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CHAPTER I

INTRODUCTION AND SUMMARY

Flotation is a process commonly used to upgrade or
separate minerals in the mining industry. Although the
process itself is superficially simple, modelling has proved
difficult mainly because of the large number of variables and
the interactions between them. It has been the object of much
research to get a better understanding of the process, so en-
abling nearer optimum operation of existing plants and better
design of new plants.

This particular investigation formed part of a larger and
more general study of flotation heing performed by the National
Institute for Metallurgy Research Group in the Chemical Engineering
Department of the University of Natal. This group is concerned
with the general modelling of the flotation process, together

with the study of individual sub-processes (such as the effect of

froth height) in a flotation cell.

The aim of this investigation was to study the effects
of froth height on grade in a flotation cell, and then to model
this mathematically in a manner suitable for inclusion into the
general model for the flotation process which was being built up
by the research group.

To do this, a special cell was built in which the
thickness of the froth layer could be easily adjusted and measured.
Runs were then done in which the froth height was varied and
samples of the slurry streams taken. This formed the basis of the

investigation. From analyses of these samples, and measurements

taken / ...




taken during the runs, the direct effects of froth height

were determined. Apatite ore was used for these runs, as it is
the main one used by the Research Group.

In addition to the direct effects of froth height, the
behaviour of the froth column was determined for some of the
runs from measurements of the electrical conductivity. It was
possible by this means to compare rates of breakage for different
types of froth.

Finally, entrainment was investigated directly by the
investigation of a depressed silica slurry.

All the data from these experiments are presented
together in appendices A to D. Detailed descriptions and
discussions are in the main body of the thesis. Graphs accompany
data in the appendices.

Apart from the work done directly on froth, a study
of the controls on the existing slurry mixing tanks was carried
out in an attempt to reduce some of the cbserved experimental scatter.
A summary of this study, and some of the conclusions drawn from it,
are presented in appendix E.

In addition to the experimental work, a short literature
survey was carried out in the fields of interest. This provided

an idea of some of the past and present thinking on these matters,

as a guide in the work.




CHAPTER 2.

LITERATURE SURVEY

(See list of references, appendix F)

The literature surveyed for this investigation can be
divided intoc two groups :-
(1) Articles and books on flotation proper,
especially where the subject matter in-
cluded reference to froth.
{2) Literature on froths and foams. This was

done in order to get an understanding of the
behaviour of froth.

No references to the effect of froth height on
flotation cell performance were: found in the literature.

Flotation as a mineral extraction process has been
used for over half a century, and a fair number of articles and
books have been written on the subject. Much of the writing
has been on the various subprocesses related to flotation.
Reference to a text such as Klassen and Mokrouscov [(ref 15) or,
on the modelling side, Arbiter and Harris (ref 1) will provide
a large list of references.

Modelling of the flotation process has taken several
forms to date. Arbiter and Harris list four types of model.
Probably the most common type is based on an analogy with chemical
kinetics, and involves a rate constant, k. This can ke used to
explain why an increase in grade in the contents of the cell results
in an increase in froth grade. A distributed rate constant has
also been used to relate batch and continuous flotation (e.qg.
Loveday,ref 19). The model being developed by the Research Group
at the University of Natal (see King et al,ref 14) is an advance-

ment on this, and involves a distributed rate constant which is
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. also a function of particle size and grade.

Up to now, models which have included froth height have
not been formulated with the prime object of determining the
effect of froth height, nor have they been specifically tested
for such an effect. It appeared in many cases, and intuitively
it seemed reasonable, that the froth layer did have an effect,
but the exact nature of this effect was unknown. Klassen and
Mokrousov included a chapter on froth in their book. This was
mostly a fairly gqualitative discussion, but guoted some results
which showed that an increase in grade occurred when the froth on
a flotation cell was sprayed gently with water, apparently because
of secondary enrichment. Maksimov and Khainman (ref 20) gave
results of an experiment which showed that up to B80% of the particles
entering the froth layer returned to the pulp again.

Only two models which included the effects of froth have

been found in literature :-

(1) Arbiter and Harris (ref 1, see also Harris, Jowett
and Ghosh ref 8, and Harris and Rimmer, ref 9) postulated that
the rate of return from the froth was proportional to the product
of froth volume and solids concentration. A mass balance yields:
Rate of flotation = k % (cell conec.) * (cell vol.)
-k “% (froth conc.)x(froth vol.)
(2) Bushell (ref 3) postulated that the rate at which
solids returned from the froth was proportional to the rate at which
solids entered the froth, This simply reduces to a modified rate

constant in an ordinary rate constant model.

It should ke noted here that neither of the above models

included /




included any effects on the liguid flow, and also that neither
was tested directly for the effect of froth height.

A phenomenon associated with the froth layer in a
flotation cell is entrainment, especially entrainment of gangue
particles. This is possible if the particles of less floatable
material become trapped within the interstices of the rising
bubbles. Again, like froth height, entrainment has not been
studied much. Jowett (ref 13) investigated it experimentally,
but found that, although the phenomencn appears to exist, his
simple theory could not adequately explain it for complex systems.

In 1953 Bikerman published a book (ref 2), entitled
"Foams: theory and industrial applications." In this book, he
summarised all the work which had been done in this field up to
1953, Froth flotation featured prominently as a major industrial
application in the use of foam. It is interesting to note that
the study of foams dates back guite a long way. Bikerman lists
a number of references to work done by Platean (of "Plateaun border"
fame) over 100 years ago.

The study of foam drainage and also foam stability (these
two terms are often confused) is touched on by Bikerman. Most of

the equations given are semi-empirical, and indicate the lack of

research in this field up to 1953. More recently, further attemps
have been made to model drainage. Jakobi, Woodcock and Grove (ref
12) are the first of this group. Haas and Johnson (ref 7) later

presented experimental results for continuous operation of foam
columns, and compared their model with that of Jakobi. Leonard
and Lemlich (ref 17) took a more sophisticated wview, and analysed

the flow through channels the shape of Plateau borders, using a

computer / ...




computer to calculate results from their model.
So far, the theories form two distinct groups : Jakobi's
type where the liquid flow, L, is proportional to the cube of the

liguid fraction £, and the other type as used by Haas and Johnson,
- ;

and Leonard and Lemlich, where L is proportional to f . In
terms of drainage velocity, Ve (=L/f}) the models become
2
Vg = Klf 251
and Vg © Kaf 2.2

Rubin, La Mantia and Gaden (ref 22) discuss the theories
and present experimental results which appear to agree with eguation
DiZa Hoffer and Rubin (ref 10) discuss the flow regimes which are
attainable, and point out that equation 2.2 will hold in the
"plug flow" region, which they say should ocecur when f£<0.26.

In the field of froth stability there has been little work
daone. Ross, (ref 21) in a very readable article, derives the
ideal gas law as it applies to foams and shows how it is possible
to represent bubble coalescence and foam breakage on a potential
energy diagram. The chapter on froths in Klassen and Mokrousov °
discusses froth stability rather gqualitatively.

A subject closely linked with froth stability is the
modus operandi of surfactants, frothers and anti-frothers. This
subject is also not well understood. Both Bikerman and Klassen
and Mokrousov include discussions on this, mainly from the point of
view of individual compounds. Livshits and Dudenkov (ref 18)
discuss the effects on froth stability of compounds formed between
collectors and various ions present in a flotation cell. Data
and discussions on the common chemicals used in flotation can be

found in the commercial literature of most mining chemical manu-

facturers.




CHARTER 3

- THEQRY

The theory for this project is diwvided into three
sections:

(1} Modelling the effects of froth height on grade.

(2) Studying the behaviour of froth columns.

(3) Studying entrainment of solids in the froth.

3.1 EFFECT OF FROTH HEIGHT ON FLOTATION

The flotation theory (see ref. 14) being developed
by the research group is a distributed parameter model using
a first order rate constant, k. Each particle in the flotation
cell is regarded as being of a particular size D, a grade g,
and having a flotation rate constant k. There will be a
distribution of these parameters over the solids in the cell.
A distribution function f(k,g,D) is then defined such that
f(k,g,D).dk.dg.dD is the mass fraction of solids in the range
k tcek + dk, g to g + dg and D to D + d4b.

The rate of flotation of solids is dependent also
on the aeration of the cell and the behaviour in the froth
layer. The rate of attachment of solids in an element of
k-g-D space to the bubbles is given by:

k.f(k,g,D).(A'.s).4(D).w.dk dg dD
where A'.s is the product of bubble surface area x fraction
cf this surface area which is uncovered by solids;

W is the mass of solids in the cell;
(D) is a function of D which accounts for the effects

that particle size has over and above f(k,g,D).

Process/.....



Processes o©Occurring in the froth layer might also
treat each type of particle differently. (For example,
if solids were becoming detached in the froth, it would
seem reasonable that gangue particles might fall off first,
thus leading to enrichment in the froth). The most convenient
way to model the effects of froth height in the context of
the above model is to define a function, R, which is not only
a function of froth height, h, but is also dependent on
k, g, and D, and describes the fraction returning from the
froth for solids lying in a given element of k-g-D space.
The overall rate of flotation of solids is then given by
o w©
{ % { (L - R{(k,g,D,h)).(kf(k,g,D)A'S¢ (D)W)dk dg dD.

From here, it is possible to develop a model for
the behaviour of the flotation cell under both batch and
continuous operation. Reference 14 describes this in detail.

Returning to the effects of froth height, it is
now a matter of determining the form of R; in particular
the interactions of the four variables in its argument list.
Note the following in this respect:

(1) The effects of froth height on grade reveal
the interactions of g and h.

(2) The effects of froth height on particle size
distribution reveal the interactions of D and h.

(3) The effects of froth height on total solids
does not reflect any interactions over those mentioned above.
It only reflects an average of the dependence of R on h.

(4) The model does not allow for any effects of
froth height on water overflow or weight percent solids in

the froth.

Bits,
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R is dependent on the processes occurring in the
froth layer, and as these are largely unknown, it is necessary
to have experimental results before considering what form
is most suitable for R(k,g,D,h). Consider, however, the two
models for froth height found in the literature (see section 2)
expressed in terms cof the above model:

(i) Harris' model Return rate proportional

to product wvolume and solids concentration, i.e. total solids
in froth.
Total solids in froth = rate of flotation x holding time in froth
= (rate of flotation)x (froth volume)/(Air ratex(l-f))
R(k,g,D,h) = k'x(total solids in froth) /(rate of flotation)
= k'x{Axh}/Qp (1-£) |
Where k' is proportionality constant,

A 1is the surface area covered by froth,

f 4is the liguid fraction of the froth (#f(k,g,D))

(ii) Bushell's model Return rate proportional

to flotation rate,
Rik,g,D,h) = constant.

B wit BEHAVIOUR OF FROTH COLUMNS

3.2.1 BEEAKAGE AND DRAINAGE OF FOAM

\

|

Opn is the air rate ‘
As mentioned in the literature survey, foam drainage

and foam breakage are two often confused terms. This is

possibly because both processes release water from the body

of the foam. A body of foam consists of air bubbles

separated by thin liguid lamellae. The triangular intersec-

tions of these lamellae are called Plateau borders, and

they accommodate most of the water held in the foam. Froth

breakage/. ..
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breakage is caused by rupture of the liquid lamellae so that
water is released from both the lamellae and the Plateau
borders which disappear as a result of the rupture. Drainage,
on the other hand, results from the interstitial liguid,

because it is a liguid, draining down between the bubbles. In
view of there being no suitable theory available in the
literature for studying froth breakage, the fellowing theory

was developed.

