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ABS:;'EACT

The flotation behaviour of a low volatile bituminous
coal from McIintyre Mines Ltd., Grande Cache, Alberta, was
studi}d in a laboratory program. Batcth tests were performed
in a scaked replicate of the Wemco 120 fiotation machine
empioyed at the MclIntyre preparation plant. The cptimum
flotation environment was i§Eﬁtified with the a:d of a
factorial design concerned with the following process
variables: aeration rate, impeller speed, ccllectcr and
frother reagent dosages, and particle size distribution.
Values of the three parameters cf a kinet.. model of
flotaticn proposed by Kelsall and red#ined by Lynch were
extracted for each set of test conditions. The model was
to estimate yield and concentrate ash level. The modeli's

predicted performance for nominal

e

lant operating conditions
(factorial design centre point) was in agreement wiﬁh actual
plant data. By extension, model predictions fa},eptimizeé
laboratory conditians can be transferred to the plant scale.
This methodology is a powerful screening device for
establishment of pilot plant scale evaluations and is useful

in flowsheet design.
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é/sx 1. INTRODUCTION
Albérta's ccal reserves are geographically we.l

distributed. Figure 1.1 illustrates the three major coal

7]

regions of Alberta and identifies the coal rank which is
-» -
particular to each region.” The coal regions are
contemporaneous, being Cretaceocus in age and the coals
originate from a common base of non-marine vegetal matter.
g’ﬁ(; heterogenity of coal rank is explaned by the degree of

geologic metamorphism associated with each region. Mountain

coals are carbon enriched because heat and high pressures
associated with tectonic activity has driven off moisture,

volatile matter, and oxygen from the ccal structure.
Metamorphic alteration has increased the friability and

1

[

br

[
)

tt

P

eness of coal. Mining of mountain region zsal wi
generate size consists which are typically 40 percent finer
than 28 mesh (600 microns). Flotation is usually the most
efficient method of. processing these fines. In Alberta
préparatién plants, flotation is utilized to separate coal
from clay material which is interbedded in the coal seams,
The objective is to geﬁerate a product which conforms to
maximum limits of ash content specified by the customer's

coal from pyrite, The objective here is environmental; to

1imitaémissians of SO, from coke ovens or thermal power

stations. A
This preje:t was developed to fulfill four objectives,.

The initial objective was to study the flotation process in

&




BpeUR) UIB)SOAA JO suoibay

+

JILINOTT ;___:___T SNONINNLIBENS |

(NOILYNYHO4 ¥VISNT NI)
* SNONINNLIB 3T1LVIOA
WNIOIN ONVY MOT

(NOILYNHO4 AVNILOON NI)

jeo) iole

_ SNONINNLIG
3714V I0A HIIN

-

7

SNONIMNLIG 3111VI0A {777

NNIGIN ONVY MO 77

L1 Big

7590 ven
! £ IINET S

—

NOOLVNSYS)®
\ A

NVMIHILVASYS

3
VEOLINVN * e .k

P WIANOINYA

L 3
» \
SO

HSIL148

A ..
002 oo [+]
siyn

L I\



terms of hydrodynamics. The response of mineral particles in
flotation cell is of interest in this apprdach. The second

objective was to develop laboratory scale eguipment and

procedures which would accurately rg;licaﬁe the plant scale
flotation operation. This constitutes an effort to in:fease
the utility of laboratory data and strengthen its role in
the design of coal flotation circuits. The third objective
involved the application of a mathematical representation
(model) to predict yield and guality of coal flotation
concentrates. Two models were considered in this sectlion of

the work. The final goal was the application of data

g
]
[

obtained with the scale

Cha

laboratory equipment to the most
accurate model in an effort to define optimal flotation
conditions and e®uipment configuration. Economic and
technical indices were utilized as terms of reference for
the optimization.

The coal selected for study is mined and processed by
McIntyre Mines Ltd., Grande Cache, Alberta. This low
volatile bituminous coal is primarily exported to japanese
coke makers. It is regarded as one of the world's prime
coking coals. This cocal was selected because Mclntyre
operates the only preparation plant in western Canada which
practices flotation on the entire spectrum of particles
finé; than 28 mesh. Other operators restrict flotation
practice to a finer size range. The maximum flotation feed

particle at both Cardinal River and Fording Mines is 100



mesh (152 microns). This project was executed concurrently
with the cevelopment of an @ﬁistfeém ash monitor at the
University of Alberta. These projects mesh together as the
ash monitor has petEﬂcial for process control of coal

flotation.



n and Hydrodynamics of Flotation Machines
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Flotation machines are classified acsarélng to the
method by which air enters the cell. Pneumatic machines

ocated on the cell

e
m
]
[ad
=
"y
m
]
—
L
o
[
=
e
Ln
iy}
ot
(o]
b |
T
jo g
i
o
c
g
-
e
T
il
th
)
m
|
u
L

floor. The Callow cell, popular during the period 1900-1920,

-

was an example. A current example of pneumatic machine is

o

the Heyl and Patterson 'Cyclo-Cell'. By 1930, agitation
flotation machines were incorporated in the majority of
concentrator flowsheets. Air was entrained into the pulp by
means of a vortex generated at the pulp surface. Mineralized
bubkbles were transferred tec a separate gquiescent compartment
where froth formation proceeded. Agitation ma:h;hes were

replaced by subaeration cells which have maintained

o}

cminance to the present day. Air enters a subaeration ceil
through a standpipe suffeﬁﬁéggg the impeller shaft. Aeration
is promoted eithé: autonomously by suction generated through
impeller motion, or extraneously by pressure supplied by
turhine blowers., Self-aerating machines can be
"supercharged” by supplemental addition of forced air.

The design of subaeration machines has evolved in
response to the changing nature of flotation feeds.
Utilization of hydrocyclone classifiers has tended to
coarsen feeds because of theif sensitivity to surging feed

flows in which case the cyclone apex outlet can become



#

overloaded, by-passing coarse material to flotation feed.

Lay]

Flotation cells must be at.e =5 suspend ccarse particles
(size range: 212-300 microns' and simultaneously promote
flotation of ultrafines (size range: 1-10 microns).
Flotation requwirements for the size extremes are different,
prompting the development of cell designs and operating

e [1]. Sulphide mineral

[0y

practices specific to each ca

deposits are being developed at stead:ily decreasing ore

cut-off grades. Concurrently, the size cof concentrators is
- ¥

increasing tc realize market demands. Large, rat:i:onalized

1

concentrators respond tc requirements cof increased flotation
capacity by iﬂcéfp@faﬁing machine units of larger volume.
Advantages accompanying ecéﬁcmiﬁs of scale incl
minimization of: capital expenditures, operating, and
maintenance costs.

Two hypotheses exist concerning bubble-particle

attachment in as flotation cell. The gas precipitation

theory, as outlined by Taggart [2] in 1927, holds that
dissolved air precipitates out of solution to form bubbles
at nucleation sites on collector-coated (?ydfgphebic)
particles. Precipitation 1is therm@éynamizélly favoured under
conditions of increased temperature and reduced pressure.
Gaudin [3] proposed the direct encounter hypothesis in 1932.
A particle will

streamline whose closest approach to the bubble is the

radius of the particle. If the particle mov

5

long a



bubble, definite collision is realized. Three phases are
present at the contact point? the gas phase of the bubble,

the solid particle, and an intervening water layer which

slides over the hydrated film to its rest position at the
bottom of the bubble. The duration c¢f this traverse is the
conﬁéct time. Contact time :increases propcrtionately with
arc length; longer contact times are associated with
centrally located streamlines. The col}ision impact momentum
thins the hydrated layer, forming a ;wo phase contact

. (gas-solid) if rupture occurs. The time reguired to rupture
the hydrated film is labelled the induction time. Induction
+ime is in the order of 0.1 seconds. A bubble-particle
aggregate results if coﬁtacﬁ time exceeds induction time
(Figure 2.1). Sutherland [4] stated that induction time is
independent cf particle size whereas Woodburn et. al. [Sj
contend that induction time is directly proportional to
particle size. A mathematical model of recovery will
overestimate the flotation of coarse particles, utilizing
Sutherland's principle and underestimate the same with
Woodburn's approach.

If the gas precipitation theory predominates, then the

W
b

flotation rates of all particle sizes shduld be equ
Morris [6) demonstrated that this is not the case. As well,
photographs indicate that single bubbles can carry several
hydrophobic mineral particles into the froth in spite of éhe

fact that a bubble nucleation site cannot be distributed
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between particles. This criticism notwithstanding, it has

beer suggested that flotation proceeds predominantly via the

flotation cell. The requirements of the impeller can be
elucidated from this diagram. The impeller must promote
aeration (if the machi#% is self-aerating) and distribute
air uniformly in the twec phase mixing region. As well, the
impeller acts as a pump, recirculating pulp from remote
corners of the tank through the impeller zone. Above all,
the impeller must be aEle tc suspencé particles in order to
provide opportunities for bubble-particle contact and the
recovery of valuable mineral particles. The flotation region
1s a géléécént zone characterized by countercur
bubble-particle aggregates towards the froth co
gangue particles settling from the froth., Excessive
turbulence in this region disrupts bubble-particle
aggregates, destabilizes the froth and promotes mechanical

ntrainment of gangue particles to the concentrate stream.

L1 ]

Quiescent conditions are provided by the baffling action of
the stator which surrounds the impeller mechanism. The
stator prevents vortex swirling around the standpipe by
minimizing the tangential velocity component of flow.

An air cavity attaches to the trailing edge of each‘
impeller blade as these are low pressure regions. These

cavities reduce the power consumption of the impeller by
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hydrodynamic streamlining., The coupling between the impeller
(power transmitter) and pulp (power receiver) is detached,

causing slippage betwee
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in the impeller zone generates bubkles by vort
from the cavity taii. The degree of microturtulence and

concentration cf frother reagent influences the eguilibrium
that increased flotation

ibu in

T l‘
IJ\
]
D
[
*
[y

bubble size dist:

ry
[
Wl

rates are promoted by smaller bubbles, Gaudin [8) contended
that any method of reducing bubble size is a positive step-
to improved recovery ci ul::afiz;si Frother molecules adhere

heres (0.' tc ".C mm). Ir. the absence cf frother, bubbles,

F“

p
typically 0.5 to 3 mm 1n diameter, develop elongated tails
h

hich reduce hydrodynamic drag and promote high ascent
veloc:ties. Consider.:ng the lo
smaller bubbles, it follows by extension that the maximum

aeration rate cf a self-aerating machine :s limited by

frother concentration. For these machines, aeration rate is

Qu
-3

a function of impeller speed and submergence. Higher rates

are attained with faster rotational speeds. Increased

submergence of the impeller mechanism decre ases aeration

because of increaseé hydrostatic pressure. Englebrecht and
h

Woodburn [S] claim that optimum recovery is achieved if th
h@ldéup of air is one-half of the cell volume. Typically,

the air fraction is lower; Harris [10] suggests an average
value of 15 percent of cell volume. High speed photography

has dispelled the notion that stator blades serve to
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comminute large bubbles. !!!i@n to promote reduced bubble

increased turbulence. Uniformly distributed fine bubbles
reduce the pulp specific gravity and, in turn, the ability
of the pulp to receive power from the impeller. Increased
tufbuLEﬁeeradvefsely affects the stability of coarse

bubble-particle aggregates. Provision for separate treatment

of feed size extremes increases capital costs as more
flotation machines are required. As well, the suspension of

cbarse particles could deteriorate in absence of fines since
décreased pulp density increases the terminal settling
velocity of pa%tizles according to Stokes' law.

‘S:hubert [11] contends that since the flow regime of
the flotation system is highly turbulent (Reynolds Number:
1 - 7x10*), flotation modelling requires application of
turbulent ‘theory. Thi%ais hampered by the lack of

guantitative measurement cf turbuTence in three phase

[

sipat

o

on is a function

systems and the fact that energy di
of position within the machine. Two machines characterized
by equal values of power intensity (power/unit cell volume)
may have dissimilar spatial distributions of enetgy
dissipation (i.e. dissimilar mixing patterns). Schubert
desires incorporation of turbulence into the analytical
éadel of flotation, however, 1in the interim he suggests the
application of hydrodynamic criteria to characterize
flotation machine turbulence, This criteria is embodied by

the dimensionless guantities known as the air flow number



. —wvelocity to impellér tip speed. !

and the power number.

The air flow number represents the ratio of linear air

Lo

i

ha
(s
[N

form given by

Equation 2.1, it is useful for comparing flotation machines

m

within the same design family (hence the use of impeller

diameter as a characteristic length). Harris advocates usage
of the modified air flow number (Equation 2.2).

3 Qa

1bh:1 -
ND D

6%
N

inverse

: impeller linear air o
/ tip speed velocity (2.1)

where: -
Ng is the air flow number,

Qa is the volumetric flowrate of

o
I
La !

N is impeller speed.

D is impeller diameter

;Q
. Qa 1 Qa ;
qu = — = —_— [
AND ND A

where:

' is th

m

Ng

wodified air flow number,

A 15 the

)
]
|

FO55—5e

I'a ]

tional area of the froth column -
Arbiter et. al. [12] have shown the influence of the
flow number on the particle suspension capabilities of the
~flotation machine. For narrow size fractions, stable

particle suspensions are possible for flow numbers less th

[+

n

a critical-value. At the critical value, which Koch, (as
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14
N /

cn criterion,

ot +

quoted by Schubert) labled as the 1-s suspens

oses ability

b

Sch
particles sediment as the air saturated pulp

wn

to accept power. This phenomenon is illustrated by plofting
the power ratio (power consumed under aerated conditions )

compared to power consumed without aeration) versus the flow

number. Figure 2.3 illustrates the relationship between

low flow numbers, with prcgfgs;ive sedimentation of finer
particles as the flow number increases. Curve 3 of Figure
2.3 show the continuous progression of suspension failures
which occurs over a broad size spectrum. To reduce
§u5pensi§n failure, Arbiter suggested that aeration be
throttled for commercial self-aerating cells. Aeration (and ’

the flow number) is more precisely controlled, however, in

forced aeration machines. Recovery of wide size spectrum

flotation feeds is maximum at medium flow numbers. If flow
number increases, suspension failure of coarse particles
combined with turbulence induced froth instability reduces
recovery. If flow number decreases, insufficient bubbles and
turbulence induced bubble-particle aggregate disruption also
decreases recovery.

The power number, which is the ratio of Newtonian drag

stress to inertial stress, is a complex function of the

 Reynolds number, the Froude number, and geometrical aspects

‘of the impeiler-stator assembly.-For highly turbulent

regimes, the dependence on Reynolds number can be ignored.

In the absence of vortex swirl, the Froude number can be
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ng the ratig of

Lol

similarly dropped. The Froude number, be
inertial stress to gravitational stress, is a key parameter
in boat hull design. Thus, the power number simply reflects
the interaction between impellg% and stator. Algebraically,

the power number is given by:

P (2.3)

LS

where:

Np is the power number, 7

P is the power consumeéd ty the impeller,’

g is the gravitational constant,

Dp 1s pulp density |

For rotating machinery the power number reflects the flow .
straightening characteristics of the stator. Impeller
rotation imparts a large tangential vei@city component to
pulp flow. This undesirably leads to vortex swirl and pulp
stratification. The stator transforms the tangential flow
component into the r;dial flow component plus heat of
friction. Aerated pulp travels radially to the extremities
of the cell. Because of lower momentum, bubbles do not
travel as far as particles or fluid components. Instead,
they rise through the two phase mixing region interacting
with potentially floatable pa:giélgs, At the cell walls, the
impinging radial flow‘component is transformed to the
longitudinal component (plus heat); particles drop to the

cell floor where they are pumped radially inward to the



impeller. Truncation of the cell bctﬁém promotes
transformation of langitudﬁnal flow to radial inward flow. A
false floor may be utilized to partition the radial flow
directions. The spitzkasten, which is a form of truncation

included in earlier deep cell designs, has lost popularity
due to large floor area requirements.

The volumetric circulation capacity of a flotation
machine is determined by impeller design and operating
speed. Subaeration machine impellers cf the turbine type are
catego-izes intc three design groups. -Low profile turkbine
impellers are favoured by machines of deep 5ubmer§eﬂ:e such
as those manufactured by the Denver Equipment Co. [10] These
machines are lightly baffled w%gg a stator (Np = 2.0)
pasiticﬁeé as a hood over the impeller. Additional tank
corner baffles are required to prevent vortex swirl. To
improve pulp recirculation to the impeller zone, Denver
machines are fitted with a tapesed inverted cone surrounding

the impeller. Harris used residence time distribution tests

to identify this "D-R ring" assembly as a peffe:t mixer. The
Wemco [14] type flotation cell features a deep bladed star
shaped iméeller in conjunction with a disperser ring stator
(Np = 5.0). The impeller is extruded from a flexible plastic
vhich causes the bottom half to be twisted to a more
streamlined shape under influence of torsional stress.
Outokumpu [15] has designed a thi;é type of impeller which
facilitates bubble generation from deep regions of the

impeller., Pulp is pumped within sections of ten inverted V



" shapes arranged in circular fashion, apexes pointed inward.
Air :s distributed outwards between these sections. In order

tc offset increasing hydrodynamic forces at greater depth,

1

k]

the impeller profile is shaped as a paraboclcid of
revolution, apex down.
The impeller brings together the air and pulp phases

along opposite longitudinal flow paths. Pulp is ejected from

o
o

the leading edged cf turbine ades while air bubbles are

[Rd
T

shed from trailing edges. Bo travel concurrently towards

R
the stator. The power ccrsumption of the impeller is related

R4

he tangential velocity component

[

to the net increase in
imparted at the impeller tip. Pulp streams emerging from the
impeller zone must have sufficient initial velocities which,
after stator conversion to the radial component, transport
coarsest particles tc ‘and from the most distant points in
the cell. Sedimentation occurs at points where critical
radial velocities (which are proportional to particle size)
are not maintained. The impeller extends the two phase
mixing region to the cell walls. In order to accomplish
this, power transmission to the pulp must be assured by
proper balancing of impeligr speed and aeration.

arger flotation cells require higher power inputs and

'

stators of higher power number. Manufacturers downplay high
power requirements through utilization of the power

“curately

intensity quantity, Power requirements are more a
expressed if power intensity applies only to the two phase

mixing region. The quiescent flotation region should be



discarded in power estimations. For calculation purposes,

the two phase mixing region refers to the volume swept out
from the aeration section of the impeller to the cell walls.
The aeration section represents the top half, and :wo-thirds
for the Wemco and Cutokumpu impellers, respectively. |
Hydraulic performance maps illustrate the relationship
between power intensity and flcw number under conditions of

variable impeller speed and aeration rate. Figure 2.4 is an

-

example ¢f a hydraulic performance map. Schubert determined
that peco

very is influenced by hydrodynamics. Recovery of
coarse particles is maximized by operation at high fl@wr
numbers and with power inputs which are marginally above the
1-s suspensicn criterion. These conditions necessitate the
generation of desirably larger air bubbles in the impeller
zone and minimize turbulence in the two phase mixiﬁ? region.
Ultrafines should be recovered at increased power inputs and
reduced flow numbers. Increased microturbulence of the
impeller region reduces bubble size and increased collision
momentum raises the probability of bubble-particle aggregate
formation. . ‘

The proper machine for flotation of sulphide ores
features low aeration rates since the majority of the
flotation feed reports to the tailings stream. The number of
bubblé-particle collisions regui%gd is proportional to the
feed grade. The froth surface area to cell volume ratio
should be low to facilitate development of a stable froth
phase. Rougher section froths should be only 6 to 8 inches
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thick in order to maximize recovery. Thicker froths (12 to
16 inches) at the cleaner section are reqguired to accomplish

concentrate grade objectives, Aeration requirements are

on, hence, the froth area to cell

la
=
2

greater at this sec
vclume ratio increases. Processing of high grade flotation
feeds such as coal, potash, and phcsphate, implies that the

majority of feed repcrts to the concentrate stream. It is

desirable to maintain high aeration rates and high ratios of
froth area and concentrate launder lengths to cell volume.

High values cf the latter ratio facilitates froth removal,

fgreventing the step from becoming rate deﬁermining;f@: the
. : e o

flotation process. The Dutch State Mines presen ted the

Kleinbentink coal .flotation cell in 1958 [16]. It was an

inverted carculaf :aﬁlcal section which featured scraping of

¥

the entire frath surface by radial paddles with discharge

inte the

ﬂ

cir

jC

mferential concentrate launder. For reasons

f

unknown, universal application of this degign was not

realized. v
Laboratery scale flotation machlnes must be designed in
an attempt to duplicate the flotation environment and

metallurgical response experienced at the plant scale,.

Duplication at reduced scale regquires control of: impeller
speed, aeration rate, pulp level, and concentrate removal
\r?*

rate. Scaling is complicated by the lack of unified

criteria. Machines have evolved within the framewcrk of

manufacturers’ design families such as: Denver, Wemco, and
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suggests that all are achieving specified performance
objectives. It appears that machine selection is a fuﬂ:tign
of salesmanship and subjective preference of degign-
engineers associated with concentrator construction. Another
aspect which complicates scaled development of laboratory
equipment is the fact that a universally standard flotation

laboratory performs tests which simulate rougher and cleaner

0,

cycle tests, and floctation rate

flotation stages, locke
tests with its own habitual methodology.

Kinematic similarity between machine sizes of the same
family, is one criterion for scaling. This implies constant
geometric scaling along with the principle that '
corresponding locations between machines Have velocities in
constant ratio. The indicator of kinematic similarity is
constancy of Froude number which leads to the concept that
impeller peripheral speed is proportional to the square root
of impeiler diameter. Outokumpu is the only manufacturer

—
which designs machines with this principle.

Thevcritefia for similar particle dispersion in

machines of different sizes within the same family ‘is

‘constancy of: geometric scaling, power number, and power

intensity. This implies that impeller peripheral speed is
proportional to the cube root of simpeller diameter. Of all
designs, the Wemco machine is closest in fulfilling this
criteria. Harris suggests that air flow numbers for machines

of different size within the same design family differ by a
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constant of proportionality.

