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ABSTRACT

The processing of fine coal of less than 75 microns in
size is known to present several problems, including high
mineral contesnt, particle oxidation and the gencration of
slimes. For these reasons, fine coal is usually discarded
before reaching the flotation circuit regardless of its
potential value. Column flotation has been identified as a
possible metheod for treating fine coal particles. However, the
effect of the coal particle size and other operating variables
on column flotation system efficiency for fine coal washing
have not been clearly defined. This has important implications
in the development of a feasible, fine particle, flotation
system for coal.

An experimental design using latin squares and
multivariate analysis was implemented to study the effects of
wash water flow rate, gas flow rate, and frother dosage on the
efficiency of column flotation for a fine sized coal sample.

The results show that the yield and grade of the f{ine
coal concentrate is dependent on the operating conditions,
particularly with respect to the gas flow rate and the wash
water flow rate. These results suggest that the column
flotation of fine coal requires much more rigorous control of
the operating conditions to achieve a good performance, as
compared to the flotation of coarse coal samples which provide
a very stable operating system, for which a wide range of

operating conditions can result in acceptable performance.
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1.0 INTRODUCTION

The flotation column is an innovative new approach to
coal and mineral dressing operations aimed at providing higher
quality products from lower quality feed materials. Theve are
several variations of flotation columns presently operating or
being developed. These designs include: the Canadian column,
the WEMCO/Leeds column (Degner and Sabey, 1988), the Packed
column (Yang, 1988), the pneumatic flotation cell (Bahr et
al., 1985), the Diester column (Parekh et al., 1986), the
Flotaire column (Zipperian and Svensson, 1988), the Hydrochem
column (Schneider and Van Weert, 1988), the Jameson cell
(Jameson, 1988), and several other designs. The one thing that
all these designs have in common is that they all use a column
to allow for longer bubble-particle contact times. The design
variations range from co-current flow (gas/feed) to counter-
-current flow, and from mechanical mixers to no mixers (Parekh
et al., 1986). The most well known and commonly used is the
Canadian column (Finch and Dobby, 1990), and it is the focus
of this thesis work. From this point forward, the use of the
words "column flotation" will refer to the Canadian column.
The Canadian flotation column was developed and patented in
the early 1960’s, by Boutin and Tremblay (Canadian patents
680,576 and 694,547).

The basic principles of flotation remain the same for
both column and cell flotation. Separation is affected by
exploiting the differences in the surface characteristics of
the minerals. The hydrophylic materials are removed in the
tailings stream, and the hydrophobic materials will attach to
air bubbles and float to the concentrate stream. In addition,
reagents are added to enhance the process, to allow for the
maximum efficiency from the system. The design of the

flotation column has three main differences from conventional



cell flotation: the geometrical design, no mechanical parts
are involved (bubble generation through an air sparger), and

the use of wash water to clean the froth zone.
1.1 CANADIAN FLOTATION COLUMN DESIGN

A schematic diagram of a flotation column is presented in
figure 1.1. Industrial flotation columns are typically 9-15 m
high and 50 to 300 cm in diameter. The cross-section may be
either square (design of the Column Flotation Company of
Ccanada) or circular (design of most homemade units). The size
of a flotation column is designated by either the side of the
square column or the diameter for a circular column.

Wash walet

f%i11

Cieaning zone pr

Concentrate

Fead
% Collection zone Heol

-]

\é ——— Tallings
.

Figure 1.1 Schematic diagram of a flotation column (adapted
from Finch and Dobby, 1990).

The main control parameters for the column are the
material flow rates. The different material streams include:



feed, tailings, concentrate, wash water, gas, and bias. The
material flow rate is reported as either superficial velocity
(flux), J,, or as volumetric flow rate, Q;, where i denotes the
different material streams. Superficial velocity is defined as
the volumetric flow rate divided by the column cross-sectional
area. All superficial velocities are designated as positive in
the upwards direction, except the bias rate. Note that the gas
rates are measured at atmospheric pressure: either at the top
of the column or using a calibrated measuring device. This
convention allows the pressure differential (due to the weight
of the water), and the subsequent bubble expansion to bc
discounted, and therefore gas rates can be compared f{for
different heights of columns.

There are three distinct zones over the column height:
the collection zone, the froth washing zone, and the
conventional froth zone. Each zone has a specific purposc:
recovery occurs in the collection zone; the washing zonce
controls the grade; and the conventional froth zone transports
the concentrate to the launder (Dobby and Finch, 1986-b). Ior
- the sake of simplicity in modelling, only two zones are
represented: the froth zone and the collection zone. The
transition between the two zones is called the interface
level. The interface level is defined by the sharp difference
in the fractional gas holdup, defined as the volume fraction

of gas in the column.

1.1.1 OPERATING PRINCIPLES

The flotation column is designed to have counter-currcnt
flow between feed and gas streams, to allow for better
bubble-particle contact times. The feed clurry is introduced
into the column just below the interface level, and it
descends against a rising swarm of gas hubbles generated at

the bottom of the column, by a sparger.



Wash water is added just below the lip, through a system
of perforated pipes or sprinklers. Wash water has two
functions: to wash the entrained particles from the froth, and
to stabilize the bubble bed by preventing coalescence (Dobby
and Finch, 1986-b). The wash water stream will be split
between the tailings and the concentrate streams, determined
by the water balance across the inteiface. The net flow of
water across the interface level is defined as the operating
bias, with positive bias defined as downward flow. A direct
method of measuring the actual operating bias is currently
unavailable, therefore it is estimated by the difference in
the feed and tailings flow rates (Moys and Finch, 1988). By
maintaining the tailings flow rate at a higher flow rate than
the feed, a positive bias can be obtained (net downward flow

of water), thus washing the froth.
1.1.2 MECHANISMS

There are two main performunce indicators for a
separation process: recovery and grade. The relationship
between the two parameters 1is inversely proportional
(dependant on the fraction of middlings particles). In
addition, these two parameters are determined separately in
opposing zones. Recovery is determined in the collection zone, .
while the grade is primarily controlled in the froth zone.

The recovery of minerals is dependant on the collection
process in the collection zone. Collection of a mineral
particle follows two steps: a particle-bubble collision,
followed by attachment if the particle is sufficiently
hydrophobic. The collection process is dependant on many
factors, including: feed grade, gas rate, particle rate, the
ratio of particle to bubble diameter, and reagent dosages.

The product grade is determined by: the feed grade and



the cleaning of entrained particles from the froth. The
mechanism of entrainment occurs when very fine particles
become carried into the froth in the thin film of water
surrounding the bubble. The cleaning mechanism is accomplished
by the drainage of wash water through the froth, along the
water film boundary. This allows the continuous replacement of
the film, thereby washing as well as stabilizing the f{roth
(Groppo, 1986). The main cleaning action occurs near the
interface level, for moderate gas rates (Yianatos et al.,
1986). With deep froth beds (greater than 1 m), upgrading may
occur due to selective washing of middlings as bubbles
coalesce (Yianatos et al., 1988).

1.2 FLOTATION REAGENTS

The two main types of flotation reagents are collectors
and frothers (Wills, 1985). Reagents play an important role in
the flotation process. They are added to enhance the
efficiency, and control the process. This section will provide

a brief summary of both types.
1.2.1 COLLECTORS

Collectors are used to enhance the hydrophobic
characteristics of the mineral surface. The degree of
hydrophobicity is determined from the contact angle of the
mineral surface and air bubble in the presence of water, as
shown in figure 1.2. Naturally hydrophobic minerals, such as
graphite, sulphur, molybdenite, diamond, coal, and talc
consist of non-polar molecules held together by Van der Waals
forces. They have high contact angles in the range of 60° to
90°. Hydrocarbon collectors may be added to increase the
contact angle of these minerals, by creating a thin

hydrophobic film on the mineral surface.



For polar minerals (ionic or strong covalent bonding),
the surface must be given a hydrophobic character, and
therefore the collectors have a different structure. They are
agsymmetric molecules, consisting of a polar head which
dissociates in solution (anionic or cationic depending on the
surface chemistry) and an organic tail. The polar head adsorbs
onto the minerzl’'s surface, leaving an organic tail sticking
out (figure 1.3), thus creating a new highly hydrophobic

surface area.
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Figure 1.2 Contact angle between a bubble and particle in an
aqueous medium (adapted from Wills, 1985).
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Figure 1.3 Collector adsorption on a mineral surface (adapted
from Wills, 1985).
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1.2.2 FROTHERS

Frothers have two purposes: to create a stable dispersion



of fine bubbles in the pulp zone and a stable froth, as well
as decreasing the mean bubble diameter. The chemical
composition of a frother is similar to that of an ionic
collector, also consisting of a polar head and an organic
tail. The organic tail adsorbs onto the air-water interface of
the bubble, leaving the polar head on the surface of the
bubble. The polar head of the frother will react with the
water, thereby hydrating the surface of the bubble. This
action will strengthen the surface tension of the bubble,
therefore creating a more stable bubble. Figure 1.4 shows a
schematic view of the frother action.

Polar
Non - potor

Figure 1.4 Frother Action (adapted from Wills, 1985).

1.3 PROJECT SCOPE AND OBJECTIVES

The overall objective of this project is to study the
effect of three major column operating variables, viz; qgas

flow rates, wash water flow rate, and frother concent.ration,

on the washing efficiency of fine sized coal (d,, = 35wm) in
terms of product yield, and concentrate grade {ash contentl) as
performance parameters. The results obtained from the fine

coal study will be compared with those from a relatively
coarse sample (d.= 250um) in terms of the performance
parameters under similar experimental  condition:s. Thye

experimental data will be evaluated using a multivariale



analysis technique employing the Latin Square experimental
design and analysis of variance (ANOVA). Consequently, this

objective is divided into three parts.

1. The determination of the effects of varying the
operating conditions on the washability of fine coal in
terms of yield, and concentrate grade using a statistical

experimental design.

2. An investigation of the differences in the
fiotation response between the fine sized coal sample and
a relatively coarse sample in terms of the performance

parameters outlined above.

3. The evaluation of the experimental data using a
multivariate analysis approach from which the optimal
operating conditions can be determined for each particle

size distribution.
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2.0 LITERATURE REVIEW

2.1 COLLECTION ZONE

There has been extensive effort placed on modelling the
behaviour of the collection zone in a flotation column.
Studies on the collection zone have generally been divided
into kinetics, mixing characteristics, and carrying rate.

Product recovery is determined in the collection zone.
2.1.1 KINETICS

Column flotation kinetics is Jdependant on the particle
mollection process. The two most important factors in the
collection process is bubble diameter d,, and flotation rate

constant k.

In column flotation, the commonly used bubble generation
systems produce a wide distribution of bubble sizes, which
have caused a variety of design problems, and operating
difficulties. Therefore, the estimation of the mean bubble
diameter, and the size distributicn become an integral part of
any column flotation model (Dobby et al., 1988).

The particle collection process is generally believed to
be the rate determining step in a flotation process. A
probability model was developed to describe the collection
process in two stages: particle-bubble collision followed hy
attachment (Dobby and Finch, 1986-a). The development of a
procedure to determine flotation rate constants for column
flotation has also become an essential component to a complete

description of the collection zone behaviour.
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2.1.1.1 GAS HOLDUP AND BUBBLE DIAMETER

Gas holdup is used to estimate the mean bubble diameter.
Gas holdup is determined from pressure measurements at two
pre-determined levels. Gas holdup can be calculated from the
following formula if two water manometers are used to measure

the pressure differential.

=q1-P1(,_Ah 1
cg 1 psll AL) ()

where: AL is the distance between the two manometers, and Ah
is the difference between the manometer readings, p, and p.,
are the densities of the 1liquid (water) and slurry

respectively.

Bubble size distribution depends on a number factors,
including gas flow rate, frother type and dosage, and the type
of sparger (Zhou, 1992). For simplicity, the size distribution
is estimated by the sauter mean diameter, and a statistical
distribution function. The bubble size distribution in the
collection zone corresponds closely to a normal distribution.
There are several methods for estimating the bubble diameter.
One of these methods is a theoretically derived model based on
the drift flux analysis (Dobby, Yianatos, and Finch, 1988) and
there are several empirically derived models based on column

operating conditions.

The theoretically derived model based on the drift flux
analysis has been described by a number of authors. A detailed
description of this method was given in the paper by Dobby,
Yianatos, and Finch, 1988. The calculation of a mean sauter
bubble size, can be approximated using the drift flux model.
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The drift-flux analysis is used to relate phase flow rates,
holdup, and physical properties. Using drift-flux analysis,
the terminal bubble rise velocity, V. can be estimated, and
can be used to calculate the bubble diameter (Dobby et al.,
1988). The drift flux model was developed using a single
bubble-water system. and then expanded to fit a bubble swarm-
water system, and then finally to a gas-slurry system. For a
two-phase (gas-water) system, the drift-flux, V., is
calculated with the following formula:

Vg1 = Yo _ V1 (2)
€y (1-eg)

where: V, and V, are the superficial velocities (flow rate
divided by the column cross-section) of the gas and liquid
respectively, and e, is the fractional gas holdup. The drift-
flux can be related to the terminal bubble velocity by:

v,

g1 = V,,(l-eg)l"" (3)

where: m is a function of the bubble Reynolds number, Re,. The

estimation of m can be determined from one of the following:

=|4.45+18 a
m=|4. (4)

b
dC
m=4.45Re;’? 200 < Re, < 500

)Reg°'1 1 < Re, < 200

where,
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Reb = féLjE;gi (5)
B,
By combining equations (3) and (4), the terminal bubble

velocity can be expressed as:

Y W) (6)

eg(l-g)™  (1-g)"

The correlation between bubble diameter and terminal rise
velocity, for a bubble swarm is expressed by:

_ 18 u, V, 0.687 (7)
db = J(——Q:K—p— (1+0.15Res ))

where: |, is the fluid viscosity, Ap is the density difference
between the two phases, and Re, is the Reynolds number for a

bubble swarm, calculated by:

_ Vg0 (1-€g) (8)
s p.l

Re

The estimation of the mean bubble diameter for a gas-
water system is an iterative process, which includes the

following steps {(Dobby et al., 1988).

1. Estimate m.
2. Calculate V, from equation (6).



3. Calculate d,, iterating on d, using equations (7)
and (8).
4., Calculate m using equation (4) and compare with

step 1; iterate on m if necessary.

In order to expand the drift-flux model to the gas-slurry
system, the following assumptions were made.

1. The bubble diameter, d,, is much larger than the
particle diameter, d,.

2. The slurry ac's as a one phase fluid (i.e.
liquid). The previously described liquid parameters (V,,
p;, and W,) are then replaced by slurry parameters (V,,

Ps1/ and p’sl) *

The slurry density, p,; can be estimated by the tailings
density, if pressure differential is taken near the bottom of
the column. However, the tailings density will be higher, due
to the higher particle settling velocity relative to the
liquid. This assumption can only be used if the solids are
very fine. The slurry density can be calculated from:

Psr = &sp; + (1-d))p, (3)

where: ®, is the liquid volume fraction, (1 - @) is the solids
volume fraction, and p, is the solids density. The liquid
volume fraction, can be determined using mean residence times
(1) and superficial velocities for both the solid and liquid

phases, as follows:

VT,

RS e S (10)
VT4 VT,

¢1=
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It has been shown that the solids residence time, 1T, can be

expressed by:

_ (v,+V,) /(1-¢,) 11
=T (Vi+V,) /(1-eg) + V, a (11)

where: V, . is the particle settling velocity, and is given as

follows for Stokes’ flow:

_ 9d; (pp-py) $77 (12)
p.= 18y,

Note that if slurry viscosity is not known (or measured)

it can be estimated by:

ey = By 61°7° (13)

Similar to the bubble diameter calculations for the gas-
liquid system, calculations for a gas-slurry system follow an
iterative approach (Dobby et al., 1988), as follows:

1. Estimate the gas holdup, eg,.

2. Solve for the volume fraction of liquid using
equations (10) and (11).

3. Calculate the slurry density, pg using equation
(9).

4. Then solve for gas holdup, using equation (1)
and compare with step 1. If the desired tolerance
is not reached then repeat steps 1-4 using the new

value.



5. Estimate the slurry viscosity from equation
(13).

6. Calculate the terminal bubble rise velocity and
bubble diameter, as described for the gas-liquid
system, but replacing the slurry viscosity and
density.

Of the empirically determined models to estimate bubble
diameter, two are presented here. The first model relates the
bubble diameter to the superficial gas velocity (Dobby and
Finch, 1986-a). The second model developed by Xu and Finch,
1988, is based on the sparger type and surface area, as well
as the superficial gas velocity. The first model is based on
the fact that as the gas rate 1is increased, the bubble
diameter also increases. The function of bubble diameter with
respect to gas rate can be expressed by:

dy, = Cvg (14)

where: C and n are empirically determined constants. For
typical column flotation gas rates, n=0.2-0.4 (Dobby and
Finch, 1986-a), depending on the type of sparger. C is
dependant on many factors, including the frother dosage.