3.2.2. MASS BALANCE FOR FOAM

— level Z in foam

=———— foam

O ! « o © =—liguid with rising
G o bubbles

Consider the foam column shown in the figure. The
foam is generated from bubbles rising to the surface of the
liguid in the cell. It then rises up the column and is
removed at the top. A mass balance for liguid over the top
of the foam column down to any level x yields:

Overflow = amount brought up through bubbles rising
- amount draining back.

(1-1)

Or | Vo imEeay . R

(see appendix G for nomenclature).

0
l.e. Q = {———E—J.f - vd.A.f

]

L.

Hh

Tnoansd ..
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In an experiment, Q and A are easily measured.

ar
The drainage velocity, vd, is thus a function of f by eguation

Jeds2.1a

3.2.3 DRAINAGE VELOCITY

As discussed in the literature survey, a number
of studies of froth drainage have been made (refs. 2, 7, 10,
12, 16, 17 and 22). Several models have been tried, and
cne seems to fit the experimental results on drainage
fairly well. This model can be summarised by:

vd = K.f.ad% 2. 3.0

This shows that the average wvelocity at which the
ligquid will flow relative tc the bubbles is directly
proportional to the amount of liguid between the bubbles.
The "constant" K is actually a function of vicosity, gravity,
etc. The dé shows that the drainage velocity increases
with a larger mean bubble size. This is important when

considering froth breakage.

3.2.4. OPERATION AT STEADY STATE

Consider first, plots of eguations 3.2.2.1 and

3.2.3.1 for a particular experiment:

5
d)

3.2.2.1 i sieE

In practice/...
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In practice, both the material balance and drainage
velocity relationship must be obeyed. Only the points
where the two lines intersect are allowable operating points
at steady state:
vd‘

drainage velocity
relationship

Ringed points are
possible operating
points.

—g— -

material
balance

Of these three points, the middle one is the only
stable operating point. Consider, for example, a small
increase in £ in a froth column operating at such a point.
Tmmediately the drainage velocity relationship allows a greater
rate of drainage than required by the mass balance, so that
the extra liguid drains away, and the column returns to the
original value of £f.

If we could measure the liguid fraction, £, of
the foam anywhere in a column, we should find that it
corresponded to this point. Graph C4 in appendix C shows

this experimentally.

3.2.5 FROTH PBREAKAGE

In studying froth breakage, it is not so much a

matter of physically modelling the breakage process, as
finding ways of observing the process and describing it in
terms of some variable or function. For example, it could
be observed in terms of such things as a decrease in

potential /. .
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potential energy, (Ross, ref. 21) or a change in bubble
size distribution, or an increase in drainage due to the
release of water.

In this investigation, froth breakage was determined
as a rate of change of mean bubble size, by measuring the
change in liguid fraction up the foam column. Eguation 3.2.2.1
(the mass balance) for the particular experiment was drawn
on a vd vs f graph, and points corresponding to the measured
values of liguid fraction were then plotted in. By drawing
straight lines connecting each point with the origin,
(representing the drainage velocity relationship) the variation
in &; up the column could be determined from equation 3.2.3.1:
(see graph C4 in appendix C).

Va
A

S5lopes of lines give measure of
breakage of column.

Mass balance (fixed)

Measured £ values at wvarious
peints up column.

i — 3 T

(It should be noted here that although two froth
columns might show comparable liguid fraction profiles, their
rates of breakage could be wvery different, depending on the
mass balances) .

Although this method provided a visual picture of

frothy .. .



froth column behaviour, it was easier to obtain data on
rates of breakage by the following formulae, 3.2.5.1 and
3.2.5.2, from a liquid fraction profile of the column.

It is convenient to express the rate of bubble
breakage up a froth column as the rate of change of Kd;.
The constant K, from eguation 3.2.3.1, is included as it is
both unnecessary and difficult to evaluate separately.

From equation 3.2.3.1, this can be written

d(Xdaf) _ d(vd/f) _ d(vd/f) af

d¥y dZ df 4z

From eqguation 3.2.2.1, vd/f can be found and differentiated:

avaze) _a [ % % | _ oae1y . 2%
af df (Af(1-I) ~ R£Z) T RF2(1-F)Z T AP

The walue of gg can be obtained from the liquid fraction

profile of the froth column, which is a plot of f against
(-2) (see graphs Cl, C2, C3 in appendix C). Because of end
effects, which are discussed in section 5.2, it is necessary
to take the slope at the middle of the column, which is
approximately the minimum slope. Thus the rate of breakage

can be calculated from:
QA{EE-lJ
Af2(]1-f)2 Lfs

d [Kﬂfi
dZ

dz

The rate of change with respect to time is also of interest:

akag) _ [Zal2E1) 2041 g¢ a 5

dt Af? (1-f)z £3 dz ° A(1-f) ke e
P—jﬁh—- is S the rate at which the froth column rises
A(l-£f) at’ ’ i

Equation 3.2.5.2. gives the rate of breakage recorded by
an observer moving with the froth ecolumn.)

3.2.6 MEASUREMENT OF LIQUID FRACTION

In this investigation, electrical conductivity was

used/. ..

+ EQWJ . 85 3.2.5.1
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used to determine f in the foam column. A light probe was
also tried, but a number of difficulties, particularly
calibration, made conductivity a superior method.

The problem of calibration with conductivity still
remained. The ratio of foam conductivity to bulk liquid
conductivity is related to the liguid fraction, but not
directly. Bikerman discusses the approach to this problem
taken by wvarious authors. The graph given by Clark (ref. 4)
which is purely a plot of experimental results, was used
as it appeared to be the most useful correlation. This
graph is reproduced in graph C5 in appendix C. Clark

gives the accuracy of his correlation as +4%.

3.3. ENTRATNMENT

Entrainment is the phenomenon of unfloated material
becoming enmeshed in the rising froth bubbles in a flotation
cell, so that it is carried over the froth weir with the
floated material. It is a problem because it can lead to
gangue mineral contamination of froth. It is a function
of froth height through several paths, e.g. froth breakage,
drainage, bubble size, etc. Generally, as froth height

increases, so entrainment should decrease.

3.3.1 TRIANGULAR DIAGRAM

The first approach to entrainment was to try to

detect it in the flotation of apatite ore. The slurry,

being a mixture of apatite, gangue and water, coculd he
represented by a point on a triangular diagram with these
species as coordinates. Thus the contents of the cell, the
froth, and the feed would each be represented by separate
points. If entrainment were the conly effect present, the

froth overflow would contain a mixture of floated material and

entrained/. ..



entrained material, and would lie on a line connecting these

two points, thus:

entrained material

froth overflow

floated material

Gangue Apatite

On the cother hand, if the froth were releasing
material back into the cell, then the floated material would
be the sum of the froth overflow and the material draining
back. ' Consequently it would lie on the line joining the
two points representing the overflow and material draining

back, thus:

H,0
e —material draining back
X\ floated material
froth overflow.

Gangue Apatite

Unfortunately, it is possible to sample only the
froth overflow. If the floated material and entrainment
material remained reasonably constant during a run, then the
points representing the froth overflow at various froth
heights would be distributed along a line, the direction of

which would be characteristic of the phenomenon occurring.

IE thel, ..
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If the solids from the cell were being entrained,
then these would be of the same composition as the material
in the cell, and the froth overflow points would lie in line
with the points representing the cell contents. On the other
hand, if the largest effect of froth height was to vary the
amount of water drawn over in the froth, (as was finally
observed in this study) then the entrained material would
be water and the froth overflow points would lie in line
with the water vertex. (Graph Dl in appendix D.)

It should be pointed out, though, that this method
is not a conclusive method of detecting entrainment because
of the large number of interfering effects and the inability
to sample pure floated or entrained material, but it does

give a rough indication.

3.3.2 ENTRAINMENT MODEL

The second approach to entrainment was to investigate
it directly by flotation of a depressed silica slurry. For
this purpose, the following model was developed.

Because the froth drains, there will be a distribution
of velocities (relative tc stationary coordinates) for the

| interstitial water. In this interstitial water, there
will be entrained particles settling out. Let the
distribution densities of the velocities be:

fw[u} for water

fD{u} for a particle of Stokes diameter D (i.e. the
diameter of an eguivalent sphere having the same terminal
velocity) .

TE Ug is the Stokes velocity for a particle of
diameter D, then

fD{u}f...



19.

fD[u} = Fw[u + usj

In the diagram shown below, the froth and the contents
of the cell are regarded as two reservoirs with solids
concentrations CF{d}ﬁD and Cp{DJﬂD respectively, for particles
in the range D to D + dbD. Material is transferred between

the two reservoirs and the froth overflow removes material from

the top reservoir.

v, ]
Qp = Cp (D)
(il
CPED}

Total interchange flow area = A.f, where f is the
liguid fraction.

Rate of removal from top reservoir = QWCF(D]dD

]

Nett mass flow from bottom to top reservoir

=]

= AL { fou} u CP{DJ dD du + Af %mfniu} u CF{D} dD du
o o
= AE { fW[u + us] u CP{D} dD du + {m fW{u + usj u CF{D} dD du
o us
i i fw{u'} = uE} CP{D} dD du' + {m fW {u')
=

T iy ¥ i
{1 us} LF(D} dD du

Define the "entrainment fraction" of diameter D, E as

Df
Ey = CF{DJXCPiDJ

This is the fraction of particles of a particular size in the

tank which are entrained into the froth. {(Expressed as a
ratio of concentrations). Then, rewriting the above eguation,
QK w0 Ue
D = p £ (u')lu'-u)du' + B. S5 £ (u') (u'-u.)du’ (a)
A.f % W 5 D" w 5
5
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In this formula, A and u, are known, QW and £ can
be measured, so that with an assumed fw, ED can be calculated
for each size D.

On the basis that drainage occurs through capillary-
like "Plateau borders" in laminar flow, assume that fi;(u) is
the same as for laminar flow through a pipe, but with the wall

{i.e. the bubbles) moving

L for T, - <u<vV, +v
B ey A = d

a 1
fylw) = 1 0 for other u.
i.e.
£, (a)
|
|
|
|
|
|
|
...1 - 11
vmin e vmax
fest | te

Where: ;i is the mean interstitial velocity = Q.. /AL

Vmax = Vi ¥ Vgr 1s the velocity of the rising bubbles

thh{l—f}

il

Equation (A) then becomes:

= Vmax 15 Ug o
v. E — [_u._..__.l'}é_'].. dﬂr + B JI' M,J_, dur
A ) - Evd D zvd
5 vmin
o 2 = 2
s {us vﬁax}_ﬂ - E {us Vmin:|
= , D - .
2 tvmax vm.'l..ﬂj 2 |:q"lr].'TI.E.l}i'. 1iJ]Tll]':l}
Ve =2
i.e. E = = Lt = for v CSUREE s
- : .+ - v, — =
B {vmax 1"’111;1:1"II vl {us \mln]z I =
s e
Stokes wvelocity can be calculated from
DZc
o A = ST, e
u, 18y (Pg oy,) 3.3.2.2
(Mote/
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(Note how By = l for D = 0, i.e. dissolved matter is fully

entrained) .