Flétatian-machiﬁe design should be concerned about
providing opportunities for bubble-particle collisions,
necessary hydrodynamic conditions, and adeqguate material
transport paths. If machine scaling incorporates these
consideration, attainment of metallurgical performance
abjecti§es will be assured. Emphasis would then shift to
aspects of regulatory contrcl features, longevity and

reliability of component parts, and the eliminatich of
: -

res, in efforts to reduce flotation machine

eat

-y

unnecessary

[

capital and maintenance costs.



2.2 Fundamentals of Coal Flotation

o™

Flotation is currently practiced with low and medium
vclatile bituminous coals. The principal reason for limited
application is economics. The value of the product must
support the significant capital and operating expenditures
associated with coal flotation. Low and medium volatile
bituminous coals are presently sold “o coke makers at
approximately $65 per ton, over twice the price of high
volatile bituminous and sub-bituminous thermal coals.
Flotation costs cannot be recovered for thermal coals. The
secoﬁdary reason for exclusivity is the variation of
floatability according to coal rank. Floatability is
classically guantified by the bubble-particle contact angle.
Higher cdntacet angles.are indicative of high floatability.
The relationship between contact angle and coal rank, as
established by carbon content, is given in Figure 2.5.
Research is required to apply flotation to high volatile
bituminous coals. This research will be stimulated by the
desirabi&ity of providing coke oven feeds which are blends
of different coal ranks. In essence, high volatile
bituminous coals will serve to extend the static life index
of the world's coking coals.

The surface components theory of coal flotation was

postulated by Sun [18] in 1954, Basically, flotation feed
particles are binary mixtures of floatable coal and
non-floatable gangue. Floatability of a particle is

established intrinsically by the dominant component as
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expressed in terms of surface area. A particle, dominated in
terms of volume composition by the non-flcatable component
may respond as a floatable particle if the non-floatable
gangue is concentrated at the centre and is surrounded by a
shell of floatable coal. Miller et al i19] included particle
specific gravity in their generalized explanation of coal
flotation. Particle floatability is considered to be
proporfional to the floatable coad component of surface area
«
and inversely proportional to particle mass. This
relationship is given in Equation 2.4. Egquation 2.5

expresses this relationship in terms of particle radius.

f(s)
F a
. g (m) ,
p where: |
F is particle floatability,
f(s) is a function of floatable surface area,
g(m) is a function of particle mass
' axc? 3 ‘ 4 \
F 0'.‘!;”— 3 -
ps(4/37rr ) PgT
(2.5)

where:
r is particle radius, - L -

pg is particle specific gravity

For particles of constant specific gravity, the surface area

to mass ratio increases with decreasing particle size. This



implies that selectivity of the flotation process imgravés{
for coarser sizes (+100 mesh). Miller cencluded thatr
flotation should be restricted to coarser particies such as
14x100 mesh and that finer particles should be handled by

hydrocyclones. Surface area effects do not influence the

hydrocyclone classification mechanism. Cyclones rely on the

L
e

5 ©

m

responses of particl varying mass subjected to

clone

w

centrifugal forces. C

gt

are efficient separators for

coarse feeds, however, operating inefficiency is high for

particles finer than 100 mesh.

Table 2.7 outlines the distribution of floatability

[

over coal maceral groups. Western Canadian coals are
/ . CL .. s o -
composed of approximately 70-80 percent vitrinite and 20-30

percent inertinite. Vitrinite is a reactive maceral group,

heat. Inertinite remain§lintact during the carbonization

process. Vitrinites ar istinguished according to the
reflectance of light from an oil immersed polished surface
during petrographic examination. Vitrinites of low
reflectahce afé high in oxygen content, hence lower in rank
and floatability. As much variation in floatability exists
within the vitrinite group as exists over the spectrum of
maceral groups. Exinite enhances fluidity during
carbonization and is a desirable coke oven feed constituent.
Appalachian coals contain 5-20 percent exinite, however,

Australian coals of Permian age are less than 1 percent

exinite and up to B85 percent inertinite. Maceral composition
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VITRINITE

EXINITE

INERTINITE

28

Composed of cellular woody
tissue of trees buried
in peat swamps

Remains of algal bodies,
spores,and leafy
cuticular tissue

hY

" Originates from 'humic mud',

fossil fungi remains.

Most commonly, carbonized
wood; evidence of _
pre-historic forest fires
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is a function of:plant species and depositional history of
the particular coal. In view of this, blending to obtain
desirable coke oven feeds has become an exact science (see

Pearson [20] - Figufes 16, 17).
4
2.2.1 Flotation Reagents

In the majority.of cases, coal flotation is
accompl{§hed with only two classes of reagents - collector
and frother. The role of the collector is to gently ;nudge'
the coal into a more floatable state by slightly increasing
the bubble-particle contact angle. The collector, which is a
non-polar hydrocarbon molecule such as kerosene or diesel
oil fulfills its ébjective by smearing pafticle surfaces. In
hetallic mineral flotation, collector adsorption occurs
either.by formation of a metal-collector molecule céhpl;; at
the valuable mineral surface br by electroséatic attraction,
Typically, the hydrocarbon collector dosage ranges between 1
and 3 liters per tonne cf flotation feed.

The frother reduces surface tension at the interface
between the flotation region and froth coiumn (Figure 2,2),
This permits establishment of a foam which evclves into a
frotﬁ phase as mineralized bubbles are pushed upwards from
the foam, Frother'mplecules are heteropolar, the polar end
(OH\Qroup) is orientated downwards into the flofation region
because of hydrogen bonding with water molecules. The froth
column sits ontthe non-polar hydrocarbon ends presented at

the interface. The original frothers were pine oil and
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cresylic acid, especially the latter because it is a cheap
coke cven by-product readily ccnsumed by an intergrated ccal
preparation plant. Both are, however, "impure” frothers
because molecules tend to adsorb onto coal surfaces. The
price advantage of these frothers was lost because adsorbed
molecules must be replaced to maintain stable froths. Short
chain aliphatic alcohols such as methyl isobutyl carbinol
(methyl amyl alcohol) and the "Dowfroths” are current
pcpular frothers. The increased cost of these "pure”
frothers is recovered by lower dosage regquirements. Frothers
are typically applied at one-tenth of the hydrocarbon
collector dosage (0.1 - 0.2 liters per tonne of flotation
feed). Aplan [21] suggests that emulsification of frother in

is

w

the fuel il reduces total reagent consumption. Thi
challenged by Goncharova et al [22] who maintain that
maximum flotation activity of ccal is attained when the
interaction between non-polar collector molecules and
heteropolar frother molecules is minimized. Water soluble
frother'mo;ecules may accumulate on emulsified drops of
collector in the pulp. Collector molecule smearing 1s
precluded by the presence of OH groups extending from
frother coated collector drops. TO maximize yield, frother
addition is made just prior to aeration, with allowance for
collector addition at an upstream point such as a

distribution box (e.g. McIntyre Mines) or a conditioning

~

tank. v
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The role of the frother reagent can be fulfilled by
solutions of inprganic metal salts. Iskra and Laskowski [23]
have performed laboratory investigations with 0.2 N NaCl
solutions in-lieu of frother réagent. Several Russian coal
preparation plants utilize sea water in the flotation
process. Presence of the metal cations raises the specific
gravity of the flotation pulp, promoting suspension and |
lower settling velocities of coarse coal particles. In
essence, a hybrid process cf froth flotation and static bath
heavy media separation is created. Detericration of the
froth phase may occur if cation concentration is not
regulated. ?or example, excessive zinc sulphate, added to
depress sphalerate in galena flotation, will cause thin,
fraéile froths of low mobility.

Depressant reagents are utilized in special
circumstances of coal flotation. If reverse flotation 1s
practiced to selectively concentrate pyrite and reject
valuable coal to the non-floating stream, additions of

-

starch, or tannic acid, or potassium permangenate serve to
-3

. (3

depress the coal. Starch and tannic acid form micelles which
adsorb onto coal surfaces, blocking bubble attachment sites.
Permanganate oxidizes the coal surffi:s to reduce |
floatability. Optimum flotation yield has been established
iﬁ the pH range §—8. This obviates tﬁe requitemént'for pH
modifying reagents exceptingrcircumstances of extremely poor

process water quality.
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2.2.2 Flotation Qf'DKidl:E&iCGal
Oxidation of ccal proceeds by twc mechanisms. Primary
oxidation occurs in-situ as oxygenated groundwater -

percolating thraugh the coal seam reacts wlth the contacted

coal moclecular structure. Secondary oxidation is
atmospheric, occurring on coal surfaces exposed during

mining and processing. Oxidation products-are water soluble

[, ]

\ES%&SJ humic acids; oxalic acids have been identified as the majaf

(Oxidation product of Carboniferous age Appalachian coals and
ketonic acids are the dominant oxicdation product of
Cretaceous western Canadian coals [24]. Oxidized coals are
identified by Free Swelling Index (FSI) of zero.and low
flotation yield. .

Two approaches have been attempted‘in the flotation of

idiz

st
et
iy

d coal. Removal of the oxidation $froduct by attrition

5CT

""'l

ubbing and chemical leaching Hasaéﬁtempteé in early work.
Ultrasonic wave energy has even bEEﬁ applied to destroy the

oncluded that “once

i

Ih

[\
[Ty

oxidized product layers. Sun [2
original surfaces of coals afe appreciably deteriorated by
.oxidation, they cannot be restored through washing with
water or alkaline solutions”. A recent appfca:h takes
advantage of special characteristics ac:cmpanylng oxidized
surfaces. Wen [26] and McIntyre [27] have noted that the

surface charqge of coal particles in water, determined by
electrophoresis, becomes increasingly negative with
increasing severity of oxidation. A cationic fatty acid

collector (lgufyl amine) improved flotation yield of



rtificially oxidized coal in both investigations. The

(1]

cation of the collector molecule was electrostatically fixed
to negatively charged oxidized coal surfaces. An air bubble
rising through the two Ehase mixing regien would "see” the
hydrocarbon ends of the collector mclecule rathe: than the

' hydraphili::;xiéatiéﬁ products, thus increasing the l\

probability of bubble mineralization.

2.2.3 Coal Flotation Practi

\’q\
L2

Western Canadian operators practice coal

L]

lotation in a
siﬂglé stage of rougher cells. A simplified flowsheet of the
flotation section at Hcintyfe Mines is illustrated in Figure
2.6. The ash content of flotation concentrates is low enough
to eliminate the necessity of cleaner flotaticn stages. This
is not the :aée in South Africa [28) as middling particles

eporting to rougher flcotation concentrates must be removed

Ly |

at a subsequent cleaner flotation stage. Figure 2.7
1llustrates a flowsheet which is being considered for the
Dufban Navigation Collieries. This sensible flowsheet is in
reality an application of Aglan‘sA[EQ] "grab and r;n“ scheme
which in turn is similar tc a flowsheet proposed by Steiner
[30] for complex sulphides. Fast floating, high grade coal
particles quickly recovered in the first few rougher cells
are routed directly to the dewatering section. Coarse
middling particles gze recovered at latter rougher cells and
report to cleaner flotation. The majority of operating

expenses and efforts are concentrated on the feed type

A
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requiring most a:téﬂti@n - the middlings particles,

Aplan proposed the "grab and run” scheme toc separate
pyrite from Appalachian coals. He made provisions for the
conventional cleaning stage as shown in ?igufe 2.7, but he

e flotation at the

2]
1L

also suggested the option of reve:
cleaner stage. Coal would be depressed with dextrine starch
and xanthates used.to collect pyrite. Aplan emphasized that
the rougher cells are to be operated witnh gentle conditions:
low impeller speed to prevent destabilization of coal
bubble-particle aggregates, and low aeration rates to
prevent suspension failure of coarse particles (Figure 2.3).
(Note the differences between Aplan’'s and Schubert's
flotation environment for coarse parﬁi:les;) In this scheme,

ng to size. Coarse

ﬂ
‘ﬂa

€5 ac

[

flotation classifies partic
high grade particles are scalped in the rougher stage while
the cleaner operates on the fines.

Firth et al [31] studied thg@effegt of particle size on
poofly'floating Australian cealsgiPaf icles coarser than 250
microns responded te flotation only when :sclated from finer
particles. Poor floatability in the wide feed size s;e:tfum
is attributed to the fact that fine particles adsorb a
disproportionately greater arount of collector (because of
hxgh surface area) at a dlspfcpartlcnately higher rate,
Coarse particles are vlrtually st;rveé for collector. Two
methods were proposed to remedy this situation, Firstly, the
flotation feed should be subjecﬁed to split conditioning

[1]. Coarse and fine particles are conditioned separately to
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ensure equitable distribution of collector. After
:Oﬂéiti@niﬁg, the sizes are reunited and presented as
flotation feed in a common stream. The second proposal is
addition of collector by incremental stages. The initial
increment is applied at the conditioner; subseguent addition
~points would be identified at latter rougher cells.
Interaction beween collector and frother must be minimized

in application of the staged addition strategy.



38

"2.3 Mathematical Representation of Flotation

Resear-hers have formulated mathematical representation
hese

of the flotaticn process for over 35 years. The
representations, also known as models, have been utilized
mainly in the description of the recovery of valuable
minerals as flotation concentrate products. Application of
flotation models generates benefits which are both aéademic
and economic 1in nature. Fundamental understanding of the
flotation process is enhanced by models. Coincidently,

models provide a scientific basis for the optimization of

design and operation of flotation circuits. King [32],

=

however, has observed that the majority of mineral

rt

concentrators, operating at prcfit, were designed utilizing
the traditional methods cf bench scale preliminary testing
followed gy pilot plant evaluation. In his estimation,
flotation models should be restricted to the assessment of
pilot pianE data and the development of strategies for the
computer control ‘'of flotation plants.

In 1970 Steiner [30] presented a flotation circuit

developed according to a kinetic model. This circuit, or

Iy

hvbrids of it, has been succ ull

i ]
w

5 incorporated in

y
concentrators treating complex sulphide ores in Sweden,

-

Finland, West Germany, and Australia. Flotation models
possess vast potential for applications at all levels of
concern including the laboratory, pilet plant, and the

operating plant,



According to Woodburn [33], the basic requirement cf

a

flotation model is precision rather than elegance. A model

is developed in two stages. Ini

tally 1t is formulated as

e

mathematical expression (or set cf expressions). Then it

executed with the aid of a digita. computer. The applicat

a
is

ion

of the computer can promcte the T.sccnception that the model

form is trivial. The model, however, should not be a

cumbersome form with many parameters. It should be expressed

in a manner which takes advantage of the economy available

through reduced computing time.

In a structural sense, models can be classified into

the following categories:

a.

Analytical Models The mathematical statements

involved are rcoted in fundamental scientific law
In his model, Sutherland [4) described the
hydrodynamics aspects of flotation of a single
particle in the context of the bubble éﬁC@UﬂtEf\
hypothesis. He extended his model to deal with a

flotation feed by incorporating distributions of

particle and bubble sizes, and induction times,

-

s?

Heuristic Modefls Plausible equations are proposed

to describe flotation. These models can be
customized to accommodate special conditions such
the reporting of fine gangue éafti:les to the
concentrate by a mechanical extrainment mechanism

rather than bubble attachment. Heuristic models

typically use kinetic rate expressions to describe



: the recovery of valuable mineral.
Significantkcontributioné to the develsﬁment of heuristic
models have been made by: Bushell [34], Jowett [35],
Woodburn [S], Lynch [36]), and Kelsall [45].

Application of an analytical model to a flotation plant
entails the on-stream estimation cf parameters such as:
particle and bubble diameters,.shape factors, and forces
disrupting bubble-particle aggregates. The equipment
required to measure these variables is either unavailable or
prohibitively expensive. Thus, analjti:al models have
restricted utility. Heuristic models use cbservations like
fractional recovery rates of concentrate, and tailings
flowrates to generate a "lumped” parameter such as a
flotatiop rate constant. Model predictions are made in terms
of these inferred parameters. Heuristic models affef
facility of application which has established their role as

the preferred model type. The development of heuristic

flotation models is outlined in the balance of this,section.

2.3.1 Initial Developments of Heuristic Flotation Models
In 1942 Schuhmamn [37] suggested that f%:ave:y and
grade provide an incomplete picture of flotation behaviour.
He insisted that quantitative measurement of the rate of
flotation would facilitate accurate understanding of
N : :
flotation mechanisms. .Experimentally measured rates of

flotation would be used in the derivation of a new guantity

which he called the specific flotation rate. Algebraically,
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the new guantity was written as:

_ 2.
_ r %
F = -~ ;1! o ' )
Vs (2.6)

?Iis the specific}fletaﬁicn rate,
r is the rate of flotation (exﬁerimEHtally
measured),
C is the concentration of valuable mineral inh the
pulp, |
V is pulp volume (exclusive of air)
Schuhmann related the specific flotation,rate to the

of particle bubble attachment by the encounter

(7]

kinetic
hypothesis. Analysis of the encounter theory requires
consideration of a probability of collision (Pc) and a
grcsabiliﬁy of adhesion (Pa). Pc is a function of aeration
rate, agitation, and hydrodynamic behaviour of the
particles. Pa is a function of hydrophobicity of the

tending to disrupt the two phase aggregate., Morris [38]
suggested that Pa is directly proportional to particle size.,
The specific. flotation rate can be eguivalently expressed

as:

‘Pc-F

|
[
er

\m\

where: F is the froth stability factor, (sFsi



Schuhmann intended the froth stability fa;téf to represent
the detathment Df particles fro _bubbles in the froth phasé.
Detachment of gangue parti:iess(ané subsequent re-entry into-
the pulp) is a desirable mechaﬁism called secondary
cleaning. Excessive detachment of valuable particles,
however, is indicative of improper froth characteristics.

In his experimental work, Schuhmann used continuous
testing methods to verify that the flotation machine acts as

the rate of concentrate product removal

[y

a perfect mixer i
is considered negligible. This allowed the tailing sample of
a continuous flotation test to be representative of the pulp
body. |

Schuhmann defined the "coefficient of mineralization”
as the ratio of the concentration of valuable species in the
froth product to the concentration of the same in the pulp. ™
He considered this to be a measure of the kinetics of bubbié
levitation and froth drainage, It also described the
floatability of a species relative to the rate of water
recovery to the concentrate. Grade is generally a function

‘of froth height and the coefficient of mineralization

quantitatively describes the degree of secondary cleaning

rovided by a particular froth. High values of the

\ru‘

coefficient, indicative of good separation between values
and gangue, are associated with thick froths.
Brown and Smith's 1954 study [39] proposed that

flotation proceeds in two stages. Initially, the surfaces of

valuable feed particles (coal in this case) are prepared in
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order to increase the probability of adhesion. Subsequently,
hydrophobic valuable particles are separated from gangue and

carried into the concentrat

m

stream. They suggest that this
separation occurs in both the pulp and froth,.

They contend that the initial flotation stage is
essentially analogous to a chemical process although a

reaction is not implied. This can be described by

chemical reac
the general rate equation:
dc n
- — = KC
dt

(2‘8)
where:
C is the concentration of mineral species in the
oulp,
pulp ‘ -
n is the order @f'the reaction,
K is the nth order reaction rate constant
"According to Brown and Smith, applicability of the model is

hase. The rate of flotation, d4C/dt, i1s equal to the rate of

]
[Ty
m

recovery if the rate of mass transfer of mineralized froth
to the concentrate stream is large enough to minimize the
amount of material which drains back from the froth to the
pulp. This implies that the froth stability factor is equal
to 1, hence, the froth phase was effectively ignored in the
model. The reduced separation efficiency of fine clay
particles (less than 10 microns) was reflected by high

coefficients of mineralization. This implied that the

#
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recovery of this species is proportional to the recovery of
water, discounting the appliéability of the bubble encounter
mechanism to this species.

Morris [38] showed that flotation rates were maximum at
an intermediate size of about 60 microns, and decreased
monotonically at both size extremitiesf Likely, the
probability of butble-particle collision is low for small
particles. To maintain high values of Pc for the fines
fraction, bubble diameters must be reduced. This is
accomplished by either increasing the frother EEBQEﬂtV
concentration, or increasing the turbulence in the impeller
region. Gaudin et al [8] moted that flotation rate 1is
independent of particle size below a value of 5 microns.
This observation confirms Brown and Smith's statements

concerning recovery of clay fines in,c¢cal flotation.