The second model was an effort to characterize spargers,
based on the relationship between gas holdup and superficial

gas velocity, as shown below:

- g
£, = a Vg (15)

where: o and P are empirical constants. The value of [ is
based on the operation flow regime (for bubbly flow, 0.7 < B
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< 1.0). The gas holdup however is also a sensitive measure of
bubble diameter, and therefore a similar relationship can be
established for bubble diameter (equation 16). By holding all
parameters constant except the sparger type and size, a
relationship was developed between bubble diameter and

sparger, as follows:

dp = C,[R; x V17 (16)

where: R, is the ratio of column cross-sectional area A; to the
sparger surface area A,, and C, is a constant. The volumetric
gas rate per unit of sparger surface area, R, times V; can be

written as:

A Pg . D (17)

R.xV_, = — —
° g AS AC AS

The values of the constants n and C, were estimated using
regression analysis, with the best fit being n=0.25 and C;=1
(Xu and Finch, 1988), shown in figure 2.1

2.1.1.2 PARTICLE COLLECTION

Kinetic studies have shown that the rate constant, k for
column flotation, assuming first order kinetics can be

expressed by (Dobby and Finch, 1986-a):

k= i;f’_dl’g_ﬂ (18)
b
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Figure 2.1 Bubble diameter versus gas flow rate per unit area
of sparger (adapted from Xu and Finch, 1988).

where: E, is the probability of particle capture, or
collection efficiency. This equation was developed by
investigating the collection process. The collection process
can be described as the collision of a mineral particle with
bubble, followed by particle attachment. The attachment can
occur in two ways: due to the hydrophobic nature of the
particle surface, or due to entrainment.

Considering a single bubble system; collision efficiency,
E., is defined as the fraction of all particles that collide
with the bubble, and attachment efficiency, E,, is defined as
the fraction of colliding particles that attach to the bubble
(Dobby and Finch, 1986-a). Entrainment and detachment are not

considered for a single bubble system, so E, is expressed as:
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(19)

Collision modelling, for a single bubble system, has
shown that the smaller the bubble diameter, the higher the
collection efficiency. For bubble diameters less than 1.3 mm,
E, is approximately proportional to 1/d, (Dobby and Finch,
1986-a). Attachment modelling compares the particle-bubble
contact time, t. with induction time t; (the time required for
film thinning and particle attachment). Note that the more
rigid the bubble surface (due to the excessive presence of
surface active reagents) the lower the attachment rate, and
ultimately the recovery (Joseph, 1985). Figure 2.2 shows the
relationship between contact time, and particle and bubble

slze.
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Figure 2.2 Calculated contact time with respect to particle
and bubble size, for particle specific gravity of 2.6 (adapted

from Ye and Miller, 1989).
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The distribution of contact times 1is the result  of
particles colliding between the top (0 = 0°) and the graze
angle (0 = 60 to 70°) of the bubble. Angle 6 is measured from
the bubble centre with respect to the vertical, as shown in
figure 2.3. E, is the fraction of colliding particles with
contact time greater than the induction time, ie. t, > t,
(Dobby and Finch, 1986-a).

There is some evidence that as the bubble diameter
decreases, the induction also decreases, although this effect
is not accounted for in this model. This may be due to the
higher incernal pressures, compounded by a larger contact
angle, relative to a larger bubble with the same particle
collision path (Dobby an¢ Finch, 1986-a).

Collision
(impact)

Sliding

Figure 2.3 Schematic diagram of particle bubble collisions
(adapted from Schulze et al., 1989).

"Collection efficiency, E, is defined as the fraction of
all particles swept out by the projected area of Lhe bubble
that collide with, attach to and remain attached Lo the bubble

until reaching the cleaning zone" (Dobby and Finch, 1986-b).
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It is dependant upon many factors including: particle and
bubble diameters, and the particle surface characteristics.

For an operating system, the relationship between
collection efficiency and flotation rate is given in equation
(18). From this equation, it can be seen that decreasing
bubble size while retaining the same gas flux, V; will
increase the flotation rate. However, there is an upper limit
on gas flux, V, ., that is dependant on the bubble diameter,
specifically the terminal bubble rise velocity, V.. The
limiting gas rate can be estimated by using equations (2) and
(3). Operation of the column above the maximum gas flux, will
result in ‘flooding’ at the gas inlet. Smaller gas bubbles,
and higher liquid flux, will both work to decrease the maximum
gas flux possible. Operating as close to the maximum gas flux
as possible will result in the maximum flotation rate,
although increasing the gas flux will also increase the bubble
diameter. This requires that an optimal gas flux be found in
order to operate at the maximum flotation rate (Dobby and
Finch, 1986-a).

The measurement of the rate constant can be done by
performing a series of tests, using fixed flow rates for each
test. For the first test, the tailings and concentrate are
collected. The tailings are re-used for the next test as the
feed, and the concentrate is kept for analysis. The mean
retention time for each test is used to plot recovery versus
time to obtain an estimate of the flotation rate constants.
Two additional constraints are required: the bubble carrying
capacity must bLe close to or at 100%, and the gangue
entrainment must be near zero (Dobby and Finch, 1986-b).



2.1.2 MIXING CHARACTERISTICS

There are two flow regimes considered in flotation
modelling: bubbly flow and turbulent flow. Figure 2.4 presents
a graphical representation of these two flow regimes, by
plotting gas holdup, ¢, versus superficial gas velocity V,.
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Figure 2.4 Flow regimes as a function of gas holdup and
superficial gas rate (adapted from Finch and Dobby, 1990).

The bubbly flow regime offers the best opcralting
conditions for column flotation. It consists of a homogencous
distribution of uniform sized bubbles, which in turn have
uniform rise velocities (Finch and Dobby, 1990). In the
turbulent flow regime, the gas holdup &, becomes very
unstable, especially for high superficial gas velocitics. This
gives rise to large bubbles, coalescence, and wide variations

in bubble size distribution. This creates the undesirable
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conditions of high mixing, and lower the collection efficiency
duce to less bubble surface area ({(Finch and Dobby, 1990).

The product recovery in a flotation column depends upon
the mixing conditions of the collection zone, as well as the
particle retention time, and rate constant, (Dobby and Finch,
1986-b). The recovery can be expressed by the following:

1

a4ae 2Ng : . (20)
(1+az)e«55)_ (1_a2)e-(iﬁ)

where: N, is the vessel dispersion number, and a is expressed

as:

a = T+ Ak ) (21)

where: k 1is the rate constant, and 1, is the particle
residence time (equation 11). Therefore, it is important to
understand these factors in order to predict column flotation

performance.

The mixing behaviour of the collection zZone is usually
represented by a dimensionless vessel dispersion number, Nj.
The vessel dispersion number is a indication of the degree of
mixing. It will lie between the two extremes of mixing: plug
flow, and perfect mixing. Plug flow is defined as all
particles having the same residence time, therefore creating
a concentration gradient of floatable particles along the
vertical axis of the column. Perfect mixing is defined as a
distribution of particle resident times, therefore the



23

concentration of floatable particles is homogencous throughout
the length of the collection zone (Dobby and Finch, 1986-b).
The mixing conditions for laboratory scale columns approaches
plug flow conditions, while for plant columns they are between
plug and homogeneous flow regimes. The vessel dispersion

number is given by (Yianatos et al., 1988):

E,

(22)
Hcol (V1+Vp,~)

Nd=

where E; is the axial dispersion coefficient, which describes
the turbulent eddies, and diffusion conditions. For plug flow,
the axial dispersion coefficient 1is equal to zero, and

equation (20) can be rewritten as:

R=1 - exp—k?P (23)

where 1, is the particle retention time.

For perfect mixing, the axial dispersion coefficient is

equal to infinity, and equation (20) can be rewritten as:

R = _57?_ (24)
1+ ‘L'p

Liquid residence times can be measured by injccting a
tracer pulse along with the feed. Using the distrihution of
these residence times (RTD), a mass Lransport eqgualiocn can be

developed to describe tracer concentration C, at an axial
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distance x from the injection point, with respect to time, as
follows (Mavros et al., 1989):

¢ azc = V'l 'Eg .é_g 25
Pa'a%e T e, Bx 6t (25)

This allows the axial dispersion coefficient to be quantified

for specified flow rate conditions.

With the drift-flux relationships defined, the effects of
the mixing process, and flow rates can be investigated. As can
be seen from these relationships, the effect of increasing the
gas flow rate is opposite to the effect of increasing the
liquid flow rate. An increased gas flow rate will create a
more turbulent regime, while increasing the liquid flow rate
will allow the column to approach a plug flow regime (Mavros
et al., 1989), although the latter may overload the column

capacity.

One model proposed for the mixing conditions of columns
is a series of ’'mixed zones’. Figure 2.5 shows a schematic of
this model. It involves two parameters: the number of zones,
N, and the ratio of backflow (from one zone to the previous
one) to net liquid flow, A. The backflow parameter, A is an
indication of the degree of mixing, with the degree of mixing
increasing proportionally with the value of A. The major
advantage of this form of modelling is its structured record

of the column contents (Mavros et al., 1989).
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Figure 2.5 Schematic diagram of a Ny mixed zones model
(adapted from Mavros et al., 1989).

2.1.3 CARRYING RATE

The carrying rate is dependant on the bubble surface area
rate and the solids loading per unit area of bubble (Finch and
Dobby, 1990). For a given gas rate and bubble locading, there
is a certain mass rate that can be carried. The carrying rate,
C, is defined as: the mass of solids per unit time per unit
column cross-sectional area. The carrying rate can be

expressed by:

nd,ppVy

26
3 (26)

=K1

CI

where: K, is the fraction of the bubble surface areca covered

by a monolayer of particles.
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The theoretical maximum carrying rate, C,... can be
expressed for either: a given gas rate, V; and the minimum
bubble diameter d, ,, under those conditions, or for a given
bubble diameter, and the maximum gas rate, Vg ., for that
bubble size, as follows:

c - GPpVe o m DpPpVimax (27)
romax 2 c&mﬂn 2 db

The maximum carrying rate allows the operator to choose
the optimum conditions, depending on product specifications.
For example, the grade increases as the column becomes
carrying capacity limited (bubbles are almost completely
loaded, therefore only the fast floating fractions will be
preferentially captured). This allows for some degree of
selectivity in the collection zone.

2.2 FROTH ZONE

The use of wash water provides two important benefits to
column flotation: entrained particle are removed from the
froth, at the same time the froth is stabilized. The froth
zone 1in flotation columns prevents the entrainment of
hydrophylic particles by maintaining a net downward flow
(bias) of water across the interface (Yianatos et al., 1986).
The bias water also continuously replaces the naturally
draining water film surrounding the bubbles, which promotes
froth stability. This fact is shown by the increased froth
depths possible in column flotation (Finch and Dobby, 1990).
A stable froth is required to carry the particles to the
collection point (Espinosa-Gomez et al., 1988-b). Bubble
coalescence can cause operating problems, that need to be

addressed. A method of quantifying coalescence, using the
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changes in gas holdup and calculated bubble diameter was
developed by Espinosa-Gomez, Finch, and Bernert, 1988.

2.2.1 FROTH STRUCTURE

The size distribution changes as the distance from the
froth-collection interface increases, due the coalescence of
bubbles. Using photographic techniques, it was determined that
the mean bubble diameter did not vary significantly from the
collection zone to the froth zone (Pal and Masliyah, 1989).
However, as the distance from the interface increased, the
bubble bed changed from an expanded bubble bed (where all of
the bubbles are of a uniform size), to a packed bubble bed. A
packed bubble bed (where bubble cocalescence is beginning) is
a very efficient method of preventing or minimizing
entrainment (Dobby and Finch, 1986). It leads to a wider
distribution of bubble sizes, skewed towards larger sizes
(Yianatos et al., 1986). As the distance from the interface
increases, larger bubbles start to form, it is more closely
approximated by a gamma distribution (Yianatos et al., 1986).
The froth structure is shown in figure 2.6.

2.2.1.1 ENTRAINMENT AND CLEANING MECHANISMS

One model proposed to characterize the entrainment and
cleaning mechanism was developed by Yianatos, Finch and
Laplante, 1987. It is based on the worst case scenario: feed
water entrainment. The entrainment factor X,;, represents Lhe
mass percentage of the feed water entrained in the froth

water. It can be expressed as follows:
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Figure 2.6 Froth structure (adapted from Yianatos et al.,
1986) .

X (2) = [ e1e.de)-0r 200 (28)

Wtr

where: C. , is the tracer concentration, in the froth zone at
level z and time t. W, is the total mass of tracer added to
the feed, and Q; is the volumetric feed rate. Tracer
concentration was related to its conductivity, K, using a
corrected conductivity profile. The measured conductivity
profile needed to be normalized to zero gas holdup conditions,
in order to see the tracer conductivity, as shown below.

K
Cie.oy = £ [Ke py) = F M'K(c,z,z,) (29)

(0. z,¢e5)
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The effects of gas rate, bias rate and froth depth can
now be analyzed in terms of feed water entrainment in the
froth zone. The results from this study are as follows. The
effect of increasing the gas rate, while holding all other
parameters constant, increases the feed water entrainment,
especially near the interface. Bias rate has two opposing
forces. at work in the froth zone. The advantage of increasing
the bias rate (cleaning) is offset by the increased mixing in
the froth attributed to wash water. For example, high bias
rates will increase the liquid recirculation, channelling and
bubble coalescence near wash water outlet. This will also lead
to higher liquid holdup in froth due to the higher wash water
flows required. These mixing conditions become even more
critical at low froth depths (less than 50 cm). Therefore,
lowering the bias rate will still provide efficient cleaning.
Overall, the gas rate and froth depth have more significant
effects on the cleaning action than bias rate.

One method of quantifying the cleaning efficiency is to
use a mass transfer approach. Figure 2.7 shows a schematic
diagram of the modelling parameters.

This approach allows the contamination of the froth by
feed water to be simulated, and determines the number and
height of transfer units, to determine average cleaning factor
CF (slope of the operating line). Figure 2.8 shows the
graphical determination of transfer units. Cleaning becomes
progressively more difficult from the interface to the
overflow, as seen bv the increasing amount of transfer units.
The main cleaning ac: >n occurs near the interface (within 10

cm) for moderate gas rates.
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Jd Ju
Xw Ye
Modelling parameters for the
froth cleaning in counter-current
} bubble bed (test L,; J,=1.8 cm/s).
Xn+1 Yn Symbols: HTU - height of transfer
Zc unit, J; and J, - superficial
{ t downward and upward flow rates,
. X, - solute concentration in
l1§U STAGE N downward flow at stage n, X, -
initial solute concentration in
Xn Yo-r ' wash  water, Y, - solute
concentration in upward flow at
stage n, Y. and Y, - solute
concentrations at concentrate and
Jd Ju interface level.
Xi Yo

Figure 2.7 Height of a transfer unit modelling of the froth
zone (adapted from Yianatos et al. 1987).

2.2.1.2 BUBBLE COALESCENCE AND FROTH COLLAPSE

Bubble coalescence in collection zone is not related to
froth stability, as both collection and froth zones have
different dominating forces. In the collection zone bubble
coalescence predominates, while in the froth zone bubble film
stabilization prevails. This is evident from the fact that a
froth may continue eve: with intense bubble coalescence in the
collection zone (Espinosa-Gomez et al., 1988-b). The
mechanisms of coalescence and froth collapse are slowed down
by the use of frothers.

A new method of quantifying bubble coalescence in the
collection zone is presented by Espinosa-Gomez, Finch, and
Bernert, 1988. By monitoring the changes in gas holdup in the
collection zone, coalescence and increased bubble diameter can
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Figure 2.8 Graphical determination of transfer units and
cleaning factor (adapted from Yianatos et al., 1987).

be quantified. For a constant gas rate and chemical
environment, decreasing the gas holdup indicates an increasing.
bubble diameter, and therefore coalescence.

Coalescence and froth collapse is promoted by the
overabundance of fatty acid (collector), and the presence of
fine dispersed hydrophobic solids. Both of these will compete
with the frother at the bubble surface, creating a hydrophobic
coating on the bubble which leads to the drainage of the water
film. The presence of a chemical dispersant will further

amplify coalescence and collapse.
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2.2.2 FROTH CARRYING CAPACITY

Similar to the mass carrying rate for the collection
zone, the carrying capacity, C, is dependant on bubble
surface area, and solids loading. It can be expressed as:

c =1<1__P_u"pdd" (30)
bo

where d,, is the bubble diameter at the top of the column. The
carrying capacity becomes a more relevant parameter, than the
corresponding carrying rate of the collection zone, since the
overall capacity will be limited by the froth zone capacity
(i.e. d, < d,). Beyond a certain maximum gas rate, the
relationship will degrade (Espinosa-Gomez et al, 1988-d). As
with the collection zone, the bubble diameter in the froth

zone can be related to the gas rate as follows:

dbo o ng (31)

where q is greater than 0.25. Thus equation (30) becomes:

C, = Kympyd, [V Y] (32)

This model predicts a linear relationship between the
carrying capacity and the product of particle size, d,g and
density p,. This model is valid only for the parameter ranges
tested (Finch and Dobby, 1990). The upper limits on particle
size, and column diameter for this model have not been found.
Carrying capacity does not seem to be affected by the column
diameter (d. € 100 cm). This may be because there are much
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better flow characteristics, compared with the dryer cell
flotation froths. As well, the froth is allowed to overflow
over the entire diameter of the column. The overflow lip
length to area ratio does not become a performance controlling
parameter for the current range of column diameters (Finch and
Dobby, 1990). For initial design purposes, this model will
give a reasonable estimate of the carrying capacity. Another
method of estimating the froth carrying capacity is to
increase the feed solids rate until the percent solids in the
concentrate reaches a maximum value (Espinosa-Gomez et al.,
1988-c) .