An actunal foam column will consist of a number,

: - - =y
say n, of the stages as shown above. Then, entrainment = By -
As froth height increases, so n will increase and nett
entrainment will decrease. The problem is then to correlate

h and n.



22
CHAPTER 4

APPARATUS AND EXPERIMENTAL. PROCEDURE.

The apparatus used for this investigation was associated
with the flotation pilot plant used by the N.I.M. Research Group.
The mixing tanks and controls were the same, but a different cell

was employed.

4.1.1 FLOTATION CELL.

The flotation cell used in this investigation was

specially designed and built so that the froth height could be

easily varied and measured. Figure 1 shows a diagram of this
cell. Slurry was admitted from the mixing tanks through a pipe
dipping down into the cell. Air entered through the porous

sparger at the bottom of the cell and was dispersed and stirred
up with the slurry by the impeller. The froth formed flowed
unaided over the froth welr, while the tailings left the cell wvia
the overflow weir and sand gate. Windows fitted on both sides
of the cell enabled the contents to be observed during a run.
Figure 2 shows a photograph of this cell mounted in
its frame. The froth and tailings streams leaving the cell
flowed into a receiving drum mounted directly below, and thence to
drain. This enabled the streams to be sampled easily.
Froth height control was achieved by means of the sliding
overflow weir. This could be moved up and down manually from
the top of the cell, and held in position by a thumbscrew on the
extending rod. The resulting level of the interface between the
pulp and the froth was measured on the scale attached to the

window, and the weir adjusted accordingly. The froth weir was

Eixad; o/
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fixed, so that the froth height was controlled by the tailings

welr.

4.1.2 MIXING TANK SYSTEM.

The tanks used for mixing and preparing the slurry
were those attached to the pilot flotation plant. Figure 3 is
a flowchart which cutlines the system. The output from the top
mixing tank could be pumped to either the pilot plant or the
variable height cell.

The basic systemconsisted of two stirred tanks, an
upper and a lower, with fairly fast recirculation betwesn them.
Solids were added to the bottom tank, while water entered at the
top. The required additives were fed to the bottom tank.

& It was possible, althcugh it was only done once, to
recycle the froth and tailings from the cell back to the mixing
tanks. It was also possible to control some of the wvariables
manually, so that, for example, a batch of slurry could be made
up by filling the tanks with water and admitting enough solids

to achieve the required density.

4.1.3 CONTROLS ON MIXING TANK SYSTEM.

As shown in the flowchart, the system was equipped
with a number of automatic controls which enabled the slurry
preparation to be done automatically during a run. During the
experimenting, a lot of difficulty was experienced with these
controls, and as a result, an investigation was made into the
dynamics of the system. The results of this investigation are

given in appendix E.

4.2 EXPERIMENTAL PROCEDURE.

To start with, for runs A, B, C and D, the slurry was

mixed up in a batch, conditioned, and pumped through the cell and

out /f
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out to drain. By this means, it was possible to run for
L to kohr. It was soon noticed that the larger particles came
through first, so that the particle size distribution altered
with time. ' To counteract this, the mixing was thereafter done
continuously. Also, for the latter runs, instead of taking a
series of froth heights in order, (i.e. starting at a small value
and increasing, or vice versa) the values of froth height for each
sample were taken randomly. This meant that any slow change in
slurry behaviour through the run would not correlate with froth
height in the results, thereby producing some effect indistinguish-
able from the effects of froth height.

Most of the runs were done on an apatite ore containing
about 25% apatite, the remainder being largely calcite. This
was because most of the research on the pilot plant was done with
this ore. Additives used with this ore were : (refer to
appendices for guantities used for specific runs)

(1) Unitd D.S.R., a collector— cum-£frother containing
mostly ocleic acid and related compounds.

(2) Berol frother.
(3) Sodium silicate as commercial "water glass"
(4) Sodium sulphide.

(5) Sodium hydroxide in small guantities to adjust the pH.

From run F onwards, the slurry was warmed by injecting
steam under bang-bang control to maintain the temperature at about

o nie

The various variables, such as the gquantity of additives,
aeration rate, etc., were slightly different for each run, so that
the results cover a small region in this variable spdace, and not
just a single point. This was useful as it gave a broader basis

to the results.

To /
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To do a run, the slurry from the mixing tanks was fed
at a controlled rate into the cell, and the air supply and stirrer
started. A number of froth heights were then selected, and froth
and tailings samples taken for each. For each froth height,
the cell was given a short time to settle before taking samples
and measurements. For the latter runs, the contents of the cell
were sampled directly through a pipe protruding into the cell,
as it was found that the tailings samples were not sufficiently
representative of the cell contents. Feed samples of the slurry
entering the cell were also collected. The results from all
the runs are given in the appendices.

The slurry samples collected were first weighgd, then the
solids were filtered off and dried. After measuring the mass of
dried samples, they were split into suitably sized fractions toc be
analysed as required. The grade of the apatite ore was determined
colourimetrically as percent PZOE' (42.4% corresponding to pure
apatite). The particle size distributions were done on standard
Tyler sieves by wet washing and dry screening. The solids fraction
0of each sample was determined from the masses recorded, as were the
total liguid and solids flows. The grade and particle size analyses
were performed by the laboratories at the National Institute for

Metallurgy.

4.3 CONDUCTIVITY MEASUREMENTS.

In runs H, I, J, and K, the conductivity of the froth
at various levels was recorded. This was done so that a profile
of the liguid fraction of the froth could be determined, and data
on rates of froth breakage obtained.

A special conductivity probe was constructed for use

in the cell. The electrodes were made of etched nickel wire,

SHTLS e AN
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and were flat to measure the conductivity in a given horizontal
plane. The probe could be moved up and down on its support to
any required level in the froth. {see back to figure 1)

A conventional a.c¢. conductivity bridge was used to take
measurements.

The liguid fraction in thg froth was calculated from
the ratio of froth conductivity to bulk liguid conductivity,
using the correlation given in Clark, (ref 4) reproduced in
graph C5. Consequently the cell constant of the probe was not

needead.

4.4 INVESTIGATION OF ENTRAINMENT USING SILICA SLURRY.

One run, Run I, was done on a depressed silica slurry
with the object of investigating entrainment. For this run,

a batch of silica slurry was made up and recycled continuously
through the cell and back to the mixing tanks. A cooling coil
in the mixing tanks kept the system at an even temperature. Two
additives were used for this run : Dowfroth 250 as frother and
hydrofluoric acid as depressant. The slurry was conditioned
for 2 hours before experimenting.

Sampling and taking measurements was much the same as
for apatite ore flotation. Tank and froth samples were taken
from the cell. The conductivity of the froth was also recorded.
The tank samples were filtered and weighed as with apatite ore.
The froth samples, however, because of the very fine particles in
low concentration were settled, decanted, and evaporated to dryness.
Particle size distributions were determined by sieving on U.S.
standard sieves. Two air flows were tried, but the lower yielded
such small samples that the particle size distributions were

determined only for the higher,
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CHAPTER 5

RESULTS

The investigations took the form of a number of
runs on the specially constructed cell. Most runs were
done under a specific set of conditions with a specific
object in wview, which wvaried between runs. {(Froth height
was generally the only parameter which was varied during a
run). The data from these runs are grouped together
according to subject matter in appendices A to D, under the
respective headings.

Appendix A tabulates the data from the runs done
on apatite ore, and displays the direct effects of froth
height (e.g. effect on grade) in graphical form.

Appendix B shows the particle size distributions
for some of the samples taken. As well as being tabulated,
these are also presented in the form of distribution histograms
for easy comparison between froth heights.

Appendix C presents the results of conductivity
measurements taken during some of the runs. The data for
froth drainage are given here.

Appendix D deals with entrainment. The results
for the run done on silica, together with the guantitative
results from the theory, are compared here.

Many of the graphs in the appendices are intended
for comparison purposes. For this reason, several groups
of results are often presented on a single page but on

separate axes.

5.1 DIEECT EFFECTS QF FROTH HEIGHT

This embraces the results presented in appendices

A and B v
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A and B. In appendix A, the results for runs A, B, C,

D, E; P, G and X are tabulated. Each table is preceded by

a short paragraph describing the run and giving essential
details. The results are summarised in graphs Al, a2,

A3 and A4, showing the effect of varying froth height on
grade, solids density, solids flow and water flow respectively.
In appendix B, the particle size distributions for runs

B, C, D and E are given together with the graphs comparing

the size distributions of the froth and tailings samples

over the range of froth heights used (graphs Bl to B4).

In each case, there is a fair experimental scattering
of results, more in some cases than others,which made it
difficult to detect slight trends. It was found difficult
to reduce the scatter without spending considerable time
modifying the apparatus and studying the system being used

(see appendix E).

5.1.1 EFFECTS ON GRADE

From graph Al, it is clear that froth height has
a negligible effect on gfade for the apatite ore flotation
under investigation. In this graph, for each run, the points
representing the froth grade are ringed (0), and the corresponding
points representing the contents of the cell are crossed (X).
Thus there is a pair of points for each froth height. A
horizontal line (i.e. no change in grade with froth height)
drawn through the average of the points for each run, shows
that the effect on grade of varying froth height was either

smaller than could be determined within the scatter, or was

ins fact/o .
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in fact nil. In most cases, a high or low froth grade is
reflected by a corresponding high or low grade for the
contents of the cell, but is independent of froth height.
The variations in the averages between runs are mainly due
to different operating conditions; particularly differences

in the additive concentrations.

5.1.2. EFFECTS ON SOLIDS DENSITY

Graph A2 shows (in a similar layout to graph Al)
the effect of froth height on solids density. As solids
density is a combination of liguid and solids flows, graphs
A3 and A4 were plotted to show these variables separately.
Graph A3 is then the solids overflow rate shown as a function
of froth height, and graph A4 the water flow rate.

The points on graph A2 appear much the same as graph
Al. The points are scattered, and variations in the cell
solids density are reflected in the froth density. In this
case, however, the pairs of points at smaller froth heights
are slightly closer together than similar pairs occurring
at greater froth heights. The difference is particularly
noticable in run K, but in this case is probably due largely
to scatter. Straight lines have been drawn in through the
points for each run to show the effect up. The straight
lines do not represent any particular model, but it is
impossible to detect any further deviation because of the
scatter.

In graph A3, there is a slight downward trend in
total solids flow for some runs, and a slight upward trend
in others. When read in conjunction with graph A2, it can

be seen that these upward trends in solids flow are associated

with/...
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with somewhat larger trends in the concentration of solids

in the cell. It can therefore be concluded that solids

flow does decrease slightly with increasing froth height.
Graph A4, as would be expected from the cumulative

trends of graphs A2 and A3, shows a decrease in liquid

flow with froth height. Again the lines drawn in on each

plot are intended only as a guide to show the effect, and are

not the graphs of a model. In this case, however, there

is a marked change in the slope at small froth heights (see

run C for example). For some runs the effect is more

noticable than in others, which may be caused by varying froth

behaviour between runs. More will be said about this effect

in section 5.2, when discussing the results of the conductivity

measurements.