2.3.2 Refinements of the Kinetic Model

Jowett and Safvi [35] rationalized the applicability of
chemical kinetics to flotation by .noting the analogy between
atomic and molecular collisioné and bubble-particle
collision. They considered that the rate of flotation 1s a
function of the concentration of air bubbles as well as

floatable particles. Their kinetic expression is given in

hquation 2.9,
-
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(2.9)
where:
#
A is the concentration of air bubbles in the pulp,
a is the re#ction order with respect to bubble
concentration
Under conditions of constant aeration, A is also constant
and this model reduces tc the form of equation 2.8. With
this reduction, the rate constant is modified (lumped!) to
reflect simultaneous influences of both aeration and
floatable particle concentration. Jowett [35], Brown and
Smith [39], and Bushell [34]) contend that flotation is a
first ordef rate process such that in the model, n assumes a
value of 1. Arbiter [4C] suggested that improved accuracy is
realized if n is equal to 2 (second order reaction). de
Bruyn and Modi [41) suggest that the order. is split, beinggl
first order for particles finer than 65 microns and of order
3.2 for coarser particles.
With n equal to 1, the integrated form o% the kinectic

model given in Equation 2.8 is expressed as:

-

batch flotation: C = C,exp(-Kt)
(2.10)
where: C, is the concentration of valuable mineral

in the pulp at t=0



continuous flotation: C = C,/(1+K8)
(2.11)
where: existence of a single perfect mixer is
assumed,
® 1is the nominél residence time for a single
flotation cell
. Jowett and Safvi selected bituminous coal as a
preferred experimental material because only a frothing
agent was required due to the inherent hydrophobicity of
their samples. Also, coal's low specific gravity minimized
the pbssibility of sanding and stratification. Salt was
selected as a frothing agent beciuse of its low adsorption
capacity on coal surfaces. This promoted true equilibrium
conditions which they claim were absent from Brown and
Smith's experiments due to continual adsorption ©of the
cresylic acid frother oﬁ coal surfaces.
1f the residence time in a flotation celllis infinite,
all of the floatsble feed material will report to the
concentrate. At realistic flotation périods, a small
fraction of floatable material remains in the tailings
stream. Attainment of 100 percent recovery from batch tests
‘which use the concentrates of previous tests as feed
material, 1is§ not;possible. Morris attributed this to the
fact that floatable material is recovered with the proviso
that it is present in quantities which assure the
maintenance of minimum values of Pc and Pa. Pulp‘dEﬂsity 18

an important factor of flotation recovery. Jowett restricted
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the applicability cf the kinetic model tc describe only the
recovery of the floatable component of the feed mater:ial.
For continuous flotation proceeding with first order

kinetics, the modified model is given by Equation 2.12

- (2.12)
where:

M is the fraction of floatable material in the feed

pulp,
o 1s the fractional yield of floatable material at

the cell residence time,
Qt is the tailings volumetric flowrate

M is guantified as the maximum recovery of a batch test
conducted under conditons simulating the continuous
operation. g‘x

Bushell [34] :chfenéed that since collector reagents
adsorb toc some extent an,gil particle species the success of
flotation is a matter of selectivity. In kinetic terms,

selectivity implies the establishment of differential rates

of flotation amongst the species present in the feed. The

1]

non-floatable fraction of a species consists of .
keterogeneous mixtures of values and gaﬁgﬁg (locked
particles), and liberated values which are insufficiently
collector activated. Figure 2.8 illustrates the recovery of

the floatable component from a batch test. The model which

describes this situation is:
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Source: Bushell

Concentration of Floatable Particles in Pulp

Time

Fig. 2.8 Concentration of Fioatable Particies in the Pulp as
a Function of Time
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Ca - Cf = (C, - C%)[expl(-Kt)])
(2.13)
Recalling Schuhmann's consideration of the froth phase,
Bushell formulated a differential equation to describe mass

transfer across the froth. This is expressed by Equation

2.14.
ac dB dp
— —_— = - — 4 -
‘ dt dt dt .
(2.14)
where:
dB : . C o -
. 1s the rate at which bubble-particle aggregates
dat enter the froth,- 7
EE 1s the rate at which particles drain from froth
dt

to pulp )

Tomlinson and Fleming [42] examined three flotation
regimes. Flotation occurring under "freé” conditiaﬁs implies
that no deficiencies of avéilable ccllecting sites on bubble
surfaces exist at any-time. Bubbles entering the base of the
froth are sparsely coated which implies high levels of Pa.
Free flotation is a first order'process, favoured at
conditions cf low pulp density. Inhibited flotation
represents the opposite extremity. It is characterized by a
saturation of particles at the bubble surface - no
collecting sites are available. Inhiﬁited flotation is
independent of the concentration of floatable particles and .
as such is a zero order process. The inhibited regime is

promoted by high pulp densities, deep flotation cells, and
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along a continuous bank of cells),

through the transitignhal stage and eventually, free

[

flotation is realized. Using this approach, Tomlinson and -

¥

1

(a4

Fleming declared the overall tation reaction to be of

0

iﬁdeterminate order.

Imaizumi and Inoue [43] suggested that the overall
fictation process is a composite cf the following
independent mechanisms:

1. Encounter of particles and bubbles in the pulp phase,

2. Attachment of particles to the bottom of the froth
column as promoted' by agitation in the pulp phase,

3. Selective precipitation of gas dissclved in water onto
particles in the pulp phase,

4. Mechanical entrainment of particles into the froth
column'by water.

Valuable mineral particles are recovered predominately by

the first mechanism whereas gangue particles are placed in

the concentrate via the fourth mechanism. Assuming there is

no interaction between the four mechanisms, the number of

particles floated per unit time is given by the sum of the

particles floated according to each regime. This in turn is
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preoportional to the number of particles in the system,
\hence, the flotation process ideally conforms ﬁé the first
order rate equation,

There exist two contributors to deviation from first
order behaviour. One source is due to the iﬁtera:tiaﬁ
-between the four courses of flotation. A more important
source 1is the diSEFibuted nature of rate constants with

respect to physical characteristics such as particle si

'

e
and specific gravity. In essence, the flotation feed is
considered to be an assembliage of distiﬂct classes of
homogeneous flotation behaviour. The first order rate
equation with distributed rate cons:tants is exprésseé as:
¢ = cJ/g(mexm-Kt)aﬁ
0 “ (2.15)
where: F(K) is the distribution function of first
order rate constants

A graphical procedure i% used to determine thé distribution
function F(K), as a liné spectrum with discrete values of K,
The ambiguous nature of K is realized since the model |
describes overall recovery without specifying which of the
above mechanism(s) is preferred. The lumped parameter K is a
function of both the flotation machine conditions and the
degree of floatability displayed by the particles.
Quantﬁtative comparison of the floatabilities of two species
is provided by the ratio.of K values for the species. This

ratio is a separation index measuring the efficiency of the.
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ses this ratio concept .in

[
L]

flotation operation. Aplan [29]
the derivation of his flotation index which is applied to

coal-pyrite separations. Aplan's index is illustrated in

Equation 2.16.

FI = JGT-%Q?- (K /Kp)
(2.16)
where:
: . FI is Aplan’'s flotation index,

! minute in a batch test,

L
w
rh
rt
1]
a1

Yy, is yielc

[Ty

Kc is the -first order rate constant for coal,

w

Kp is the first order rate constant for pyrite
Imaizumi and Inoue confirmed Morris' observation of the
éiSEEibutiéﬁ of flotation rates over péfzizle size. This
relationship is illustrated in Figure 2.9. The flotation
efficiency of fines is é@ﬁtralled by van der Waal's and

]
electrostatic forces. By Jowett's [44] revision, reduced

flotation rates of fine particles is a result of decreased
momentum of particle particle collisions. Flotation
efficiency of intermediate particles is controlled by the
duration of bubble-particle contact relative to induction
time. in the coarse range, contact angles, and the
influences of hydrodynamics and turbulence are the
controlling variables. Figure 2.9 also shows the influence
of collector concentration on flotation rates. Adjustments

of collector dosage has greatest impact on the coarse

particles, diminished influence on fines, and minimal
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Fig. 2.9 Flotation Rate as a Function of Particle Size
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effects on the intermediate size. This relaticnship was also
noted by Steiner.

Kelsall [45] considered flotation feeds as Einafy
mixtures of valuable and gangue species. The valuable
fraction has a relatively high level of flotation
probability, while a low flatatién probability is assigned
to the complement (gangue). Paralleling Imaizumi and Inoue,
the score was defined as the ratio between high and low
probébilitiesi Focusing on the valuable species of the
flotat.ion feed, liberated particles are associated with a
high probability whereas locked valuable-gangue composites
constitute thet(low probability fraction. The degreé of
. liberation should be in the order of 90 percent implying
that the majority of the values will display the high level
of pf@bability; The overall probability displayed by the
valuable fraction is a weighted average of the probabilities
represented by the liberated and locked particles.

The probability values are lumped products of
contributions stemming from flotation cell hydrodynamics and
the interaction between the mineral species and the
flotation envirnment. In their work, Tomlinson and Fleming

expanded this idea into the form expressed in Equation 2.17.

P = Pa-Pc Pe Pf

12.17)

where:

k] 6

P is the probability of flatatianE
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Pe is the probability that the bubélE?pafticle
aggregate is stable in the pulp,

Pf is the probability that the particle survives
secondary cleaning action and reports to the
launder

Schuhmann's original Pa has been factored into a probability
Pe, representing the stability of the bubble;p;fticle
aggregate, and Pa which indicates the relationship between
contact and induction time.

Algebraically, Kelsall's probability éadel is expressed

as:

(2.18)
where:
W, is the weight of valuable species in the feed,
W is the weight remaining in the pulp after passage
through N identical cells,
P is the probability éf flotation in any cell

Rearranging Equation 2.18;

(2.19)
The right ‘'side of Equation 2.19 can be expressed using the

binomial theorem expansion:



1-pV = l‘{i}P *{g}Pz -{2}93 .

(2.20)

1f N is large, and because P is less than !, the binomial

‘coefficients are approximated as:

NY , N2 Nyiowd, ...,
B Lo Cleg

Therefore:

(1L -P) = 1-1}E’+771 —— e .

A

which is the Maclaurin series expansion for exp(-NP).
the conditions which Equation 2.'1 was derived,

equivalent tc C/C,. Thus, exp(-NP) is equivalent to

exp(-Kt). This illustrates the common ground between first

order kinetic and probablistic flotation models. Jowett et

al [46] emphasized that kinetic models must be applied gi}h

consideration of the flow regime associated with the

flotation process. In batch flotation, an equal residence-

time exists for all particles in the reactor (flotation

cell). This is analogous to the plug flow regime and the

first order recovery of a species is given by Eguation 2.22,

Rp = 1 = [exp(-Kt)]

(2.22)

where: Rp is the recovery at time t with conditions

of piston flow

With continuous flotatien, the residence time distribution



‘m‘
wd

is generally more complex, consisting of some combination
of: piston flow, perfect mixing, and stagnant volume. The
perfect mixer recovery model, as shawnrin Equation 2.23
applies in this case.

- -~
3

Rm = 1 = —m—m———
(2.23)
where:
Rm is the recovery with conditions of perfect Mixing

2.3.3 The Three Parameter Model

_ynch et al [47] studied the primary and secondary
cleaning sub-processes. They applied a kinetic model to
descripe recovery over the pulp and froth phases and
suggested manipulation of the froth phase as a method of
controlling the flotation circuit. They considered that the
most important variables affecting flotation should be
characterized and related to circuit performance.
Independent variables acting on the flotation process (as
opposed to being reflections of the process) ate categorized
as either manipulated or disturbance types. The former
essentially determines the flotation environment through
adjustments of reagent concentrations, pulp level, and
aeration rates. In Woodburn's terminology these are process
variables. Examples of the lattér include: head grades,
degree of oxidation, and fineness of natural grain size,

These are inherent properties which Woodburn calls™Btate
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variables.

Lynch considered that a first order Riﬁeiii model for
continuous flotation of a heterogeneous feed should
acknowledge the distribution cf rate constants with respect
to particle size and residence time within the flotation

cell. In algebraic terms the model 1s:

C = Cufjéxp(-Ht)E(t)F(K)ﬂtdk
A (2.24)

where: E£(t) is the function defining the
distribution of residence time
A form of the function E£(t) has been suggested by Imaizumi

and Inoue. It is described by Equation 2.25.

1
E(t) « ——— * "1 [exp(-t/8)]

] N

- ] .
(N-1)!8 (2.25).
With Imaizumi and Inoue as a precedent, Lynch et al

model. Leaning on Kelsall's flotation probability thecry,
mineral species of the feed were segregated into two

components. The fast floating component was characterized by
a high rate constant, Kf, relative to that of the slow
b s tad

floating component KS. The proportion of theigigw floating

material, @, constitutes the third garameﬁe:fﬁiffﬁe model.
o
For continuous flotation, the first order model is:
‘.
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C =C, [CGexp(-Kst) + (1i§)ex§(=ﬁft)]E(E)dt _
(2.26)
where:
Ks is the rate constant associated with the slow
floating fraction of a mineral species,
> Kf is the rate constant associated with the fast

floating fraction of a mineral species,

[ ¥y ]

@ is the fraction of feed material which is slow
floating
Values of the three parameters are estimated from batch test
data. Figure 2.10 describes the relationsHip between these
parameters. A
The model, expressing recovery from a continuous bank
of flgtati@n cells (operating as perfect mixers) is given by

Equation 2.27.

¢ . 1 -9
an = 1 = ——— + —_——
(1 + Ks®)™ a + xf)N

(2.27)
If flotation proceeds with the piston flow regime (batch |
condition) then: .
Rp = 1 = {Blexp(-Kst)] + (1-¢) [exp(-KFt)])
(2.28)
A component is defined as all material which responds
in the same way to a particular mass transfer driving force,

Three components are isolated within sulphide ore flotation

feeds. These are: valuable sulphide pérci:lgs. gangue
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sulphide particles, and non-sulphide gaﬁgue‘llr:iéles. In a
concentrator treating a complex ore by differenzial

f

otation, an economic mineral like galerna is a valuable

-

suiphide within its own flotation circuit but 1s a gangue
sulphide in the sphalerite flotation section. Valuable and
angue sulphide components are recovered predominantly by

x
ubble attachment; the latter being reccverec at a Slower

(1]

o

rate. The mechanism for recovery of liberated non-sulphide

gangue particles is mechanical entrainment with water. To

1]

ccount for this, empirical linear models are developed
describing gangue recovery as a functiorn of water recovery.

The fast floating fraction Kf of the valuable sulphide

liberated particles,

component consists of intermediate siz

The slow floating group Ks includes locked intermediates
together with the fine and coarse extremities of the:
liberated values. With respect to the gangue sulphide
i:ampgﬁent, Imaizumi and Inoue, as well as Englebrecht and
Woodburn [9] c@mmenﬁed on the dual nature of pyrite
recovery. During the initial stages of flotation, pyrite
recovery is indggeﬁdent of water recovery to the
concentrate. In time;-hawever, the recovery. rate diminishes
and is contrclled by the water recovery.

The influence of mgnipuiated variables on the parameter
has been studied. Steiner observed that increased collector
concentration promotes coarse liberated values into the fast
floating fraction (@ is reduced). Recovery increases but

only to a certain level as shown in Figure 2.11, ldeally,



10

Knee Region

Recovery

Source: Klimpel

Increasing —»

Collector Concentration

Fig. 2.11 Relationship Between Recovery and Collector
: Conocentration
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collector dosage will maintain the flotation operation in

the "knee" region of this curve. Low economic efficiency is
associatéd with the equilibrium region. Case 2 of Figure

2.11 illustrates the difficulty of operating with a strategy’
that maximizes grade at constant recovery. It is difficult

to determine proper écllgcggf dosage adjustments which are
necessitated by excuféians of recovery from set point,
Aeration controls fecpve:y in a linear fashion. Aeration
predominately influences Kf[50,61], howewer, this lumped
parameter reflects the influence of other variables as well..
The recovery of water is controlled b§ froth height and

aeration. Flint [48] contends that recovery of water and

W1

concentrate is.a function of froth residence time which in

is easily controlled through regulation of pulp level with

respect to the concentrate over

¥y

low lip. Changes ir
fractional volume of air in the pulp, and position- of the
tailings over}law welr will promote changes in pulp level. A
thin‘film of water envelops each bubble entering the froth.
1f aeration is decreased, fewer bubbles enter the froth,
hence, watefjrgccveryris reduced. Reduced water recovety is
reflected by increased values of and concertrate grade.

The three parameter model was incorporated with the
flotation control strategy developed at Mount Isa Mines

[49j. The first four rougher flotation cells are used to

characterize the response of the feed to the flotation

environment. Characterization is performed with on-stream
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assaying and flow measurement performed with high frequency.
y

The model is executed and adjustments of collector dosage

and aeration are made to maintain constant recovery from the

roughers. These manipulated variables are simulﬁanesusly

adjusted at the cleaner circuit in a feed-forward manner. Tt

realize that characterization of the fast

0

is essential *
floating fraction of the valuable sulphide is performed. The
model 1s accurate for.rougher flotation, however, if it is
applied directly to scavenger and cleaner stages, erroneous
predictions may occur because the characterization would n@t#
be feprSEntaﬁive of the particles in the pulp at these.
latter stages. These particles are representative cf the
.slow floating fraction of the valuable sulphide.

Lynch et al [50] applied the three parameter model
(Equations 2.27, 2.28) to describe flotation of bituminous
coals. Coal flotation feeds are assumed to tonsist of: a
combustible copohent, an rﬁ%cmbustible component, and :atéf.
The latter represents water added to the feed solids, ﬁ@ﬁ
the moisture content of the coal. Inherent ash and locked’

particles renders hypothetical the distinction between

incombustible and combustible fractions. Particles of the

u

vhich are inseparable at the preparation phase of coal
processing. In terms of the model, the distinction between

le. It is considered that the

[t

these two components is sub
incombustible fraction is recovered by the same mechanism as

the combustible fraction but at a slower rate (lower values
) LY
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of KF). The model is applied Yo both components to estimate
respective recoveries. Then the results are combined (the
feed is reconstituted) Sa obtain an estimate of concentrate
grade.

No correlation was observed between the lumped-

arameters and specific manipulated variables. At constant

o

=

evels of Kf and Ks, however, it was shown that collector
concentration affects @ in the manner reported by Steiner.
Optimum flotation control is realized by maintaining
collector dosage in the knee region of Figure 2.11.

An "overloaded" froth condition develops when anf
excessive rate of transfer of solids from pulp to froth
freezes the froth layer, reducding its mobility. Ehglebrechtf
and Woodburn state that water recovery to the concentrate is
a function of froth mobility wéich in turn depends on
numerous factors. If there is a large number of :@llciéall?
dispersed solids, the froth is;pinnedi reducing the
transverse motion towards the concentrate overflow lip.
Particle and bubble size distributions and the chemical
environment ﬁhr@ugh its effect on bubble armouring also
determine froth mobility. An overloaded froth is
uné?fsirable since froth residence time increases,
translating to decreased recovery. If it occurs, froth-
overloading is displayed in the first few cells of a bank.
Recovery is not easily regained at cells downstream because
of short bank retention time (length). Also, the secondary

cleaning action of downstream cells is reduced and the



designed performance of the flotation equipment not
realized.

Lynch proposed the control cf coal flotation according

to the flowsheet given in Figure 2.12. This scheme is
currently being plant tested. The first two cells of the
bank characterize the response of the feed to the flotation
environment. Rectovery from this section is maximized by
prevention of froth overloldding. Collector addition is low
and water recovery, stimulated by frother addition, is high.

.sThe balance between collector and frother additions 1is

m

adjusted to minimize feed induced excursions from a recovery

set p@iﬁt. The second section of the bank is dedicated to
the maintenance of the customer's ash specification. The
bulk of the collector addition is made here, Froth
overloading is not likely as the majarity!@f the fast
floating fraction is recovered in thé first section.
Interaction between collector and froth reduces water
EFEEVEE§ and entrained incombustibles. In addition @ is
reduced by the collector addition and coarse combustible
particles are pfémated to the fast floating fraction., This

situation is'undesirable if the promoted particles represent

a middlings species. Promotion of these locked coarse

concentrate grade., To be effective, coal flotation control
strategies must be customized to suit the nature of

iﬁéigidual feeds.
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2‘%5? The Two Parameter Model
Harris [51] perceives the evolution of kinetic models
towards the ideal expression in which parameters are
. I

uniguely related to independent process variables. The two
- parameter model presented by Klimpel et al [52] retains the
lumped parameter form; yet, 1s an evolutionary advance.
Improved computing efficiency is realizable as the valuable
species is represented by a single fate censtant, The slow
floating rate constant Ks is ESSEﬂtiallyga curve fitting

parameter which maintains the accuracy of the model
[

prediction. In this context, its physical meaning is reduced

and @ becomes the primary descriptcr of the slow floating

fraction. Klimpel shows that accuracy is available with a

single rate constant. Retention -of an additional rate

= ]

stant constitutes "excess baggage” ,in the computational

0y

o

i
In the batch form of the model, the concentration of
floatable particles in the pulp is a function of size,

floatability, and time:

— C = £(x,Sx,t)

| | | (2.29)
where:
X 1s particle size,
Sx is flagtability @% a given size

Floatability is the product of probabilities of collision

and adhesion (Sx=Pa Pc). A floatable particle is



Loyl
0

sufficiently hydrophobic to have a high value of Sx,

rrespective cof species; valuable and gangue particles are

st

#
Ed

floatable. Recovery by water entrainment is not elaboratéd
by the model. The first order batch model is given in

Equation 2.30.

E(K;Sitpt) = —— = %@(%'Sx't)
' C(x,5x,0)

(2.30)
where Nb is the humber of frother coated bubbles per
unit volume of pulp
Given the upper limit of recovery of ficatable particles
within discrete size ranges of a fiféi the long range batch
cell recovery, Rf is described as{i
X

7Rf -./m;xxp(x)dx

X, o (2.31)
Rf is ultimate recovery cf the valuable component,
Rx is the ultimate recovery for particle size x
(valuable component),”
P(x) is the feed particle size distribution
(valuable component),
Xe,x are smallest and largest paftiale sizes
The mass density distribution of Jgoatabie particles, Pri(x)

is given by:
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BEx
Pr(x) = — * P(x)
RE
(2.32)
The distribution of floatabilities over size x 1is
represented by Fx(S). The recovery of valuable species over
time is the product of the total fraction of the species

present at time zero and the fraction of floatable material

already removed from the cell. The former guantity i

represented by the expression Fx(s)RfPr(x)dxds and the
fraction rémaining unfloated at time t is z(x,5x,t).
‘Theréfore, the fraction of valuable mineral particles yet to

be recovered is written as:

X Sx ,m

' m
U =//z(x,5x,t) Fx(S)REPr(x)dsdx
X O
o)

where Sx,m is the maximum flcatability of a

(2.33)

particle, size Xx
Recovery is subseguently described by Equation 2.34, and the
recovery for a monodisperse feed (single size range within

the feed) is given in Equation 2.35.

k.
R = Rf(1 - U/Rf)
sn W (2.34)
R = RE[1 - | z(s,t)F(s)as)
(2.35)

Woodburn suggested that F(S) can be represented by a
truncated gamma functi®n. 1f, however, a rectangular

distribution (F(S)=1/Sm) is considered, then Eguation 2.35



. .
is reduced to:
B 1 7 ; = )
R =Rty 1 = ———— [1 -~ exp(-Sm-Nb-t)]
Sm*Nb't )

(2.36)
Recalling Jowett's incorporation of air bubble concentration
(Equation 2.9), the first order rate constant can be

expressed:

K = Sm-Nb
(2.37)
The final form of the two parameter batch flotation model is

Low

given by Equation 2.38.