The bubble residence time in a column is much longer than
that of a conventional flotation cell, which means that the
bubble surface area may be completely covered with particles
when they reach the interface level. Therefore due to the
cleaning action, there may be some degree of particle
recycling between the froth and collection zones. Thus the
total column recovery, R, can be written in terms of the
recoveries of the collection (R,,) and froth (R,) zones.
Assuming that the recycled portion 1is included in the
~collection zone recovery, a relationship can be developed as
follows (Dobby and Finch, 1986-b):

Rcol' Rfr

(33)
1 _Rcol (1 -Rg, )

Ry =

This relationship allows the amount of particles
recycling back from the froth to be quantified. This in turn

can be used to define the maximum carrying capacity.
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2.3 CONTROL, MODELLING AND SIMULATION

There are two forms of control strategies: stabilizing
and optimizing. Stabilizing control will keep the operating
conditions stable with respect to the interface level and bias
rate. Optimizing control strategies go one step further. The
optimal conditions (grade and recovery) are defined by
economics, and then the system is stabilized to achieve these
objectives. In order to operate the column at the optimum
economic conditions, the column will be at or near "overload"
conditions. This will make performance more sensitive to
fluctuations in the feed (Finch and Dobby, 1990). Therefore,
prior modelling and the control strategy become integral

componentss to column flotation operations.

One of the most important aspects of any model or control
scheme is knowing the interactions that occur when a control
variable is changed and the other control parameters are held
constant. This information can be organized in terms of a
process control matrix. Figure 2.9 shows a process control
matrix for some of the important design parameters in column

flotation.
2.3.1 ZONE INTERACTION

The behaviour of the collection and froth zones can be
inter-related using the drift-flux analysis model. Assuming
that the gas holdup is radially uniform for the cross-section,
and the wall drag effects are negligible, it can be shown that
the drift-flux divided by terminal bubble velocity (V,) can be
represented by some function of the gas holdup. Eguation 3
shows the general form of the drift-flux equation for the

flotation column.
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CONTROLED VARIABLES

MANIPULATED Level Froth Bias % Solids Gas Grade Recovery
VARIABLES Depth Rate in Conc. Holdup
WW Rate + - + - + + - -+
S S F M S F S
Tails Rate - + + + + -
F F F M S ]
Gas Rate +(=) -(+) - - + - - + -
F F S S F M M
Frother + - -+ - - + - +
Dosage S S S S M S S
Feed Rate + - - + + + ~
F F F S S s s

+ control variable increased with increase in manipulated variables
- control variable decreased with increase in manipulated variables

Response speed: S slow; F fast; M moderately fast; blank no respose
( ) steady state response if different from dynamic response

Figure 2.9 Process control matrix (adapted from Finch and
Dobby, 1990).

Providing that the bubbles behave as solid particles, onc
can estimate 1-m equal to 2.39. The drift flux can be
determined experimentally by measuring the superficial gas and
liquid velocities (flux), and the gas holdup (Pal and
Masliyah, 1989).

Gas holdup can be determined using pressura
differentials, for both the collection and the froth zone:s.
The gas flux for the column is calculated from the known air
flow rate, and divided by the cross-sectional arca of the
column. The liquid flux, however, must bhc determined

separately for both zones, and then a net liguid flux can he



36

determined. For the collection zone, the liquid flux is
calculated from the tailings flow rate divided by cross-

sectional area.

For the froth zone, there are two components of liquid
flow: the liquid that drains downward through the bubbles, due
to gravity, and the entrained liquid that is carried upwards
by the rising bubble bed. The rate of liquid drainage relative
to a simultaneously rising bubble bed, Vg=-V,, gives the
relative velocity between the gas and 1liquid (Pal and
Masliyah, 1989). The drift-flux for the froth zone then

becomes:

Vy = ~Vgy g (1-8,) (34)

Combining equations (34) and (35) gives the net liquid flux

for the froth zone as:

v,
vV, = —e—i (1-gg) + Vyo (1-gg) (35)

where: V,/e {1-g,) is the upward liquid flux, and Vg (l-g;) is
the liquid drainage flux, and V, is the net liquid flux in the
froth zone. Another method of calculating the net liquid flux
in the froth zone, is by doing a water balance around the

sprinkler system:

Qnor_' = Qccnc - Qw (36)

By dividing through by the column cross-sectional area, A,

the net liguid flux can be calculated as:
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Vl - . Qconc B ( 37 )

Using the drift-flux relationships, the flow and holdup
behaviours of the collection and froth 2zones can be inter-
related (Pal and Masliyah, 1989). The performance level of the
column will change, (according to the relationships developed
above) for variations in the following operating parameters:
Vg,
allows the operating procedure to be optimized for any given

V,, and Q,,. Knowing these inter-relationships, therefore

situation.

2.3.2 CONTROL STRATEGIES

A summary of currently operating ccntrol methods, as well
as a discussion of new methods based on temperature or
electrical conductivity profiles within the froth zone will be
presented. The four main objectives for a control system are
(Moys and Finch, 1988):

1. To maintain the interface at a set level. If the
level is too high, the froth volume will be insufficient
to maintain the cleaning action, therefore decreasing the
grade. If the level is too low, the collection zone

volume may be insufficient to allow maximum recovery.

2. A positive bias rate must be maintained. However,
there is an upper limit, beyond which there is very
1li ~le improvement in the washing efficiency. Going
beyond tihis limit will only serve to dilute the tailings

stream.
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3. Control of the bubble size through frother
addition. If the bubble size is too large, the surface
area and therefore the carrying capacity is reduced for
the same gas rate. The lower limit on bubble size is
imposed by both the maximum gas rate for a given bubble
size anc the economics of increased frother addition.

4. The gas rate must be set at a level. that
maximizes recovery. If the gas rate is too high, the gas
holdup will increase, which will either' decrease the
slurry residence time or increase the bubble size. Either
way it will result in a loss of recovery. Another adverse
effect of very high gas rates is the increased turbulence
in the collection zone which could prevent efficient
recovery. This may also carry over into the froth zone,
increasing entrainment and reducing the overall grade.

The third and fourth objectives can be achieved by the
manipulation of the frother dosage and the gas rate. Frother
dosages are usually pre-determined with bench scale cell
flotation, and then modified as needed. The gas rate can be
manipulated to maintain a certain gas holdup, within practical

operating limits (Moys and Finch, 1988).

There are two controls presently in use to achieve the
first two control objectives. They are shown schematically in
figure 2.10. The first method involves setting the wash water
rate to maintain a set grade point, and then manipulating the
tailings flow rate to control the interface level and hias
rate. The second method is somewhat more complex, as there are
two control variables. The wash water rate is manipulated to
maintain a set interface level. Then by measuring the feed
rate, and keeping the tailings rate higher, a positive bias
can be maintained. There are two ways of controlling the bias
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rate: either maintain a constant bias ratio, BR or constant
bias rate, Qg:

BR=—Q—5 or Op = Q, - Of (38)
Qr

This strategy tends to create internal looping within the
control system, since one control variable (wash water or
tailings rates) is used to control the parameter that the
other’s influence will dominate. For example, the tailings
rate is used to control bias rate, and wash water rate is used
to control the interface level (Moys and Finch, 1988).

a) b)

@ @ LEVEL

SET-POINT

CONC

gymbols: FDC - flow differ-
ence controller (or FRC flow
ratio controller); FT - flow
signal transmitter; FI -

flow indicator; LT - level
___lg.signal transmitter; LC -
level controller.

FEED = FEED ]

TAILINGS TAILINGS .

Figure 2.10 Stabilizing control schemes currently in use: a)
level control and b) level and bias control (adapted from
Finch and Dobby, 1990).

Nne disadvantage of both of these control strategies is
that they are based on inaccurate or inferred measurements of
bias flux and interface level. For example, the bias rate is

-assumed to be a gocd measure of the bias flux, however in

cases of high solids removal in the concentrate, the bias
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flux, V, can be positive even when the calculated bias rate is

negative, as shown below:

QB,“ =0y~ Qr = Q- Qconc
0 = A V. + OconcXconc (39)
B ¢ 'B

p.conc

Also the estimation of bias rate tends to propagate
error. Any error in measuring two large and nearly equal flow
rates (feed and tailings), will tend to be magnified in the

bias rate estimation.

In summary, the control of flotation columns must
consider both economics, and stability in operating
conditions. The operating limitations imposed by operating in
the bubbly flow regime (maximum gas rate, minimum bubble
diameter), as well as feed characteristics (maximum grade and
recovery) and mechanical limitations will determine the
maximum carrying capacity (recovery), and the maximum cleaning
rate (grade). By <controlling the tailings rate, and
maintaining the gas and wash water rates within the operating
limits, stable operating conditions can be achieved. Economic
requirements can be achieved to some degree by manipulating
the gas and wash water rates, to control grade and recovery.
In order to achieve the objectives, some control strategy must
be put in place. The control strategies described above meet
the basic control requirements, although there may be some

inaccuracy due to measurement techniques and/or assumptions.
2.3.3 COLUMN FLOTATION SCALE-UP

The modelling and scale-up of lab columns to industrial

columns utilizes kinetic data, mixing characteristics, and
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carrying capacity (Dobby and Finch, 1986-b). The two zones are
first modelled separately (as described above) and then
combined to give an overall picture.

During scale-up procedures, from laboratory scale to
industrial scale flotation columns, a number of observations
can be made. Firstly, the mixing characteristics are quite
different. Laboratory columns approach plug flow, while
industrial columns operate somewhere between plug flow and
completely mixed flow regimes. The mixing characteristics can
be quantified wusing the vessel dispersion number, N,
dispersion coefficient, E;, and the mean residence time, T.
The two mixing parameters N; and T can be determined from
either: experimental residence time distributions (RTD); or
from a given column diameter, d., slurry feed rate, V,, and gas
rate, V,. The RTD for the column can be determined
experimentally, by injecting a tracer pulse in the feed stream
and then measuring the tracer concentration over time in the
tailings stream. Note the dispersion coefficient for solids
are assumed the same as for liquid. The dispersion coefficient
E;, is linearly dependant on the column diameter, as shown
below:

- - d.| Ve " (40)
Ed,l - Edlp“0-063 c 1.6

From this equation, it can be seen that increasing the
gas rate will result in an increased dispersion coefficient.
The rate constant will also increase, but so will the mean
bubble diameter which 1leads to a decreased collection
efficiency. The net result is a maximum gas rate (based on k

versus V).
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Another observation, is that the gas hold up is not
uniform radially for small diameter columns. The terminal
bubble velocity, equation (6) can be modified to account for
this fact, using two distribution coefficients, K, and C,
(Dobby et al., 1988),:

vk = —Ys o, Wi (41)
e (1-g)" (1-g,)"

The coefficients can be determined by holding gas
velocity constant, measuring gas holdup for varying liquid
velocities. The slope is C,, and the intercept is V_, K, for the
plot of V /e (l-g,)" versus (V,+V,)/(l-¢,)". For large diameter
columns, the distribution coefficients are assumed as equal to
one. With this mcdification, large and small diameter columns

can be compared.

Another area of interest is the optimal geometry of
flotation columns. Based on three geometry dependant factors:
degree of mixing Ny, volumetric bias and gas rates, Qp and Q,
the ratio of collection zone height, H,,; to column diameter,
d. can be evaluated with respect to performance (Yianatos et
al., 1988). Each of these factors will affect the overall
performance of the column. Variations of the height to
diameter ratio (H:D) will give the same retention times.
However, the gas and bias rates will change as the diameter
(and cross-sectional area) change. Mixing characteristics will
also be affected by changing the ratio. Both the height and
diameter will affect the mixing characteristics. Equation (22)
shows that the vessel dispersion number, Ny 1is inversely
proportional to the collection zone height, H.,;, and directly
proportional to the dispersion coefficient, E;, which has been
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empirically related to column diameter for a range of

industrial column geometries as follows:

E;=0.063d, where; 50 s d. s 100 (cm);
10 < H,; £ 12 (m); (42)
150 < Q, < 600 (L/min)

By holding the volume of the collection zone constant, as
well as the superficial gas and bias rates, the following
conclusions can be drawn:

1. There is a trend towards increased recovery for
increasing H:D ratios. There are three reasons for this
increase: mixing characteristics, liquid and particle
residence times. The mixing becomes less turbulent, due
to the Ny decreasing both directly (equations 22 and 43)
and indirectly due to increase in V, for smaller cross-
sections. The liquid residence time 1, will increase,
since volumetric bias rate, Q, decreases as cross-section
decreases. In addition, the particle residence time T,
increases faster than T, (i.e. 1,:T, increases) due to the

increasing V, (equatien 11).

2. As the H:D ratio continues to increase, Lhe
volumetric gas rate will continue to decrease, and the
maximum carrying capacity of the gas will be reached, and
therefore an upper limit is placed on the ratio. 7The
upper limit imposed by the carrying capacity will oe
further reduced with decreasing particle size, and

increasing feed pulp density and mineral content.
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3. A lower limit on the H:D ratio is imposed by the
increased mixing and the declining performance of the

volumetric bias rate.

Figure 2.11 shows the effect of the H:D ratio on
recovery, vessel dispersion number, and solids residence time,
for a constant collection zone volume and feed rate. From this
information, it can be seen that performance increases as the
ratio increases, however these improvements start to level
off. In addition, the carrying capacity becomes a factor.
Figure 2.11 refers to a column, that is beneath its maximum
solids carrying capacity, however if the H:D ratio continues
to increase, while holding the gas and feed flow rates the
same, the maximum carrying capacity will be reached, the

performance will decline.

H/d,
4,7 7.2 10.0 12.2 14.6
100 - - — - v
T plmin)
— [0 4 1.0
o0 Ry
<€ 90} ¢ 408
4
8]
b P
Q
>
0
o sor1
(44
- 6
70 1 1 1

6 8 10 12 14
Collection zone height (m)
Figure 2.11 Effect of H:D and collection zone height on the

recovery, vessel dispersion number, and mean particle
residence time (adapted from Yianatos et al.,1988).
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Figure 2.12 shows the relationship of grade and reccovery,
with respect to feed rate, and the H:D ratio. For typical
operating conditions, a H:D ratio of approximately 10:1 is
found to be ideally located between the upper and lower limits
described above (Yianatos, et al., 1988).

100 v T N 7 N
HMd, =5 10 15
— Q = 1200~ T \2&
t 90} 900 .
600
400
« 300
“ 200 4
o
Q
®
9 80 - '
(U]
s H/d, = Collection zone height/diameter - -
Q; = Feed flowrate (L/min)
1 1 2 1 'l
70 80 90 100

Recovery of A (%)

Figure 2.12 Grade-recovery relationship with H:D ratio and
feed rate (adapted from Yianatos et al., 1988).
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3.0 EXPERIMENTAL

5.1 EQUIPMENT SETUP

Figure 3.1 shows the schematics of the laboratory
flotation column set-up used in this project. The column was

setup to operate on a semi-~% iinuous basis, under manual
control (Ofori, 1988). The = 3.6 m in height with an
inside column diameter of o. 1: is made of transparent
lucite to permit visual c¢hse .o during experiments. The
equipment setup consists ol 370 ¢ bvaffled feed tank,

equipped with a large mixer and ¢ recirculating moyno pump to

keep the particles in suspension.

The feed slurry was pumped from the feed tank into the:
column using a variable speed moyno pump. The feed stream
enters the column at approximately two thirds the height
(2.6m). The feed flow rate is measured volumetrically using a
magnetic flow meter with a range of 0 to 8 ¢/min. The flow
meter is located on the outlet line of the feed pump.
Calibration of the flow meters on the feed, wash water, and

gas streams were detailed by Ofori, 1988.

Frother was injected directly into the feed line using a
Ruska piston pump. A specific frother flow rate is achieved by
shifting gears on the pump. Using the first gear range, flow
rates between 2.5 and 8.75 ml/hr can be achieved. This
translates to frother concentrations between 14 and 49 ppm
based on a feed slurry flow rate of 3.0 ¢/min. The collector
was added directly to the feed tank before each experimental

run.