2.1.3 EFFECTS ON PARTICLE SIZE DISTRIEUTION

The particle size distributions in appendix B
were determined by sieving the solids samples on standard
Tyler sieves. They are presented as density histograms
against a linear particle size scale. A mean distribution
density between aperture sizes was determined so that the
area under the line on the graph was equal to the weight
percent /100 for each size fraction. The distributions
are thus stepped, with discontinuities at the particle
siZzes corresponding to each sieve.

On the graphs, the froth and tailings samples for
each froth height are presented on the same pair of axes.
The areas enclosed by the froth distributions are shaded for

contrast.

From/ . ...
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From these results, it appears that particle size
distribution is not affected by varying froth height,
although scatter makes this hard to detect. Looking at the
set of distributions for any run, there are no nett trends
with froth height which recur between runs. The distributions
all show the same general shape,with the froth samples centered
around smaller particle sizes (37 to 53 micron) than the tailings
samples (74 to 108 micron).

Again, like grade and solids dens;ty, the contents
of the cell have the largest effect on the froth. The .
unwanted scatter is mainly at low particle sizes, and is due
to both the variation in feed to the cell, and the method of
sample analysis. As the feed coming to the cell varied, so
the froth and tailings varied. In some cases, it is possibie
to see two distinct "lumps" in the distributions, particularly
the tailings. It is also possible that the random nature
of the process and the collapse of froth might add significantly
to the scatter because of the relatively small size of
the cells. As the distributions are normalised, i.e. enclosed
area egquals unity, the larger particle sizes are affected
by large variations in the fines region, and this makes

comparison between plots difficult.

5.2 FROTH BREAKAGE FROM CONDUCTIVITY MEASUREMENTS

The results from the conductivity measurements on
the suppressed silica slurry (run I) and the apatite ore
(runs J and K) flotation froths are tabulated in appendix C.
Graph Cl shows the liquid fraction profiles of the froth on
the silica slurry, while graphs C2 and C3 show the profiles for the

apatite ore flotation. Graph C4 shows the corresponding Vg VS. f

plots/...
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plots with the mass balance curves drawn in, and the operating
points plotted (see section 3.2). Table C(i) on page 7 of
appendix C compares rates of froth breakage for silica and
apatite ore calculated from the conductivity results.

In all three profiles, graphs €1, C2 and C3, the
liquid fraction changes up the column. All the curves have
the same general shape, although the froth from the silica
is of higher mean liquid fraction than the apatite ore froth.
The proximity of interfaces makes the liquid fraction
curves turn up near the base of the column, and turn down
towards the top.

This end effect, i.e. the change in slope of the
profiles near the interfaces (which was referred to in section
3.2.35) is explained theoretically through the drainage
velocity relationship, vy = K.f.d;. The constant K was shown
by Leonard and Lemlich to be slightly dependent on the rate
of change of liguid fraction up the column, df/dz. pt

sharp interface would imply infinitely negative K and v As

a
Va also has to obey the mass balance relationship, this is
impossible, and so f has a finite rate of change over a region

near the interface. It can also be explained in terms of

the actual drainage process as follows. Consider

(p = pressure

r = radius

g = surface tension).
a Plateau border as in the figure. The pressures are related
by Py ~ PpB = Zu}rpB. The pressure variations in p, are

relatively/...
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relatively small compared to the difference Pp = P ppB will

pE’
thus change with Eu}rpB, in which r is in turn affected

pPB

by the guantity of water enclosed in the Plateau border (i.e. f).
There are thus forces other than gravity causing the inter-
stitial liguid to flow, especially near an interface where
there is a marked change in f£.

Graph C4 shows the large difference between the
two types of froth. In each case, the operating points
{see theory) on the Vg VS- f plot occur on the same part
of the curves, except that those of the apatite ore lie more
to the left and near to the limiting case of a tangential
velocity relationship line. The froth on the silica
slurry is also less stable than that on the apatite ore
slurry, as revealed by the larger changes in slope over the
froth column of the drainage velocity relationship lines
(not actually shown on the graphs) which would connect the
operating points to the origin.

The calculated rates of breakage given in table
C(i) are higher for the silica slurry by a factor of 5 to
10 over the apatite ore slurry. The scatter of values
reflects the random nature of froth collapse. The rate
of breakage appears to increase at low froth heights, hut
this is because of overlapping and effects, which caused
an increase in the minimum slope of the liquid fraction
profiles. There is little difference between the breakage
rate with respect to time and the breakage rate with respect
to position up the column, (d Kdijdt and d Kdéﬁdz} mainly
because of the relatively small variation in the air flowrates

chosen. As the silica slurry froth was not particularly

unstable/...
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unstable, it can be concluded that the froth from the apatite

ore slurry was a particularly stable type of froth, and one
would therefore expect any effects associated with its
breakage to be small.

The observed shape of the QW vs. froth height curves
(graph A4 in appendix A) also shows a result of the over-
lapping and effects. At fairly large froth column heights,
Qw decreases slowly with increasing froth height, corresponding
to the slight breakage as can be seen in the graphs above.
When the froth column becomes shorter, the two end effects
start to overlap. The shallower froth layer then exhibits
a capillary action, drawing the water up from the pulp and

producing an increase in QW.

5 s ENTRATNMENT

Graph D1l of appendix D shows data from run F
done on apatite ore, plotted on a triangular diagram in an
attempt to detect entrainment. The points representing the
froth do indeed fall roughly on a line, but not in the
direction of the cell contents as would be the case for solids
entrainment. Instead they lie in the direction of the water
vertex, which, together with the graphs of appendix &, !
indicate that the major effect of froth height is tc vary the
amount of water coming over in the froth. As would be expected |
there is no change in grade along this line.

The experiment done on depressed silica slurry,
run I, forms the remainder of appendix D, although the conductivity
results from this run are in appendix C.

In this run, two air rates were chosen, and froth
height was varied for each. Only the samples for the higher
rate were analysed for particle size distribution, and hence

entrainment/. ...
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entrainment fraction. Theoretical curves of entrainment fraction
for one theoretical stage were also calculated feguation 3.3.2.1)
from the water flow data for the higher air rate, and these

are compared on graph D2. Values of the points on the theoretical
curves are also tabulated in table D(iii). For each size
fraction, the mean entrainment fraction is the concentration
ratio of that size in the overflow to the cell contents. The
mean experimental values of entrainment fraction were calculated
for each size fraction from the particle size analyses and

the weight percent of solids in the samples collected. The
experimental graphs of entrainment fraction are thus stepped,

like the particle size distributions of appendix B.

Again in these results, there is a fair amount of
scatter, which is particularly noticable in the experimental
entrainment fraction graphs. It can be seen in table D(i)
that the weight percent of solids in the froth overflow is
very much smaller than the solids concentration in a typical
apatite ore concentrate, for a comparable cell concentration.
This would imply that entrainment can account for at the most
3% of the solids passing over with the froth for normal flotation.
It is still doubtful how much of the silica coming over was
purely entrainment and not flotation, as there is little change
of entrainment fraction with froth height in graph D2.

Although the slurry was heavily depressed,it is still possible
that there may have been some flotation cccurring. The theory
predicts that the number of "stages", n, in the froth column
will increase with froth height and that entrainment fraction

should decrease to the power n. (The theoretical curves plotted

in graph/...




in gr.aph D2 are for n = 1.)

Graph D2 also shows that the entrainment fraction
for large particle size is greater than predicted by the
theory. This is partia;ly because of the errors involved
in analysis at these larger fractions, but may also have
been caused by either the large particles becoming trapped
in the relatively smaller Plateau borders in the froth, or
by flotation. (The radius of a Plateau border which would

Jjust trap a 200 micron particle is 0.065 cm, which is of

the right order of magnitude;.

295
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CHAPTER 6

DISCUSSI0ON

6.1 SUMMARY OF EXPERIMENTAL RESULTS

The experimental results show the following

(1) The effect of froth height on grade is nil
for apatite ore flotation.

(2) The effect of froth height on total solids
flow is slight, but there is a definite decrease for increasing
froth height.

(3) The effect of froth height on particle size
distribution 1s undetectable.

(4) Apatite ore froth is a particularly stable
type of froth.

(5) Entrainment, although it probably does exist,
plays a negligible part in flotation.

(6) Froth height has a very definite effect on
water overflow rate, even in the case of apatite ore flotation.
The interrelationship is not simple, and involves several
other variables.

(7) Study of the flotation process together with
its associated process of froth breakage, is prone to produce
nolsy results, particularly on a small scale, because of the
inherently random nature of these processes.

It is perhaps unfortunate that the effect of froth
height on grade, which was the subject of this investigation,

turned out to be zero.

E.2 Link with Flotation Model

The function R, describing the fraction of the solids

entering/. ..
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entering the froth which returns to the cell, was postulated as a
function of four variables, R(k,g,D,h). The only thing that
was found experimentally to vary with froth height, so far
as this model is concerned, was the total solids flow. It
appeared that the process occurring in the froth treated all
types of solids in the same way - possibly a bulk return
phenomenon, with small pockets of solids returning en masse
to the pulp. This could have resulted from stagnation,
caused by sections of the mineral-laden froth near the surface
draining to below a critical liquid fraction when the solids
form a ridged scum which does not flow easily.

The experimental results showed directly that R
is not a function of g and D, leaving only h and k. The
model itself postulates that there is a distribution of k
values for the solids in the cell, and that for beneficial
flotation, the gangue must have a lower mean than the apatite.
Thus if there were an interaction between k and h, the grade
in the froth would vary. It is practically impossible to
tell whether R is a function of k independently of h, just
as it is impossible to analyse directly for k wvalues in a
given sample of solids. Also, if R were a function of k in
this way, it would be indistinguishable from a slightly modified
k distribution for the solids in the cell. This makes it
unriecessary to include it in R. As pointed out in section
4.2, the various variables such as air rate, additive coneentraticns,
ete., varied slightly between runs, so that the independence of
R on k, g and D is general, and does not apply to only one

poeint in the variable space. Thus R for apatite ore flotation

i ade ..
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is a function only Df_h, Icel Rk, o, b, ‘h) = Rih).

R(h) is still a function which is dependent on a
large numﬁer of other variables which do not appear in the
model, particularly the froth characteristies such as liquid
fraction, breakage rate and rheology. The flotation model
does not include a description of the water overflow behaviour.
Fortunately however, these variables were held reasonably
constant during each run.

In graph A3, the dependence of solids flow on froth
height was reduced to a linear relationship, i.e.

R(h) = constant x h.

It was pointed out that because of the scatter and
the small variation of solids flow with froth height, further
deviations from this staight line could not be detected.

If one extrapolates this line over the entire region of possible
opexration, then

R(h) = h/hg, 0 < h < 2t 6.2.0.1
where hG is the minimum froth height at which there is no
solids overflow. This is a function of the other variables,
but for a given run where only the froth height is varied,
hc will stay constant.