R = Rf{1 - [1-exp(-Kt)] /Kt}
(2.38)
Klimpel tested this model f®rom experiments with
Pennsylvanian bituminous coal. He observed that the total

mass removal of valuable coal plus incombusible gangue is a

™
I~y
-y

first order process., This differs from Jowett's concept that
recovery of only the valuable is first order. The latter
principle applies to sulphide mineral flotation, where the
majority of the feed reports to the tailings stream.
Applying Jowett's concept to coal, Klimpel concluded that

something more complex than first order form would be

required. This is due to the majority of coal flotation



Klimpel [53) isolated frother conhcentration as a

(2]

-manipulated variable having great influen

relationship between Rf and frother concentration resembles

that illustrated in Figure 2.11. Operation at the knee of

the curve is preferred to the equilibrium region. If the

operating point is in the "kinetic" region (below the

plateau), increased frother dosage contributes to increased

recovery and economic performance.
1f adjustment of one manipulated variable such as
collector dosage or, aeration level promctes significant

change in the value of K while Rf remains constant, then

this adjustment predominately influences the mass removal
rate, 1° the flotation circuit is underdesigned such that

[}
m

~ell capacity is too small tc accommodate the volumetric
throughput, aéjuétments which increase K are desirable.
Imgrovements in Rf reflect positive adjustment of the
chemical environment. Improved recovery is attainable

providing that the froth removal process 1s not rate

controlling. Under circumstances of froth overloading, it is

sensible to apply methods to increase K rather than Rf in

efforts to restore high recovery levels.
L&
- i
3

-
[ (]

e on recovery. The -

Foan



3.1 Apparatus

\
3.1.1 Cell Design
It is a tenet of metallurgical design engineers that .
the continuous mode pilot plant facility acts as the bridge

I

between laboratcry evaluation of a flcoctation flowsheet and
the full scale plant. A pilot plant installation represents
a consjderable capital expenditure and reguires
co-ordination of a highly skilled laboratory staff. King
[32]) states that "a kinetic model to described the Fehavi@uf
cf singleigells should be capable of providing a
quahtitative des:ripti@n‘af an entire flotation plant;
otherwise, it would not be of much use as a tool for plan§
design and operation."” He performs batch flotation tests in
cells which are geamétfizally scaled models of ‘those
constituting the flotation circuit under investigation. A

similgr approach was used in this study. %

=4

The flotation cell utilized by McIntyre Mines is the

Wemco model 120. The identification scheme is based on cell
_1ength, the model 120 be1ng 120 lﬁChEE long. The w;dth and
height to the concentrate averf‘@w llp are 7ft- éln and

4ft-5in respectively. Capacity, excluding the

standpipe-impeller assembly, is 300 ft*®. Including thiss

assembly, cell volume reduces to 255 ftr’, At McIntyre Mines,

\



Sixteen cells are affangéd in four parallel, identical
rougher banks (see Figure 2.6).

The Wemcoc laboratory flotation machine is equipped with
a bowl type cell of glass construction. Vortex swirl,
iﬁdicativg of the predominance of the tangential flow
component, accompanies the operation of this machine. When a

square cell common to the Denver type laboratory machines is

role of cell corners as baffles. The Wemco information
brochure [55) details the high intensity cyclonic action

which the disperser (stator) impacts during conversion of
blade tips. This was evidenced by the etching of the pattern
éf'déspe:ser apertures on the interior surface of the glass
bowl. Construction cf the scaled cell evolved around the
impeller/disperser mechanism of the Wemco laboratory
mashiﬁe_ It was hoped that constancy of power number between
"the two scales would be inherent with this prc:edure.>

Dimensions of the scaled cell were derived from the

[ e

impeller diameter of the laboratory machine, The fundamental

"

scaling principle is maintenance of constant aspect ratio
between the two scales. Aspect ratio exists between a
"characteristic” length of She cell and the i@peller
diameter. The obvious characteristic length is the model

ome calculations, other

[T, ]

idéﬁtifying dimension. In

dimensions may be labelled "characteristic”.



(™)

Length

Model 120

rinciple: constancy of - eyl
_principle: constancy of aspect ratio

_Scale Model

Characteristic 1
Impellerﬁﬁiamete
Aspect ratio = L

= 5

.1.1.2 Cell width

ength: 120 1in
r: 22 in

/D = 120,22
.45

Impeller diameter: 2 in
Cell length = 2(5.45)
= 10.9 in

§caling principle: geometric correspondence between

where; A is
L is

points
A = K(a): -L?

the froth area,

the characteristic gth,

K(A)

Model 120

is the proportional

len (
ity constant for A

Scale Mcdel

Froth area: 75 f¢t!
Characteristic length:

K(A)

- A/L; .
= 75 fe?/{(10ft)?
= 0.75

.1.1.3 Cell Height

Scaling

Model 120

A = K(A) L
= 0.75(10.9in/12in/ft)?
- 8.19 in’

principle: constancy of aspect ratio

Scale Model

Cell height:

Aspect ratio
= 53/22
= 2.4

53 in
= H/D

Cell height = 2(2.41)
= 4.82 in

75

i
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3.1.1.4 Cell Vglume

Scaling principle: geometric correspondence between’
points ’

V = K(V)-L?

wvhere: V is the cell volume,
L is the characteristic length,
. K(V) is the proportionality constant for V

Model 120 Scale Model

Cell volume: 300 ft°

Characteristic length: 10 ft Cell volume = 0.3(10,9/12)°
K(V) = V/L’ = 0.25 ft’

= 300ft>/(10ft)* = 0.3

To facilitate Eéﬂstfuéiiﬂﬁi calculated dimensions wvere
rounded to the closest integral value. The construction
Aimensions are given in Table 3.1. An illustration cf the
scaled cell is given in Figure 3.' and Plate 1 shows the
posf{?on of the cell within the equipment assemblage.
Material .of construction was 3/8 inch thick acrylic plastic.

Clean coal dis:hlrges into launders along the widths of
each Model 120 cell.fifwo way discharge minimizes the
residence time of fljted par:iiles:iﬁ the froth structure
which in turn maximizes yield. This feature is‘nét readily
duplicated in the scale model. As the best élternative: an
inclined deflector crzcraudiné board was installed at the
rear wall. The crowding board was a trademark of machines
manufactured appféiimately 40 years ago by the Minerals
Separation Company [2]). It was also incorporated in the

Leeds "Auto-Float"” laboratory cell developed in 1972 [56].



Table 3.1 Construction Dimensions

Calculated

Dimension

of

a

Construction

Dimension

£ in

0.25 £t

77
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Particle-bubble aggregates impinging on the crowding board

(a0

are deflected across the froth layer towards the concentrate

overflow lip. At the lip, a two blade paddle scraper
rotating at 50 rpm ensures regular discharge of clean coal
into collection pans. Froth safaper blades vere iébricated
from self adhesive weatherstrip material. The automatic
froth paddle also eliminates subjective bias associated with

manual froth removal.

- ‘
3.1.2 Measuring and Regqulating Devices

3.1.2.1 Impeller Speed and Pg@zr .
The impelleffcf a standard laboratory machine is

usually driven-by a 1/4 horsepower glternating current motor

mounted parallel to the impeller shaft, at the rear of the

machine frame. Power is transmitted by a .drive belt turning
! : . A

through spring loaded split gheaves.mounted on the motor and

impeller shafts. Speed adjustment is available by varying

The flotation machine utilized in this study was driven
by a 1/8 horsepower direct current motor mounted above the
impeller. Selection of this motor waé based on two reasons.
Adjustment to the desired impeller speed is more easily
a:&émplishéé through a potentiometer located in a master
control panel. Secondly, estimation éf power consumed by the
impeller was facilitated. Consumed power was étriveé from a

torque measurement taken with a spring scale fixed between



[ae]

~the machine frame and a rigid beam extending from the

bearing mounted motor. The moment arm was 18.5 inches in

2 L]

o

length., The torgue measuring assembly is shown in Plat
This method overestimates power consumed by the impeller
because friction losses experienced by the impeller shaft
bearing and the transmission coupling are not discounted. A
more precise power measurement is obtained if the motor is
fixed and the cell, egquipped wi{% torque measuring assembly,
pivoted on bearings. P:@éedufal considerations, however,
require the cell tc be a fixed, rigid structure.

Impeller speed was measured by two methods. A dial
tachometer mounted on the mctor shaft .indicated approximate
impeller speeds. Precise measurements were obtained with a
pcrtéble stroboscope. The tachometer consistently
overestimated "true" speed by 70 rpm. In perféfman:g of a
test, the stfabgs:@pe frequency was set to the desired
impeller speed and the motor potentiometer adjusted to

H

"freeze" the rotating transmission coupling. To prevent’
gx:ﬁfsicns from the set speed, the motor was :aﬁtfalleé by a
thyristor feedback control circuit.

The impeller speed simulating plant conditions was
determined to be 1100 rpm. The scaling calculations afe as-

follows: ' | ' !



Plate 2. Torque Measuring Assembly

a2
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Scaling principle: similarity of particle dispersion

S = K(S)YDE;:

s impeller tip speed,
s impeller diameter,
) is the proportionality constant for §

Scale Model

Model 120

Impeller diameter: 22 in Impeller diameter: 2 in
Impeller speed: 220 rpm
= 21.1 ft/sec S 17.3(2in/12in/ft) %2

9.57 ft/sec

9.57/3.14/(2/12)
1100 rpm

K(s) = §/D**? N
= 17,

[

3.1.2.2 Aeration Rate

Air was introduced to the impeller region under
pressure through a nipple in the upper region of the }
standpipe. Aeration rate was controlled by a regulator
attached to a rotameter gauge. Accuracy of this gauge was
- determined by coupling it in series with a high gquality
gauge for which a :alibraéi@n chart was provided. The

.

flotation machine rotameter consistently underestimated

"true” aeration rates. The least squares regression

correlation between true and gauge value aeration rates i

given by Equation 3.1.

True aeration Tate = 1.555 (gauge value)+0.359

’ (3.1)

surrounding the impeller shaft were performed to detect the



A ‘ . . y ..
presence of pressure leaks. :
The scaled aeration rate simulating plant conditions
was determined to be 5 litres per minute. The calculations
are detailed below. o

* s
"% scaling principle: linearity of Ng' with machine size

\

\

Ng' = K(Ng')'D

where: K(Ng') is the proportionality constant for Nq'

Model 120 Scale Model
Air flow: 240 ft’/min
Froth area: 66 ft? . Froth area: 88 in?
Ng' = 240/(66-220-22/12) . ’
= §9.02x10°? / Ng' = 4.92x10°°*(2/12)
K(NQ') = Ng\/D \ .
= §,02x10-*/(22/12) = 1,64x10"°°
= §4,92x10°? Air flow = 0.18ft?/min
= 5 1l/min

3.1.2.3 Pulp Level

In the course of‘a batch test, the pulp level drops as
concentrate is removed from the cell. The rate of drop is
high for coal flotation as significant volumes of water are
entrained in the copious froth moving over the concentrate
lip..Changing bulp level adversely affects test pggcedugg in
th ways. Dispersed flotation reagents are transported out
of the cell with concentrate water. This implies that the
c;emical environment of a batch test is not constant. Ss

well, dropping pulp level renders the froth removal paddle

ineffective. To alleviate these problems, a regulated supply

— e . YA D £ U . —wr e s — : = —
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L
of repienishment wdter‘maintains constant EELE level during

\

a test. An on/off cogtroiler detects the movement of an
k 4
air-water interface in a manometer tube (connected to a

diaphragm mounted on the tank wall) through éhanges in
capacitance. At low level, a solenoid valve opens and
replenishment water (plus frother) flows by gravity from an
external source. The accompanying rise of water_in the
manometer triggers the circuity to shut the valve when the
sensor level is passed. The diaphragm, manometer sensing

device, and repienishment water inlet are detailed in Plate

3. This simple control system is extremely well behaved.

3.2 Experimental Materials

The coal con;umed in the experimental pfggfam was ~
obtained during a visit to McIntyre Mines in May 1979.
Samples wererretrieved from the plant feed stockpile at a
location close to the rotary breaker building. Samples were
stored in pails with tight fitting lids to prevent

oxidation. .
McIntyre extracts coal from both underground and open
pit developments. Equipment‘used in the underground
operation \generates a particle size distribution which is
finer than open pit material. From the preparation plant
engineer's viewpoint, the feed stockpile has been poorly

developed. Run of mine material from the different sources -

has been stacked in a fashion lying between the extremities



Plate 3. "Pulp Level Control Device
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of blending to produce consistency of plant feed and

- segreghtion to schedule "quasi-batch” plant operation at

parameters tailored to a particular feed supply. The plant
. - [ 9
engineer constantly adjusts operating parameters without

" benefit of a feed sypply forecast. w -

(]
[ 1

A particle size distribution of flotation feed was

obtained by Flintoff [57] in August 1979. This distribution
is given” in Table 3.2. The Gaudin Schuhmann function was fit
‘to the data using linear regression. The result is given in
Equation 3.2. ‘

) y = (d/771) % ‘ »
nTs (3.2)

where: - )
y- is the cumulative percent passing a given particle

size, o

The most important feature concerning this £lotation feed

size distribution is the presince of particles;éaafsgr than
28 mesh. The plant flowsheet gpecifies that these particles

are to be processed by the heavy meéi*%§e§afacicﬁ equipment, . . .

however, screening ineffeciency, created by aperture
enlargement through wear, misplaces ovérsize particles in
flotation feed. This feature was accounted for in the
laboratory as some test feed samples were prepared actording
to the distribution given in Table 3.2.

Initially, the sample was split at 20 mesh with a high

capacity vibratory screen. Oversize material was stage



———————

£

v

88

Table 3.2 Particle Size Distribution of Plotation Feed’

+28
28x48
48x100
100x200
200x270

-270

i
*

+600
600x300

300x150

. 150x74’

74x53

-53
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reduced by jaw and gyratory crushing; these products were
screened to ensure a maximum particle size of 20 mesh. Stage
"crushing was utiliz&d to prevent the possibility of
generation of excess fines (particles 10 to 100 microns).
Next, the séﬂble was seqgregated into the size ranges
i;;icated Table 3.2. This was a Q9tch.procedure: 150 gram
lots of sample were dry sieved for 20 minutes with a Ro-Tap
apparatus. Sieves were ultrasonically cleaned tc prevent
aperture blinding. Bulk quantities of each size range were
" established. Because of limited material handling in the
laboratory, as compar;d to plant conditions, the two finest
ranges were sparsely populated. Coarser particles were
subjected to disc pulverizing in order to distribute
particles into these ranges. Prior to each flotation test,
specified amounts of each range were riffled frog the bulk
supplies and blended to generate a contro.led feed size
distribution. Thus, the size distribution typical of plant
conditons (Table 3.2) was reproducable together with other
distributions designed to monitor the influence of particle
size on flotation. Control of ash content of flotation feed
is not practicable because of the complex distribution of
ash forming minerals into liperated and inherent components.
The selection of reagents was based on consistency with
plant operation. Diesel oil was utilized as the collector
reagent and Dowfroth 1012 was selected as the frother. The

latter is a polypropylene glycol methyl ether having the

basic molecular structure: CH,-(0-C,H,)-OH. Klimpel [52]
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recently égpé:teé superior performance of a frother molecule
which substitutes a hydfgle for the methyl group. This
frother is marketed as Dowfroth 400. It was rot included in
this investigation, however, future evaluation could prove
beneficial.

The addition rates for reagents to each cell bank at
McIntyre are set at B00 cc/min. for diesel collector and 60

" cc/min. for Dowfroth 1012. Adjustments required to maintain
P

The flotation operator lacks the autheority to modify reagent
‘addition parameters. Considering the average throughput of
coal to be 30 tons/hr/cell bank average‘feaéent dosages are
1.6 cc diesel collector and 0.12 cc Dowfroth 1012 per kg of
coal feed. These dosages were maintained in the laboratory.
Diesel collector addition to the flotation pulp was made at
full strength with a microlitre syringe. Dowfroth 1012,
being water soluble, was diluted to a 1% stock selutieﬁ and

additions QEffarﬁed with a 10cc syringe.

3,3 Method

Flotation tests were pék%srmed in the batch format
aégcfdiﬁg to the procedural flowsheet illustrated in Figure
3.2. A pulp having solids consistency of 9.1 weight percent
was prepared in the cell by addition of 5 litres of |
distilledAuater to 500 grams. of prepared coal. With the

impeller rotating at 500 rpm, clusters of hydrophobic
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particles were broken to pfomoée uniform dispergion. Pulp pH
was measured; adﬁustments to pH 7 were to be made only if pH
w;s outside the neutral fange (6-8).:£he diesél collector
was addea and a conditioning peéiod of 4 minutes elapsed,
during which concentrate collecting trays were arr ged and
impeller speed adjusted to the desired level. At the end of
the conditioning period frother solution was added and air
admitted to the impeller zone.at a controlled rate. The
froth layer was estabtlished for 5 seconds prior to
collectioﬁ. Concentrate was collected in six successive
intervals as outlined in Figure 3.2. The duration of each
interval, increased as cocllection proceeded to allow'fOf the
exponential deca§ of the rate of mass transfer from pulp to
froth. This phenomenon is a feature of batch testing. Cell
walls, standpipe, and crowding board were rinsed with a jet
of water to prevent froth adherence at these locations.
Plates .4 and 5 show the flotation cell in operation. The
concentrate increments and tailings products were filtered,
dried, and dry sieved to determine the influence of particle
size on flotation rate. The weight of each size fraction was
recorded and ash content determined by oxidizing
approximately one gram of material at 750°C for one hour.
Associated with the ash analysis procedure is th‘ evolution
of waters of hydration of the ash forming minerals such . as
kaolinite (Al,0, 2Si0, 2H,0). To determine the weight of
mineral matter initially present, the ash content is

multiplied by the mineral matter/ash ratio. A ratio of 1.1
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is an average value for the numerous asﬁ forming minerals
Test data was arranged in a form describing the

"disappearance kinetics" of feed material (coal plus ash).
This relates the mass fraction of feed material remaining 1in
the cell as a function of time. This data was input to a
FORTRAN version of the Nelder-Mead Simplex search routine

. [58] to compute the best valves of model parameters. This is
an off-line optimization procedure similar to the Simplex

Self Directing Evolutionary Dperati@nimgth@d (SSDEVOP) which

included in Appendix III. The three parameter model giveh by
Equation 2.27 was selected for use because its precision has’
sghalérite to coal. Model parameters were computed for each
size range and the composite flotation feed. This procedure
was\éuplizated for the ash component of the feed. -

A residence time distribution (RTD) was determined for
a flotation bank at McIntyre Mines by the tracer impulse
method [57]. Comparison of the experimental and theoretical
RTD profiles indicated that the flow regime consisted of a
plug flow component (17%) plus 4 perfect mixers in series
(831); The nominal residence time for the cell bank was 4.82
minutes. This includes thg’plug flow component. Thus, the
single cell average fésiden:e time was: 4.82/4 = 1.21
minutes. The parameter sets obtained for each test condition

and the single cell average residence time were fed to a



FORTRAN version of the flotation model. Data output
consisted of yield and ash content of the concentrate
product calculated for each cell along the bank and the
overall, cumulative product. Results were also presented
according éo size fraction. The FORTRAN version of the
.flotation model is given in Appendix 1V,

. The experimental program was executed according to a
2'-?* fractional factorial design. This technique, described
by Mular and Bull [59]), permits the investigation of several
factors simultaneously. Factors and interactions between
factors which significantl} affect (in a statistical
context) the measured.test response are revealed by this
technique. This method has been successfully utilized by:
Agar (60], Malhotra et. al.[61], and Somasundaran and
Prickett [62). Five factors were selected for investigation,
These were: collector dosage, frother dosage, aeration rate,
impeller speed, and fraction of flotation feed finer than
200 mesh. Centre point levels were established for these
factors to simulate plant oprating conditions. High and low
levels, equidistant from the centre points were determined.
The design matrices of coded and uncoded levels are given in

Table 3.3 and 3.4 respectively. Three centrelgciﬁt runs are

in random order to eliminate Bias. The design is "saturated"”
or, of Resolution IIl. This imblies that main effects are
not confounded with each other in order to prevent .

ambiguity. Significant two factor interactions can be

-
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determineéﬁrhgwevefj higher order interactions are not
resolvable.

The test response selected for use was the separation

efficiency, Es, described by Schulz [63]. This is a single
efficiency figure which permits the simplest and most

precise means of comparing the efficiency of a separation
process at different operating conditions. The separation
process is considered to be ideal. Incorrect placement of
particles stems from feed material which by-passes the
separator and randomly contaminates the sorted products. The
separation efficiency represents the propertion of feed
material which is subjected to perfect separaton in any
concentration praceés. At the ®xtremes, Es is 0 for a
sampling operation and 100 for ideal separation with the
associated condition of perfect liberation. The inherent ash
scﬁp&neﬁt of coal precludes complete jiberation and the
attainment of high values of Es (greater than 40). The

algebraic form of Es is given by Equation 3.3.

u’ | cm(c = f)

¢ Es = w - - S -
f(cm‘* f)

vhere:
W is the weight pecovery of concentrate (yield),
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Table 3.3 Experimental Design Matrix: Coded Levels

% FACTORS

DIESEL AIR RPM FROTHER % -Z00M
TEST X, X, X, X, X,

RUN NO. (X,X,%,) (-X,X,)
i 21 -1 =1 =1 -1 -1
2 18 +1 -1 -1 +1 -1
3 17 =1 +1 -1 +1 +1
4 22 +1 +1 -1 -1 +1
5 19. -1 -1 * +1 +1
6 24 +1 -1 ‘--H =1 + 1
7 20 -1 +1 +1 -1 -{
8 23 +1 +1 +1 T -1
"cpt 12 0 0 0 0 0
ept 13 0 0 0 0 0
cpt 25 0 0 7 0 0 0
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Table 3.4 Experimental Design Matrix: Uncoded Levels

FROTHER ¥ -200
ml(1%sn) MESH
2 20
10 20
10 50
2 50
10 50
2 50
2 20
10 20
6 35
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c 1is the percent assayed element in the mineral
m , 3

— being concentrated. For PbS, ¢ = 207/207+32x100
- = B87. For coal, cﬁlsijDD,
| f is percentage of combustibles in feed,
c is percentage of combustibles in concentrate
The value of Es changes with time (or position along
th; cell bank). Initially, the concentrate consists chiefly

of "pure” coal (the fast floating fraction) plus some

by-passed feed. With time, the proportion of combustibles in

the concentrate stream diminishes until at some pcint, it i
the same as the initial feed. At this point, Es is maximum
and continuance of the separation process contaminates the
product (Es declines). Krlthough Es is concerned with

technical aspects as opposed to economic, it is obvious that

n

maintenance of the flotation operation at optimal values of
Es ensures production of high quality concentrates. Ash
penalties are avoided and profits maintained.