The wash water stream enters through a spray nozzle
located one to two centimeters below the overflow 1lip.
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Wash Water Rotameter
Upper Manometer

Y Lower Manometer

™~
%_—

F\
Feed Flowmeter Gas Rotameter

ﬁr\\ .
Legend Z./X
R: Recirculating Pump
F: Feed Pump
FR: Frother Pump
C: Concentrate
T:

Tailings Pump

Figure 3.1 Flotation column set-up.
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Edmonton tap water was used for all column experiments. The
wash water flow rate 1s measured volumetrically with a

rotameter calibrated between 0 and 2 ¢ /min.

The gas stream enters the column through a porous steel
sparger located near the bottom of the column. The spa~ger is
25 mm in length by 15 mm diameter, with an air inlet diameter
of 3.2 mm. The average pore size is 2 pum. The gas flow rate is
measured volumetrically by a rotameter calibrated between 0
and 2.4 ¢/min at standard temperature and pressure (STP).

The tailings are pumped from the bottom of the column
using a variable speed moyno pump. The concentrate stream
overflows from the column into a launder. The concentrate and
tailings flow rates can be estimated either by timed samples
taken at their exit point from the column or calculated from

the material balances after the experimental analysis.
3.1.1 MATERIAL BALANCES
There are three material balances to be considered for
the column: ash, percent solids, and the overall balance.

Figure 3.2 shows a schematic diagram of all the input and

output streams for the system.

The overall material balance for the column can be written as:

Qf + wa + Q(g,in) = Qc + Qc + Q(g.out) (43)

where: Q denotes the mass flow rate and f, ww, t, c, and g
indicate the feed, wash water, tailings, concentrate and gas



Qf: XEI af \

QC' xcl ac

Qr,: > _O

Qs %, A,
Figure 3.2 Material Balances around the column.

streams respectively (Note: Qg ;,=Qg.oun) . The solids balance is

written as:

Oe*Xp = Qc*Xe + Qc*Xe (44)

where: Y, X.. and %. denote the solids fraction in thoe cach of

the corresponding stream.
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The ash balance is written as follows:

QOpra, = Qpra, + Q.*a. (45)

where: a, is the percent ash in the corresponding stream 1i.
3.1.2 GAS HOLDUP AND INTERFACE LEVEL

The gas holdup of the culumn was measured Dby the two
manometer method. The first manometer is located just below
the sparger inlet and the second is located just above the
feed inlet. The length between the starting point of each
manome .er is defined as AL. The height difference between the
two level readings is defined as Ah. The average gas holdup,

£ for the collection zone is calculated using equation 1.

ql

The interface level of the column was measured using the
first manometer. This method gives the hydrostatic head and
will need to be divided by (1-g;).

3.2 SAMPLE ANALYSES
3.2.1 FEED SAMPLE PREPARATION

A sample of approximately 1 tonne run-of-mine (ROM) coal
was rece’ved from Smokey River Coal Limited on March 7, 1991.
T coal is a low volatile bituminous coking coal, with an
averaga ash content of 14% ranging from 12% to 16%. The mean
density is 1.3% g/cm’. The entire coal sample was ground down
to -50 mm to facilitate better handling, and then split using
the riifler into four representative samples (approximately
250 kg cach). Tris particle size was chosen since it is still
above the mechanically imposed particle size limit. Two of

these samples were further ground to represent the coarse (ds
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= 250um) and the fine (d;, = 35um) size distributions
(gqualitatively defined). The remaining material was stored as

spare feed material.

Both of the feed coal samples was analyzed for particle
size and ash distribution. Two size analysis techniques were
used: microtrac (light scatteriny techniqgue), and wet sieving.
The =ieving technique requires a significantly lar~er sample,
and thererore is more statistically accurate. The
disadvantages of sieving are: it requires more work and the
minimum particle sizc mcasurable is 38 um. The microtrac is
limited by ar upper size limit of 1000 um. Screen and
microtrac analysis were combined to obtain a complete size

range of the coal samples.

The fine particle size distribution has a maximum
particle size of 300um, with dg and d,, sizes of 75um and
35um. Figure 3.3 shows the particle size distribution for the
fine sample. The sample was ground down to a passing size of
approximately 300um in two grinding steps. The first step
employed the Holmes Hammermill with a 600um grate, followed by
the Holmes pulverizer with a 250um slitted grate.

The coarse sample has a maximum particle size of 850um,
with dy and ds, sizes of 500um and 250um respectively. Figure
3.4 shows the particle size distribution for this sampl~e. The

sample was ground down to a passing size »f approximately

850um using two screening and two grinding steps. The [irst
screening step removes the +600um material. This oversize
material is then ground us.ng the Holmes Hammermill with &

600um grate. The second screening step remocves +850pm matarial
from the ground product of the first step. “The oversize
material from this second screening is further ground using

the Holmes pulverizer, with a 250um slitted gratc.
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3.2.2 SIZE AND ASH DISTRIBUTION

During each experiment, one feed sample and two samples
each from the tailings and concentrate streams were taken. The
physical a2 'ysis of each sampl:: ' ~luded: percent ash,
percent solids, slurry density, mean purticle size and a brief
particle size distribution. Below is a brief description of

the sample analysis techniques that were used.

Wet sieving was used to separate thz samples into size
fractions. The wet sieving procedure is detailed in appendix
A. The screen sizes chosen were based on the size distribution
of the starting feed. The samples from fine experiments were
divided into three size fractions: +100, -100+40, and -40
micron size fractions. The screen sizes of 106 and 40 microns
approximately correspond tou ds, and d;; of the fine feed (refer
to figure 3.3). The samples from coarse experiments were
divided into four size fractions: +600, -600+250, -250+75, and
-75 microns. These screen sizes correspond to dq, dss, and Qs

(refer to figure 3.4).

An ash assay was performed on a sub-sample i each size
fraction from each sample. The ash assay procedure 1is
described in appendix A. The ash for the whole sample, a., is

calculated using a weighted average, as follows:

Do Wixea, (46)

where: W, and a; are the percent weight and percent ash of the

size fraction 1i.
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3.2.3 YIELD AND GRADE

The yield and concentrate grade will be used to evaluate
the performance of the flotation column. Yield is defined as
the fraction of the feed that reports to the concentrate
launder. Two estimates of yield will be calculated from the
material balances. The first yield Y,, estimates the percent
of the feed slurry reporting to the concentrate, and was
calculated using the material balance for ash (equation 45),
as follows:

Y, (%) = % « 1008 = 2:79f 4 1008 (47)

£ a,-4ag

The second yield Y,, estimates the percent of feed solids
that report to the concentrate, and was calculated from the

solids fraction in each stream (equation 44), as follows:

= Qc*xc*loo% = X * (Xf_xc)

Y, (%)
2 Of * Xr Xe* (Xe—Xe)

*100% (48)

The concentrate grade is defined as the average percent
ash of the concentrate stream, as calculated using equation
46. The optimal operating conditions are achieved when the
percent yield is maximized, and the concentrate ash content is
minimized. A balance must be established between the product
grade and the yield since they are inversely preportional. The
degree of liberation of ash from coal increases with
decreasing particle size. This allows for a lower product ash
content, while maintaining a similar yield, as compared with

a coarser particle size dist:iibut  on.
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3.3 EXPERIMENTAL DESIGN

In order to have consistent results for all experiments,
all input parameters were held constant over each set of
experiment , except for the design variables described in the

section below.

Percent. solids in the feed slurry were made up at
approximately 4.5% and. 3.5% solids by weight, for the fine and
coarse samples respectively. The coarse sample was kept at a
lower percent solids because of difficulty in maintaining the
solids in suspension. Kerosene was used as the collector, at
a dosage of -{/tonne,, . Dowfroth 250 was used as the frother.
A feed flow rate of 38 /min or J;=1.58 cm/s was maintained. The
interface level was set and maintained by adjusting the
tailings flow rate. The set interface level varied according
to the gas flow rate (gas holdup). Except in the case of zero
wash water, the tailings flow rate was greater than the feed
flow rate to maintain a net downward flow of water or positive

bias.

During the course of an experiment two concentrate and
tailings sample sets were taken. These sample sets were taken
simultaneously. The first sample set was taken when steady
state conditions are reached. By dividing the feed flow rate
by the average collection zone volume, the approximate column
retention time of 4 minutes was determined. To reach steady
state conditions after operating variables have been change«Q
a period of 12 minutes (based on three residence times) was
observed. In addition, a steady interface level was maintained
for several minutes before the first sample set and throughout
the remainder of the experiment. The second sample set was
taken after waiting one full retention time from the time of
the first sample. A feed tank sample was taken between the
first and second samples, using a tubular sampling device.



3.3.1 DESIGN VARIABLES .

The experimental design includes ftour varviables: coal
feed particle size distribution, wash water flow rate, qgas
flow rate, and frother dosage. The effects of the coal size
distribution on the performance parameters was investigated.
Two particle size distributions qualitatively defined as
coarse and fine were used. A relationship between the
performance parameters (yield and ash) and coal particle size
was developed.

Particle size hasz effect on many elements of the
flotation process. The effects of decreasing the coal particle
size include:

1. The probability of mechanical entrainment in the
froth increases as particle size decreases, particularly
for hydrophylic particles (Kirjavainen, 1989).

2. There will be less middling particles, (greater
liberation of coal from minerals) so a lower concentrate
ash content is possible.

3. Finer bubbles are required in order to maintain
the same particle collection rate (Trahar, 1981).

4. The amount of collector required increases, hased
on particle surface area. However, larger particles will
need to be more hydrophonic to float the same quality of
coal particle (Bustamante and Warren, 1984).

These effects were investigated by holding experimental
conditions constant, and varying the coal particle gsize
distribution. An individual particle size cannot  be
investigated, however narrnw size ranges can he analyzed. 'The
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overall size distribution of the feed can be varied by
controlled grinding procedures. As well, a few operating
variables will affect the role of particle size. These
variables include: bubble size (mainly controlled by gas rate,
gas holdup, and frother dosage), and the degree of particle
entrainment in the froth (controlled by wash water flow rate).

The effect of particle size on . column flotation
performance for variations of three operating parameters were
also studied. The operating parameters studied are: wash water
flow rate, gas flow rate, and frother dosage. Relationships
between operating parameters and coal particle size, and
column performance indicators were developed.

The effect of wash water flow rate on the particle size
distribution in the concentrate should indicate which particle
sizes will preferentially detach wunder high washing

conditions.

Variations in the superficial gas rate and frother dosage
will creace a corresponding change in the mean bubble diameter
(bubble size can be estimated). This in turn should affect the
relative rates of flotation for different size ranges. With
this information, the cntimal bubble size for a particle size
range can be determined.

The wash water flow rate was set at four levels 0.0, 0.5,
1.0, and 1.5 ¢/minute (superficial velocity range: 0.0 cm/s <
Jw < 0.79 cm/s). Gas flow rate was set at four levels of 0.5,
1.0, 1.5, and 2.0 {¢/minute (0.26 cm/s < J, < 1.05 cm/s).
Frother dosage was set at 14, 17, 21, and 28 ppm based on feed
flow rate. All other process variables were held constant.



3.3.2 LATIN SQUARES

A latin square 1is a multilevel, mult ivariable
experimental design (Diamond, 1981 and Lindman, 1990). The usce
of a Latin Square experimental design was chosen because it
allows several multilevel wvariables to  be studied
simultaneously, while greatly reducing the nunumber of
experiments required compared with a full factorial design.
The advantages of this type of design are obvious (time,
effort and cost are minimized). The disadvantage is that it
assumes that there is no interaction between input variables.
For this experiment, the three operating variables gas,
frother, and wash water will each have four set levels. The
design was repeated for both the coarse and the fine particle
size distributions.

This is accomplished by using a fully crossed block
design. Each variable will be tested at all the levels ol the
other two variables. Both other variables will be changed
simultaneously, therefore, there are four experiments thal
correspond to a given variable level. Likewise, «ach
experiment will be used three times, once for each variable.

For example, A, (level 1 of variable A) is tested abt cach
level of B and C, although both are changed simultaneously.
Each set point (A,) for each variai - will have fLour (n)
corresponding samples. The mean result for A, will bhe
calculated using the four tests containing A,. 'The wmean
results of A,, A,, A,, and A, will be used to determine the
trend of the A. Each mean result is taken over the same randge
of B and C variables (although they are ordered differently),
and therefore their effects will cancel.

The basic form of .'is design is cshown in table 5.1 for
three variables A,B,C a. four levels (X4, Z,, 7Z., 7, Lor ocoach



60

of A, B, and C ) crossed with one variable D at two levels
(D,, D,). Sampling is required at each of the 32 condition

sets.

Table 3.1 Latin Square Design

Bl BZ B3 B4

C] Al A2 A] A4

D Cd A? A3 A4 Al
! C, A, A, A, A,
C, 2, A, A, A,

<, A, A, A, A,

o C, A, E, A, A,
2 CJ A] A4 Al AZ
C, A, A, A, A,

Variables A B and C correspond to gas flow rate, frother
dosage, and wash water Ilow rate respectively. Variable D is
the repeated variable corresponding to particle size
distribution. By rearranging each unique set of conditions
into a test, the experimental plan is as shown in table 3.2.

Using this plan, the effects of particle size
distribution on the flotation process (yield and ash) can be
determined. The information obtained from this experimental
design were used to decide if changes to a variable
significantly effects the result. The fine and coarse particle
size distributions shown in figures 3.3 and 3.4 were used.
Both size distributions were tested at the same operating
conditions. This allows the interaction between particle size
and each of the three operating variables to be determined.
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Table 3.2 Experimental Plan.

Variable Gas Frother WW Size
Test# (¢ /min) (ppm) (€ /min) Distribution
1 0.5 17 0.0 Coarse
2 1.0 14 0.0 Coarse
3 1.5 21 0.0 Coarse
4 2.0 28 0.0 Coarse
5 1.0 17 0.5 Coarse
6 1.5 14 0.5 Coarse
7 2.0 21 0.5 Coarse
8 0.5 28 0.5 Coarse
9 1.5 17 1.0 Coarse
10 2.0 14 1.0 Coarse
11 0.5 21 1.0 Coarse
12 1.0 28 1.0 Coarse
13 2.0 17 1.5 Coarse
14 0.5 14 1.5 Coarse
15 1.0 21 1.5 Coarse
16 1.5 28 1.5 Coarse
17 0.5 17 0.0 Fine
18 1.0 14 0.0 Fine
19 1.5 21 0.0 Fine
20 2.0 28 0.0 Fine
21 1.0 17 0.5 Fine
22 1.5 14 0.5 Fine
23 2.0 21 0.5 Fine
24 0.5 28 0.5 Fine
25 1.5 17 1.0 Fine
26 2.0 14 1.0 fine
27 0.5 21 1.0 Fine
28 1.0 28 1.0 Fine
29 2.0 17 1.5 Fine
30 0.5 14 1.5 Fine
31 1.0 21 1.5 Fine

32 1.5 28 1.5 Fine
3.3.3 DATA ANALYSIS
Each test result can be thought of as a composition of

several parts, the population mean, the effect of tLhe
independent variables, and an error distribution term
(Lindman, 1992). Using a linear model each test result 7,
can be represented by the population mean p, the effect terms
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«,., B,, and y,, and an error term (population distribution

about the universal mean) e, as follows:

Xiggg =B+ 0y + By v ¥ + By
(49)
;761 ~ Nio,o?)

where: X,;, represents the result at the it* level of variable
A, the j'" level of variable B, and the k*® level of variable
C, with a random value 1 of the population variance @,/ at test
ijk, and «;, P,, and y, are estimated by the dJifferences
between the universal mean and the mean of the respective
group, A, B, and C, as follows:

(50)

e, =% -2
B, =%,. X
9, -2" -2

The effect of a variable on the results can be computed
using analysis of variance (ANOVA). Data analysis using ANOVA

has three requirements that must be met:

1. Independence of results
2. Normal distribution of variance
3. Equal variances over all groups

The first reguirement will have a large effect on the F
ratio, if it is not met. The other two requirements can be
bypassed by making some adjustments to the testing procedure.

To determine whether the difference is due to changes in
input parameters, or just random error (chance) an F test is



performed. F can be calculated from the ratio of mean squares,
A Jarge F value (greater than 1) will indicate that the
differenaces between the grouped means is larger than the
variance can account for, and can therefore be attributed to
the input parameters. Table 3.3 is a summary of the
calculations required to test the significance ot a latin
square experiment. Abbreviations used in this table include:
raw sum of squares RS; sum of squares SS; degrees of freedom
df; mean sum of squares MS; and F is the calculated I'~ratio.
The p value (not shown in the table) 1is the calculated
equivalent of a specified tolerance level «. The contidence
level that can be held in the conclusions is 1-p. In the
subscript column; a b and ¢ refer to variables A, B, and C; m
refers to the universal mean, rem refers to the remainder
after specific effects have been removed, and t refers to the
total.

Table 3.3 Latin Square F Table.