Note how this model is related to Harris' model
in section 2. He proposed that the rate of return from the
froth was proportional to the product of froth volume and
solids concentration in the froth.

Equation 6.2.0.1 provides a suitable form for R
which may be used with the model for flotation. Graph |6.2.0.1
shows some results obtained when this froth model was used

with the general flotation model which was discussed in section

S
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Sl A typical flotation plant layout of rougher, scavenger,
cleaner and recleaner was taken with one cell only in each
bank for simplicity (see sketch accompanying graph) and
data for a typical apatite ore were used. The feed to the
system and all the other variables except froth height were
held constant. R was then varied from O to 0.9, making it
the same in each cell. The resulting grade and recovery
in the plant concentrate and tailings are plotted in graph
6. 2.0.1. The ratio of the grades (concentrate/tailings) is
also plotted. Also shown on graph 6.2.0.1 is a line of
concentrate grade representing the same setup but with only
the recleaner froth height varying. The graph shows that,
although the concentrate grade goes up, both the overall
recovery and the ratic of the grades go down with an increasing
fraction returning from the froth.

For apatite ore, the froth was shown to be more
stable than normal flotation froths (section 5.2) so that hD
in equation 6.2.0.1 is large. For many applications the

effect of return from the froth is negligible, and R = & 0.

6.2.1 OPTIMISATION

In flotation, there is a balance between grade
and recovery which gives the most economical operating point
within the limits of operation. Both grade and reccovery are
profit-making, but they are not independently wvariable. An
integral part of optimising the flotation process is finding
the optimal froth height.

In eguation 6.2.0.1 above, R(h) is linear in h,
and shows that an increase in froth height h, results in

a decrease in recovery across the froth without any increase

in grade/...
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in grade. Thus in apatite ore flotation, the optimum lies
at zero froth height for a single cell. Practlically, it is
impossible to operate at zero froth height, as the pulp from
the cell splashes over the weir. Consequently, the best is
to operate at as low a froth height as possible without
splashing over.

In a typical plant configuration, where there are
feedback streams, the optimum may not lie at zero froth
height in every cell, because of specifications in product
guality which have to be met. The actual optimal seitings
will depend on the plant. In graph 6.2.0.1, a far higher
grade could be obtained by allowing only the recleaner froth
height to become greater than zero, compared with varying all

the froth heights simultaneocusly.

B3 CONDUCTIVITY MEASUREMENTS

The electrical conductivity provided a very
convenient way to study froth behaviour. The experimental
results were much as the theory of froth behaviour had predicted,
although the end effects were ignored as they were difficult
to model. The measurements taken provided guantitative
results about rates of breakage, and so enabled a comparison
to be made between different types of froth.

It is interesting to note that, in graph C4, the
drainage velocity relationship line was almost tangential
to the mass balance line in the case of the apatite ore froth,
but not in the case of the silica slurry froth. In the
mass balance eguation,

On QW

Va T A(1-f) " &.% 3-2e2. 1

the amount/...
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the amount of water overflowing, Q

Dot would have the effect

of moving the convex part of the vy Vs. f curve downwards,

thus: Vﬂ
A

mass balance

increasing QF
L)

¥
Hh

G Jr‘f

This means that very nearly :he maximum amount of water

was being carried over the weir during the apatite ore flotation.
The amount of bubble breakage on the surface of the froth

was thus very little, as this would have led to some of

the water draining back into the body of the froth column,
thereby reducing Qe In contrast to this, the froth on the
silica slurry could be seen to be breaking on the surface

during the experiment, and in this case, the measured QW was
below the maximum. It appears from these observations that

the behaviour of the froth near the surface can markedly affect

the rest of the froth column. Devices for scraping, *boe

=

umrortundre that’ thr &

Janowall as,.he Eﬁ Jrl_f : -dt‘t:é.ium'l (Rt T B Il [ St LT 8 1 i & Bt
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The water overflow rate was shown experimentally
to be dependent on both the froth breakage rate and the
overlapping end effects. In the case of apatite ore flotation,
the overlapping end effects were fairly noticable, particularly
at low froth heights, because the rates of breakage were
relatively small. For other less stable froth types,

breakage might predominate (see graph A4).

6.4 ENTRAINMENT

In the theory, it was proposed that entrainment
was caused by particles becoming trapped in the interstitial
water in the rising froth. The results of the run done on
silica showed that a larger fraction of large particles were
coming over with the froth than would be expected, and it was
suggested that these might have been floating, or because
of their size, have been trapped in the relatively smaller
Plateau borders. On the other hand, no sign of entrainment
could be detected in apatite ore flotation. This behaviour
is probably because the small region directly below the froth-
pulp interface, where the solids for entrainment would come
from, was relatively free of solids because of settling.

The experimental results thus show that entrainment,
although it probably exists, is negligibly small in normal
flotation. Both the results from apatite ore flotation and
those from the run done on silica slurry indicate this, and
it appears to be the general case for mineral flotation. It is,

therefore, unnecessary to consider it when modelling flotation.
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CHAPTER 7

CONCLUSIONS

The conclusions drawn from this investigation are:

(1) For the apatite ore under investigation, froth
height has no effect on grade. There is, however, a small
effect on total solids flow and a larger effect on water
overflow. The froth can thus be modelled in the context
of the existing flotation model by a function R(h) which is
linear in h, and describes the fraction of floated material
entering the froth which returns to the pulp again.

(2) The optimal froth height for a single cell
is zero. This is a consequence of a decrease in recovery
without an increase in grade for increasing froth heights.
This cannot be generalised to a full flotation plant,
because of the effect of feedback streams, and the necessity
of maintaining a specified output grade. By varying
recovery, froth height could be used as an indirect control
action for grade in a plant.

(3) The effects of entrainment are so small that
they can easily be neglected in normal flotation.

(4)The froth from an apatite ore slurry is a
particularly stable type of froth, compared to other types
of flotation froths. The behaviour of the froth is very
dependent on surface effects, and devices for scraping froth
off the surface of the cell might have large effects on the
processes occurring within the froth body. It is furthermore

possible to obtain information, such as bubble size, from a

monitoring/. ..
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monitoring of the froth which may be of use in studying the

flotation process itself.
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APPENDTIX A

EFFECT OF FROTH HEIGHT ON GRADE, WEIGHT PERCENT SO0OLIDS,

SOLIDS FLOW, AND WATER FLOW.

In this section, the results from the runs done on

. apatite ore are presented. This conprises runs A, B, C, D, E,
F, G and K. The effects of froth height on grade, wt. % solids,
solids flow and water flow are compared for the different runs
on graphs Al, A2, A3 and A4 respectively. (The analyses for

grade were performed by the Analytical Laboratory of the National

Institute for Metallurgy.)




RUN A AZ.

Test run on cell. Batch mixing of slurry. Three different

feed rates used.

Data: Apatite ore 143 kg approx. Berol 23.5 ml., Na,.S 0.147 kg,
NaSilicate 72.5 ml. , Unitel 58.6 ml., pH 10.2, Tempergture approx. 30°¢,
Air flow 8.8x10~4m? /s throughout.

Sample Feed Type Froth Sclids Water Solids Grade
Number setting of Height flow flow conc. 1P,0_
m®/sx10"| Sample | mx10? |kg/sx10? |m?/sx10°% | wt.%

1 Froth 19.5 8.2 26.3 25.8 14.0
2 Tails A 6.0 120 4.76 6.40
3 Froth 15 Be 28.6 22.3 14.0
4 Tails 4.4 104 4.05 7.26
v O -
5 Froth 8 10.0 31.1 24.3 14.0
) Tails Berd 141 3.89 672
7 Froth 6 B.5 2955 23,2 1255
8 Tails 4.1 135 2.897 5.1
9 Froth 3.5 12.4 36.8 25.2 13.9
10 Tails ' 4.1 G66 5478 8.63
11 Froth 13 1250 37.5 24.0 14.3
12 Tails 23.3 504 4.41 B8.66
?!O
13 Froth 7 R 53.8 23.7 Lan5
14 Tails 23.0 = = 9,35
15 Froth 5 8.8 39.7 18.1 14.8
16 Tails 222 575 3571 9.90
17 Froth - 5.5 24.2 18.5 13.3
18 : Tails T 287 2.61 9.38
19 Froth ~53 6.5 27.6 19.0 1350
20 Tails 8.5 316 Z2.62 i Fr s
&5
21 Froth 16 5.8 30.2 16.0 13.0
22 Tails 7.9 286 2.68 89,95
23 Froth 6.5 6.0 41.0 12. T 12.9
24 Tails : 7.9 326 A S 10.0
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RUN B

Similar to run A.
Data: Apatite ore 143 kqg. ﬂazs 0.147kg, Na Silicate 72.5 ml.

Unitol 38.6 ml., Berol 10 ml., Air flow 1.0x10 ° m?/s.

Sample Feed Typ Froth Solids Water Solids Grade
No. gsetting of Height flow flow conc. %PEOE
m?/sx10" Sample | mx10? kg/sx10%|m?/sx10°% | wt.$
1 Froth 21 4.1 7.4 355 1g5.2
2 Tails 20.4 166 10 867
3 2.17 Froth 7 6.0 18.1 24.7 1746
4 - Tails 21.6 153 13,3 7.61 ;
' |
5 Froth 3 5.8 25.6 18.4 16.2 |
6 Tails 10.7 122 Ratid o 6.69 !
7 Feed T2 9.79 |
8 Froth 21 7.8 18.5 29.5 18.5
9 Tails 30.5 425 6.7 Ha3l
5.8
10 _ Froth 7 3.9 14.2 21.6 19.4
11 Tails 53.9 723 6.93 =
12 Feed 5.26 12.4
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RUN C

Batch mixing run, feed sample taken with each froth-tailings
pair, to check drift in mixing tanks.
Data: Apatite 143kg. Nazs 0.147 kg, Na Silicate 72.5 ml.,

Unitol 38.6 ml., Berol 10 ml., pH 10.2, Air flow 9.7x10 m®/s.

Sample Feed Type Froth Solids Water Solids | Grade
Number setting of Height flow fFlow o n e %PEGS
m®/sx10" | sample mx10% [kg/sx10°% |m®/sx10°® wt.%
1 Feed AT AR
2 JING Froth 4.5 4.36 17.8 19.7 180
3 Tails l6.4 108 1=Z50 D20
4 Feed 10.6 10.5
5 1L Froth 9.5 i l4.0 10.3 18.8
B Tails 15.5 120 B.15 B.84 '
7 Feed B.4 10.2
B 1.5 Froth 14 253 8.6 22.7 18,2
9 Tails 1C.6 114 B.5 B.48 I
|
10 Feed 7.2 10.4 ‘
11 Al Froth 19.5 2.65 8.5 2307 18.1 '
12 Tails 10.8 122 8.1 8.72 |
= I
|
13 Feed 6.8 10.8 |
14 Iah Froth 26 2.38 T 23.6 18.3 ‘
15 Tails 7.6 118 6.1 8,45
|
16 Feed 5.6 12.0
! L 4.5 Froth 3 4.36 275 5 S BT 16.5
18 Tails | 344 4.4 813 I
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RUN D

Batch mixing run, but intermittently recirculated between
tanks. Tank samples taken from contents of cell to compare with tails.
Data: Apatite ore 143kg., Mazs 0.147kg., Na Silicate 72.5 ml.,

Unitol 38.6 ml., Berol 10 ml., pH 10.2, Air flow 9.?xlo—u mafs

Feed setting = 2.6?:-:1{)_lr mafs.

