa-sest 31,2 percent of the average
concentrate mass would contain 50 percent of the flotable sulphide
sulphur. The theoretical screen size that would retain 31,2 percent
would be the parficle size used for the settling velocity analysis.
So the screen size which would retain the 22,2 percent, and an
additional 9 percent of the next coarsest material, would give the
particle size for 50 percent of the flnated sulphide sulphur.

A full screen anclysis done on the concentrate in test BR2 showed
that 7,5 percent of the concentrate mass was in the minus 75 plus

45 micromeire pize fraction. Because 45 micrometres was the
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smallest screen size available, and because of the approximate
nature of the estimate, it was dv 4 that 29,7 was close enough to
31,2 percent to justify uéirig 45 micrometre as the screen size which
retained 50 percent of the fliotable sulphide sulphur.

The settling velocity was estimated using figure 5-80 in Perry
(1984) for terminal velocities of spherical particles settling in water
under the action of gravity. It was assumed that the feed pulp
was dilute enough for the continuous phase to be considered pure
water, A particle specific gravity of 3 was used and the terminal

velocity of a 45 micrometre particle was estimated as 0,240 cm/sec.

The corrected residence time was estimated by the addition of the
superficial feed velocity and ihe mean settling velocity to vyield the
mean solids velocity. The collection zone height was assumed tv be

7,8 matres. The effective residence times are tabulated below.

Tabie A.l

CORRECTIONS FOR SETTLING VELOCITIES
IN RESIDENCE TIME ESTIMATES

Test | Superficial Mean Corrected
No. Feed Settling ' Residence
: Velocity - Velocity 5 Time
em/s em/s min
1
TTL1 0.844 0.240 ! 12.0
TTL2 0.802 0.240 12.5
TTL3 0.900 0.240 : 11.4
TTL4 0.928 , 0.240 11.1
BR1 0.743 : 0.240 13,2
BR2 0.818 : 0.240 12.3
BR3 0.866 ! 0.240 11.8
CF1 0,703 j 0.240 13.8
CF2 0.703 H 0.240 13.8
RT1 0,745 i 0.240 13,2
RT2 0.796 i 9.240 12.5 s
JB1 0.450 | 0,240 18.8
JB2 0.412 : 0.240 19.9
JB3 o 0.141 : 0.240 34.1
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EVALUATION OF THE DIFFEREN {IAL PRESSURE CELL FOR LEVEL
CONTROL

The differential pressure cell is known to be very sensitive to
variation in column parameters (Moys and Finch 1988). During the
testwork at ERGO the column variables were conirolled closely,
Visual assessment of the resulting level control showed it to be

satisfactory.

However, in the results tabulated in Table A.2 and plotted in
Figure A.,l, it can be seen that one control setting, 77, gave
different levels, 150 and 315 millimetres for tests CFl and RT1
respectively, This difference in level was due to gas rate and gas
hold-up being high in CFl and low in RT1. -

Table A.2

INTERFACE LEVEL MEASUREMENT BY DIFFERENTIAL PRESSURE CELL

Table of Interface Depths and Controller Setpoints

Test Interface Cas Controller
Ne. - Depth Rate Setting
mm cm/sec %
TTL1 710 1,24 65
TTL2 a7 1,13 60
TTL3 850 1,31 60
TTL4 820 1,50 60
BR1 410 0,94 75
BR2 390 0,94 75
BR3 410 {0,904 75
CF1 150 1,43 77
CF2 270 1,24 77
RT1 315 1,125 77
RT2 290 1,125 77
JB1 500 1,05 70
JB2 490 : 1,20 70
JB3 420 _ 1,20 : 69
JB4 420 1,20 69
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Where variations in operating parameters like gas rate can be
expected, level control with the differential pressure cell will not be

satisfactory.

An increase in gas rate caused an increase in gas hold-up in the
pulp phase. The hydrostatic pressure at the Dp cell was
maintained by increasing "the height of the pulp phase and therefore
reducing the height of the froth phase.

A multilinear regression with seipoint and gas rate as independent
variables was done, and gave a higher correlation coefficient than
when only setpoint was correlated (see Table A.3), The gas rate
coefficient was negative , indicating that an increase in gas rate

caused a decrease in froth depth,

Table A.3

REGRESSION ANALYSIS

Setpoint Setpoint
and Gas Rate Only
Coefficients
Setpoint | -36 -33

Gas Rate =270

Correlation Coefficient
R Squared 0.95 | 0,91
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