Sub RS ss df MS 5
m /N 1 55,/dL,
a (B,t*) /I RS, - SS, I-1 58.,/df, MG /M
b (B;t4%) /1 RS, - SS, I-1 $S,/db, | M/ME,

(Byty) /1 RS, - SS, I-1 55./dI. M. /M8
rem | X5 RS,.n = SS, - | N42-3*I | S8,.,./00

SS, - 5S, - SS. L

t RS,.. - SS, N-1 | 88 /d0 i

where: T is the total of all test results; t, t; and t, are the
totals of populations A B and C; N i the total number of
experiments; and I is the number of set lavels in cach group.



64

The question being asked of the F-test is this: is there
g difference between the results at different levels? To
anower this the null hypothesis H, and the alternative

hypothesis are defined as:

Ho:ai:O Ha‘aito
B, =0 ;=0 (F1)
Ye = 0 Ye # 0

This does not tell anything about the direction of the
differences or where they are located. For this we need a
trend analysis. The most obvious way to analyze the tr-nds in
data is graphically. This shows the trend visually.

Another method of analyzing the trend is to compa.e th=
effcet terms (&; B; and y,) at the different set levels. This
will give an indication of where the greatest difference

occurs.



4.0 RESULTS AND DISCUSSION

This ¢ ction is subdivided into three sections: fine
results, coarse results, and comparison. A discussion Lollows
the presentation of r '3 in eaci. section. All figuren ave
held to the and of t. . respective sections.

4.1 FINE RESULTS

The experimental results for the fine sawple are shown in
table 4.1. The experiment number and operating conditions of
each test are shown iii the first four coluwns. The whole
sample analysis of the feed, concentrate and ratlings are
given in the next six columns. Concentrate and tad ) inge
results are the average of the two samples taxzen. “The
calculated yield, and vield, are shown in tie last two coiumn:s.
Below the data is a summary of mean u, variance @', sSiando
deviation o, and the minimum and maximum values for each

column.

The average feed percent solids is 4.21%, ranging fLrom
3.71 to 4.67. The average feed ash ig 1.1.42%, ranging [rom
13.21 to 15.68. The low level of variance for both the fteerd
percent :0lids and ash indicates that the feed consistenc was
maintained for all experiments. The remaining columni of data
all have high levels of variance with regpect to thelir 1.an
value. This indicates that the changes in operating cond . ions
nave significantly affected the results. The signiticance
level of these results will be analyzed in the [ollowing

sections.



Tablo- 4.1 Fxperimental results for

the fine exneriments.

[] fin i l 12 Pkl (%) CONC . (%) TAILS (%) Y IELD, Y IELD,
(%) (%)
LOLTD Aol SOLIOG AlH SOLIDS ASH

] 0.4 17 4.0 4.19 15,68 20.72 5. 89 3,00 17.02 12.11 11.35
2 i.0 14 0.0 4.67 14.41 28.%6 6.29 1.66 19.4% 36.31 68.43
H 1Y 21 (.0 4.52 13,73 25.96 7.33 0.74 33.64 75.70 86.08
4 2.0 28 0.0 4.9 14.14 18.43 10.13 0.42 46,16 88.87 92.54
Y 1.0 17 0.% 4.38 14.60 20.57 8.8, 0.94 36.16 79.01 82.31
3 p.Y 14 0.% 4. 38 14.1 .1.88 7.85 Q. 35.22 76.98 90.73
! 2. () 21 0.5 4.30 13.67 10.98 9.12 0.46 86.90 93.21
4 0.% | 28] 0.5 4.25 13.63 i0.52 | 7.89 1.73w_4 RaW Y. 65
9 1.% 17 .0 4.01 1%.05 19.59 8.63 0. ) . Q.39 88.22___
10 2.0 14 1.0 4.16 13.97 7.75 9.41 C. 7 8 70 "_90.74 94.42
11 0.% 21 1.0 3.468 15.32 23.76 7.45 1.27 24.18 52.97 70.99
12 1.0 28 1.0 3.86 15.17 16,133 8.20 0.82 34.72 73.73 32.99
13 2.0 17 1.5 4.7 14.14 8.42 7.92 .64 44.47 82.98 91.83
141 0.5 14 ' ‘; 3.71 15.21 17.1¢ 5.79 2.10 16.24 29.01 49.31
1t 1.0 21 1.7 4.20 19.15 10.56 6.31 1.5%9 23.98 49.97 73.73
th 1.4 28 1.5 4.24 14.49 8,60 7.00 1.07 30.49 67.24 § 85,30
1l 4.21 14.42 1%.97 7.76 1.19 33.29 65.82 76.94
o’ 0.006 0.47 fu. 54 1.56 0.71 134.37 497.74 425.37
[ 0.24 0.69 6,37 1.25 0.85 11.59 22.31 20.62
Min 0.% 14 0.0 1.71 13.21 7.7% 5.79 0.42 16.24 12.11 11.3%
Max 1.5 28 1.5 4.67 16.68 28.56 10.13 3.80 "0 90.74 94.42

4.1.1 LATIN SQUaA..s ANALYSIS OF

FINE RESULTS

All three performance parameters have wide ranges of

results. The average concentrate ash is 7.
5.79 to 10.13.
12.11 to 90.74.
11.3% to 94.42. It can be seen that yield, and yield, are both

The average yield,

76%,

is 65.82%,
The average yield, is 76.94%,

ranging from
ranging from
ranging from

very similar. Consequently, only the statistical analysis for
the yield, and concentrate ash will be shown.
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4.1.1.1 ANOVA ANALYSIS

Tables 4.2 and 4.3 show the ANOVA analys.s for the
concentrate ash -~  yield, resgpectively Boia tables arve
organized in a sirilar fashion. The latin square conditions ot
wash water rate (- .), frother dosage (fr), and gas rate (gas)
and the results are shown in the upper left corner in bold.
The total, mean, and effect terms of the wash water and
frother surround the square in their corresponding row Or
column. The gas results are located beneath the frother
results. The results of the ANOVA F-test are shown at the
bottom.

Based on the results of the F-test in thu twn tables, the
ANOVA analysis ranks the importance of the inpnuc variables in
decreasing order of significance as: gas, wash water, and
£ -}l.er. The confidence levels that the results are
¢:gn.ficant for concentrate ash are l-p, or 99.34% for gasn,
96.62% for wash water, a.d 76.19% for frother. The contidence
levels for yield, are 99.37% for gas, 92.47% for wash water,
and 56.36% for frother. The confidence levels for yi~id, are
also calculated at 98.59% for gas, 78.35% for wash water, anel
53.66% for frother.

A fifty percent level of significance for any input
variable means that there is a 50-50 chance of making a
correct conclusicn. Since the level of significance for I he
frother is only 56.36% and 53.66% in the ANOVA analysia of
yield, and yield, respectively, this variable can bhe reqgarded
as insignificant with respect to yield.

The two ANOVA analyses indicate that both gas and wash
water flow rates are significant factors in the performance: o f
fine coal during column flotation, and that frother has only
a small significance to the results, although it has more
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effect on the percent ash. Using averages, the data has been
further analyzed with respect to gas flow rate, frother dosage
and wash water flow rate to show the average trends in the

data .

Table 4.2 ANOVA analysis of concentrite ash for fine
experiments.

fr, fr, fr, fr, o X x Y
ww, gas, gas, gas, gas,

5.89 6.29 7.33 10.13 29.64 7.41 ~-0.38
ww, gas, gas, gas, gas,

8.87 7.85 9.12 7.89 33.73 8.43 0.64
ww, A, gas, gas, gas,

i 9.41 7.45 8.17 33.66 8.42 0.63

ww, gas, gas, gas, € iy

5.51 5.79 6.31 7.00 27.61 6.90 -C.88
t . 31.9 29.34 .21 33.19 T = 124.64
Xy, 7.98 7.34 7.55 8.30 X = 7.79
B, 0.19 -0.46 -0.24 0.51

gas, gas, gas, gas,

t, .. 27.02 29.64 30.81 37.17

X,.. 6.76 7.41 7.70 9.29

@, -1.04 -0.728 -0.09 1.50

RS SS daf MS F P
m 970.95 1
gas 984.87 13.92 3 4.64 11.936 0.0066
fr 273.17 2.22 3 0.74 1.9038 0.2381
ww '77.86 .94 3 2.31 5.9510 0.0338
rem 996.36 2.33 6 0.3¢
t 25.42 15




Table 4.3 ANOVA analysis of yield, for fine coxperiment:s.

OY

fr, fr, fr, fr, t . X Y
ww, gas, gas, gas, gar,
1z.11 38.31 75.70 88.u7 214.99 53.7% -12.11
ww, gas, gas, gas, gas,
79.01 76.98 86.90 65.88 308.77 77.19 11.34
ww, gas, gas, gas, gas,
81.39 90.74 52.97 73.64 298.74 74.69 B.83
ww, gas, gas, gas, gas,
84.36 29.61 49.97 €7.24 231.18 57.80 ~-8.06
t,, 256.87 235.64 2€65.54 295.63 v = 1052.68
X, 64.22 58.91 66 39 73.91 X = 65.96
B, -1.64 -6.95 0.53 8.05
gas, _gas, gas, gas, o
t,.. 160.57 240.93 Tl 350.87
X, . 40.14 60.23 75.33 87.72
a, -25.71 -5.62 9.47 21.86
RS S8 af MS F(3,6) P
m 69390.1 1
gas 74431.9 5041.77 3 1680.59 12.105 0.0067
fr 69854.3 464.15 3 154.72 1.1144 0.4%64
ww 71062.4 1672.25 R 557.42 4.0149 0.0752
rem 77401.3 833.02 3 35.84
t 8011.19 15

4.1.1.2 GAS ANALYSIS

The averaged results for each level of gas flow rate are
shown in table 4.4. The table also inclurd. .z the estimated qgas
holdup data. The results of gas analysis are shown graphically
in figures 4.1, 4.2 and 4.3 for yield,, yield, and concentyat.e
ash respectively. The trend for increasing gas flow rates i
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a corresponding (approximately linear) increase in all three

performance parameters.

Table 4.4 Gas analysis for fine experiments.

GAL FEED (%) COHC. (%) TAILINGS (%) YIELD, YIELD, e,

(4/m) (%) (%) (%)
SOLIG ALH SOLIGS ASH S0L1DS AGH R

0.% 4.00 14.40 17.97 .76 2.24 20,65 40.31 50 32 6.00

1.0 4.29 14. 19.00 7.42 1.25 28.58 60.26 76.87 10.83

1.4 4.29 14.41 15.51 7.70 0.76 35.606 75.33 87.55% 13.60

2.0 4.27 13.98 11,39 9.15 0.50 48.28 37.37 93.0C 14,24

The rosults are wide ranging over the range of gas Slow

rates The concentrate ash increases frcm 6.76% at low
gas wLe LO 9.15%% for hich gas flow rate. Yield,
in rea . .rom 40.31% to 87.37% for increasing gas flow rate,

and yield, increases from 50.32% to 93.00%. These results are
in agreement with the increasing gas holdup with gas flow
rate. The increasing gas holdup leads to increased particle
recovery, and consequently concentrate ash increases as more
middling particles are captured.

Another aspect affecting the results is the flow regime
under which the column is operating. Figure 4.4 shows the
relationship between the gas holdup and the superficial gas
flow rate. This figure shows that the column is operating in
the bubbly flow regime over the first three gas levels, and
tending towards the turbulent flow regime at the highest gas
rate. This is observed in table 4.4 in the sense that for a
30% increase in gas flow rate from 1.5 ¢/min to 2.0 ¢/min the
corresponding increase in gas holdup is insignificant at 4.7%.
Bubbly flow regime is characterized by small uniform bubbles
with similar rise velocities. In turbulent flow, larger
bubbles begin to form and disrupt the homogeneous flow. The
offects of moving into the turbulent flow regime can also be
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seen in the yield, and ash uata. The yield, vate begins to
level off, and the ash rate increases significantly. Those
resuits can be attributed to three factors:

1. For a constant gas flow rate, as lu v bubbles
are produced the overall bubble surface area decreases.
This in turn decreases the overall carrying capacity in
both the collection and the froth zone, and therefore the
solids yield declines. For an incre«qsing gas Llow rate,
the rate of yield, will drop, as the bubble surtace area
will not increase at the same rate when larger bubbles
are being formed. Since the column is already operating
near full carrying capacity the rate of yield, (slope)
will drop. The mean bubble sizes are shown in Appendix C.

2. The large bt 2.+ (and non-uniform size
distribution) create turl« ¢ e in the froth zone. This
in turn creates higher ash entrainment, as larger bubbles
have higher rising velocities, and can carry entrained
particles to the launder before washing occurs.

3. Although increasing the gas rate increasc: the
coliection zone gas holdup, it decreases gas holdup in
froth zone due to increased entrainment of collection
zone water (Finch and Dobby, 1990). this i< shown in
table 4.4 by the decreasing percent solids in concentrate
samples ac the gas flow rate increases uhove 1.0 0 /min.
This phenomenon can lead to the loss of the interface and
a negative bias. The bias flow rate calculations chown in
appendix D, verified the shift to negative bias as the
gas flow rate increases.

In general, the cleaning or washing efficicncy of the
column in terms of ash rejection is quite good throughout the
range of gas flow rates studied. The ash content of above 14%



72

in the feed is reduced to below 7.7% in the concentrate at the
gas flow rates below 1.5 0/min. As the gas flow rate is
increased to 2.0 ¢/min, the ash content in the concentrate
increases significantly to 9.15%. This can be attributed to
the shift in flow regime from bubbly flow to turbulent flow,
thus causing increased entrainment of ash particles. In
striking a balance between yield and concentrate ash, the
results suggest that a gas rate of 1.5 ¢/min is optimum with
a resultant yield, of 87.55% and a concentrate ash content of
7.70%. This optimum gas flow rate of 1.5 ¢/min translates to
a superficial gas velocity of 0.79 cm/s. |

Effect of Gas on Yield_1
Fine Experiments

Yield_1 (°
[,}
(3}

45
40 rﬂ/l T 1 ¥ T
0.4 0.6 0.8 1 1.2 1.4 1.

Gas Flow Rate (L/Min)

1.8 2

(2]

Figure 4.1 Effect of gas flow rate on yield, for fine
experiments.



Effect of Gas on Yield_2
Fine Experiments

Yield_2 (%)

0.4 0.6 08 1 1.2 1.4 1.6 18 :
Gas Flow Rate (L/min)
Figure 4.2 Effect of gas flow rate on yield, for fine

experiments.

Effect of Gas on Concer:-.* 3 "ish
Fine Experiment:

% Ash
©

7 /

654 06

T T

0.8 1 1.2 1.4 16 1.8 2
Gas Flow Rate (L/Min)

Figure 4.3_Effect of gas flow rate on concentrate ash for
fine experiments.
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Figure 4.4 Gas holdup as a function of gas flow race for

fine experiments.

rate are shown

4.1.1.3 WASH WATER ANALYSIS

The averagad results for each level of wash water flow

in table 4.5.

The results of wash water

analysis are shown graphically in figures 4.5, 4.6 and 4.7 for

yield,, yield, and concentrate ash respectively. In contrast

to the effect of gas flow rate on the performance parsmeters,

increasing wash water flow rates leads to a maxinum in the

performance parameters,
flow rates above 1.0 &/min.

Table 4.5 Wash water analysis for fine experiments.

followed ny a decline at wash water

ww FEED (%) CONC. (%) TAT INGS (%) YIELD, YIELD,
(a /m) (%) (%)
t S0LIDS ASH SoLlIDs AGH S0LIDS ASH
0.0 4.44 14.49 23.29 7.41 1.006 29.07 53.75 64.60
0.t 4.33 14.01 13,49 8.43 0.95 ©35.006 77.36 83.97
1.0 oo 14.89 1%.91 8.42 0.79 40.23 74.71 84.12
1. 4.11 14,4 oty .70 1.3% 28.82 57.45% 75.04
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A similar trend 1is seen in all three figures. With no
wash water the percentages are low, over the two middle tiow
rates the percentages are high and almost level, and then at
high wash water the percentages drop off again. This trend is
also seen in the bias flow rates (apnendix D). These results
can be explained as follows:

1. In the case of zero wash water, the produced
froth is dry and unstable. This means that less fLroth is
recovered in the concentrate launder. The inverse
relationship between recovery and ash indicates that the
recovery of ash will be proportionally low duc to
selective flotation. The cleanest particles will tend Lo
be recovered preferentially, and middlings particles will
be excluded by limitations in the froth carrvying
capacity. This leads to a low yield as well as low ash
content as shown in figures 4.5, 4.6, and 41.7.

2. As the wash water flow rate is increascd Lo
between 0.5 ¢/min and 1.0 ¢/min, the yield ig obsoerved to
increase significantly from zero wash water. The solids
yield (2) increases from 64.6% to 84.12%. Tue concentrate
ash content only increases from 7.41% at zero wash water
to 8.42% at a wash water rate of 1.0 ¢/min. The ohserved
concentrate ash, vield,, and yield, were similar lor wacl
water rates of 0.5 #/min and 1.0 €/min. Congidering the
fine size distribution of the feed coal these recults
suggest excellent washing efficiencies at these two wash
water flow rates.