A sink-float analysis was performed on the sized
giz:entfate products of test number 12 (centre point run).
The densities of separation were: 1.3, 1.4, 1.5, and 1.8.
The media, prepared with combinations of varsol (SG=0.8),
perluxe (SG=1.6), and ethylene dibromide (SG=2.2) was héld
in a 2 litre separatory funnel. Extremely long settling
times were required for the size fraction finer than 200
mesh. Separations were painstakingly performed in order to
obtain representative data. This data was used to generate

partition or Tromp curves for each of the size fractions.



4. RESULTS AND DISCUSSION

4.1 Centre Point Runs

Model parameters for composite flotation feed obtained
for conditions simulating plant practice are given in Table
4.1. The means of these parameters were input to the model
with the results shown in Taple 4.2. The model predictions
compare favourably with averaged plant data obtained for a
30 day period in June-July 1979 (Flintoff and Plitt [57],
Table 1.1). This illustrates the accuracy of.the three
parameter model. Test 12 da;a was regressed by the two N
parameter model (Eq.2.38) as a laboratofy project for fou:thb
year Mineral Engineering students in October 1980. The
residual mean sum of squares between observed and predicted
yields determined the goodness of fit. Table 4.3 indicates
the minimum residual was associated with the three parameter
model for the two cases of combustibles and incombustibles.

A mass balance was performed with data collected from
the number ¢ flotation bank in August 1979 (57]. Yield and
concgntrate ash levels were computed for each cell. This
data Along with model predictions generated for centre pqint
runs is presented in Figures 4.1 and 4.2.

Similarity exists between actual and predicted
.cumulative yield curves presented in Figure 4.1. The modd&

consistently underpredicts actual data for a variety of

reasons. It is possible that froth is transferred more

100
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Table 4.! Model Parameters for Centre Point Conditions
RUN SPECIES . g Ks(sec" ') Kf (sec” ')
TOTAL MASS 0.240 9.27x10"* 2.24x10°°?
12 INCOMBUSTIBLES 0.595 3.78x10° ¢ 1.67x10"?
WATER 0.87% 1.46x10° 7 2.24x10"?
TOTAL MASS 0.196 5.02x10°* 1.89x10°*
13 INCOMBUSTIBLES 0.fes 5.70x10" * 1.15x10° ¢
WATER 0.562 3.34x10"° 3.34x10°°*
-
————— ‘—t--—-——--‘xgii - v il = o e o T e e e
TOTAL MASS 0.360 2.89x10-* B8.54x10"°°
26 INCOMBUSTI BLES 0.675 1.75x10" ¢ 6.56x10"°
WATER 0.B74 7.62x10°* 1.67x10"-?
TOTAL MASS 0.265 5.73x10"° ¢ 1.66x10"°?
MEAN INCOMBUSTIBLES 0.585 3.12x10" 1.16x10"?

WATER 0.770 1.85x10"° 1.41x10°°
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Table 4.2 Modelled Performance vs. Plant Data *
FLOTATION - CONC. CONC.
FEED ASH (%) YIELD (%) ASH (%) Es
PLAKT DATA 17.8 74.0 9.0 45.5
JUNE/JULY
1979
MODELLED 17.3 74.3 9.4 43.4
PERFORMANCE
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Table 4.3 Comparison Between Two and Three Parameter Model
Forms '

MODEL FORM SPECIES SUM OF RESIDUALS RESIDUAL MEANS
SQUARED (SRS) SQUARE (RMS)

3-PARAMETER TOTAL MASS 1,955 0.652

(EQ. 2.27) INCOMBUSTIBLES 0.923 0.307

2-PARAMETER COMBUSTIBLES g.883 2.22)

(EQ. 2.38) INCOMBUSTIBLES 1.251 0.313
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efficiently to the concentrate launder in plant equipment
because of higher momentum accompanying higher volumetric
flows. It is the objective at both scales to ensure that
froth removal does not become the rate §Eﬁ3fmiﬁing’step_
vield is a function of froth bed thickness and volumetric
flow rate cf water into the froth. Moys [64] emphasized this
together with the concept that optimal concentrate grades
are attained if froth phase mixing 1s restricted to piston

.
flow. This requires froth removal in the vertical plane, a

=

system yet to be in:@rﬁ@razed with plant equipment. Another
aspect promoting discrepancies 1S omission of the observed

piston flow component of pulp phase mixing from the model.

[

Implicit with piston flow is a zero value of the
countercurrent éiffuﬁi@ﬂ.ééeffiéieﬁt. Non-zero values
associated with ideal mixing are responsible for
comparatively lower yields. This is one reason why batch
tests generate higher yieldéjthaﬁ':@ntiﬁucus tests. The
flotation column [65] is an attempt to provide piston flow
in the pulp phase. The cost of improved recovery, however,
is borne bf reduced flotation rates which in turn implies
higher capital equipmént costs to maintain concentrate
production levels. These units are also larger; impellers
are displaced by increased tank volume and construction
material requirements. It is ironic that the froth phase
behaves as an ideal mixer since froth moves transversely

into the concentrate launder (the traditional mode).
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A third explanation for discrepancies is provided in
Klimpel's suggestion fer process optimization described
above. To attain the plant yield, adjustments are required
to increase Rf associated with laboratory conditions. This
is achieved by improving the chemical environment. Since
reagent dosage records did not accompany the mass balance
data, it is possible that collectog and frother dosages were
significantly higher than laboratory values.

Differences in the maceral distribution of laboratory
and plant feeds also contributes to discrepancies. Perhaps
the laboratory samples were rich in the inertinite (slow
floating) maceral. Petrographic analysis is required for
confirmation. Regulation of maceral distribution is not
possible since it is a disturbance process variable.

Final tailings samples were obtained at two locations
for the mass balance. One was at the downstream wall of the
number 4 cell while the other was at the dart valve of the
tailings discharge box adjacent to the number 4 cell.
Statistical analysis showed superiority of the dart valve
sample. A comparison between measured and mass balanced
predictions (dart valve) of the sampling campaign is given
in Table 4.4. With this sample as a standard for comparison,
the overall concenhtrate ash level regressed by the model was
9.4 percent, '.2 units less than plant data. Flotation feed
ash was 20.6 percent. Separation efficiency determined with
the mass-balanced ash level is 58.6, well above the mean

experienced during the 30 day monitoring period (45.5).
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Table 4.4 Sampling Campaign of number ¢ Flotation Bank

- - - - — - - -— - - - —— - - - =

CELL NO.
cmmeme mmmmms mme==- ————== FINAL
1 2 3 4 CONC
MEASURED YIELD(X) 43.4 25.9 13.6 2.0 B4.9
FEED ASH X
20.6% CONC
ASH (%) 7.4 10.2 13.6 21.1 10.6
MASS BAL VYIELD(%) 43. " 27.4 6.9 2.5 79.9
FEED ASH
21.73% ASH (%)
CONC 7.5 10.7 13.8 21,1 9.6
) - w
o
1 L

v
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Separation efficiencies were compared for conditions of
approximately 20 percent feed ash for two days during this
period. For day number 1, feed and concentrate ash levels
lwere 20.4 and 8.6 percent respectively with a yield of 58.2

. percent for an Es value of 43.5. On day number 20, feed and.
concentrate ash levels of 18. 9 and 5.4 percent combxned with
a 57.8 percent yleld to produce an EsS value of\only 39.2.
This indicates that the overall concentrate ash determined
by the mass/balance is guestionable. It is desirable to
p€rform replicate sampling campaigns and mass balances to
resolve this situation.

The data from the monitoring period 1is incomplete since
reagent consumption and aeration rates wer;'not recorded.
Optimal matching of reagent dosage toO feed coal occurs by
chance since on-line ash monitoring is not yet availabilie.
Future installation of this equipment will assist control of
reagent additions.

Figure 4.2 suggests that concentrate ash level is
overestimated at the first cell and then underestimated at
the third and fourth cells. For cell number 1 it is possible
that the laboratory procedure generates a higher than actual
value of Kf for incombustibles. It is also possible that
var1able maceral distributions and inherent ash levels,
promote discrepancy. The froth structure at extended
flotation times may be different for each scale of

investigation. If the froth is thinner in the plant,

recovery increases at the expense of secondary cleaning. The

,



110

higher ash level of the plant feed also promotes higher
concentrate ash levels at latter cells of the bank. 5
Comparison of data obtained for similar feed ash levels is
éesifableg

The recovery of water to the concentrate was predicted
by the model using test 12 parameters. Figure 4.3 details
the relationship between recovery of ash versus recovery of
water. Ash accumulates in the concentrate stream faster than
wa*esgida;nplaying*the entrainment mode of recovery. For the
.ash component, bubble attachment is more significant. Hence,
concentrate ash is controlled by two factors: the "degree of
1ibefa§igﬁ“ effected by the rotary breaker and the inherent
ash level,

The ash content of the fourth cell concentrate (mass
balance data) is marginally higher than the feed ash level.
In the context of E£s, the current bank length appears to be
ideal. Model predictions, however, indicate increased
efficiency by addition of a fifth cell to each bank. Overall
yield would rise to 76.9 percent at a concentrate ash level
of 9.6 percent. These results, however, may not be
realizable due to the divergence between the model and
actual plant at extended flotation times. A continuous pilot:
plant test would be useful at this stage; the model has
idgntifieé the proper bank length (plus or minus one cell)

to be investigated. E "
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4.1.1 Optimization of Flotation Plant Design
The flotation model can be utilized to suggest methods
of optimizing plant design. Based on thé centre point or
current plant environment, three alternate processing
schemes are presented, Model predictions for these

alternatives are tabulated in Table 4.5.

4.1.1.1 Variation 1

Principle - Increase cell nominal residence time by

distributing feed to 5 parallel, identical banks. Maintain
current throughput. Expansion of flotation capacity not

l

\=
",

Current installed flctation cdpacity = 4 barks x 4
cells/bank x 300ft’/cell = 4800ft°
Current bank nominal residencé time = 289sec

Each bank is composed of 3, 300ft® cells.
Total installed flotaticn :apa:1ty = 4500f¢?
Bank residence time = (4500ft>/4800ft*) x 289sec = 271sec
Cell residence time = 271sec/3 cells = 90.3sec -

4.1.1.,2 Variation 2 LN

Princi

ble - Same as per variation 1 except expansion of

flotation capacity is permitted.

Each bank is composed of 4, 300ft* cells

Total installed flotation capa51ty = 6000f¢t’

Bank residence time = (6000ft*/4800ft*) x 289sec = 3€1see
Cell residence time = 361sec/4 celis = 90.3sec ; e



4.1.1.3 Variation 3
Principle - Increase cell nominal residence time by
installing larger cells. Maintain current throughput,

distributed to 4 parallel, identical banks.

Each bank is composed of 3, 500ft’ cells (Wemco 144)
Total installed flotation capacity = 6000f¢t’®
Cell residence time = 361sec/3 cells = '2(C.3sec

‘The average daily flotation feed throughput determined
during the mopitoring period was 2800 tons. Based on 350
~operating days per year and' a selling price of $65 per ton
of clean coal, one unit of yield is worth $650,000 annually.
On this basis, the predicted increase of 2.2 uﬁiﬁs!af yield
over current performance implies that variation 2 generates
additional annual revenue of $1.43 million. By similar
analysis, the yield impfévement of 1.3 units offered by
variation 3 translates to the annual revenue gain of
$850,000. Observe that the highest value of Es coincides
with the most profitable plant configuration. Both
alternatives appear to be economically viable but which is
preferred? Variation 3 conforms to the current design trend
of the "rationalized concentrator”. Maintenance costs would
be lower; only 12 impeller drive motors are required
compared to 20 for variation 2. The ratio of froth area to
cell volume is 0.22 and 0.19 for the Wemco 120 and 144
models respectively. On this basis, it is more proper to
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utilize the model 120 cells in order to facilitate transport
¢rom pulp to froth. Operating circumstances posed by both
design variations must be considered prior to final

]

selection,

4.1.2 Partition Curves

The partition or Tromp curve relates the fraction of
feed material to a separator which reports to the underflow
¢r dense product stream over a range of separating
densities. An example of a Tromp curve is given in Figure
4.4. Flotation can be considered as a specific gravity
separation process; the urderflow is the tailings stream
while the overflow is the froth concentrate. Two essential
parameters derived from the Tromp curve are the cut point
(dp) and probable error (Ep). The former is the specific
gravity at which particles have an equal chance of reporting
to either product stream. The latter indicates the lack of
sharpness of separation. Low Ep values are indicative of
efficient separations. The partition curve can be
represented by a straight line running between d;, and d,,
with attached tail section [66). This approach was utilized
for the size fractions of test 12 flotation cancEﬂtraﬁe. The
raw data is assembled in Appendix II. The method of least
squares was used to obtain the best fit straight line. The

Tromp curve separating densities were 1.45, 1.65, and 1.825.

The first two values are midpoints of the actual separating

densities (1.4, 1.5, and 1.8). The final value represents
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the mean between the highest separating density and the
heaviest particle present. In this case, 1.85 was cansidered
as maximum density. This value is low, however, at the
separating density of 1.8, nearly 85 percent of feed reports
to underflow for all size ranges. The dp and Ep values for
each size fraction are presented in Table 4.6, These results

indiéate the excellent selectivity of the flotation process
for the finer sizes of the McIntyre coal. The Ep values are
in agreement with data amassed by Elk [67] relating Ep to
particle size for various coal separators (Figure 4.5).

;*i J

~he factorial design presented in Table 3.2 was

4.2 Analysis of Factorial Design

evaluated according tc Yates method as described by Mular
and Bull [59]. The calculations are detailed 1in Table 4.7.
The significant factors arising from this design are:
aeration rate, frother dosage, aﬂd,fra:tiaﬂ of feed finer
than 200 mesh, The linear model of Es in terms of coded
levelé of significant factors is given Dby Equation 4.1.
values of Es regressed by this model are included in Table
4.7.

A~ _
Es = 28.9 + 4.7(x,) + 8.5(x,) + S§5§;,)

where:

~
Es is the regressed value of £s,



Table 4.6 Tromp Curve Parameters: Test 12
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x, is aeration level (coded),

x. is frother dosage (coded),

x, is fraction of feed finer 23?5 200 mesh (coded)

Collector (diesel) dosage and impelIZ% speed are not
significant at their selected factor levels. This implies
that the flotation ptocess could be efficiently performed at
+he -1 factor level of collector écsagebizDéé diesel/ tonne
of coal), and impeller speed providing that the other
factors are maintained at levels bounded by the facrtorial
design.

Separation efficiencies for tests 17 and 19 either
exceed or are close to the mean for centre point conditions.
Examining the factor levels, the high value of Es for test
17 1is pagkially attributable to the higher aeration rate.
Air is an inexpensive flotation reagent which must be
carefully controlled. The final aeration control element for
the Wemco 120 machine is a sliding blind which throttles air
intake through the standpipe. Factorial design results
indicate that benefits will accrue from plant operation at
increased aeration rates. Current plant practice is well
above the 1-s suspension criterion, in the upper left
quadrant of the hydraulic performance map. Supercharging, by
installation of a turbine blower, must be considered in an
optimization program. Adopting the scaling procedure
practiced in section 3.1.2.2, plant aeration should be
bincreased from 6.8 m’/minute to 9.6 m®/minute, an increase

of 40 percent. Test 17 impeller speed is scaled to 192 rpm
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at the plant level, 13 percent lower than present speed
(scaliné relationship in Sgétién 3.1.2.1). Preparation plant
personnel were of the ap{gian that impeller speed should be
reduced, prior to this study. Table 4.9 itemizes operating
parameters for both machine sca.es. Observe the similarity
of Np and Pl for both scales at centre point conditions.
Given this, it can be said that the scaled model duplicated
ﬁhe particle dispersion characteristics of the plant machine
[10]). In terms of the probabilistic model, Pc was equivalent
at both scales.

The froth phase of test 17 was approximately 1.5 inches
thick, elastic 1in nature, and very mobile. In contrast, the
froth of test 22 (-1 frother dosage level) was brittle and
rigid; Plateau borders were dry and'the froth could be bl;ﬁﬁ
away. Centre point froths were approximately 1.5 inches
thick, however, they did not flow as readily as test 17 and
tended to adhere to available structural surfaces.

Consideration should be given to restricting flotatidm
feed to particles finer than 48 mesh (300 microns). The
20x48 meshrffgsticn currently handled by flotation could be
more efficiently processed by automedium :yclaﬁes, The Ep
values for the 14x28 mesh and 28x48 mesh ranges for an 8
inch automedium cyclone are 0.064 and 0.087 respectively
[68]. The nominal bank residence time increases because
scalping reduces the feed flowrate. Maintaining flotation
feed pulp consistency at §.1 weight percent solids, scalping

the 20x48 mesh fraction increases nominal residence time by
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30.8 percent (refer to Table 3.2) to 94 seconds. This
residence time and parameters for size ranges finer than 48
mesh obtained for test 17 conditons were processed by the
model. The results are presented in Table 4.9. The extended
residence time associated with the narrower feed size
distribution increases yield by 3.4 units. This translates
to additional annual revenues of $2.2 million, assuming that
yield of the 20x48 mesh fraction by automedium cyclone is
quivalent to flotation. The fact that projected improvement
in yield associated with the narrow feed size spectrum is
obtained at a lower Es value than test 17 suggests that the
relationship between cechnical and economic efficiency 1is
not linear. Considering the modelled performance of test 17
it is apparent that concentrate ash level must increase to
the target level in order to maximize yield. This target is
currently 8.5 perc for average feed ash of 17?8 percent.
At a feed ash of ! ercent, concentrate ash target of
approximately 8 percent woﬁld be more. reasonable. In this
case, increased yield occurred at the expense of Es; the
value near the 8 percent ash target (42.8) is lower than the
cleaner test 17 product (48.6). Schulz insists that Es is
- independent of economic considerations. Certainly, operation
i it :
at high Es values ensures near optimum performance, however,
economics must precisely identify desirable factor levels.
The high performance of the narrow size spectrum
strategy 1is accomplished with reduced diesel collector

consumption. Gaudin [69] suggested that coarse particles
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Table 4.9 Modelled Performance of the Narrow Size Spectrum
Strategy

SI1ZE RANGE FEED ASH MODIFIED SIZE  YIELD CONCENTRATE
(Mesh) (%) CONSIST (%) (%) ASH (%) Es
48x100  13.9 30.6 76.8 6.7 47.3
100x200  15.1 19.3 80.4 7.6 47.7
200x270  14.5 7.0 83.2 8.1 43.6
-270  13.6 43.1 86.6 9.0 34.6
Composite 14 .1 100.0 82.2 7.9 42.8



require a higher density of collecter molecule coverage than
fines of the same mineral species. Trahar [1] uses separate
conditioning stages for fine and coarse size fractions. The
bulk of the collector dosage is given to the coarse while
the fines are hgndled with starvation amounts to ensure
selectivity (grade considerations). Although the dramatic
savings in collector indicated above may not be fully
realized at the plant scale, test results indicate that it
is expensive to treat 20x48 mesh particles by»flatatiaﬁg To-
ensure effective implementation of the narrow feed size
spectrum strategy, the operator must emphasize efficient
screening operation to minimize misglacement of coarse
particles in flotation feed. Costs Encuffeé by establishment
of a screen monitoring and maintenance program will be
recovered at the flotation section of the plant.

Multivariable regression analysis performed for this
factorial design indicated that @ was strongly correlated
with feed 4sh content. Kf was influenced by aeration rate
and feed ash, however, Ks was not strongly dependent on any
factor. This is not surprising as Ks accounts for departure
from first order behaviour at extended times.

4.2.1 Effects of Particle Size

\

\ Model parameters for sized fractions of total mass and
incombustibles species for tests 12 and 17 are given in

Tables 4.10 and 4.11, Three features are apparent

from these data., Firstly, the distribution of parameter



Table 4.10 Model Parameters for Sized Fractions: Test

100x200

200x270

-270

Total Mass

Incombustibles

0.091

0.234

0.680

3!

9!

1i

31x10"-*

97x10-*

21x10°?
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12

2.26x10°*

1.57x10"°?

2.67x10"°?

1.86x10"?



Tab

=

le 4.11

SIZE RANGE

35x48

200x270

-270

Model Parameters for Sized Fracfians:'

Ks
SPECIES g (seé")
e voss o o
Inécmbusﬁi?les 0.708 2.22x10"°°
e s oz s
Incombustibles 0.589 7.81x10- "
s vass 572 oz
Incombustibles . 0.560 8_13310*'-
ot s 0136 - 1sitie
Incombustibles D.SEDV 2.;;119“
o voss Gane naseie
Incombustibles  '0.523  6.95x10°

#

128

Test 17
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values over size 1S similar for both species. This

reinforces the concept that combustibles and incombustibles

are both recovered by the bubble attachment mechanism. Lower
Kf values for incombustibles indicate a slower reaction
rate. Secondly, the distribution of Kf over particle size is
similaffta suggestions by Imaizumi and Inoue [43], and Lynch
(49). The fast floating component extends over the size
range 74-225 microns whereas the slow floating fines and
coarse middling particles will be recovered at extended
flotation times. Thirdly, the slightly lower rate constants
associated with test 17 are offset by lower values of 2.
Although the flotation reaction is slower, 1t proceeds to a
higher degree of completion because of the lower ash content
of test 17 feed. A possible method of increasing test 17
flotation rates 1s dispersion of air into finer bubbles.
This is accomplished by selection of an appropriate iméeller
design and regulation éf‘fthEEE dosage.