Sample Type Eroth Solids Water Solids Grade
Number of Height flow flow coneg. %ons
Sample mx10” kg/sx10’ m?® /sx10° wt.%

1 Froth el 5.98 A 22.2

2 Tails 26 3150 197 13.6 9.7

3 Tank : 10.4 9.1

4 Feed 11.0 10.6
5 Froth 3.38 10.8 23.8 20.6
6 Tails 19 25.8 209 11.0 9.3

7 Tank 9,25 10.7

8 Froth 3.86 kSl 19.7 1977

9 Tails 10.5 14.0 142 8.3 9.0
10 Tank Tie3 g.8
A A E Feed 77 13.:8
12 Froth 4.07 23.1 15.0 18.6
1.3 Tails 25 11.5 175 6.2 8.8
14 Tank ad 8.4
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RUN " E

Continuous mixing of slurry.
in Run D.
Data : Solids(apatite ore) feed rate = 0.083 kg/s approx., Unitol
0.083 ml/s., [No other additives) pH 10.2, Air rate §.3x107 m? /s,

Tank samples taken as

Feed setting 5.8x10" " m’/s.
Sample Type Froth Solids Water Solids Grade
Number of Height flow flow conc. %PEOS
Sample mx10* kngXlDﬂ m® /sx10° wt.%
1 Froth 27:8 67.5 29.1 20.1
2 Tails 2 57.6 364 1320 7.03
a Tank 12.3 Ta2h
4 Feed 1l6.0 10.87
5 Froth 26.6 58.4 I3 21,2
6 Tails 4.5 67.8 396 14.6 o
7 Tank 1251 Tl
8 Froth 23.3 46.7 33413 21.60 .
9 Tails 9 74.2 403 TEL5 8.22 |
10 Tank 13,2 B.32 i
|
1l Froth 18.7 34.4 35. 2 22.9 :
12 Tails 16 1355 416 15.0 §.52 i
13 Tank 1255 9,33
14 Feed 15.9 Llzh
15* Froth - - 24.8
16 Tails 24 82.8 447 15.6 8.86
2 o) Tank 12.0 10.8

*= Spoiled sample




RUN F

A7.

Continuous mixing of slurry with temperature control.
Random selection of froth heights.

Data

Air rate 11.

gx10~"

Solids approx. 0.06l kg/s,
m® /s, Temperature approx. 35°C,

Slurry feed setting 4.5x107" m’/s.

Unitol 0.042 ml./s

Sample Type Froth Selids Water Solids Grade
Number of Height flow flow conec. %PEDS
Sample mx10* | kg/sx10° |m®/sx10° wt.%

9.5 Froth - (7.75) (4.52) (63.1) | (22.0
21 Tank 16,4 10.6
2 Froth 23 4.08 8.15 20.9 24.9
22 Tank 1557 10.6
3 Froth 4.5 5.55 19.5 2251 24.0
23 Tank 2 15.8 10.5
4 Froth 10.5 5.15 15.6 24.8 24.2
24 Tank ! 16.0 8.7
Fl Feead 19.0 10.6
5 Froth 17.5 5.52 16, 2 25,4 25.1
25 Tank . by i 10.1
6 Froth 93 6.15 14.6 29.6 26.0
26 Tank 17.6 9.6
7 Froth 4.5 10.18 23 .2 27.2 25.4
27 Tank : 179 2 ik
F2 Feed 20.9 1156
8 Froth 19 8.72 1807 0.7 26.0
28 Tank 18.0 10.1
9 Froth 22.5 T.79 18.2 29.9 26.72
29 Tank = 17.9 1045

* = Spoiled

sample - data not used

in graphs.




RUN G AH.

Continuous mixing of apatite ore slurry (New, coarser, solids used),
Controlled temperature of 36°C.

Data Solids approx. 0.11 kg/s, Unitol 0.072 ml/s, BAir rate §.7x10""
m®/s, Slurry feed setting 7.0x107"% m?/s.
Sample Type Froth Solids Water Solids Grade
Number of Height, flow flow conc. %PEGE
Sample mx10? kg/sx10? | m®/sx10°8 wt. %
1 Froth 11.5 8.52 30.0 22.1 13458
11 Tank ' §.22 753
2 Froth 3.5 11.06 is. 5 .4l 14.5
12 Tank & 7.86 7.0
|
3 Froth 1 6.44 25.0 20.6 14.0 '
13 Tank . 7.186 Tigel:
4 Froth 24.5 5.80 20.8 2.8 13.6
14 Tank ® 8.53 T3
|
5 Froth i3 7.40 30.0 19.8 13.8 i
15 Tank 8.06 Jick i
& Froth 9 7.96 69.0 10.3 L
16 Tank 7.45 6.3
7 Froth 3 18.02 B5h.B 24,71 119
17 Tank Taidh 6.4
8 Froth 15 15.06 43.2 25,8 1253
18 Tank 8.10 6.2
9 Froth 25 14.28 37.8 27.4 1 Sl
19 Tank 9.60 6.9
10 Froth 4 17.42 50.6 25.6 325
20 Tank 9.45 6.4
21 Froth 18 14,580 38.5 27.4 12 .2
31, Tank B.64 6.77
22 Froth 7 le.26 44.3 26.8 12.5
32 Tank B.52 12.8
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RUN G CONTINUED -
Sample Type Froth Solids Water Solids | Grade
Number of Height , flow flow conc. %PED
Sample mx10% | kg/sx10% | m?/sx10%| wt.$ =
L Feed 10.25 7.57
F2 Feed i | 6.78
F3 Feed 3.3 7.38
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RUN K

Run done with continuous mixing of slurry. Conductivity

of froth also recorded. (see Appendix B).
Data

Unitel 0.0208 ml/s, Berol 0.0128B ml/s, Na Silicate 0.18 ml/s,

Temperature BSDC, pH 10.2, Slurry feed setting *'1.5-"-'10_"+ m> /s, Bir

rate 8.3x10 " m?/s.
Sample Type of Froth Sclids Water Solids Grade
Number Sample Height flow flow conc. %9205
mx 102 kg/sx10? m? /sx10°® wt.$%
il Feed 21 T.44
2 Froth 25 T4 1550 L B 2120
3 Tank 15.4 5.44
4 Froth 10 343 1133 L T 18.8
5 Tank 1 B 726 |
6 Feed 19.4 8.21 |
|
7 Froth 5 196 967 16.9 18.1 |
8 Tank 14.4 B.05 |
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APPENDIX B

EFFECTS OF FROTH HEIGHT ON PARTICLE GSIZE DISTRIBUT ION.

‘In this appendix, the results of the particle size
distributions which were determined for runs B, C, D and E on
apatite ore, are given. For each of these runs, a table lists
the analyses on each sample taken, and this is followed by a
graph comparing froth and tailings distributions for varying
froth heights for that run. The graphs are presented as
histograms, showing a mean distribution density between the

Screen aperture sizes. Standard Tyler sieves were used.

(The particle size analyses were performed by the Ore Dressing

Laboratory of the National Institute for Metallurgy).
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RUN B. PARTICLE SIZE DISTRIBUTIONS.
Weight % for sample number and type
Size
frazticn 1 2 3 4 5 6
(mesh) Froth Tails Froth Tails Froth | Tails
+ 20 o [ 1% 8] O ) 8]
- 20 + 28 8] 0.4 @ :b 4] 0.1
= 28 4 35 0 1.5 0] 1.8 o B8
- 35 4 48 0 4.8 0.1 548 2.1 Acd
= 48 4+ &5 Gy le.3 0.4 14.3 0.6 g.a
- 65 +100 3.2 15.6 4.0 19.4 4.6 i
=100 +1E89 10. 4 18.7 1Z02 20.3 11.6 20,1
-150 +200 16.6 14.8 LELT 13.7 15.6 155
=200 +270 17.0 10.3 1 8.1 16.2 8.7
-270 +400 171 T 16.3 5.2 17.4 725
- 400 Fond 15.1 32.8 10.9 33.9 15,8
continued -
Weight % for sample number and type |
Size i
fraction i
{mesh) 7 B 9 10 11 12
Feed Froth Tails Froth Tails Feed §
+ 20 (8] 8] .1 0 0.2 o
- 20 4 28 Bl O 0.3 0 0.5 0
= 28 4 35 0.3 (9] 0.8 o Lt g.1
- 35 4 48 3.3 o 2.6 0 2l Q.2
- 48 4 65 4.5 oyt 6.6 0 4.4 0.4
- 65 +100 9,2 Y 11.8 0.3 6.7 2.0
~-100 +150 14.6 6.9 15.4 3.1 10.1 6.1 T
=150 +200 15.6 1350 I B.8 13.1 11.9 .
=200 4270 g B 16.8 12.6 14.3 JoARe] 14.4 i
-270 +400 12,9 e e 10.9 2105 13.86 16.8 |
= 400 29.0 40.5 237 52.0 Fi5nel 48.1
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RUN C. PARTICLE SITZFE DISTRIBUTIONS.
Weight % for sample number and type
Size b
fraction
(mesh) Af 2 3 4 5 6 7 B 9
Feed Froth | Tails | Feed Froth| Tails| Feed Froth| Tails
+ 20 0 0] O 0 0 0 0 0 0 ,
- 20 + 28 O o Q (9] o 8] ) (8] ] '
~ 28 + 35 0.6 O 0.9 0.3 Q 0.7 QL3 9] By
- 35 4+ 48 1.8 ] 2.5 1.0 8] 1.6 0.8 o 2:3
— 48 4+ 65 6.1 @] 7.8 3.9 @] 6.6 3.4 8] 4.9
- 85 + 100 1253 0.4 14.4 7.8 akre, 14.8 8.2 oYt | E il
=100 + 150 L 23 1746 1o 6.6 20..7 [13.8 b6 |LB.6
-150 + 200 17:0 4.4 1356 8.7 0 1 Bl A 5 [ i e Al o B L
-200 + 270 13.6 47 8.4 5.9 17T 1270 |4 8 176 |13.7 ’
=270 + 400 1.4 4.4 5.8 4.2 19.4 QL8 B2 19.5 |10.8
— 400 19.5 B3.8 29.4 ha.1 41.2 16.2 |30.0 4325 9.0
continued -
Weight % for sample number and type
Size
fraction
(mesh) 10 11 12 13 14 15 16 17 18
Feed Froth Tails| Feed| Froth| Tails| Feed | Froth |Tails
+ 20 (8] (9] O O 0 (8] 0 8] 8]
— 204+ 28 (9] o] 0 O (8] O o 0 o
- 28 + 35 0,3 (8] BT 0.2 0 0.4 o (8] Q.5
~ 35 4+ 48 0.6 9] 15 0.5 O e 0.2 (9] 1.9
- 48 + 65 ) Q 4.7 155 O 3.8 0,8 ] 4.8
- 65 + 100 P 057 9.4 5.0 C.6 8.8 2.6 0.8 Bl
=100 4 150 T 7 5.3 i | 8.5 4.7 1558 o 4,3 Jagi
=150 + 200 15.8 1254 1 315 [l 11.8 170 |k 8.4 13.9
-200 + 270 i lea3 L TR 195 16.3 14,4 L3044 | 1308 1z2.8
~270 + 400 14.7 20.1 6.6 8.4 20.5 12.4 14,4 | 19,9 11.8
- 400 S 45,2 40.0 5243 46.1 26.8 Ca el e | e 34.0
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B7.