3. When the wash water flow rate was increased Lo
1.5 ¢ /min, the yield dropped significantly from 84 .12% to
75.04%. The concentrate ash content aloco decreancd o
6.76%, from 8.42% at a wash water flow rate of 1.0 @ /min.
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In the case of the relatively high wash water flow rate
of 1.5 0/min, the wash water nozzle acts like a jet spray
which creates mixing and channelling in the froth. This
disrupts the plug flow regime, and a high shear zone is
created in the froth. The high wash water flow rate
washes away the entrained particles, and some of the
valuable particles which were weakly attached to the
rising bubbles. Consequently, the yield and ash content
decline as indicated in figures 4.5, 4.6, and 4.7.

Piug flow condiiions, along with moderate wash water
rates permits the maximum efficiency to be achieved in the
froth zone. Considering a trade-off between recovery a2and
concentrat: ash content, the optimuin wash water flow rate for
cleaning tine particles in the column will be between '.5
¢ /inin and 1.0 £/min. This corresponds to a superficial wash
water velocity ' - the range of 0.26 cm/s to 0.53 cm/s, and
bias flow rate : between -0.2 ¢/min and +0.5 ¢/min.

Effect of Wash Water on Yield 1
Fine Experiments
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Figure 4.5 Effect of wash water flow rate on yield, for fine
experiments.
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Figure 4.6 Effect of wash water flow rate on yield, to» fine

experiments.
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Figure 4.7 Effect of wash water flow rate on concoent rat.o

ash for fine experiments.



4.1.1.4 FROTHER ANALYSIS

The averaged results for each level of trother dosage are
shown in table 4.6. The table also includes the ostimat od gan
holdup data. The results of frother analysis indicat e thal
increasing the dosage also increases  the  portormance
parameter. The relationship between frother dosage and yield,
igs almost linear, as shown in figure 4.8. The cottect ol
frother dosage on yield. and concentratc ash e shown in
figures 4.9 and 4.10 respectively.

Table 4.6 Frother analysis for fine experiments.

FR. PEED (%) COte . (%) TATLINGEY (%) ¥ ItLh, Y1ERLD, C,
(ppm) K {+) ) L)
SOLTDG ASH SOLTDS AUH RIS AUH
14 4.213 13.94 10. 34 7.4 1.1 to. A LD JATEN RGN
17 4.20 14,488 16.20 7.HY 1.450 LAY [V L, e Iyl
21 4.24 14.47 17.487 7,654 1.0 31,40 [N nyL 00 1o, 0%
28 4.18 14.41 13.47 H.otl 1.04 4,10 T4.10 By 1o

The results indicate that the effect of increasing
frother dosage on the performance parameters is mich less Fhan
that observed for gas flow rates and wash water [low ralce:s,
For increasing frother dosage from 14 ppm to 28 ppm, I
concentrate ash content only increased from 7.734% tco B.o41%.
vield, only increased from 58.91% to T4.10%, and  yieded,
increased from 75.72% to 82.62%. The fluctuations in yicld,
and concentrate ash are over a narrcw range of roesulto, and
the standard deviaticns are high, thercto:r.. the fluctiat jone
are less significant than they appear.

The limited effect of frother dosage on the perfarmance:
parameters was predicted in the ANOVA analycis dicoanoed in
section 4.1.1.1. although gas holdup increaced from 2.42% 2t
a frother dosage of 14 ppm to 13.25% at a dosage of 26 ppm,
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fhue indicating a smaller average hubble size tas shown in
Appendix C), the performance parameters were not
proportionately increased. This observation of a limited
effect: of trother dosage on the performance parameters could
be due to several factors. Oane factor may be that the feed
~oal is highly hydrophobic and very floatable. A second factor
may be that the minimum frother dosage of 14 ppm used in this
study is already within the optimum concentration range
necessary for cleaning the coal sample used, hence increasing
the concentration beyond 14 ppm does not translate to
significant improvements in the performance parameters. Which
ever of these factors is responsible for the observed results
will be a subject of further studies. However, the ANOVA
multivariate analysis discussed earlier accurately predicted
the observed effect of the frother dosage range used on the
performance parameters for cleaning this fine coal sample in

the column.

Effect of Frother on Yield_1
Fine Experiments

70

Yield_1 (%)
[¢2]
(3]

5 16 18 20 22 24 26 28
Frother Dosage (ppm)

Figure 4.8 Effect of frother dosage on yield, for fine
experiments.
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Effect of Frother on Yield_2
Fine Experiments
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Figure 4.9 Effect of frother dosage on yield, for tine
experiments.

Effect of Frother on Concentrate Ash
Fine Experiments
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Figure 4.10 Effect of frother dosage on concentrate ash tor
fine experiments.
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4.1.2 ANALYSIS OF INDIVIDUAL FINE RESULTS

Ly discussed in the previous section, the ANOVA analysis
for the fine coal experiments indicated that both gas and wash
walter had significant effects on the performance parameters,
and thar the effect of frother is minimal. The effects and
interaction of wash water and gas for the individual
experimental data, as opposed to the averaged data, are shown
three dimensionally in figures 4.11, 4.12, and 4.13 for
yvield,, yield,, and concentrate ash respectively.

Figure 4.11 shows that for gas flow rates within the
bubbly flow regime (i.e. below 1.5 &/min), the wash water flow
rates gives a maximum concentrate yield at about 0.8 ¢ /min.
This maxima becomes more pronounced as the gas flow rate
decreases from 1.5 ¢/min to 0.5 ¢/min. In contrast, the yield
maxima is virtually eliminated above a gas flow rate of 1.5
£ /min. This is an indication that as the column flow regime
tends towards transition from bubbly to turbulent flow, the
effectiveness of the wash water in cleaning the concentrate in
the froth is decreased significantly. Thus at this high gas
flow rate, the concentrate ash should increase as observed in
the experimental data in table 4.4. On the other hand, for the
gas flow rates within the bubbly flow regime, increasing the
wash water rate beyond 0.8 €/min leads to a significant
decline in the concentrate yield due to the detachment of
tloated particles from the bubbles by the excessive wash water
stream. These trends are also observed in figure 4.12 for the
effect of gas and wash water flow rates on yield,. and in
figure 4.13 for the effect of the same two variables on
concentrate ash. These individual results for the fine coal
sample agree well with those obtained from the Latin Square
experimental design and ANOVA analysis, thus verifying the
analytical accuracy of this multivariate analysis technique.
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Figure 4.12 Effect of gas and wash water on yield, for fine evperiments.
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4.2 COARSE RESULTS

The experimental results for the coarse samples are shown
in table 4.7. The experiment number and operating conditions
for each test are shown in the first four columns. The whole
sample analysis of the fzed, concentrate and tailings are
given in the next six columns. Concentrate and tailings
results are the average of the two samples taken. The
calculated yield, and yield, are shown in the last two columns.
Below the data is a summary of mean, variance, standard
deviation, minimum and maximum for each column.

The average feed percent solids is 3.44% ranging from
3.00 to 4.05. The average feed ash is 13.65% ranging from
12.21 to 15.41. The consistency of the coarse feed stock was
considerably more difficult to maintain even with the use of
the recirculating pump. This is shown by the high variance of
the feed analyses. However, the differences are still small
enough to conclude that feed consistency was maintained. The
remaining columns all have high levels of variance with
respect to their mean value. This indicates that the changes
in operating conditions have an effect on the results,
although to a lesser degree than for the fine sample. The
significance level of the results will be analyzed in the
following sections.

4.2.1 LATIN SQUARE ANALYSIS OF COARSE RESULTS

The three performance parameters have wide ranging
results, although not as marked as for the fine experiments.
The average concentrate ash is 8.31%, ranging from 6.53 to
9.49. The average yield, is 87.11%, with a minimum of 62.89
and a maximum of 95.51. The average yield, is 89.24%, with a
minimum of 75.21 and a maximum of 95.54. As in the fine
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results section, only yield, and concentrate ash wiil boe
statistically analyzed.

Table 4.7 Experimental result: for coarse exporiments.

] Gas Fr WW FEED (%) CONEL () TATLINGE (%) VIELD, VIELD,
SOLIDS ACH SOLTING AUH SOL DG AN " v
1 0.% 17 0.0 .40 15.07 42.72 9,10 (SR A8.91 wheo4h R I
2 1.0 14 0.0 3.87 12.906 0. 10 T2 047 L, n g He
3 1.5 21 0.0 .16 12.59 13.07 7,09 0.7 L oL HAL Y
4 2.0 28 0.0 3.23 12,139 13,27 8,34 0,14 G0N DRI Lt
5 1.0 17 0.5 3.24 14.061 21,13 8.68 0.2% [IBPRE! n L O b
| 0 1.5 14 0.9 3.00 12.40 17.20 9.13 0.142 [P 9444 oLt/
7 2.0 21 0.% 3.33 12.49 20.%3 9.44 0.20 77,41 ot h AR !
8 0.5 28 0.% 3.7% 14.70 11.598 6,54 0.0l 47,060 HOL L e 8/
9 1.5 17 1.0 4.0% 15,41 17.69 7.73 Q0,44 40,90 Hl L HO 90, d4Y
10 2.0 14 1.0 3.20 12.21 22.54 9.4" 0.17 (.14 94,44 LR
11 0.9 21 1.0 3.56 15.11 20.5%7 7.02 1.01 SRR 6.0 00 e
12 1.0 28 1.0 3.40 13.060 21.11 8.72 0.0 K B 04 ORI
13 2.0 17 1.% 3.60 14.49 22.%4 8.0L8 0.3 b IR ead
14 0.5 14 1.5 3.0% 14.41 22,14 7.58 0.4 01 A vt
15 1.0 21 1.5 3.91 13.70 25.87 H.11 G5 445,44 A DoY)
1¢ 1.5 28 1.9 3.32 13.29 24.10 8.8 0.2 LY ] IR [
" 3.44 13.65 | 24.28 8.31 0.43 LY Rl no o4
[N ) 0.09 1.1% $0.09 0.73 0.04 1A 48 LAY STl
[] 0.31 1.07 7.08 0.8% 0.21 12,82 H.o0Y Lot
Min 0.5 14 0.0 3.00 12.21 13.58 6.5 0.17 | [N 7'
Max 2.0 17 1.5 4.09% 19.41 42.72 .49 1.0} 17.41 el (A

4.2.1.1 ANOVA ANALYSIS

Tables 4.8 and 4.9 show the ANOVA analycic for the
concentrate ash and yield, respectively. Both tables are
organized the same as in the fine section, with the latin
square conditions and results shown in the upper Ledft corner
in bold. The total, mean, and effect terms of the wach water
and frother surround the square in their corresponding row or
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colvmn,  The gas results are located beneath the frother
yeoults. The results of the ANOVA F-test are shown at the

Lot tom,

Table 4.8 ANOVA analysis of concentrate ash for coarse
oyperiments.

fr, fr, fr, fr, t. X, x Yx
ww, gas, gas, gas, gas,
9.30 7.62 7.69 8.34 32.95 8.24 -0.07
ww, gas, gas, gas, gas,
8.68 9.13 9.44 6.53 33.7¢ 8.45 0.14
wWw, gas, gas, gas, gas,
_ 7.73 9.49 7.02 8.72 32.96 8.24 -0.07
ww, gas, gas, gas, gas,
8.68 7.58 8.11 8.84 33.21 8.30 0.0¢0
3. 34.39 33.82 32.26 32.43 = 132.90
X, 8.60 B.4¢6 §.07 8.11 = 8.31
B, 0.29 0.15 -0.24 -0.20
gas, gas, gas, gas,
t,.. 30.43 33.13 33.39 35.95
X,.. 7.61 8.28 8.35 8.99
«, -0.70 -0.02 0.04 0.68
RS 8Ss df MS F p
m 1103.90 1
gas 1107.72 3.82 3 1.27 1.1073 0.438
fr 1104.72 0.82 3 0.27 0.2374 NA
ww 1104.01 0.11 3 0.04 0.0329 NA
rem 1115.55 6.90 6 1.15
t 11.65 15




Table 4.9 ANCVA analysis of yield, tor coarse eoxporiment s,

fr, £fr, fr, fr, [ X 4 Y
ww, gas, gas, gas, gas,
85.45 89.47 90.42 92.¢9 A5R .03 RAUNRIR! 2,40
ww, gas, gas, gas, gas,
89.06 94.48 95.51 80.12 359,17 CRUINVAL Jony
ww, gas, gas, gns, gas,
81.80 95.44 62.89 92.04 KR w104 -4.07
ww, gas, gas, gas, gas,
89.82 78.72 85.0" 90.84 344.40 TRV -1.01
t.,. 346.13 358.1. 333.84 355.69 = 1393.77
X ,. 86.53 89.521 83.46 88,092 = 87.11
B, -0.58 2.42 -3.65 1.81
gas, gas, gas, gas,
t, .. 307.18 355.59 357.54 373,46
X,.. 76 .80 88.90 #9.39 93,37
a, -10.32 1.79 2.27 6,265
RS 58 df MS F P
m 121412.2 1
gas 122027.8 615.58 3 205.19 £.04135 0.014245
fr 121503.3 91.14 3 30.38 0.%8948 0.497%
ww 121534.2 122.03 3 40.6% 1.19%01 0.4141
rem 122444.7 203.72 6 33.95
|t 1032.47 15

According to the ANOVA multivariate analysis ol
concentrate ash, as illustrated by the F-test results, the
only input variable having any significant effect i1s gas flow
rate. Bott. the wash water flow rate and the frother dosiage
were relatively ineffectual. The level of confidence for gas
is only 56.2% which indicates a little signifticanre,
Therefore, the level of significance of all threo operating
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gariables relative to the concentrate ash 1s low ftor the
coarce coal cample an compared to the observed results for the

fine cample digcussed earlier,

The:  AMOVA  analysis of  yield, ranks the order of
importance of the input variables as gas, wash water and
frother. Only the F-test for the gas flow rate shows a value
cignificantly above 1.0. The level of confidence is 96.75% for
gas, H8.69% for wash water, and 55.25% for frother. Wash water
i low rate .nd frother dosage can also be regarded as having no

significant effect on yield,.

The two ANOVA analyses show that gas flow rate has a
significant effect on yield, and a minor effect on concentrate
ash. Wash water and frother have limited effect on yield, and
concentrate ash content. The results indicate that to
derermine the effects of any of these variables with high
degree of certainty a more rigorous experimental plan would be
required. They also indicate that the system is extremely
stable over the range of operating conditions used, in spite
of the difficulty in maintaining the ferd slurry

characteristics.
4.2.1.2 GAS ANALYSIS

The averaged results for each level of the gas f.ow rate
are shown in table 4.10. The estimated gas holdup data is also
shown in the table. The results of gas analysis are shown
gqraphically in figures 4.14, 4.15 and 4.16 for yield,, vield,
and concentrate ash respectively. The trend for increasing gas
tlow rates is a general but limited increase in all three
pertormance parameters. The range of results is much narrower
than for the tine samples over the same gas range.



Table 4.10 Gas analysis ol coarne expoeriment o,

GA FEEL e Lot ) VA, it a0 RSN LRI e,

ey i L Li
von i AH ol A ol Al N

0. (RE] b ot Jool I t ' 1l R

1.0 il IR B G SR Ly B i 1 e

1.5 i, RN TN H,1 (L TY] et W w0 T

2.0 3,34 1008 R A M v e, 8% R ot Treo by

The concentrate ash increases from 7.61% at tow qan | low
rate to 8.99% for high gas flow rate. Yield, increases brow
76.80% to 97.37% for increasing gas flow rate, and yield
increases from 82.41% to 93.03%. There are fluctuat ions in all
parameters, although the rande is small.

The column is operating in the bhubbly {low regime oven
the first three gas levels, however at the high gas rate (2.0
¢ /min) the flow regime is into the transition [low rogime.
This can be seen graphically in f{igure 4,17, as the qgas holdup
increases linearly and then levellod out completely between
1.5 ¢/min and 2.0 ¢/min of gas flow ratc. the mean hubblc
sizes are shown in Appendix C. The bias flow rate caleulat ions
are shown in Appendix D.
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Effect of Gas on Yield_1
Coarse Experiments
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Figure 4.14 Effect of gas flow rate on yield, for coarce

experiments.
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Figure 4.1% Effect of gas flow rate on yield, for coarse
experiments.
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Figurg 4.16 Effect of gas on concentrate ash for coarse
experiments.
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Figure 4.17 Gas holdup as a function of gas flow rate.
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4.2.1.3 WASH WATER ANALYSIS

The averaged results are shown in table 4.11 for each
lewvel of the wash water flow rate. The results of wash water
analysis are shown graphically in figures 4.18, 4.19 and 4.20
for yield,, yield, and concentrate ash respectively.

Table 4.11 Wash water analysis of coarse experiments.