Model results for discrete size ranges for tests 12 and
17 are presented in Tables 4.12 and 4.13. Comparison of Es
values indicate either superiority of the narrow size
Vspeet:um strategy (ie 200x270 mesh) or its similarity to the
present operating regime (ie 48x100 mesh). Variation exists
in feed ash of the same size range for these tests. It was
hoped that this would be circumvented by the sample
preparation procedure. Also contributing to this variance

was sampling bias associated with ash analysis of test

products. Reliance on Es is beneficial given these
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circumstances because Es, by defi;}tien; accounts for
changes in feed ash. If yield was the objective criterion,
interpretation of results would have been complicated by the
fact that yield is inversely related to feed ash (refer to

Flintoff and Plitt [57].)

4.2.2 Flotation Control Strategy for McIntyre Mines

Maximization of recovery is the objective of rougher
stage flotation in a sulphide mineral concentrator. Hence,
control sttategy emphasizes proper matching of collector
reagent dosage to feed grade. The role of the cleaner
flotation section is maintenance of concentrate grade
taréets through control of aeration and froth bed thickness.
This distriputed control strategy is not available at
McIntyre Mines. Concentrate yield and grade must Dbe
controlled at th; same process location.

The forthcoming on-stream ash m@niﬁer [70) will play a
vital role in the flotation control strategy. A block
diagram of a possible strategy is given in Figure 4.6.
Operating in conjunction with a computer, changes in feed
ash will be interpreted as changes in @. The computer will

signal flow adjustments to diesel collector in order to

maintain reasonable values of Kf and yield. Concentrate ash .

level would determine froth bed thickness through aeration -
rate control. Yield and Es would be calculated by the
computer, however, precess lag (ie nominal bank resxdenee

time) must be considered to obtain proper pairing of feed

J\
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And concentrate sample assays. The sampling frequency must
be selected to prevent over-control (sampling frequency too
high, resulting in severe, undamped control actions) or
under-control (sampling frequency too low resulting in
mismatching of flotation environment to feed
characteristics.)

Frother dosage can be correlated to concentrate
flowrate. This quantifies froth nature, permitting
identification of froth overloading by the computer. Froth
bed thickness must be taken into account as thick, yet not
overloaded froths, generate low concentrate flowrates.

The proces?‘computer establishes factor levels in terms
of the set point. The set point reflects efficiency in
either technical or economic terms. It is possible to
utilize Es'as\the set point, however, profit targets may be
preferrable for reasons given abdve. The operator must

determine which criterion is%more desirable.

4.3 Evaluation of the Lynch Flotation Coﬁtrol Strategy

A laboratory procedure was developed to evaluate the
Lynch %lotation control strategy (Figure 2.12) for the
MclIntyre cogl. The rougher portion of the cell bank was
restricted to the first cell. Procedurally, this was
represented by the first three froth increment periods. The
object of the remaining periods was to assess performance of

the scavenger section (last three cells in the bank). Diesel
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ollector was added at both stages, the roagher r receiving

L

the bulk of the dosage. This divergence from the Lynch
format in which collector dosage emphasis is placed on the
scavenger section 1is Jus ified because the short bank length
Hecessitates rapid yield maximization. This is also
supported by the probablistic flotation model: it is
sensible to recover valuable particles as soon as stable
bubble-particle aggregates gre formed. Frother concentration

was held constant in both flotation sections as frother was
introduced via the water replenishment system.
The feed size range studied ;as 20x0 mesh. The narrow

Eeéé size-spectrum strategy was not evaluated. A 2°
factorial design was utilized in this investigation. Pactors
selected fcr study were diesel collector dosage at the
scavenger section, and ffcthér dosage. Collector dosage at
the rougher section was established at 0.8 ml per 500 g coal
(1.6 litres/tonne). Impeller speeé was set at 975 rpm and

eration maintained at 7.75 litres/minute. This provided
power intensity and air flow number of 2.3 kW/m*® and 0.06
fespect}vely. One set of model pafameﬁe:s was required for
each flotation section. The model was executed twice for
each species and the results rearranged to predict eve:;ll
performance. Essentially, the éisappearance kinetics
analysis is reset for each staged addition of collector. The
experimental design, in coded a;é uncoded forms, is given in
Table 4.14. |
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Table 4.14 Experimental Design for Evaluation of Lynch
Strategy

CODED LEVELS UNCODED LEVELS
SCAVENGER
TEST COLLECTOR FROTHER X, X,
RUN NO. X, X, ml. ml. 1% sol.
1 53 -1 -1 0.2 8
-
2 55 +1 , -1 ’ 0.6 8
3 52 -1 +1 0.2 12
4 50 +1 +1 6.6 12

-3
cp 40 41 0 - 0 0.4 . 10
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Evaluation of the experimental design by Yates method
is given in Table 4.15. Time constraints limited the number
of centre point runs to two. Because of this, a significant
Jactor was not identified. It is suggested, however, that
frother dosage would emerge as significant with performance
of a third centre péint run.

Optimum conditions for the Lynch strategy are provided,
at the centre point. Comparison of yield, cancentfate ash,
and £s for the centre point with either the current
operating practice or the nar%aw size spectrﬁm strategy
indicates the inferiority of the Lynch scheme for this coal.

The difference in operating cost between the

[
o

ynch and the

narrow size strategy is exceptionally large as. the former

]
Ly |
1]

cogsumes twelve times as much diesel collector.
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5. CONCLUSTONS AND SUGGESTIONS FOR FURTHER WORK

&
cell, utilized by McIntyre Mines Ltd., has been designed:and
fabricated. The desired flotation environment can be
precisely established to estimate the effects of procedural
modifications on plant performance. This equipment is a
valuable screening tool; conditions which should be
investigated at the pilot and operating plant levels are
quickly identified. Inappropriate operating conditions can
be discarded in the laboratory thus eliminating production
losses associated with plant testing. The following
conclusions pertain to the laboratory investigatia% of the
flotation of a low volatile bituminous coal from the
mountain fegiah‘@f Alberta:

1. Similarity between laboratory and plant scales exists
for: geometric aspects, modified air flow number and
power intensity. This suggests that both machine scales
exhibited similar particle suspension/dispersion
patterns.

2. The three parameter heuristic flotation model expressed
by Lynch (equation 2.27) accurately describes the
flotation response of the studied coal. Kliﬁpel‘s two
pgramgtef model (equation 2.38) fitted with the same

data wvas not a urate as the three parameter model, -

ac

[ ]

Lad

Feed ash level influences the magnitude of @, the

fraction of material which is slow floating. As feed ash

139
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associated with fast floating, liberated, intermediat

=

s, KfF, is directly proportional to aeration

cl

L
s
i
i |

part

.
1]

and inversely proportional to feed ash level. The

La/
[+
r
[y
W

slow floating fraction rate constant, Ks, was not
associated with any process variable.

Aeration rate at the plant scale should be evaluated at
an increased level (9.6 m’ /minute), with a commensurate
decrease of impeller speed from 220 rpm to 196 rpm. At
these new levels, Nq' 1is 1.43x10-*, and PI is 2.48
kW/m?.

Addition of a fifth bank of Wemco 120 cells would
increase nominal cell residence time by 25 percent
providing throughput is not increased. Model results
indicate an increase in yield of 2.2 units is available
with this expansion. *

Flotation practice at Héfﬁtyre Mines should be
restricted to particles finer than 48 mesh (300
microns). Coarser particles presently handled by
flotation (20x48 mesh) are mare efficiently processed
with automedium cyclones. Two benefits accrue from the
natrow feed size spectrum strategy. Firstly, nominal

residence time is increased by 30 percent at current

throughput and feed pulp density. Extended flotation
time enhances recovery of slovw floating fines. Secondly,
coarser particles consume disproportionately larger
amounts of diesel collector to increase hydrophobicity

and bubble attachment. Laboratory results indicate that

-



applicaéion of the narrow size spectrum strategy could
reduce consumption of diesel to one.eighth of préséht
demand.

The operating strategy developed by Lynch for Australién
coals was evaluated, with minor modifications. It was
determined that this strategy is inappropriate for the
Alberta coal. The heterogeneous nature of coal reguires

the tailoring of control-strategies by each operator.

The following aspects of coal flotation are suggested

as topics of future investigations:

1.

The coal operator should establish the relationghip
between technical and economic efficiency of the
floﬁation operation.

The process control strategy should be developed in
terms of the on-line ash monitor. Flexibility 1is é
desirable feature which woula permit efficient bperaEﬁén
at all market conditions.

The narrow size spectrum strategy should be evaluated at
the pilot and full plant levels. It is essential to
monitor the performance of the scalped coarse particles
in the cyclone section of the plant.

Flotation feed at Fording Coal Mine is sized at 100x0

mesh. It is possible that this is an excessively narrow

"»\\size epectrum. Addition of 48x100 mesh particles could

improve recovery of fines by a mechanism resembling

carrier flotation,
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TEST NUMBER 12

1. CONDITIONS

COLLECTOR: 0.8cc = 1.6 l/tonne RPM: 1100
FROTHER: 6cc(1% sol) = 0.12 1/tonne % -200 MESH: 35
AERATION RATE: S5 1l/min FEED ASH: 17.3%
2. DATA

FROTH INCREMENT . wr(g) ASH(%)
_E_;ig_ii,E,_,‘__i,ﬁi__,,,i;E;;,_gﬁ,Eiéii!ééi;EJE,E,;,,é,
1 97.2 7.67
2 81.0 9,13
3 - i 90.3 10.35
4 72.0 12.50
5 22.3 17.05
6 11.9 20.30
TAILINGS 90.¢€ 58.36
TOTAL 465.3
3. ANALYSIS
0 Ks(se:") Kf (sec™ ')
TOTAL MASS 0.240 9.27x10"* 0.0224
INCOM USTIBLES 0.595 3 7Sx1D . 0.0167
PI: 2. 93 kw/m Ng': 1i5811D" Np: 8.85
MODEL OUTPUT
CUMULATIVE

CELL NO. CUHULATIVE YIELE(Z) CGHCEHTRATE ASH (Z)
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TEST NUMBER 13 .
1. CONDITIONS
COLLECTOR: 0.8cc = 1.6 1/tonne RPM: 1100
FROTHER: 6cc(1% sol) = 0.12 1l/tonne ¥ -200 MESH: 35
AERATION RATE: 5 l/min i FEED ASH: 17.4%
2. DATA
FROTH INCREMENT wT(g) ASH(%)
1 94.5 6.28
2 70.1 6.93
3 97.2 7.79
4 85.4 10.68
5 28.1 15.15
6 12.8 17.96
TAILINGS 8.5 46.60
TOTAL 473.6
3. ANALYSIS
0 Ks(sec™ ') Kf (sec"')
................. _._.‘_;!,,_—E,!_;i!é;=_!!gi-!_;iigii,,gég_!_
TOTAL MASS .196 o 5.02x10°° . . 0.0189
INCOMBUSTIBLES 0 435 5. 70;1@-- 0.0115
PI: 2.85 kW/m’ Ng': 58;10" Np: 8.61
MODEL OUTPUT :
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CDHEEHTRATE AEH (z)
1 47.2 8,7
2 67.4 9.4
3 76.3 # 10.0
! 80.5 10.3 >



181

TEST NUMBER 17 - .
1. CONDITIONS
COLLECTOR: 0.1cc = 0.2 l/tonne RPM: 950
FROTHER :10cc (1% sol) = 0.2 1l/tonne ¥ =200 MESH: 50 ,
AERATION RATE: 7 1l/min FEED ASH: 14.2%
2. DATA
FROTH INCREMENT WT(g) ASH (%)
! 76.1 ) 4.78
2 63.6 ’ 5.39
3 100.0 6.17
4 96.4 7.19
5 37.6 9.95
3 20.1 12.34
TAILINGS 82,0 317.60
TOTAL 485.8
3. ANALYSIS
4] Ks(sec“) Rf(se:“)
TOTAL MASS 0.165 8. 3Sx10"‘ 0.0145
INCOMBUSTIBLES 0.580 8.98x10" 0.0103
PI: 1.97 kW/m® Nq‘: 2.55x10-° Np: 9.23
MODEL OUTPUT
: CUMULATIVE

CELL NO.
1 42.9
2 63.7
3 73.8
4

CUMULATIVE ZIELD(z)

CDHCEHT?ATE ASH (Z)



: TEST NUHEE 18

1. CONDITIONS

COLLECTOR: 1.5cc = 3.0 1/tonne RPM: 950
FROTHER: 10cc(1 % sol) = 0.2 1/tonne . ¥ -200 MESH: 20
AERATION RATE: 3 1/min ' FEED ASH: 16.2%
2. DATA
FROTH INCREMENT , wr(g) ASH(z)
1 24.5 3.88
2 26.0 4.35
3 64.5 4.57
4 52.7 5,17
5 39.2 2 6.97
6 32.0 6.53
TAILINGS - 248.1 26.80
TOTAL 487.0
3. ANALYSIS
7] Ks(sec ') Kf(sec™ ')
TOTAL MASS 0..530 6.06x10"°* 0.00888
INCOMBUSTIBLES 0.712 1.05x10"* 0.00653
PI: 2.10 kW/m’ Ng': 1.09x10°° Np: 9.87
MODEL OUTPUT
CUMULATIVE
CELL NO. CUMULATIVE YIE D(z) CDHCEHTRATE ASH (z)
1 20.7 7?3
2 34.0 7.5
3 42.8 7.6
4 48.9 7.6



TEST NUMBER 19

‘. CONDITIONS

COLLECTOR: 0O.lcc = 0.2 l/tonne RPM: 1250
FROTHER: 10cc(1% sol) = 0.2 l/tonne % -200 MESH: 50
AERATION RATE: 3 l/min FEED ASH: 13.9%
2. DATA
FRDTH IHCREHEHT WT(qg) AQE(Z)
1 51.8 6.08
2 44.5 5.43
3 86.6 5.99
4 109.7 4,66
5 55.8 11,25
6 28.2 15.08
TAILINGS 113.5 29.16
TOTAL 490.1

[} KS(SEC“) Kf(sea 1)
TOTAL HASS 0.128 9 DEx1D"‘ 60930
IHCDMBUSTI BLES 0.289 4 7531@"' Q 00419
PI: 4.35 kW/m’ Ng': B.32x10" * Np: 8.9§
MODEL OUTPUT
CUHULATIVE

CELL HQ. UHULATIVﬁ YIELB(%) CDHCEHTRATE ASH (1)
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TEST NUMBER 20

)
1. CONDITIONS
COLLECTOR: 0.1cc = 0.2 l/tonne RPM: 1245
. ~ FROTHER: 2cc(1% sol) = 0.04 1l/tonne § -200 MESH: 20
AERATION RATE: 7 1/min FEED ASH: 18.5%
2. DATA
FROTH INCREMENT HT(g) ASH(%)
1 23.6 6.35
2 . 13.9 5.76
3 23.9 5.73
- 4 34.8 6.20
5 30.0 7.05
6 27.1 7.35
TAILINGS 333.7 23.88
TOTAL 487.0
3. ANALYSIS
o Ks(sec ') Kf (sec” ')
TOTAL MASS 0.937 1.34x10°° 0.0406
INCOMBUSTI BLES 0.968 : 8.18x10"* 0.0510
PI: 4.46 kW/m’ Ng': 1.95x10°° Np: 9.30 '
MODEL OUTPUT '
CUMULATIVE
CELL NO. CUMULATIVE YIELD(% CONCENTRATE ASH (%)
13.0 11.3

——--_..--.—-_-—_—-—_——————-_-—--_-.-—-—--———---———---—--—--_—
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TEST NUMBER 21

1. CONDITIONS
COLLECTOR: 0.1cc = 0.2 1/tonne RPM: 960
FROTHER: 2cc(1% sol)hs 0.04 1l/tonne X -200 MESH: 20
AERATION RATE: 3 l/min FEED ASH: 20.2%
2. DATA
FROTH INCREMENT WT(g) ASH(%)
1 4.3 5.65
2 3.3 5.16
. 3 7.4 5.19
4 11.4 5.32
5 7.8 6.15
6 8.3 5.81
TAILINGS 442.8 21.59
TOTAL 485.3
3. ANALYSIS .
0 Ks(sec ') Kf (sec™ ')
TOTAL MASS 0.914 Y 1.09x10° ¢ 0.00548
INCOMBUSTIBLES 0.677 2.25x10-* . 0.000341
PI: 1.83 kW/m’ Ng': 1.08x10°* ~ Np: 8.32
MODEL OUTPUT .
’ CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)
1 3.2 5.0
2 . 5.6 ) e 5.5
3 7.6 A 6.1
é 9.2 iy 6.6
------------------------------------- ‘—?&-.‘;‘—_J‘—-—-—---———-‘-



TEST NUMBER 22

1. CONDITIONS

COLLECTOR: 1.5cc = 3 1/tonne ' RPM: 940
FROTHER: 2cc(1% sol) = 0.04 l/tonne ¥ -200 MESH: 50
AERATION RATE: 7 1l/min FEED ASH: 14.9%
2. DATA
FROTH INCREMENT WT(g) ASH(%)
1 50.4 4.98
2 44.1 5.35
3 73.7 5.33
4 67.5 6.14
5 35.6 6.58
6 12.0 6.81
TAILINGS 199, 1 23.78
TDTAL 482.4

3. ANALYSIS

o KS(SEE“) KF(SEC")
TOTAL HASS 0. 355 3.32:165* 0;9135
INCDMBUSTIELES 0.834 5,28x10"* 0.0163
PI: 83 kw/m Ng': 2.58x10°° Np: B8.86
MODEL OQUTPUT
, CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CDHEEHTRATE ASH (%)
1 30.5 5 9
2 45.8 6.2
3 53.6 6.6 <
4 £7.5 7.1
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TEST NUMBER 23

1. CONDITIONS
COLLECTOR: 1.5cc = 3 l/tonne " RPM: 1235
FROTHER: 10cc(1 % sol) = 0.2 l/toenne Yy -200 MESH: 20
AERATION RATE: 7 1/min FEED ASH: 22.5%
2. DATA
FROTH IHCREHEHT wT(qg) ASH(Z)
1 51.5 5_42
2 22.0 5,35
3 41.5% 5.57
4 59.8 6.61
5 - 39.1 g.14
6 31.5 9,27
TAILINGS . 198.9 39.69
TOTAL 444.3
3. ANALYSIS
@ Rs(sec ") KF(sec )
TOTAL MASS 0. 849 2 70x10° D 0429
INCOMBUSTIELES 0. 907 QEK1D G D36B
PI: 4.23 kw/m‘ Hq'z' 97310 Np: 3-04
MODEL OUTPUT *
CUMULATIVE
CELL NO. cUHULATIVE YIELD(%) CON CEHTRATE ASH (%)



TEST NUMBER 24

1. _CONDITIONS

COLLECTOR: 1.5¢cc = 3 l/tonne RPM: 1255
FROTHER: 2cc(1% sol) = 0.04 1/tonne % -200 MESH: 50
AERATION RATE: 3 1/min ' FEED ASH: 15.0%
2. DATA
FROTH INCREMENT WT(g) ASH(X)
1 37.5 .33
2 29.8 8.21
3 50.4 8.40
4 82.7 9.00
5 56.6 - 10.58
6 \ 29.7 88
TAILINGS 186. 1 18.91
TOTAL 472. S
3. ANALYSIS )
o Ks(sec“) Kfi{sec ')
TQTAL MASS 0. 245 ’ 41x1o-’ 0.00691
IHCQHEUSTIELES 0. 459 4 59x1D" 0. 00542
PI: 4.23 kW/m’ Ng' s 29x1Q" Np 3.51
MODEL OUTPUT
CUMULATIVE
CELL NO. CUHULATIVE YIELD(Z) EDHCEHTRATE ASH (z)
1 25.1 9.6
2 41.8 9.9
3 52.9 10.2
4 60.4 10.4
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TEST NUMBER 25

1. CONDITIONS

COLLECTOR: 0.8cc = 1.6 l/tonne RPM: 1120
FROTHER: 6¢cc(1% sol) = 0.12 1/tonne % -200 MESH: 35
AERATION RATE: 5 1/min  FEED ASH: 17.5%
2. DATA
FROTH INCREMENT WT(g) ) ASH(%)
1 58.5% 5.41
2 41.8 S.45
3 80.7 5.62
4 93,1 6.78
S 38.8 g.11
6 26.4 g 32
TAILINGS 142.6 39.12
TOTAL 481.69
3. ANALYSIS
(1) Ks(sec ') Kf(sec" ')
TOTAL MASS 0. 254 3.84x10°° 0.0116
INCOMBUSTIBLES 0. 781 4.86x10" ¢ 0.0134
PI: 2.86 kW/m} Ng' 1.55\10-’ Np: 8.19
MODEL OUTPUT
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)
1 > 34.1 6.9
2 52.6 7.1
3 62.6 7.4
4 68.1 7.8