EUN D. PARTICLE SIZE DISTRIBUTIONS.
Weight % for sample number and type
Size
fraction
(mesh) } 2 3 4 5 6 7
Froth Tails Tank Feed Froth Tails Tank
+ 20 (9] Q o (@] o O o
- 20 + 2B (§] 8] 9] (8] (8] @] (8]
e S 2 T (8] 3 ) 0.3 0.6 (8] 0.8 0.2
- 35 + 48 (8] e Lk 1.3 (8] 3 e 2.9
- 48 + 65 0.1 8.1 4.2 4.7 (9] Bzh 3.8
- 65 + 100 Fsl 1353 A E0 e 9.8 0.8 1| LR 10.0
=100 =+ 150 6.0 18.4 7B b 15.4 6.2 172 1657
=150 <+ 200 14.4 18.1 21.%9 19.0 16.0 18.7 10,4
=200 + 270 16.7 10.9 12,2 1205 16.4 15 I | 13.8
=270 + 400 17.2 7.4 9.2 11.8 15.0 8.4 10.9
- 400 44.5 15.3 23.7 25.4 45.6 24.6 242
continued -
Weight % for sample number and type
Size L
fraction
(mesh) 8 9 10 11 12 13 14
Froth Tails Tank Feed Froth Tails Tank
+ 20 @] (8] 0 8] (8] o (0]
- 20 =+ 28 (8] o 8] 0O ] 8] O
=ik n 35 2] 0.6 02 =l o 0.8 0.3
=iyl e R (6] 1.3 0.6 0.4 o 1< Q.5
- 48 + &5 O 4.2 2.5 1B (8] 4,5 £ |
= BRI+ 006 0.7 9.8 ol 4.6 C.7 Bl YRS
=100 + 150 b3 14,7 13,8 9.4 And 3.3 ] 10.8
=150 -+ 200 15857 17.2 1752 14.3 1lo.5 T E 14.8
=200 <+ Z70 15.86 14.1 14,8 N B 144 gl 14,4
=270 4+ 400 16.0 105 133 15.8 lag 16.3 12.9
« 400 48.7 26 30.5 39.7 Sa2 33 AT
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RUN E. PARTICLE SIZE DISTRIBUTIONS.
Weight % for sample number and type
Size
fra‘:t;““ 1 2 3 4 5 6 7 8 9
(mesh) Froth Tails| Tank Fead Froth | Tails| Tank | Froth | Tails
+ 20 Q o 0 0 o o 0 0 0.4
~ 20 + 28 ) 12 8] 8] (8] T e (8] O 1 i,
= 28 = B (6] 2.2 .3 iLa 0] 302 0.9 €] 3.8
- 35 4+ 48 0.5 6.7 3.5 3.4 [ Frarl: 3.2 03 Ted
- 48 4+ 65 2inid 3 A 8.8 ek 1.2 12 7.9 1.5 13.3
- 65 <+ 100 6.2 15,6 14,0 9.9 3.5 Ihee 123 4.7 15.9
-100 <+ 152 |11.0 14.6 i 7 15 1 e 6.8 14.9 |14.8 .4 1550
=150 - 200 |[13.5 L240, l4.6 | 10.2 8.8 1178 L1450 1i3ed 12.9
=200 + 270 |[12.5 8.0 10.2 i 749 7.3 |10.2 3121 £ g.2
-270 + 400 |[132.1 6.7 9.6 6.3 8.6 7.3 |16.0 12.8 G D
- 400 41.0 20.2 2301 4204 5 20.2 |26.4 46.8 1A
continued -
Weight % for sample number and type
Size
fraction
(mesh) 10 11 12 13 14 15 16 17
Tank Froth | Tails| Tank Feed |Froth Tails| Tank
+ 20 8] 0 0.3 8 (9] 8] O3 0
- 20 + 28 0.4 0 1.0 0L 2 k=] O 0.9 Qi
- 28 + 135 1.2 9] 3.4 1.0 i L 0,5 2.7 0.5
- 35 4 48 37 0.4 6.7 3.0 4.4 2.2 6.1 1B
- 48 <+ g5 8.2 2.0 L= T 2 e} 5.1 10.6 b
- 65 4+ 100 13,9 6.5 14.9 10.6 125 7.0 14.5 11,4
-100 <+ 150 16.4 AEe N e 14.8 1 1 [ 14.6 8.3 15.4 15.9
-150 + 200 5.3 1555 12.4 9.4 13.6 7.7 13,0 14.9
-200 + 270 LG, 14.1 7.4 6.0 10.3 B.0 8.6 1605
-270 + 400 10,8 15,3 7.4 4.6 10.9 1ol 8.0 10.6
- 400 12.0 34,2 15.4 46.5 22.2 |60.0 19.1 20,0
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APPENDIX C

RESULTS OF CONDUCTIVITY MEASUREMENTS ON FROTH : LIQUID FRACTION

: PROFILES AND RATES OF BREAKAGE.

In this section, the results of the electrical con-

ductivity measurements taken on the froth are presented.

Results are tabulated from Runs I, J and K, and these are

followed by plots of the liquid fraction profiles in graphs

Cl, C2 and C3 respectively. Graph C4 compares the two types

of froth investigated on drainage velocity wvs. liquid fraction

curves. Data on the rates of breakage calculated from these

results are summarised in table L 4 Finally, graph C5 is a

reproduction of Clark's graph, (ref 4) which was used to convert

from conductivity to liquid fraction.

Notes

(1} In the tables of results for runs I, J and K, the conversion
from conductivity to liquid fraction was done via Clark's
correlatiom_given in graph C5 (ref 4), of conductivity
ratio to reciprocal liquid fraction. Consequently the
conductivity is not expressed in absolute units.

(2) The values of %% used in determining the rates of breakage
were obtained from the minimum slope of the liguid fraction
profiles, as explained in section 3.2.5. The results for

run J are averaged, because of the scatter of the points

on the liquid fraction profile.
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Rates of Breakage of Froth

Rate of breakage calculated from eguations
3.2.58.1 and 3.2.5.2 (8ee section 3.2.5).

df ; i
= o determined from minimum slope on an £ vs 2 curve

{(graphs Cl, C2 and C3).

TABLE C(i)

Values Used EatEE b
reakage Total
Run : froth
Number [|oa/A [Ow/W  |af . d (kah) |SEdn) height
m,"s;zc m/sec az | f dz ijse m* 102
X10D Lol m- sec™' = ? 2
x10
Silica ‘Skurry —
Burr I 1|11 [0.0L155 .32 |0.164 [0.11 0.14 23.5
I 2(1.10 |0.0344 G-80 |0.19 |0.17 0,23 7
I 31.80 |0.0210 ©.20 |0.17 |0.10 0.22 FAAED
I 411.80 |0.0427 0.36 [0.175 |0.15 Q.22 10
I 5(1.80 |0.0554 1.10 |0.195 |9,33 0573 5
Apatite ore slurry -
Run J* |[1.75 |0.0660 0.035|0.110 (0.015 0.030 24
Run X 1 (1.34 |0.0415 0.04 |0.105 |0.019 0.029 25
K 2]1.34 |0.0305 .14 |0.060 (0.108 0.154 10
K 3]1.34 |0.0260 0.04 |0.055|0.052 0.074 23

* average of three sets of data.
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APPENDIX D

ENTRAINMENT STUDY

This appendix presents the results of the work
done to investigate entrainment of sclids by the froth.

Graph Dl shows the results from run F (data from
appendix A) plotted on a triangular diagram of water-
gangue—apatite, to determine whether entrainment was
a noticeable effect of froth height.

The results of one run, Run I, done specifically
to investigate entrainment, are also presented. This
run used a silica slurry depressed with hydrofluoric acid,
so that flotation effects would be minimal. In graph D2,
the entrainment fraction (see section 3.2.2) determined
experimentally is compared with the theoretical curve on a

plot against particle size.

D1,



SAMPLE |[FROTH HEIGHT

MO

m, % 102

0=l b WK

23
4-5
10-5
17-5
23
4+5
19
22.5

D2.

WATER

CONTENTS OF CELL

A R

L]
L

/ffff/ffff/!ff!lfl'_lf! 1[1[11!\\\\1\\'\.\\\N\\\

F

[7
GANGUE

GRAPH D 1.

20 30 40
GRADE, % P,0.
APATITE

RESULTS FROM RUN F PLOTTED ON A

TRIANGULAR DIAGRAM.




D3.

RUN:

‘Experiment using depressed silica slurry to investi-
gate entrainment. Conductivity also recorded (see appendix C).
Slurry continuously recirculated back to mixing tanks.
Data: Temp 23.50C,
Solids: 73 kg in 4 0.71m’
Slurry feed rate = 8.3x10""m?/sec.

Additives: 25 ml Dowfroth 250 frother, 30 ml HF (to depress)

TABLE D (i)

Sample ir flow Fr?th % Solids Solies Water flow
number*| m*®/secx10" el by wt Elow m?®/secx10°®
mx102 * |kg/secx10?®
1F 6.8 23.5 0.407 0.0292 7.15
LT )
2F 6.8 7.0 0.516 Ble: T 22
2T 11:8
3F 11.2 21.5 0.661 0.087 350
3T 6.42
4F 11. 92 10.0 0.708 D187 26.5
4T 7.46
5F 11.2 5.0 1.230 D282 34.4
5T g.02

2 W = Ffroth, T .= tank.

Data on particle size distributions and entrainment fractions

for samples 3, 4, 5 (i.e. for high air flows) are shown

overleatf.
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D5,

RUN I continued

| CALCULATION OF THEORETICAI ENTRAINMENT FRACTION

| Formulas used: (ses section 3.3.2)
_ 2 '
2 ¥z {Vmax us} et T
I s — FE Z
D 2l:vmf:l:»c vminjvi 4 Lus vminJI
Z
ks itar =]—::I---—(1 -
Stokes velocity, u, 1o (Pg pLJ
__Oa
Where Vmax = A(1-%)
= |8
Vi S RE
Vipin 2'vi " Vhax

Values used:

TABLE D(iii)

Sample szirf Vmax T Vmin D= He .
numbher colamn m/secx10? |m/secx10?| m/secx10*mx10 m/secx10? D
30 0.081 2.855
3 017k 2.17 0123 L. 92 50 ©.339 0.549
100 ARt a L 0.140
147 M e (8]
30 0.091 0.863
- - 50 0.339 .561
4 0.168 2.16 0.254 daiS 100 1.01 0.146
14e v 0
max
30 C.091 0.865
50 D.338 0571
5 0.178 2.189 0.311 =1 =h 100 1.01 0.155
148 Vo i 0
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APPENDIX &

STUDY OF THE CONTROLLERS ON THE MIXTNG TANKS

It was mentioned in section 4.1.3 that much difficulty was
experienced with the slurry mixing tanks during the experimentation.
In fact, a large amount of the scatter in the experimental results
was caused by the inconsistent feed to the cell. When the
mixing tanks were operated batch-wise initially, it was found
that the coarser solids came through first because of poor mixing.
It was thus imperative that they be operated continucusly.