Wi FEED (%) CONZ, (%) TAILINGS (%) CYIELD, YIELD,

(t/m) (%) (%)
HOLIDG AUH SOLIDS AGH SOLIDS ASH

0.0 J.42 13.24 34.80 8.24 0.48 57.30 89.51 87.0%

0.h 3.3 13.55 i8.11 8.45 0,37 64.06 89.79 91.08

1.0 1.0 14.08 20.48 8.24 0.49 44,48 83.04 88.139

1.5 $.47 13.72 23.71 8.30 0.37 50.91 8G.10 90.46

Similar to the results for gas analysis, the wash water
results remain relatively constant over the range of .flow
rates studied. The yield, only increased from 87.05% to 90.46%
when the wash water flow rate increased from zero to 1.5 /min.
For the same wash water range, the yield, and concentrate ash
also remain relatively constant. The ANOVA analysis correctly
predicted these results. In contrast, the calculated bias flow
rate (Appendix D) increases dramatically with increasing wash
water. This indicates that the continuing increase in the bias
flow rate does not significantly affect either the yield or

the concentrate ash.
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Effect of Wash Water on Yield_1
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4.18 Effect of wash water flow rate on yield, for
experiments.
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Figure 4.19 Effect of wash water flow rate on yvield, for
coarse experiments.
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Effect of Wash Water on Concentrate Ash
Coarse Experiments
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Figure 4.20 Effect of wash water flow rate on concentrate
ash for coarse experiments.

4.2.1.4 FROTHER ANALYSIS

The averaged results are shown in table 4.11 for each
level of the frother dosage. The results of frother analysis
are shown graphically in figures 4.21, 4.22 and 4.23 for
yield,, yield, and concentrate ash respectively,

Table 4.12 Frother analysis of coarse experiments.

FR. FEED (%) CONC. (%) TAILINGS (%) YIELD, YIELD, e,
(ppm} (%) (%) (%)
S0L1DS ASH S0L1DS ASH SOLIDS ASH
14 1.28 12.74 23.01 8.40 0.38 57.70 89.53 89.80 17.92
17 3,47 14.90 26.02 8.060 0.40 56.89 86.%3 90.29 13.25
21 1,44 14.47 25.01 8.07 0.5% 52.63 83.46 86.00 14.66
28 .44 13.49 23.07 8.11 0.39 59.53 88.92 90.82 14.34

As in the wash water analysis, the results show an almost
constant value for all three parameters, thus indicating no
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significant effect due to frother. The concentrate ash ranged
from 8.07% to 8.60%. Yield, ranged from 89.53% to 83.406%, and
yield, ranged from 89.90% to 90.82%. Appendix ¢ shows the mean
bubble size for each frother dosage. Each of these ranges ia
well within their standard deviation for the experiments.
Again, the ANOVA analysis correctly predicted the
insignificance of the frother concentrations range on the
performance parameters for the flotation of the coarse sample.

Effect of Frother on Yield_1
Coarse Experiments

Yield_1 (%)
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D

14 16 18 20 22 24 26 28
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Figure 4.21 Effect of frother dosage on yield, for coarse
‘experiments.
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Figure 4.22 Effect of frother dosage on yield, for coarse

experiments.
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Figure 4.23 Effect of frother dosage on concentrate ash for
coarse experiments.



4.3 COMPARISON

The use of the Latin Square experimental design and ANOVA
analysis were effective in evaluating the signiticance ot the
three input variables relative to the pertormance patametoers
for both the fine and coarse coal samples used in this study.

The average concentrate ash for the fine experiments wagn
7.76%, ranging from 5.79% to 10.13%, compared with 8.31% tor
the coarse experiments, ranging from 6.53% to 9.49%. "This
indicates that the fine coal sample has better ash liberation,
thus yielding a cleaner overall product. As well the washing
of entrained ash particles from the fine coal product can be
performed with greater ease. Appendix E shows the screen and
ash analyses of the concentrate samples, in relation to
particle size and the amount of wash water used. For the tine
experiments, the percent ash was reduced in all size fractiong
as the wash water flow rate was increased, while only the -40n
size fraction lost recovered percent weight.. The loss of
percent weight is due to the large portions of entrained
particles that originated in the -40p size fraction. In
contrast, for the coarse experiments, the percent ash was only
reduced significantly in the -75up size fraction, as wash water
flow rates were increased, however the recovered percont
weight dropped overall. This is due to the lack of liberated
coal and ash particles in the upper size fractions, thus part
of the middling material is being removed which results in
lower yield, but approximately constant ash content.

The average yield, for the fine experiments wias 65.82%,
ranging from 12.11 to 90.74, compared with #7.11%, with a
minimum of 62.89 and a maximum of 9%.51 for the coaroce
experiments. The average yield, for the fine QADEGY TINCINL S Wil

76.94%, ranging from 11.35% to 94.42%, compared with #9.24%,
with a minimum of 75.21% and a maximum of 25.5%4% for the
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coarse experiments. It should be noted that for the coarse
cample  experiments, the observed yields were consistently
above 82%, irrespective of the operating conditions. The
concent.rate ash content was also relatively constant at about
8.0% as compared to the coarse feed ash content average of
13.65%. In contrast, the fine coal clearly indicated a good
level of dependence on the operating conditions, particularly
with respect to the gas flow rate and the wash water flow
rate. These results suggest that the column flotation of fine
coal requires much more rigorous control of the operating
conditions to achieve a good performance, as compared to the
flotation of coarse coal samples which provides a very stable
operating system, for which a wide range of operating
conditions can result in acceptable performance.
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5.0 CONCLUSIONS

5.1 SUMMARY OF RESULTS

1. The use of the Latin Square experimental design and ANOVA
analysis was effective in evaluating the signiticance ot the
three input variables relative to the performance paramet e
for both the fine and coarse coal samples used in this study,
and accurately predicted the significance of the inpul
variables.

2. The ANOVA analyses of the coarse experiments show that
gas flow rate has a significant effect on yield, and a minor
effect on concentrate ash. Wash water and frother have no
significant effect on either the yield or the concentrate ash
content. The coarse experimental system was extremely stable
over the range of operating conditions used, in spite of the
difficulty in maintaining the feed slurry charvacteristics,
Thus, the coarse experiment performance parameters remained
relatively constant over the range of conditions studied.

3. The ANOVA analyses of the fine experiments indicate that
both gas and wash water flow rates are significant factors in
the performance of fine coal during column flotation, and that
frother has only a small significance to the results, althouqgh
it has more effect on the percent ash.

4, The fine coal results suggest that a qgas flow rate oi 1.5
¢ /min (or a superficial gas velocity of 0.79 cm/s) is the
optimum with a resultant yield, of 87.955% and a concentrate
ash content of 7.70%. This ensures that the column operates in
the bubbly flow regime. In general, the cleaning or washiing
efficiency of the column in terms of ach rejection ig (quitee
good throughout the raage of gas flow rates staacdied.,
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He Plug iflow conditions, along with moderate wash water
rat.os permits the maximum efficiency to be achieved in the
froth zone. The optimum wash water flow rate for cleaning fine
particles in the column will be between 0.5 {/min and 1.0
¢ /min. This corresponds to a superficial wash water velocity
in the range of 0.26 cm/s to 0.53 cm/s.

6. The fine coal sample has excellent ash liberation, thus
yvielding a cleaner overall product, as well the washing of
entrained ash particles from the fine coal product can be

performed with greater ease.

7. Interaction between wash water and gas flow rates within
the bubbly flow regime (below 1.5 ¢/min), indicates that wash
water reaches a maximum concentrate yield at about 0.8 ¢/min.
This maxima becomes less pronounced as the gas flow rate
increases from 0.5 ¢/min to 1.5 ¢/min. In the transition to
the turbulent regime (above 1.5 ¢/min) the yield maxima is
virtually eliminated, indicating that the efiectiveness of the
wash water is decreased significantly causing the concentrate
ash to increase. On the other hand, for the gas flow rates
within the bubbly flow regime, iiicreasing the wash water rate
beyond 0.8 #/min leads to a significant decline in the
concentrate yield due to the detachment of floated particles
from the bubbles by the excessive wash water stream.

8. The results from the individual analysis for the fine
coal sample agree well with those obtained from the Latin
Square experimental design and ANOVA analysis, thus verifying
the analytical accuracy of this multivariate analysis

technique.

q, The fine coal clearly indicated a gocd level of
dependence on the operating conditions, particularly with
respect to the gas flow rate and the wash water flow rate.
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These vesults suggest that the column {lotation ot tine coal
requires much more vrigorous control of  the operating
conditions to achieve a good pertormance, as compared to the
flotation of coarse coal samples which provide a very stable
operating system, for which a wide range of operating
conditions can result in acceptable performance.

5.2 COMPARISON OF COLUMN AND CELL FLOTATION

The results from several batch cell flotation experviment s
on the fine coal sample are shown in Appendix B. ‘The batch
cell flotation dosage tests achieved yields between 77 and 8l
percent, during a one minute collection period, for frother
dosages between 25 ppm to 150 ppm. The corresponding
concentrate ash content was between 7.69 and 10.55 percent o A
batch cell flotation rate test conducted at 25 ppm frother,

indicated that the maximum yield obtainable is 88.28%, with
concentrate ash content of 8.26%.

Using “he optimum flow rates for gas (1.5 €/min) and wotsh
water (0.8 #/min) yielded between 88 and 90 percent, hased on
experiments 6, and 9. The corresponding concentrate ash
content is between 7.85 and 8.63 percent. Comparing the two
methods, shows that column flotation gives a moderately higher
yield and a comparable ash content. This indicates Fhat, colamn
flotation is a feasible alternative for the flotation ol fine
coal particles.

5.3 AREAS FOR FUTURE WORK

Over the course of completing this thesis project several
areas for future work were identified.

One area to examine is the effect of the frother dosage,
This can be done by expanding the range of frother dosages
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boed an the oxperiments. This would make the trends more
cepident . Ao well, experiments could be conducted with frother

doage as the only input variable.

Another area for future examination, is to determine the
practical teasibility of utilizing column flotation for the
treatment of processed coal tailings. This project has shown
that column flotation is an effective method of treating fine
coal particles. The next step is to use actual plant tailings
material (or simulated high ash tailings). This will present
some new problems, including the oxidation of coal particles,
and the presence of other reagents. The effects of these new
problems will be somewhat balanced by the lower percent solids

in the tailings stream.
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APPENDIX A

Analyses Procedures
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Procedure for wet screen analysis

1. Arrange the screens in the wet screening device, with
the largest aperture on top down to the smallest. Place a
clean bucket at bottom to catch the undersize material.

2. Pour the sample into the top screen, washing all of the
particles out the sample beaker. Turn on a moderate level ol
vibration. Use a gentle water spray to wash the particles
through the screens. When the flow of particles through the
screen ceases, begin washing the next screen until all screens
have been washed.

3. Remove the screens starting from the top, rinsing down
the area below the screen into the next screen (or bucket for
last screen). Using pre-weighed trays (W,), put the screens
the drying oven. Filter the undersize material in the catch
pail before drying.

4. Remove the dried samples from the drying oven and allow
‘to cool. Empty the screen into the tray using a brush to
loosen all particles in the screen and on the walls. Record
the weight of the tray plus sample (W) . Subtraction of the
tray weight gives the weight of the size fraction, W;. The dry
weight: for the whole sample is the sum of all its size
fractions.
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Procedure for ash analysis

1. Clean and weigh the required number of crucibles. Record
the crucible name and weight to one thousandth of a gram (W) .

2. Subsample approximately 1.0 gram of sample into the
crucihle, and record the weight of the crucible plus the
sample (W...) . Ensure sample in crucible is representative of

the entire sample.

3. Arrange the filled crucibles in the furnace, and start
the automatic timer. The furnace will heat to 750°C and remain
at that temperature for the preset time (8 hours).

4. Weigh the crucibles immediately after they have cooled
to room temperature, so the samples do not pick up moisture
from the air. Record the weights as crucible plus ash(Weg,) -

5. Calculate the percentage ash from the following formula:

a(®) = ma” e

x 100%
Werss = Wer



Procedure for Denver Cell Flotation

1. Add the first 18 of tap water to the cell, and weigh oul
the coal (W;) required to make up the desired percent solids.
Mix coal into water with spatula. Once all of the coal is
wetted, lower the impeller into the cell. Turn on the impeller
and add the remainder of the water to the cell.

2. Allow the slurry to mix for about 5 minutes Lo consure
all particles are wetted. Add the proper regent dosages, and
allow 2 minutes for reagents to mix. Place the first collector
pan under overflow lip.

3. Turn on the air, while starting stop watch. Scoop froth
over overflow lip into collector pan. Rinse down particles ol
the edges of the cell, and impeller with a wash bottle. Add
tap water if necessary to maintain the fluid level.

4. After one minute, turn off the air and the impeller.
Lift the impeller out of the tailings and rinsc thoroughly
with water until completely clean.

5. Filter the tailings sample, and then dry and weigh hoth
the concentrate (W.,.) and tailings (W,) samples.

6. Complete an ash analysis of bhoth samples. The yield can
be calculated directly using the following formula:

W
Yy = —£989€ x100%
We
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APPENDIX B

Additional Experimental Results



Column Flotation Verification Experiments

Table B.1 Results for the fine veritication expeviments.

FEED (%) CONU', (%) TALLL (6)
0 sSoLibe AUH
l._—___—————-———————————_———

FV1 1.5 21 g 4.1% 14.14% 17.70 9,20 0.6 1907
Fv2 1.5 21 0 4.13 14.4%4 8.04 9, 45 0.6 40, H0n L 87 LA IN
FV3 1.5 14 .0 4.13 14.44 15,76 8,09 0.0l 484 HELUH Hi L on
FV4 1.0 14 .0 3.32 15.04 25,18 R 0,79 1,00 0L a0 IR
FVS 0.5 21 .0 3.31 13.77 21.73 7.51 1.00 o q [P Ams
FV6 1.0 28 0 3.39 14.24 16.78 8.48 1.02 41,770 RO 1AL 20
FV7 0.5 14 5 3.22 13.22 15,064 S 1.48 1N REREOL 47..01
FV8 1.5 21 S 4.03 14.19 15.3% 7.30 (.82 $2.7H YATRE] B,
H 4.0% 14. 306 1b.33 T8 1.10 4.0 w0 1A
g? 0.1% 0.41 34.77 1.52 0,44 127,454 q0H.591 BRIy
[ 0,39 0.64 %.90 1.2 0.74 | 2hLeh 18.%4
Min 0.5 14 .0 3.22 13.21 7.7% R 0.42 | R 1.0 [ R
Max 1.5 28 5 4.67 15.068 28,506 10.13 L.80 Sl 0 90,74 9.4

Table B.2 Results for coarse verification experiments.
# GAS | FR W FEED (%) CONC, (%) TALLINGE (%) YIELD, | YIELD,
SO l ALl ) !
.17 70,21 97,01 94.%3%
V2 0.5 | 21 .0 2.66 11.83 20.93 7.4 0.4 44,08 Y fe8, 9N
CV3 0.5 14 5 4.43 14.75% 33.00 6.8 0.4 $4. 40 'R Y00
1 3.41 13.47 24.31 .20 0.44 LA TR L2
[ 0.19 1.5% 45,00 0.7 0.4% 16404 1A nn L
a 0.44 1.24 6.3 O.HK 0.2 1.0y N GLOn
Min 0.5 14 | 0.0 2,060 11.00 13,58 .4y Y Ra! R 1)
Max 2.0 | 17 1.5 4.43 1.4 4272 LAY 1.0) 11.41 V1l 1A

The verification of the fine coal resulte include a noriens

of experiments that show the effect ot wash watcer for A

constant gas flow rate of 1.5 ¢/min and a constant frother
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dosage  ofb 21 ppm. The  experiment numbers in  order of
increasing wash water are: #3, #FV1, #FV2, and #FV8. These

reculte are shown in figures B.l, B.2, and B.3.

A second series of the fine coal verification experiments
show the effect of frother dosage for a constant gas flow rate
of 1.5 8/min and a constant wash water flow rate of 1.0 &/min.
The experiment numbers in order of increasing frother dosage
are: #fiFV3, #9, and #FV2. These results are shown in figures
.4, B.%, and B.6.
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Effect of Wash Water on Yield_t
Verification Experiments
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Effect of wash water on vyield, for finc

verification experiments, with a gas flow rate of 1.5 €/min
and a frother dosage of 21 ppm.
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Effect of wash water on yield, for fine

verification experiments, with a gas flow rate of 1.5 €/min
and a frother dosage of 21 ppmn.
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Effect of Wash Water on Concentrate Ash
Verification Experiments

©

|
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=
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N
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Wash Water Flow Rate (L/Min)

0.4

Figure B.3 Effect of wash water on concentrate ash for fine

verification experiments,

with a constant gas flow rate
(21 ppm) .