TEST NUMBER 40

1. _CONDITIONS
COLLECTOR: 0.8+0.4cc = 2.4 1l/tonne RPM: 970
FROTHER: 10cc(1% sol) = 0.2 1/tonne ¥ -200 MESH: 35
AERATION RATE: 7.75 l/min FEED ASH: 18.1%
2. DATA
'FROTH INCREMENT WT(g) ASH(%)
1 59.5 n 8.73
2 37.7 9.0%
3 56,3 9.86
4 g1.1 10,14
5 61.0 11.81
6 34.0 13.99
TAILINGS 130.3 38.15s
TOTAL 469.9
3, ANALYSIS
(7] Ks(se: ') KF(SEE 1)
RDUGHER
TOTAL MASS 0.921 5 24x10°° 0.0868
IHQDHEUSTIBLEE 0.785 10;10-- 0.0191
SCAVENGER:
TOTAL MASS 0.236 2 33x10-* 0.00807
IHCDHBUSTIBLES 0. saa 75:10-’ 0.00522
PI: *2.06 kW/m’ Ng': 2. 77:10-* Np: 9.07
MODEL OUTPUT
A CUMULATIVE
CELL NO cunu;;rxv: YIELD(%) CQHCEHTRATE ASH (z)
1 3‘2i1 8.3
2 51,3 ) 9.3
3 63.4 f 9.7
4 71.0 10.0
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TEST NUMBER 41
1. CONDITIONS o\
COLLECTOR: 0.8+0.4cc = 2.4 l/tonne RPM: 965
FROTHER: 10cc(1% sol) = 0.2 1l/tonne %X -200 MESH: 35
AERATION RATE: 7.75 l/min FEED ASH: 17.8%
2. DATA
FROTH INCREMENT wT(g) ASﬂ(z)
1 72.7 . 7.22
2 48.5 8.09
3 82.5 8.72
g ) 78.6 9.65
5 ’ 43.7 11.73
6 24.7 14.23
TAILINGS 124.6 41.61
TOTAL 475.3
3. ANALYSIS
e Ks(sec ') KF(sec ')
ROUGHER : _ )
TOTAL MASS 0-.967 8.76x1Q"° 0.601
IHCQHEUSTIELES 0.944 2. 79:10-3 0.0%23
SCAVEHGER
TOTAL MASS 0.378 3.12x10- ¢ 0.0101
IHCDHBUSTIBLES 0.709 2.12x10° ¢ 0.00726
P .85 kW/m‘ Ng': 2. 78x10° Np: 8.30
MODEL OUTPUT
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)
i—!!g—gii!!_E-Qiﬁ—g———g———iggg——a—!—ﬁ-;gism————sgs ———————
1 40.8 8.6 .
2 . 56.8 9.0
3 66.3 9.2
4 72.0 9.3
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TEST NUMBER 50
LV
1. CONDITIONS -
COLLECTOR: 0.8+0.6cc = 2.8l1/tonne RPM: 975
FROTHER: 12cc(1% sol) = 0.24 l/tonne ¥« -200 MESH: 35
AERATION RATE: 7.75 1/min FEED ASH: 18.0%
2. DATA
FROTH INCREMENT WT(g) ASH(%)
1 50.4 10.30
2 44.. 4 10.36
3 50.9 10.91
4 ‘97.8 10.57
5 56.0 11,62
6 30.4 12.48
TAILINGS 155.8 32.92
TOTAL 485.7
3. ANALYSIS
[y Ks(sec™ ') Kf (sec™ ')
ROUGHER:
TOTAL MASS 0.549 8.12x10"* 0.0184
INCOMBUSTIBLES 0.782 7.28x10° ¢ 0.0181
SCAVENGER:
TOTAL MASS 0.340 2.12x10°° 0.00958
INCOMBUSTIBLES 0.627 6.32x10°"° 0.00817
PI: 2.02 kW/m’ Ng': 2.76x10°° Np: 8.79
[}
 MODEL OUTPUT
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)

-—--—-—--—-_-——--—-———-_—_—_-—--———--—--————_—_--—-—__-—--
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TEST NUMBER 52

1, CONDITIONS

COLLECTOR: 0.8+0.2cc = 2 1l/tonne RPM: 955

FROTHER: 12cc(1% sol) = 0.24 l/tonne x -Z200 MESH: 35
"AERATION RATE: 7.75 1/min FEED ASH: 18.3%
2. DATA

FROTH INCREMENT ' WT(g) ASH(%)

1 74.7 10.16

2 38.0 9.36

3 67.5 10.09

4 89.7 11.08

5 52.4 13.10

6 22.3 14.37

TAILINGS 127.4 37.86

TOTAL 472.0

(7] Ks(sec“‘) KF(ses“)
EQUGHER*
TOTAL MASS 0.934 6.86x10"? 0.964
INCDHBUSTI BLES 0.956 3.14x10°° 0.884
SCAVEHGER:
TOTAL MASS 0.332 3,.39x10"°* 0.0105
Iucoususxqﬁnzs 0.619 9,28x10""'"* 0.0831
PI:E 1.69 kW/m’ Ng': 2;8131D“ Np: 7.82
MODEL OUTPUT g
CUMULATIVE
CELL NO. CUHULATIVE YIELB(%) EDHEEHTRATE ASH (%)
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TEST NUMBER 53

e~

3 \
}

1. CONDITIONS -

-

COLLECTOR: 0.8+0.2cc = 2 l/tonne !K; RPM: 965
FROTHER: 8cc(1% sol) = 0.16 1l/tonne % -200 MESH: 35
AERATION RATE: 7475 1/min | . FEED ASH: 17.4%
2. DATA
FROTH INCREMENT wr(g) ASH(%X)
........................................... P P
1 33.4 10.54
2 27.5 10.50 -~
3 38.0 11.36
4 61.7 11.16
5 32.1 12.23
6 21.6 12.36
TAILINGS 264.3 22.40
TOTAL . ‘ 478.8

- - - - - A = G WD o W T - e e - - - G - =S T D G WD - S Sh b G W GD GR MR SR e G G e e e

3. ANALYSIS

0 Ks(sec ') Kf (sec™ ')
ROUGHER:
TOT§L MASS 0.659 3.80x10"-?* 0.0153
INCOMBUSTIBLES 0.77¢9 9.90x10"? 0.0137
SCAVENGER:
TOTAL MASS 0.833 1.05x10°° 0.0185%
INCOMBUSTIBLES 0.876 §.7410"° ¢ 0.0138
PI 1.85 kW/m? Ng': 2.78x10°° Np: 8.30
MODEL OUTPUT
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)
1 18.1 11.1
2 30.8 11.1
3 38.6 11.1
4 44.2 11.2

- o . > D . " G e e - P R = W R Gn - YR e Gm TR T G WM R b P R WP e o — e e e S e e e e
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'TEST NUMBER 55

1. CONDITIONS

COLLECTOR: 0.8+0.6cc = 2.81/tonne

FROTHER: 8cc(1% sol) = 0.16 l/tonne

AERATION RATE: 7.75°'1/min

165

RPM: 960
x -200 MESH: 35

PEED ASH: 17.1%

2. DATA -
FROTH INCREMENT WT(g) ASH(%)
i 43.7 10.80
2 34.0 10.64
3 30.8 11,60
4 92.3 10.48
5 47.0 11.56
6 33.9 11.70
TAILINGS 215.7 25.04
TOTAL 497.4
3. ANALYSIS
14/ Ks(sec ') Kf(sec™ ')
ROUGHER | .
TOTAL MASS 0.729 5.73x10"° 0.0275
INCOMBUSTIBLES 0.919 1.21x10-* 0.0492
SCAVENGER:
TOTAL MASS 0.835 2.29x10"? 0.0259
INCOMBUSTIBLES 0.792 5.78x10" * 0.0115
PI: 1.86 kW/m’ Ng': 2.80x10°° Np: B.48
MODEL OUTPUT ‘
CUMULATIVE
CELL NO. CUMULATIVE YIELD(%) CONCENTRATE ASH (%)
! ] 18.0 13.0
2 36.6 11.4
3 8.0 111
4 56.2 11.0
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Appendix I1I

Raw Data : Sink-Float Analysis of Clean Coal Concentrate
. o .
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PARTITION CURVE DATA: TEST 12 (S1ZED FRACTIONS)

S1ZE RANGE: Composite CONCENTRATE YIELD: 79.9%

TAILINGS YIELD: 20.1%

DISTRIBUTION (WT %)

SPECIFIC === m— s e = s o ms s === PARTITION

GRAVITY CQNCEHTRATE TAILINGS NUHBER
-1.3 27.14 8.06 6 95

+1.3-1.4 48.98 13.86 6.65

+1,4-1.5 13.48 .B.11 13.15

+1.5-1.8 B.31 16.91 33.86

+1.8 2 10 §3.07 86.41

Total 1DD DD 100.00

SIZE RANGE: EDHfE mgsh CONCENTRATE YIELD: 74.6% N

TAILINGS YIELD: 25.4%

DISTRIBUTION (WT %)

SPECIFIC Btttk PARTITION
GRAVITY CDNCEHTRATE TAILINGS HUHEEH
-1.3 47 33 12.34 8.14
+1.3=-1.4 34.73 12.68 11.08
+1.4-1.5 10.85 7.51 19.10
+1,5-1.8 6.47 3 14.78 43.71
+1.,8 D.EZ 52.7@ 96.68

Total 100 GD 100.00 )



SIZE RANGE: 48x100 mesh CONCENTRATE YIELD: 79.6%

TAILINGS YIELD: 20.4%

DISTRIBUTION (WT %)

SPECIFIC fememmemm—mmmmmomomomo-emmo=e PARTITION
GRAVITY CONCENTRATE _ TAILINGS NUMBER
-1.3 .70 10.16 5.87
+1.3-1.4 42,24 14.81 8.25
+1.4-1.5 .84 6.12 11.72
+1.5-1.8 10. 34 11.48 22.13
+1.8 4.22 57.43 77.74
Total 100.00 100.00
SIZE RANGE: 100x200 mesh  CONCENTRATE YIELD: B2Z.6%

TAILINGS YIELD: 17.4%

DISTRJBUTION (WT %)

SPECIFIC mmo-—s=———sssSs==ssSs=smToEETmT PARTITION
GRAVITY CQNCENTRATE TAILIHGS NUMBER

-1.3 24i§2 -~ 6.85 5.53
+1.3-1.4 48.00 \ 15,69 6.44
+1.4-1.5 12.61 7.65 11,33
+1,5-1.8 10.55 10.72 17.67
+1.8 4.2 59,@9 74.70
Total 100.00 .. - 1DD DD
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SIZE RANGE: 200x270 mesh CONCENTRATE YIELD: 79.6%

TAILINGS YIELD: 20.4%

y DISTRIBUTION (WT %)
SPECIFIC ememmmmcm—esmmmmmmmmme——ae PARTITION
GRAVITY CONCENTRATE TAILINGS NUMBER
-1.3 3.75 4.69 5.77
+1.3-1.4 61.42 21.55 4.29
+1.4-1.5 16. 36 10.17 7.34
+1.5-1.8 11.63 “~  8.70 8.68
+1.8 0.84 54.89 89.18
Total 100.00 100,00
SIZE RANGE: -270 mesh CONCENTRATE YIELD: B82.6%
TAILINGS YIELD: 17.4%
DISTRIBUTION (WT %)
SPECIFIC ==-m-mmmmmmmme——m———o—-—-—eo- PARTITION
GRAVITY CONCENTRATE TAILINGS 'NUMBER
-1.3 2.17 0.74 .93
+1.3-1.4 72.57 10.58 3.54
+1.4-1.5 18.94 10.58 12.34
+1.5-1.8 5.49 33,14 60.27
0.83 44.98 74.70
€ - = JE———
Total 100.00 100.00
L]
- ) -
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Ciiii?ii!iiiiii!!iiiiE!iii!iiiiii!!!!iii!iSii!iii!!iiiii!?;ii l71

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

4 SIMPLEX METHOD FOR FUNCTION MINIMIZATION

VERSION NO. 1 NOV. 29/77 B. FLINTOFF

iitiiilittilijttiiiitiii*iiiii!;i;ii*;iiilitiii!!!iiiiiiiiii

REFERENCE: NELDER,J.A.,MEAD,R.

A SIMPLEX METHOD FOR FUNCTION MINIMIZATION
COMPUTER JOURNAL, VOL7

PP 308, 1965

ALTERNATE: MULAR,A.L.,BULL,W.R.

MINERAL PROCESSES;ANALYSIS, OPTIMAIZATION
AND CONTROL.

UBC PRESS, CHAP 13

1969

!!i!iiii!ti!!?iﬁiiiﬁi!iiiil!iiit!ii!ti!iii!iiii!jiitiii!?iii

VARIABLE DEFINITION:

o e ol e s e e ol e ol ol A ok e ok R R R

TEMP3
U
Y

s g o e ok e 3k ke o ok ok ok o ok o R

, . THE P
...... STRUC
CARD

THE 1

c

C

C

C

C  NAME DIMENSION FUNCTION

C Ce e e

C ALPHA COEFFICIENT OF REFLECTION

C BETA COEFFICIENT OF CONTRACTION

C CENTRO 50 CENTROID COORDINATES

C  CYCCNT ' NO. OF OBJECTIVE EVALUATIONS

C CYCLES MAXIMUM NO. OF CYCCNT ALLOWED

C  GAMMA COEFFICIENT OF EXPANSION -

C  GENMAT 51 X 50 MATRIX OF COORDS IN HYPERSPACE

C  GUESS 50 INITIAL GUESS VECTOR FOR GENMAT

C H ROW POINTER FOR HIGHEST OBUECTIVE

c L ROW POINTER FOR LOWEST OBJECTIVE

C N , NUMBER OF ELEMENTS IN A ROW

C OBJVAL 51 VECTOR OF OBJECTIVE VALUES

cC R WORK VARIABLE '

C  REFLCT 50 VECTOR OF COORDS FOR REFLECTION

cC S ROW POINTER FOR SECOND HIGHEST OBJECTI
C STDERR STANDARD ERROR OF OBJVAL ABOUT LOWEST
C VALUE

C STEP 50 STEP SIZES FOR GUESS TO GIVE INITIAL
C GENMAT

C STEPNO COUNTER FOR NUMBER OF SIMPLEX SIZE
C REDUCTIONS

C sTOP CONVERGENCE CRITERION FOR STDERR

c 11 WORK VARIABLE

c 12 WORK VARIABLE

C TEMPT 50 wdRK VECTOR

C TEMP2 50~ WORK VECTOR (NOT IN USE WITH THIS LIST
C

C

C

C

C

C

C

C

C

. WORK VARIABLE
WORK VARIABLE |
CALCULATED OBUECTIVE VALUE FOR ROW H

?-iﬁiiiii‘tii!!iiiiiiilitili!ii!i*i;‘i!tit!!iiii

ROGRAM EXPECTS DATA ENTRY TO HAVE THE FOLLOWING
TURE. CARD 1:NUMBER OF SEARCH ELEMENTS. (1<N<52)
DA VECTOR OF N ELEMENTS (FIRST GUESSES) FROM WwHI
NITIAL SIMPLEX IS GENERATED. CARD 3:A VECTOR OF N



L oorsntn S % Elonia

C172
ELEMENTS WHICH REPRESENT THE STEP SIZE FOR PERTURBATION
OF THE FIRST GUESSES IN INITIALLIZATION OF THE SIMPLEX.
NOTE: DATA 1S FREE FORMAT AND MUST BE SEPARATED BY A COMMA

i :isi;;:ii:iii::::i;:::i:i:i:1i1i:i::i::i:i:ii:iiiiii:tii::i::ii:ti;:

C me=xx=
DIMENSION CENTRO(S
i REFLCT (5
5

(50). GENMAT(51,501, GUESS(S0), STEP(50),
(50)
DIMENSION OBUVAL(51), TEMP1(50), TEMP2(50)
INTEGER CYCLES. H., STEPNO, CYCCNT, S, OUTPUT
COMMON GENMAT. 'S, L. H, Y, OBJVAL, CYCCNT, N, NPLUST. OUTPUT
Ctiiii;i‘iiii‘ii?‘ii—iiii‘!iI;Qi!ii;-Iﬂiiiiﬂi;i!*iii‘-i-‘itii-jiiiﬂl
C .
c VARIABLE INITIALLIZATION
c
CSiiti!ii;i!i!i#ij;iii!!iii*ii‘ii‘iti!*i‘iiﬁi?ﬁiﬁi!ﬁ;ii“ji?ﬁ!‘iiﬁ!
C SET UP STOPPING CRITERION AND CYCLE LIMIT
STOP = 1E-03
CYCLES = 1000
OUTPUT = O
SETUP REFLECTION,EXPANSION,AND CONTRACTION COEFFICIEMTS.
ALPHA = 1 |
GAMMA = 2
BETA = .5 A
READ IN NUMBER OF ELEMENTS PER SIMPLEX ROW .
READ (5,10) N : |
10 FORMAT (12)
READ IN FIRST GUESS VECTOR.FOR SIMPLEX GENERATION
READ (5,20) (GUESS(I),1=1,N) :
20 FORMAT {10F5.2) -
READ IN STEP SIZES ASSOCIATED WITH GUESS(1)
READ (5.20) (STEP(I), I=1,N) |
CALCULATE INITIAL SIMPLEX FROM GUESS AND STEP
NPLUSY = N + 1
00 60 J = 1, N
DO 30 1 = 1, NPLUS!
IF (1 .EQ. J + 1) GO TO 40
, GENMAT (1. J) = GUESS(J) - (2/(FLOAT(J) ¢ 1)) * STEP(J)
30  CONTINUE .
30 CONMATUI.U) = GUESS(J) + ((2/(FLOAT(4) + 1))STEP(J)) = FLOAT(J)
IF (J .EQ. N) GO TO 70
JPLUS2 = J + 2 /
DO 50 1 = JPLUS2, NPLUSI
N GENMAT (1,J) = GUESS(J)
50  CONTINUE
60 CONTINUE
C SETUP CYCLE COUNTERFBR OBJECTIVE EVALUATIONS
70 CYCONT = 0 7
C SETUP CYCLE COUNTER FOR SIZE REDUCTIONS
STEPND = O -

Ciiiiﬁiiiitiiﬁjitiiiit!t?!iiii!i!ﬁiiiiﬁi:#I!ti!iitiiii:j!tf;iiti:i

‘e
]

) ]

0

BEGIN SIMPLEX CALCULATIONS

Cy Oy

E!ii!jit!!i;i!iiii!i!!i!il!i!ii!i?ii!ilii?iiliiit!lii!!!ﬂiti!'i?!i

C evAUONATE OBUECTIVE FOR ALL ROWS IN GENMAT
80 DB 90 I = 1, NPLUS!
Wzl
CALL OBUECT



OBUVAL U]
g0 CONTINUE
¢ RANK THE OBUJECTIVES ACCORDING TO THEIR MAGNITUDE
100 CALL RANK

C CALCULATE THE STANDARD ERROR OF THE OBJECTIVE VALUES
0

Y . 17

o |
[}

T1 =

T2 = 0

DO 110 I = 1, NPLUM
U = OBJVALII) - OBJVAL (L)
T1 = T1 + U == 2
T2 = T2 + U

110 CONTINUE
STDERR = SQRT((T1 - (T2#==2/NPLUS1!)/N)
1F (STDERR .LT. STOP) GO 7O 290
IF (CYCCNT .GT. CYCLES) GO TO 270
Ci:ii::g::s:::::::i:::-:;:ti:ii;;i:ii::i::-:-:::i:;;;;;;si:i::i
C REFLECTION
C SAVE ROW CORRESPONDING TO HIGHEST OBJECTIVE VALUE
DO 120 1 = 1, N
TEMP1(]) GENMAT (H, 1)
120 CONTINUE

C CALCULATE THE CENTROID OF THE HYPERPLANE
DO 130 Jy = 1, N
CENTRO(J) = 0
DO 130 I 1, NPLUS1

IF (1 .EQ. H) GO 7O 130 :
CENTRO(J) = CENTRO(J) + GENMAT(1,d4) /' N
130 CONTINUE
C CALCULATE REFLECTED VALUE COORDINATES
DO 140 J = 1, N .
REFLCT(J) = (1 + ALPHA) = CENTRO(J) - ALPHA = TEMP1(J)
GENMAT(H,J) = REFLCT(J) :
140 CDNT#EUE
C CALCULAYE OBJECTIVE ASSOC. WITH REFLECTED COORDS.
CALL OBJECT :
TEMP3 = Y
C REPLACE REFLECTED ROW WITH ORIGINAL H ROW
DO 150 Jy = 1, N
GENMAT (H,J) =
150 CONTINUE
C COMPARE OBJECTIVE VALUE
IF (TEMP3 .GE. OBuUVA
C:i;tii;:::;ii::-:::;-:t:,
C EXPANSION
Citiiii!iiiiiii!ﬁiiiitii!‘!i!iiiii!iiiiﬁltiliiiii!iiiﬁtiiiilii!i
po 160 J = 1, N
GENMAT(H,J) = (1 + GAMMA) = REFLCT(J) - GAMMA = CENTRO(J)
160 CONTINUE ,
C CALCULATE OBJECTIVE ASSOGIATED WITH EXPANSION COORDS.
CALL OBUJECT , 7
C COMPARE OBJECTIVES OF EXPANDED WITH LOWEST ROW
IF (Y .GT. OBJVALI(L)) GO TO 180
C IF EXPANSION WAS A SUGCESS REPLACE ROW H
OBJVALIH) = ¥
GO TO 100 7 ) o
C COMPARE OBUJUECTIVES OF REFLECTED WITH SECOND HIGHEST ROW
170 IF (TEMP3 .GT. OBJVAL(S)) GO TO 200
C IF REFLECTION. WAS A SUCCESS REPLACE ROW H
180 OBUVAL(H) = TEMP3

JF LOWEST ROW,AND REFLECTED COORDS
't)) GO TO 170

:i!ii!iil!iiii!#!iii;i!il!iiiiiiiii!!




F’i

T R L L X LT o]

DO 190 4 = 1, 174
GENMAT (H, J)
190 CONTINUE
GO TO 100
C COMPARE OBJECTIVES OF REFLECTION AND HIGHEST ROW
500 IF (TEMP3 .GT. OBUVAL(H}. GO 7O 220 .
C REPLACE ROW H WITH REFLECTED COORDS.
DO 210 4 = 1, N ,
GENMAT (H,J) = REFLCT(J)
210 CONTINUE
OBJUVAL(H) = TEMP3

Cii!ii!;iii#ii!itiiiiii*iﬁ!!i¥!i!liﬁtii!iii!i‘!iit!!i!jii!iiii

w =

REFLCT (J)

C CONTRACTION
Ci;:ii:t::i::::i:;:i::;:::t::t:i::si:i-s:ii;:i:ii:;:i:i:::::-ii
C SAVE ROW H AND CALCULATE CONTRACTION COORDS. .