This, howewver, also gave trouble for the following three reasons:

{1) Incorrect controllers.

(2) Insufficient stirring, and consegquently fairly
large concentration gradients in the tanks.

(3) Overfrothing and the formation of a rather
stable froth which would then overflow the mixing tanks.

Overfrothing was a problem in the choice and guantity
of additives.

Stirring however, was only a major problem when
the system was not at a steady state. Oscillations (for
example, in the level of liguid in the lower tank) caused
a variation in the particle size distribution of the slurry
leaving the mixing system. Unwanted oscillations are a result
of a bad control system. It was noticed, even at the beginning,
that the mixing tanks had difficulty in reaching a steady state
condition.

Although the job of rebuilding the mixing tanks

was a task beyond the scope of this investigation, it was

decided/....




E2.

decided to make a short study of the controls to see whether
it was possible to reduce some of the experimental scatter.
Two approaﬁhes were tried:

{1) A simplified linear model of the system was
used to give an understanding of the setup, and to form a
basis for deciding on suitable modifications for improvement.

(2) A more exact analogue simulation of the system
on a computer was then used to try out any predictions made
by the linear model. The "“"C.S.M.P." analogue systems
modelling program {reference 1l1) on the IBM 1130 was used

for simulation.

Basic Model

(Refer to figure 3, chapter 4, for a general description

of the mixing tank system).

v
W

= water feed ﬁl

50

v =overflow return solids feed, S
Upper tank
(fixed vol.)
vu* Cu s
= s ,) Lower tank
0_1_.:1 t {_:L
VEmFi s
=]
v, = fiwxed recirculation

10

(for nomenclature, see appendix G.)

Four eguations, twe liguid and two solids mass
balances, can be written to describe the basic operation
of the mixing tanks:

Ligquid/. ..




Ligquid balance over upper tank:
Ve = Vio T Vg T Vg (1)
Liquid kalance over lower tank:

dhlL _
A < Ve
s s 1
or hL = e j{vr vioj dt (2)

Solids balance over lower tank:

- d Ay, hp Cr,
S i dat
or h.C, = 1 ¥ = e 2., de (3}
| il AL ru io L
Solids balance over upper tank:
. dCy
Vio cL |:vr * vso} II:u i vu dt
5 20 -
or Cu =5 S {ViD CL (vr + vsG} Cuj dit (4)

u
(Note that these eguations only model the tanks: they are
incomplete in that the behaviour of the input wvariables Vis
and S5 from the controllers is as yet unspecified).

From these equations, analogue diagrams can be

io T RKMR -
:f,f’ e i

drawn, thus:

(1) v

6
il
Ty
|
<

S5Cartc
L
T = h_

(3 Mgl .
Cu VICU hLCLsta1~
W t
éU—h— viDCL
| F— 8

(4) /.

E3.
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(4) VrCuVicCL
from {3)

50

(For meaning of symbols, refer to appendix C page G3).

Contrels

The existing contrcls were two proportional plus
integral controllers on the solids feed and water feed, con-
trolled by the level in the lower tank and density in the top
tank respectively. Block diagrams summarising the setup in

each case, and the corresponding model used, are given below.

Density controller -

h = i - : . V.,
Qen%i 0% Bubb e tnkas Pneumatic Ldter inlet 1) W .
slurry in |w od DiE Eel P& I control = water
top tank ' Fi| controllexn®; valve flow in

) m noise generator,

U—p J K |——p see note 1.
It
‘llll’ : - L_p

and D/P cell

—pneumatic controller-

—

see note 2

P

| an

K
vﬁ-.T

Y

water contreol wvalwve




EbS.

Level controller -

Level in Level F & I controller Solids
lower s measuring —*ron solids feed —™1 feed rate,
tank, hL device. drive. B

hy,
gk P & I controller i
@} O~ A
-y

S start
see note 2

level measuring -"'! 2 \}—@—h I

device

]

Notes:

(L) The RC filtered noise generator was added
to the output from the D/P cell to simulate the observed
random fluctuations in the actual ocutput.

(2) Block number 2 was user written. Its function
was to restriect the incoming signal if the output from its
associated integrator reached a predetermined limit.

(3) Most of the constant gain blocks in these
controls are conversion factors which were used to change
units, e.g. to convert from the density of slurry to a
pressure output from the bubble tubes.

These diagrams, when linked up, formed the basic
non-linear model of the mixing tanks for use on the computer.
They were sometimes slightly simplified (e.g. when trying
a proportional-only contreller) to shorten running time on

the computer.

Linear/. ..
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Linear Model
The system can be simplified and summarised thus:
(linking the two tanks for the purpose of simplification)
hLr height
i - i
o i‘:’f*mm density
St of slurry {3)bubble tubes 6) level sensing
| and D/P cell device.
APy )
signal
2) mixing tanks:
13 mixinastanis (density con- | #) pneumatic 7) P41 controller
g ; siderations). controller plus stepping
(volumetric : -
: : : motor
considera- input dens.:
tions AP
) =sio ™ astbv. 2 shaft
W position
5} wvalve on
water feed. :
) solids conveyex
1 v, S ¥ speed controller.
water feed rate
1 _solids feed rate

The system can be divided into two loops:

By breaking the diagram at the water feed rate
stream where it leaves the valve block, the two loops become
open. If G; and Gy, are the transfer functions around loops
{1} and (2), then

G system = G; + G,

Consider each block in the diagram and its transfer
functions:

{1) Mixing tanks, wvolumetric consideration. The
output is the integral of changes in the input, thus the
transfer function is (onst./S.)

(2) Mixing tanks, density consideration. This

is both/...
e e e B A O e e el S ==



E7.

is both a summer (where the two loocps meet] and a C.5.T.R.
whose transfer function is const./{(tss+l) (where 1z is the
dead time).

{(3);, (58), (6), (8) are blocks where small changes

in the output are directly proportional to small changes in

the input. The transfer functions are thus constant.
(4), (7) are P + I controllers. The transfer
TnE‘i‘l

functions are thus (where XP is the propeortional

5 T, ¥p/100

band and T, is the integral time).

The leoop transfer functions thus become:

_[_
AL (Tnhs+1J{Tn?5+l}} 1r sz T, S+l
1 ! 83 (125+1) | £ % |s(t28+l)
T =41 K1 (T  s+1)
G=_r}.i*_._._._ Ky + ny
s({T25+1) 5

The Nyguist diagram for G has the general shape:
Im

Except for the small area near the origin, the
entire plane is encircled. For values of 72>T_ this area
t

is particularly small.

Results of Controller Study

The results of the linear study show that the

mixing/..
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mixing tank system as 1t existed was inherently unstable.
This was confirmed by the analogue simulation (see graph El).
Graph C5 shows similar results obtained from the actual
plant. In practice, the system reguired freguent human
intervention while operating.

Returning to the Nyquist diagram of the linear model,
it should have been possible to obtain settings on the
instruments which would have been stab%e, even though the
system would appear underdamped. The fact that this was
not possible is probably because of the oversimplification
of the linear model, which is itself critical. Howevgr,
it can be seen that the system could be made stable by
removal of one (or more) of the integrators. The diagram

would then appear roughly thus:

_ iIm
______ S
R | : T sl )
T e T el 5, GRS
N s, : = s{Ta.5+1) { % s ]
Mo | OR
— * Re
(-1,0) . T o Ry s

’_-Fy (ro5+1) |2 57

The peoint (-1,0) is not encircled, and the system
is stable. Again, simulation confirmed this (see graph E2).
Graph E3 shows the results of the simulation with both controllers
purely proportional.

The most convenient place to remove one of the
integrators was the level contrel for the solids feed. Even
so, to convert either controller to purely proportional

action would have taken a fair length of time, as completely

new units/..
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new units would have been needed.

Another alternative was to use the level in the
lower tank to control the water feed rate into the system,
while the solids feed was held constant. A more detailed
linear analysis showed that this was always stable, and that
the system could be made asymtotically stable (i.e. no
oscillations) by choosing certain matching values for the
parameters xp and Tn'

Graph E4 shows the analogue of this stable system
oscillating for large values of XP and T, - When this setup
was tried out in practice, it was found that the solids feed
could not be kept sufficiently constant, sc that even though
the system was stable, the density of the slurry drifted

during the run.

Conclusions

The results of this study showed that, although
the mixing system could be improved, it was not possible
to do very much in the time available . It also became

apparent that if the arrangement of the system itself could

be improved, or some other form of contreol fitted, far better

performance could be achieved.

ikt S
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APPENDIX &G

NOMENCLATURE

Theory

A Surface area in flotation cell.

Al Surface area of bubbles.

CF{D} Concentration of entrained particles in froth
in particle size range D to D + dD.

CP{D} Concentration of entrainable particles in pulp
in particle size range D to D + dD.

dm Mean bubble diameter.

D Particle size.

E, Entrainment fraction for particle diameter D.

f Liguid fraction.

fik,q,D) Rate constant distribution density function.

£, () Distribution density function for water drainage
velocity.

fD{uJ Distribution density function for solids settling
velocity.

g Grade (also gravity constant).

h Height of froth layer.

k Rate constant.

k! Proporticnality constant

K Constant defined by vy = K.f.dm

n Number of stages.

P Pressure.

Qn Air rate. |

0 Liguid overflow rate in froth.




¢ (D)

Radius ([of Plateau Border).

Function describing return from froth.
Fraction uncovered.

Downward velocity.

Stokes settling velocity.

Drainage velocity.

Mean interstitial velocity for water.

V. +
! vd

<1

§

Mass of solids in the cell.

G2.

Level in froth layer from froth-liguid interface.

Viscosity of water.
Density of water.
Density of solids.
Surface tension.

Function of D in flotation rate expression.

Controller Study (Appendix E)

Tn

io

Cross sectional area of lower mixing tank.
Solids concentration in lower tank.

Solids concentration in upper tank.
Transfer function.

Slurry level in lower mixing tank.

Gain constant.

Pressure signal (usually subsc;ipted}.
Variable defined by Laplace Transform.
Solids feed rate.

Integral time of contreller.

Recirculation rate: lower to upper tank.




Symbols Used in Controller Study.

Overflow return rate:

G3.

upper to lower tank.

Slurry withdrawal rate from upper tank.

Water feed rate.

Volume of lower mixing tank = A hL.

L

Volume of upper mixing tank.

Proportional band of contreller, %.

Time constant.

{Appendix E.)

@——» constant "AY

-

[
Il

EX

i

. Integrator
X, Y
o

Y o= YD + Xy X)) dt
X ] Y limiter
.._..b. L
LY

—_—
—p F summing block
—p — 'r__; o= }:
i | multiply X x ¥ :E:]>P*~ random signal
' oz i
generator
3 = user written block
— / aivide X by ¥ 2 (see note 2 p.E5)
S
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