(1.5 ¢/min) and a constant frother dosage
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Verification Experiments
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Figure B.4 Effect of frother on yield, for fine verification
experiments, with constant flow rates for gas (1.5 ¢ /min)

and wash water

(1.0 8/min) .
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Figure B.5 Effect of frother on yield, for fine verificat ion
experiments, with constant flow rates for gas (1.5 €¢/min)

and wash water

(1.0 ¢/min).
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Batch Denver Cell Flotation Results

Two cateqgories of batch cell flotation tests were performed
on the fine coal sample: dosage tests, and rate tests. Table
B.3 shows the results from the dosage tests. The procedure for
the batch cell flotation tests is outlined in Appendix A. The
reagent. dosage is the combination of both the collector and
frother, in the specified ratio. The frother dosage ranges
from 2% ppm to 150 ppm.

Tahle B.3 Denver cell flotation dosage test for
the fine coal sample.

10% solids

Feed ash 14.3%

1 Kerosene:1 Dowfroth
1 minute sample

Dosage Yield C. Ash T. Ash

(¢ /tonne,) %) (% (%)
0.5 77.41 7.69 38.99

1 78.18 9.27 36.23

1.5 78.84 9.12 35.36

2 79.34 9.40 35.86

2.5 81.13 10.55 35.64

3 81.16 9.43 33.91

Pable B.4 shows the results from a rate test. The frother
dosage for this test is 25 ppm (0.5 ¢/tonne.). This dosage
lovel exhibited the highest flotation efficiency, while it is
Aivo  within the range used for the column flotation
experiments. The final tailings weight was 11.72% with an ash

content ol 58.24%.



Table B.4 Denver cell flotation rate test
fine coal sample.

10% solids
Feed ash 14.12%

1 Kerosene:1 Dowfroth

tor

the

0.5 ¢/tonne.
Time Cumulative Ash
(Minutes) Yield (%)
(3)

0.0 - 0.25 22.95 6.60
0.25 - 0.5 53.34 7.09
0.5 - 0.75 70.28 7.41
0.75 - 1.0 78.13 7.67
1.0 - 1.5 84.86 8.00
88.28 8.26

1.5 - 2.0

120
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APPENDIX C

Bubble Size Calculations



sample Bubble Size Calculations

Bubble size calculations follow the drift flux procedure
outlined in Chapter 2. The average slurry properties tor the
fine coal experiments were used for each calculation. A sample
calculation for the averaged gas flow rate of 0.5 g/min i
shown below. The factor to convert from volumetric to
superficial velocity is 0.526 cmmin/Q -s. The superticial gas
for the

flow rate, V, and the gas holdup estimate, e

q
experiment are the two input variables in this procedure,

along with an initial estimates of m, and bubble size.

Constants for all calculations:

®, = 0.965

p., = 0.995 g/cm’

He = Muaeer * ®%° = 0.01 g/cm=s = 0.965"" = 0.010875 g/cm =g
Ve, = 1.58 cm/s

constants of gas flow rate of 0.58/min:

v, = 0.26 cm/s

e, = 0.0600
calculate the drift-flux constant V, for the axperiment.al
conditions as follows:

\"4 4
Vl = _ 9 _ 8l
g g (1—eg)
0.26 1.58
= - = 2.652
0.06 (1-0.06)
Estimate m = 3.00, and calculate the terminal hubble rice

velocity V. as follows:
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Vu: Vg - (Vg+Val)
e, (1-e)" (1-e)"
- 0.26 _ (0.26+1.58) _ 5 402
0.06°(1-0.06)3 (1-0.06)3
Estimate d, = 0.1 cm, and calculate the Reynolds number for

the bubble swarm as follows:

Va1 Pa1 (1 —eg)
Ks1

0.1.(2.652) (0.995) (1-0.06)
' 0.010875

Re, = dp-

it

= (0.1) (228.153) = 22.815

Calculate d, as follows:

181, Ve 0.687
d =\J—-—"——(1+0.15Re )
b Q'AP 8

- \/ (T8 (0.0T0875] (3.002] (1, (0.15) (22.815) °-6%7)

(981) (0.995-0.001)

= /(6.03x107%) (2.2859) = 0.0371cm

Begin iterations of Re, and d, as follows:

Re, = (0.0371) (228.153) = 8.468

dp = y{6.03x107%) (1+0.15(8.468)°-¢%") = 0.0315
Re, = 7.196
dp, = 0.0309
Re, = 7.044
d, = 0.0308

Calculate a new value for m, using the last values of Re, and
d,.:



[

d -
m = [4 .45+18 F”]Reg°'1

8 0.0308

=[4.45+1
[ 6.35

]0.7044-0-1 = 3.734

Calculate a new V. = 3.141, and continue iterations ol Re, and
d, as follows:
(0.0308) (2.652) (0.995) (1-0.06)
0.010875
(0.0308) (228.082) =7.023

Re,

% - ‘/HB) ((09.8011)0(80759)9(113)'141, (1+0.15(7.025) %)

J(6.036x107%) (1.5724) = 0.0315

Re, =7.182
d, = 0.0316
Reg, = 7.202

The bubble size for this set of conditions is 0.316 mm, using
the drift-flux calculation method.

After verifying the program results, a pascal computer
program was used to do the remaining calculations. The speed
of calculations allowed several starting estimates of m and d,
to be tested, to determine if the starting values affected the
final bubble size value. It was determined that there 1s no
effect due to these estimates. A listing of the source
program, and a sample of its output are provided at the end of
this section. Table C.1 shows the mean bubble size estimatos
for the averaged gas results. Tabhle C.2 shows the mean hubbl e
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estimates

for the averaged frother results,

average gas flow rate of 1.25 ¢/min.

125

using the

Table C.1 Mean bubble size as a function of gas flow rate
for fine experiments.

GAS e, dp
(¢ /Min) (%) (mm)
0.5 6.00 0.32
1.0 10.83 0.38
1.5 13.60 0.48
2.0 14.24 0.62

Table C.2 Mean bubble size as a function of frother

dosage for fine experiments.

FROTHER e, d,
(ppm) (%) (mm)
14 8.42 0.63
17 12.31 0.43
21 10.69 0.49
28 13.25 0.39
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Table C.3 Mean bubble size as a function of gas tlow rate
for coarse experiments.

GAS g, d,
(¢ /Min) (%) (mm)
0.5 13.29 0.07
1.0 14.59 0.28
1.5 16.16 0.40
2.0 16.13 0.55

Table C.4 Mean bubble size as a function of frother
dosage for coarse experiments.

l FROTHER e, d,
(ppm) (%) (mm)
14 17.29 0.30
17 13.25 0.40
21 14.66 0.36
28 14.34 0.37
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Bubble Size Program

prodgram Bub_Size;

el
dos, crt, graph,
Lib, PzlLib, MathLib;

var
GHo, { Gas Hold-Up }
Grate, { Gas Flow Rate )}
m, { Guess 1 }
Db : real; { Bubble Size (Guess 2) }
V_gl, { Drift-£flux Velocity }
V_inf, { Bubble Rise Velocity}
Reno : real; { Renolds # )
Extended,
Fini,
OK : boolean;
Ch : char;
m2,
D2,
b : real;
Fout : text;
i,3.k : integer;
const
Visc = 0.010875; { Viscosity }
SDen = 0.995; { “lurry Density )}
DelDen = 0.994; { Air/Slurry Dencity Difference )}
SVel = 1.58; { Slurr: Velocity }
Srav = 981.0; { Accelzrat on du=z to gravity )}
heoin
clyaer;

FPut_Centered_String(' Bubble 8ize Calculations ', 3, 3);
Gho := 0.0;

Grate := 0.0;

m := 0.0; ~
Db = 0.0;

QR := false;

mi := false;



k

:= 0;

TextColor (White);
TextBox(10,13,70,23);

repeat

repeat

Get_Prompted_Real(GHo,1,7,4,
Get_Prompted_Real (GRate,l1,7,2,

Get_Prompted_Real(m,1,7,2,
Get_Prompted_Real (Db,1,7,4,
Put_Centered_String(

' Press Y to continue,

Cursor_Off;
Ge*_Key (Extended, Ch);
case Ch of

'v','Y': OK := true;
'n','N': OK := false;
#27: begin
Cursor_On;
clrscr;
halt
end;
end;
until OK;
clrln(24, 0Q);

window(11,14,69,22);

start calculations )

'Gas Hold-Up

'‘Gas
'M

‘Bubble Size

N to Redo Input,

V_gl := (GRate/Gho)-(SVel/(1-Gho});
i := 0;

m2 := m;

Db2 := db;

assign(FOut, 'Bubbles’');
if not Exist('Bubbles'
rewrite (FOut)

then

else
append (Fout) ;

writeln(FoOut);
writeln(Fout);
writeln(FOut);
writeln(Fout, 'Gas
writeln(FOut, 'Ga

Hold-Up

sz Flow Rate

’

'

GHo:7:4);
GRate:7:2);

Flow Rate

'L5,10, 0,25, 1),

'L,7,10, 00,25, 1) ;
’:91101”13‘511):
*, 11,10, 00,25, 1)

«Bac» to Quit ', 24,13);
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viriteln(Fout,'M 0, m:7:2);
writeln (FoOut, 'Bubble Size . ', Db:7:4);
writeln{Fout);

repeat

i = 1 +1;

m := m2;

b Power (1-GHo,m) ;
V_inf := GRate/(Gho*x) - (GRate+SVel)/x;

1t

j o= 0;
repeat
joi= J+l;
Db := Db2;
Reno := (Db * V_gl * SDen * (1-GHo))/Visc;

Db2 := sqrt{((18*Visc*V_inf)/(Grav*DelDen))*
(1+0.15*Power (Reno, 0.687)) ) ;
writeln(FOut,'i = *, i:3, 'j = *,j:3,'m = ',m:7:2, 'Db =
if k < 9 then
k := k+1

alse

',Db2:7:4);

begin
gotoxy (1,1);
delline;
end;
gotoXY(1l,k);
write(Tab(5),'i = ‘', i:3, ' = *,3:3,'m= ',m:7:2, ‘Db = ',Db2:7:4);

’

until abs(1-(Db/Db2)) <« 0.01;

m2 := (4.45+(18*Db)/6.35)*Power{(Reno,-0.1);
until abs(m-m2) < 0.1;

if kK - 9 then
k := k+1
else
begin
gotoxy(l,1);
delline;
end;
gotoXY(l,K);
write(Tab(10),'Final m = ',m2:7:2);

1f kK « % then



kK 1= k+l
else
begin
gotoxy (1,1);
delline;
end;
gotoXY(1l,k);
write(Tab(10), 'Final Db
writeln(Fout,' Final m
writeln(Fout,*' Final Db
close(Fout);

window(1,1,80,25);
Cursor_Off;
Put_Centered_String/(

' Press any key to

Get_Key (Extended, Ch);
case Ch of

#27: Fini := true;
end;

clrln(24, 0);

until Fini;

Cursor_On;

end.

= ',Db2:8:5);
= ',m2:7:2);
= ',Db2:8:5);

continue, <Esc- to Quit
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sample Results from Bubble Size Program

GAG 2 0.% 8/min

Gas Hold-Up + 0.0600
Gas Flow Rate 0.26
M : 3.00
Bubble Size : 0.1000
i = 1 j = 1 m= 3.00 Db = 0.0371
i 1 j = 2 m = 3.00 Db = 0.0315
i = 1 3 = 3 m= 3.00 Db = 0.0309
i = 1 3 = 4 m = 3.00 Db = 0.0308
i = 2 3j = 1 m= 3.73 Db = 0.0315
i = 2 = 2 m= 3.73 Db = 0.0316
Final m = 3.73
Final Db = 0.03158
FROTHER = 14 ppm
Gas Hold-Up : 0.0842
Gas Flow Rate : 0.66
M : 3.00
Bubble Size : 0.1000
i = 1 j = 1 m= 3.00 Db = 0.0689
i = 1 3 = 2 m = 3.00 Db = 0.0633
i = 1 j = 3 m = 3.00 Db = 0.0621
i = 1 j = 4 m = 3.00 Db = 0.0619
1 = 2 3 = 1 m= 3.27 Db = 0.0626
1 = 2 J = 2 m = 3.27 Db = 0.0627
Final m = 3.27

Final Db = 0.06271
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Bias Flow Rate Calculations

-



—
(€8]
W

Ssample Bias Flow Rate Calculations

The bias tlow rate is defined as the net flow of water
downward through the interface. Sample calculations of the
hias flow rate for gas and wash water flow rates are shown
below. The calculations for the gas flow rates use the average
wash water rate of 0.75 ¢/min for each gas flow rate. Using
the data from table 4.4, the bias flow rate for the gas rate
of 0.5 ¢/min is calculated as follows:

Constants for all calculations:

Pun., = 0.985 g/cm’
pmml = 1.35 g/Cm!
1, = 0.010875 g/cm=s (from Appendix Cj

0, = 3.0 &/min

Percent Solids and Yield for Gas = 0.5 ¢ /min:

F o= 4.00%
C - 17.97%
Y, = 50.32% -

Calculate the slurry density p; as follows:

100

Par = —F " (100-F)

(Y coal P water

= 100 = 0.9958g/cm?

4.00 , (100-4.00)
1.35 0.985

Calculate the feed solids rate Q. , as follows:



Qsr) = QeXParXs
3.0L/minx0.9958g/mLx0.040
0.1195kg/min

n

Calrulate the concentrate solids rate Q,., as follows:

Qsic) = Y2XQpn = 0.5032x0.1195kg/min = 0.0601kg/min

Calculate the concentrate water rate Q,., as follows:

Qs(c) X (1-0)
xC

Q
wie) p water

0.0601kg/minx (1-0.1797) _ ,
= 0.2745L
0.985g/mL x0.1797 0.2745L/Min

The bias rate is the net downward flow of water, and ig
calculated by taking the difference between the wash water
flow rate and the water reporting to the concentrate, as
follows:

BR = Qu - Que = 0.75 - 0.2745 = 0.4755 € /min

Using the data in table 4.5, the bias flow rate for the
wash water flow rate of 0.5 #/min is calculated as follows:

Percent Solids and Yield for Wash Water = 0.5 #/min:
F = 4.33%

C = 13.49%
y, = 83.97%

Calculate the slutrv density ¢ as follows:

) 100
Ps1 © 1733 . (100-42.33)
T.35 0.985

= (.996/g/cm?
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Calculate the feed solids rate Q,,, as follows:

Opiry = 3.0L/minx0.9967 g/mLx0.0433= 0.1295kg/min

Calculate the concentrate solids rate Q;., as follows:

Os(e) = 0.8397x0.1295kg/min = 0.1087 kg/min

Calculate the concentrate water rate Q,., as follows:

0.1087 kg/min x 0.8651 _ ,
= = 0.7078L/Min
Onte 0.985g/mLx0.1349 078L/

The bias flow rate is as follows:
BR = Qu - Qu- = 0.5 - 0.7078 = -0.2078 g /min

The negative bias flow indicates that the net flow of water is
upward, in contrast to the first example.

Table D.1 shows the calculated bias flow rates with respect
to the gas flow rates for the fine experiments. Table D.2
shows the calculated bias flow rates with respect to the wash
water flow rates for the fine experiments.
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Table D.1 Bias flow rate as a function of gas tlow rate
for fine experiments, with a wash water flow rate ot
0.75¢ /min.

Gas Rate Bias Rate

(¢ /Min) (¢ /min)
0.5 0.475
1.0 0.323
1.5 0.129
2.0 -0.188

Table D.2 Bias flow rate as a function of wash water rate
for fine experiments.

Wash Water Bias Rate
(¢ /min) (¢ /min)
0.0 -0.287
0.5 -0.2078
1.0 0.463
1.5 0.757

The data from tables 4.10 (gas analysis) and 4.11 (whsh
water analysis) was used to calculate the following bias flow
rates for the coarse experiments. Tables D.3 and D.4 show the
calculated bias flow rates with respect to gas and wash water
flow rates respectively for the coarse experiment:s.



table D.3 Bias flow rate as a function of gas flow rate
for coarse experiments, with a wash water flow rate of

0.758 /min.

Gas Rate Bias Rate

(¢ /Min) (§ /min)
0.5 0.489
1.0 0.442
1.5 0.444
2.0 0.464
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Table D.4 Bias flow rate as a function of wash water rate

for coarse experiments.

Wash Water Bias Rate
(¢ /min) ( /min)
0.0 -0.169
0.5 0.085
1.0 0.631
1.5 1.194
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APPENDIX E

Screen Analysis of Concentrate Samples
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WASH WATER EFFECTS ON SIZE DISTRIBUTION
FINE EXPERIMENTS
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F::Lgure E.l’ Effe.ct: of wash water flow rate on the weight
size fractions in the concentrate for fine experiments.

WASH WATER EFFECTS ON ASH DISTRIBUTION
FINE EXPERIMENTS
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Figure E.2 Effect of wash water on ash content in each size
fraction in the concentrate for fine experiments.
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WASH WATER EFFECTS ON SIZE DISTRIBUTION
COARSE EXPERIMENTS
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Flgure E.3 Effect of wash water flow rate on the weight
size fractions in the concentrate for coarse experiments.
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Figure E.4 Effect of wash water on ash content in rJarh size
fraction in the concentrate for coarse experiments