220 DO 230 J = 1, N
TEMP1(J) = GENMAT(H,J)
GENMAT(H,J) = BETA * GENMAT(H,J) + (1 - Biga' * CENTRO(J)
230 CONTINUE '
C CALCULATE OBJECTIVE ASSOC. WITH CONTRACTED COORDS.
CALL OBUECT ,
C COMPARE OBJECTIVES OF CONTRACTED CDQRDS. AND ROW H
1F. (Y .GT. OBJUVAL(H)) GO TO 240
¢ IF CONTRACTION WAS A SUCCESS REPLACE ROW H

OBJUVAL(H) =Y
« GO 70 100
Ciiiiiilijiii;ijiii'ﬁj‘i!iif“i!“;‘iiiiii‘iiifli#iiiiiiiiiiﬁ
C STEP CHANGE-----SIZE REDUCTION

C#!iiij!ii!i,u!!i!i:i-iiti:ii:iiiiiiii‘!iliiiiliijjiiijitiiiiitii
C REPLACE CONTRACTED COORDS WITH ORIGINAL ROW H AND REDUCE SIZE
240 DO 250 J = 1, N S
GENMAT(H,J) "= TEMP1(J) bt
DO 250 1 = 1, NPLUS
7 GENMAT(1,J) = (GENMAT(I, & + GENMAT(L,J)) / 2
250 CONTINUE -
¢ INCREMENT STEP CHANGE COUNTER AND PRINT DATA
STEPNO = STEPNO + 1
WRITE (6,260) STEPNO, CYCCN .
260 FORMAT (' ', 'STEP CHANGE NUMBER ', I14. " OCCURRED NEAR CYCLE ',

1 [14)
GO TO 80
Citi:;1:;:i::t:::i:ti:ti::;:nti::;:-;:ititii-:::-::;::iit:;:s
C END OF SIMPLEX CALCQLATIDNS

Ciii:liIiiiiiiliiij-I!iiiﬁiiitii!ii!iiiiiiiii!liiﬁ!iiitii!ii

Cii!!Sii!tﬁliﬁ‘ii!iiiilﬁtiﬁi?ii!i!I!QIiﬁii!ii#i!ﬁvii!ili!iiiitiii!i!
OUPUT SECTION |
THIS SECTION 1S USER MODIFIED SUBUECT TO OUPUT REQUIREMENTS

alalelelel

§

_‘ C-uu'::ui;t::-n::;:ii:i::s::it:iiii:lii;—ii:’::it:yi::::-:i:tii:iii:;:

270 WRITE (6,280) CYCCNT

280 FORMAT (' ‘' SIMPLEX FAILED TO CONVERGE IN ' . 14, ~ CYCLES' )
~ GO TO 310

290 WRITE-(6,300) -

300 FORMAT (' ‘. 'CONVERGENCE INFORMATION.......")



sity of Alboits
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310 WRITE (6.320) 175
320 FORMAT (' ', ‘SIMPLEX ROW L FOLLOWS' |
WRITE (6.330) (GENMAT(L,J),J=1,N]
330 FORMAT (' ', 8(E12.5,3X))
WRITE (6,340) OBJVAL(L), OBUVALI(H) , -
380 FORMAT (', 'LOWEST AND HIGHEST OBUECTIVES ARE *. E12.5. ' AND *.

1 E12.5)
WRITE (6,350) CYCCNT
350 FORMAT (" ' " NUMBER OF CYCLES =', 14)
H = L
OUTPUT = 1 ¢ ' s
CALL OBJECT ’
STOP
END
C
C‘."i‘!il!iii!!;i!!‘ii!!iiiliii!!iﬁ!iiiﬁi!;iﬁiiii!iii?i?ji!‘ii
C , N
C
C

Clt#‘i!iiiii!ii§ii!!iii!iiii!iii!it!ii!!i!jiil!ii!ii1ii!ii!ii!iiii

SUBROUTINE RANK
DIMENSION GENMAT(51,50), OBJUVAL(51)
INTEGER CYCLES., H, STEPNO, CYCCNT, S, QuUTPUT

tt‘!i;!!ii?!!ii!Ii‘,iiiiiii:Sii;si:i:i?ﬁi!ii:ﬂiiiltIi!ii!iiiiiijii!iii

THE FUNCTION OF. THIS SUBROUTINE IS TO DETERMINE WHICH ROWS

OF THE SIMPLEX CORRESPOND TO THE HIGHEST, SECOND HIGHEST AND LOWEST
OBJECTIVE VALUES .
“!iii!ii!ii!iiii‘ii-iiii!ii!ii?iiitiiiti!iiiﬁiii‘ltiiiil!iiii!ﬁii!ﬁi;

* & ik

OO0 OOOO0O0

COMMON GENMAT, S, L. M, Y, OBUVAL. CYCCNT, N, NPLUST, OUTPUT
L o= 1 :
1

H
S = 1
C SEARCH FOR HIGHEST AND LOWEST OBUECTIVE VALUES
DO 30 I = 2, NPLUSI |
IF (OBJVAL (1) .GT. OBUVAL(H)) GO TO 10
IF (OBUVAL (1) .LT. OBUVAL(L)) GO TO 20

GO T0 30
10 H = 1

GO TO 30
20 L =1,

30 CONTINUE
C SEARCH FOR SECOND HIGHEST OBJECTIVE VALUE
R = OBJVAL(H)
OBJVAL(H) = -1E-70
DO 40 1 = 2, NPLUSI , ,
IF (OBUVAL(I) .LE. OBUVAL(S)) GO TO 40

S = 1 |
40 CONTINUE : .
OBUVAL (H) = R :
RETURN | , &®

END : , B
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SUBROUTINE OBUECT ) e
DIMENSION GENMAT(51,50), OBUVAL(S1) -
INTEGER CYCLES, H. STEPNO, CYCCNT, S, OUTPUT

COMMON GENMAT, S, L. H, Y, OBUVAL, CYCCNT, N, NPLUS!. OUTPUT

Ct::i:::t:i:ii:;t:::;ii-;:zzz}i:;;:-x::i--iitii-::ii:::i:

CONVENTION: THE SEARCH VARIABLES ARE LOCATED IN ROW .
H OF THE SIMPLEX MATRIX ' GENMAT' . EG.
GENMAT (H,3) WOULD CONTAIN THE VALUE FOR
THE THIRD UNKNOWN. YOU MAY REQUIRE TO
CONSTRAIN THESE VALUES PRIOR TO YOUR
CALCULATIONAL BLOCK (EG. ABSOLUTE VALUES).

RULES: THE OBUECTIVE FUNCTION VALUE MUST ALWAYS
BE CALCULATED IN THE VARIABLE "Y'.

ONCE: THE SEARCH IS FINISHED IT WILL OUTPUT
SOME INFORMATION THEN SET THE 'OUTPUT’ FLAG
TO 1 FROM O, AND CALL THIS SUBROUTINE WITH
THE BEST POINT IN THE CURRENT SIMPLEX. THIS
ALLOWS THE USER TO PROVIDE ADDITIONAL
PERTINENT OQUTPUT.
DO NOT REMOVE THE LINE,

*CYCCNT=CYCCNT+1’
FROM THE SUBPROGRAM AS IT IS USED IN JOB
CONTROL .

ii!Q!iﬁiiiiiii!ii*t!iil!Qii1!*!iiii!i*ilitl!iiilliiiliii

ﬂﬁﬁﬁﬁﬂﬁﬂﬁﬁﬁﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁ(‘i(ﬁ(’ﬁ(’)ﬁ

C
c:;:tiii;::iii;ii!:ti:;iiiiiii::i:i-i:-tﬁi:it:::t::ii:;ti;iiittii::;
C 7 DATA T REFERS TO THE INTERVAL TIMES (SECONDS) FOR THE FLOTATIH
C TEST "
C -iIi!i:ii#tiiiii!!ii!tii!tiiiii!itii:tiiiitii!!itiii!iiﬁ!iii!iiiitt
C w=x=
c , -

DATA T /15, 30, 60, 120, 240/
C
Ciﬁ!iii‘!!i‘iiiiﬁiiﬁﬁi!ﬁiiiii!ﬁiItiﬁiiiii!‘ii!iitiii!iﬁiiﬁiii?!!iiﬁ!
C i DATA R REFERS TO THE FRACTION OF COAL REMAINING IN THE PULP A
C THE '
C INTERVAL TIME CORRESPONDING TO DATA T
C iiI:#iiiiiii?!iiiiii!!ii!ii‘iiiiiiiiiii!!iiS!!ii!iiiilii!#ii!!iiiii
C ==
¢ - | |

DATA R /.796, .686, .480, .291, .189/
C -
C DEFINE PHI=PHI RKF=KF AND RKS=KS
C

PHI = ABS(GENMAT(H,1))

RKF = ABS(GENMAT(H,2))

RKS = ABS(GENMAT(H, 3))
C
C COMPUTE OBJECTIVE FOR THIS POINT
C

Y = 0.



\

DO 10 I-= 1, 6 :

RP(1) = 100. - (100. - PHI ) = EXP(-RKF=T(I)) - PH] = EXP(-RKS=T!I
1 1 : .

y = Y + (R{1) - RP(I)) = (Rt1) - RP(I})

10 CONTINUE
CYCCNT = CYCCNT + 1
{F (DUTPUT .EQ. 0) RETURN

OQUTPUT THE RESULTS CORRESPONDING TO THE BEST ESTIMATES
WRITE (6,20) PHI, RKF, RKS
20 FORMAT ' -’ "ESTIMATED VALUES OF THE PARAMETERS ARE..' /" ', 5%, '
1pH1=’ , F6.2, 10X, 'KF=', F6. 4, ' MIN®==-1 AND KS=', F6.4, ' MINse-1

2' )
WRITE (6,30)
30 FORMAT ('-', ‘TIME', BX, 'OBS. REC.”, 1X. 'PRE. REC.’, 1X, 'RESIDU

1AL .
DO SO 1 = 1, 6
RES = R(I) - RP(I) o
WRITE (6.40) T(I), R(1}, RP(1), RES
40  FORMAT (' F5 2  5Xx, F5.2, 5x, F6.2, 4x, F5.2)
50 CONTINUE
RETURN o
END
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FORTRAN PROGRAM OF THE 3 PARAMETER FLOTATION MODEL
.‘l“‘t“"*iit!lliii:ii!!!!lti!liiii!it!iif‘?i!‘*
5 a“«i ]

by A. McINTYRE MAY 1980
FILES/DEVICE NOS. FOR DATA INRUT:

=

FILE NAME DESCRIPTION DEVICE NO.
) N L L PR T Y
. «SOURCE = FORJRAN SOURCE PROGRAM 5
. 7 DATA MODEL PARAMETERS FOR ALL PARTICLES 7
ASHDAT MODEL PARAMETERS FOR INCOMBUSTIBLES 8

THIS PROGRAM IS INTENDED TO BE EXECUTED FROM A DECWRITER TERMINAL

#****t‘#‘*‘****#*t#!!ti!ii*#?tiif*iﬁi!ti!ii#iiiiiilj!iiiiiiiii‘#iiti
*® %

OO0

INTEGER TNO, SIZE!
REAL IMASH(8,4), I
DIMENSION DATA(S8,3
DIMENSION ASHR(8,4 -
DIMENSION ASHDAT(8, 3), ES
WRITE (6,10) .

10 FORMAT (’-', T10, 'START ALL INPUTS FROM THE 2ND PRINT POSITION'/
1T10, 42(' =" ))

8,
NC
), )

), 8,4), FASH(8,1), CUMA(S,1)

£

C

I e AR R L L L L
C SOME COMPUTER TERMINALS IGNORE CHARACTERS IN 1ST PRINT POSITION
o e e e e T D L L e L it e L
C
20 FORMAT
30 FORMAT
40 FORMAT
50 FORMAT
60 FORMAT
WRITE |
70 FORMAT

12) ™
Fa.1)
2A4)

-« -

2(1X,E8.2))
F5.2))

"FLOTATION TEST NO?..... .(1E 06)")
TNO

"ENTER NO. OF SIZE INTERVALS (INCLUDE COMPOSITE FEED)
! ) .

oO— “O—-
M- = - —>xw
x —

WRITE
80 FORMAT

WRITE
.30 FORMAT
DO 110 1, |
READ (5,40) SIZE(I,1), SIZE(I,2)
IF (1 .EQ. M) GO TO 110
WRITE (6,100
100  FORMAT (' ', "ENTER NEXT SIZE INTERVAL:')
110 CONTINUE

TO—0O

NTER THE MESH INTERVALS.....(IE 20x48M)’)

N
"nowo QO 1| ~J— D D>x >

xzxmm
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WRITE (6,120) 180

120 FORMAT (' 0', 'ENTER NO. OF CELLS IN BANK TO MAXIMUM OF 4..(IE 03)°
1) . . -
READ (5,20} N _ o .
WRITE (6,130) .

130- FORMAT ("0’ , 'ENTER CELL RESTDENCE TME IN-SECONDS...(}E 90.1)")
READ (5,30) TAU
C

Ct#.t.tt“‘#tttt‘t“"‘t“‘#‘#ttt‘*#*“!t!iiiil#iii!i!*ii!!i!‘??iiii

C THE PROGRAM NOW READS MODEL PARAMETERS FROM FILES DATA AND ASHDAT .

C#‘#t‘t‘#*"#t‘l‘tt“t“““#‘.t#*t‘#tl3iﬁSitiiii!tiii!tiiiiiiii?tii

C

bO 140 1 = 1, M : ’
READ (7.60) DATA(I,1), DATA(I,2), DATA(I,3)
READ (8,60) ASHDAT(I,1), ASHDAT(I,2), ASHDAT(1,3) .

140 CONTINUE
C

T e e e R E R L L el Ll L L L L L L Ll ld s
-C ORGANIZATION OF QUTPUT:
C TEST IDENTIFICATION PLUS LISTING OF MODEL PARAMETERS

Ctttttt‘t#“tt'**l“#t#‘.“tt“‘t.‘#‘iiiitii!iﬁiiiiiﬁitiiit

C
WRITE (6,150) TNO : :
150 FORMAT (2(’-'), T20, ‘PREDICTED CQNCENTRATE YIELD AND QUALITY FOR

1FLOTATION TEST ', 12/62(" =*'})
WRITE (6,160) :
160 FORMAT (' -', T20, 'TABLE 1 - MODEL PARAMETERS FOR ALL PARTICLES'/

1720, 44('*")/'0', T10, 'MESH INTERVAL’, T35, 'PHI', T47, 'K
2SLOW’' , 759, 'KFAST ' /T46, ' (1/SEC)’, 758, ' (1/SEC)'/T10, 58('=*"))
DO 180 I = 1, M -
WRITE (6,170) (SIZE(1,J),d=1,2), (DATA(I,J), d=1,3)
170 FORMAT (' ', T11, 2(A4), T34, F5.3, 6X, 2(E9.3,4X))
180 CONTINUE

WRITE (6,190) - »
190 FORMAT (' -', T20, 'TABLE 2 - MODEL PARAMETERS FOR INCOMBUSTIBLES'/
1720, 44(' =" )/'Q', T10, 'MESH INTERVAL’', T35, 'PHI', T47,6 'K
2SL0W' , 159, 'KFAS T'/T46, '(1/SEC)’, T58, ' (1/SEC)'/T10, 59('*"))
DO 2001 = 1, M ' )
WRITE (6,170) (SIZE(1,d),dz1,2), (ASHDAT(I,J),d=1,3)
200 ,CONTINUE
C
C*‘t#t#ttt#tt**t“t**t‘*‘#t‘t#‘t#‘*‘tttiit!ii!i!ﬁl:t‘iiiiititit!i
C ORGANIZATION OF QUTPUT:
C ~ ESTABLISH TABLE FOR CONCENTRATE YIELD ESTIMATION ON AN

o INCREMENTAL (CELLXCELL) AND CUMULATIVE BASIS

C*‘ﬁ**‘#“*t‘#**'*t*‘t‘***t*‘**##‘#t*fﬁ!i!’iiIiittiiiiii!iiiiiﬁ

C
WRITE (6,210) '
210 FORMAT (2('-'), T5, 'MESH’, T26, 'CUMULATIVE YIELD', T76, ' INCREM
INTAL Y IELD’, /., T2, 'INTERVAL', T14, 'CELL NO.1', 2X,
2 'CELL NO.2', 2X, 'CELL NO. 3', 2X, 'CELL NO.4', 5X, "CELL N
30.:', 2X, 'CELL NO.2', 2X, 'CELL NO.3'w2X, "CELL NO.4", /, 104("*
4')

(nal

C

C*t‘t##ttt‘******#t#*#*t‘**#*****‘*#*!ii!itttiii*t!t;

C EXECUTION OF MODEL TO ESTIMATE CONCENTRATE YIELD

Ct*tt*tt#*t*t!*t*‘t##t‘#‘#**#*#*“*t#ﬁ*li&iﬁitiiiiﬁﬁﬁ

C

L5

DO 230 I = 1, M
DO 220 U = 1. N



SS = (DATA(I,2)=TAU + 1) == (-J) = QrAtl 1) 181
SF = (DATA(I.3)*TAU + 1) =* (-y) = (1 -,DATA(I,
CUMY (]I ,J) = (1 - S5 - SF) = 100
‘FY(I,1) =0
FY(I,J + 1) = CUMY(I,J)
: INCY(I1.J) = CUMY(I,J} - FY(I,J) A e
220 CONTINUE - '
230 CONTINUE »
C ) ' .

e R e L
C DUTPUT MDDEL EETI"ATED CDNCENTRATE YIELD

C
DO 250 1 = 1, M
WRITE (6,240) SIZE(I, 1)\ SIZE(1,2), (CUMY(I, J),u=1,4),
1 (INCY(I J),d=1,4)

1, :
240 FORMAT ('O’ T2 2(A4), A(7X,F4.1), 2X, 4(7X,F4.1))
250 CONTINUE

C

C ENTER FEED ASH ON SIZE DISCRETIZED BASIS

ci1ittij#iﬁ!itiii!“liii!ltiitt!l!ﬁiil!iiill!i
C LY
WRITE (6,260) | | ) N
260 FORMAT (2(’-'), 'ENTER FEED ASH FOR EACH SIZE INTERVAL PLUS COMPOS
{1TE FEED' /TS5, ‘COARSEST TO FINEST, THEN COMPOSITE. FORMAT CODE: 7
2(F 5.2)" ) : (
READ (5,60) -(FASH(I,1),1=1 M) '
C i
C!itii!iiii‘##iiii‘?t**iiﬁ!iliiliiiil!iitiiiiitiii‘i!ii!ii?iiiﬁi!tti
C  ORGANIZATION OF QUTPUT:
C ESTABLISH TABLE FOR CONCENTRATE QUALITY MODEL PREDICTION ON AN
C INCREMENTAL PLUS OVERALL BASIS
Ciiiiii’ii!!!1?1*?!“!*iiﬁl_iiiiiiiiiﬂti!fiiiiiitiiii!t*!iiﬁ!iiitiit!!
C
~ WRITE (6,270) o - )
270 FORMAT (2('-"), 132, 'PREDICTED % INCOMBUSTIBLES', 200", TS, ' ME
1SH IN TERVAL’, T21, 'CELL NO.1’, 2X, 'CELL NO.2', 2X, 'CELL NO.3',
22X, 'CELL NO .4', 4X, 'FLOTATION CONC.’'/T5, 77('s'))

C .
R e L e R L R S L e L e L L R
C EXECUTION OF MODEL TO ESTIMATE PERCENTAGE INCOMBUSTIBLES IN B
C CONCENTRATE
L R e T R Lt L R
C
DO 290 I = 1, M
CUMA(I, 1) = O
ASHP(I 1) = O

DO 280 J = 1, N -
«TAU + 1) * (-

ASS = (ASHDAT(1,2) J) = ASHDAT(I, 1)

ASF = (ASHDAT(I,3)*TAU + 1) == (-J) = (1 - ASHDAT(I, k1))
ASHR(I,J) = 1 - ASS - ASF .

ASHP(I,J + 1) = ASHR(I,J) .

ASHPR(1,J) = ASHR(I,J) - ASHP(I,J)

INCA(I J) = ASHPR(I.J) * FASH(I,t) / INCY(1,J) = 100
CUMA(I,1) = INCA(I,J) = INCY(I.d) / CUMY(I ,N) + CUMA(], 1)

280 CONT INUE
290 CONTINUE
C

C*iti!t#;iiiii‘iitQiiiﬁi!tiii!ti!ii?ltitiiii#iiiiiiii
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C  OUTPUT MODEL ESTIMATION OF CONCENTRATE QUALYTY 182
Ct:tatdt‘:t:t::iiii:-t::ii;::::!:x::ti:i:it::iiiiii i
C ) .
DO 3101 =1, M
WRITE (6,300) SIZE(I,t), SIZE(1,2), (INCA(I, J),d=1, N) CuMa(Il,1)
300 FORMAT ("0, T7, 2(A4), 2X, 4(7X,F4.1), 8X, F4.1)
310 CONTINUE 3
CRressssaad sk st R AR RRERERR SRS R AR E RS L SRS RSN R RN R LR RN RnR
G  CALCULATE SCHULZ SEPARATION EFFICIENCY INDEX (ES) .
Cresssaassssss st sttt bRt Et R AR RN R A RRA RS LSRR BTN NN
DO 320 I = 1, M
SEF = 100 - (FASH(I,1)1=1.1)
SNUM = 100 - (CUMA(I,1)=1.1)
ESiI.1] = CUMY(M,4) = 100 * (SNUM - SEF) / (SEF=FASH(I,1)=1,1)
320 CONTINUE
WRITE (6,330
330 FORMAT (2(’-"), T38, 'SCHULZ EFFICIEBNCY INDEX'/T37, 25('=")/T728, !

1SIZE INTERVAL', T42, 'ES'/T27, 15('*'), T40, 6('=
DO 350 1 = 1, M
WRITE (6,340) (SIZE(I,J).J=1,2), ES(I,1)
340 FORMAT (' ', T31, 2(A4), T41, F4.1)
350 CONTINUE
STOP .
END



