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- COMPLETE ON-LINE AUTOMATIC CONTROL OF THICKEMER CIRCUITS

Cd

J.R. MACDONALD

Century Autoflote Pty. Ltd. (formerly of/Catoleum Pty. Ltd;£:>

ABSTRACT

A quantitative semi-empirical model of sedimentation was preasented
at the Second Australian Coal Preparation Conference. This mciel has”/
been used as the basis for a complete on-line automatic :ontrol
system for thickener circuits called AUTOFLOC.

The AUTOFLOC system has been successfully trialled at three Hunter
Valley .Coal Preparation Plants using Hi-Rate thickeners,

The AUTOFLOC system provides for control of flocculant dose rates,
underflow pumping, thickener rake torque, thickener bed level and
cationic polymer dose rates in those instances where poor t¥ickener
overflow clarity requires the use of cationies. These paramelers are
controlled in the following way: o '

i) Flocculant dose rates are varied on a feed forward bisls so
as to achleve a constant -'settling rate, in accordarce with
the sedimentation model; provision exists for feedback
adjustment in response to the measurement of bed leyrl,
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ii) Underflow pumping is varied on a feed forward basis so as to
ensure that solids are removed from the thickener at .the

same rate at which they enter, thereby preserving thickencr

mass - balance; provision exists for feedback adjustment . In

o response to the measurement of rake torque and/or bed leve!l.

11i) Thickener rake torque and bed level are normally maintaincd
within acceptable limits by ensuring that both constant
settling rates and thickener mass balance are preserved,
However when this i1s not the case, provision exists fsr
feedback adjustment to the underflow pumping rate so ‘as co
control both rake torque and bed level; in additien,
provision exists for feedback adjustment to flocculant dese
rates so:as to control bed level. .

iv). Cationic dose rates, when required, are varied on a feedbick

- basis so as to control thickener overflow clarity.

The mathematical techniques used 1in developing the sedimentation
model have been modified and extended to provide the basis for a
complete on-line flotation control system which is currently being
trialled.

INTRODUCTION

Because of the impoftance of particulate suspenéions.in industwial.

processes, the properties of sedimentary slurries have been widely
investigated. The more significant references are listed here (1-9).

However, there does not appear to be any reference in the
literature to the quantitative effect of variations in the particle
size distribution or in flocculant dose rate. Consequently no rodel
existed which could be used as & sound theoretical basis for a feed
forward - flocculant control system. : T : .

The - author of the present  paper conceived a ' quantitative
semi-empirical model of sedimentation which described the seftling
velocity (V) - of a slurry in terms of only three variables, :amely
flocculant dose rate (D), slurry  solids concentration (C) and a
particle size distribution parameter (S). The model was developed in
terms of -these parameters because 1t was believed that such a
formulation would provide the basis for a simple but rellable,
site-specific, automatic feed forward flocculant control system, This
model was presented at the Second Australian Coal Preparation
Conference (10).

This paper reports that a simple, reliable automatic feed forward
flocculation control system has been developed from the above model.
This control system is currently being marketed by Catoleum un:der the
name AUTOFLOC. The flocculant control system has been succeisfully

<
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tried and proven at three Hunter Valley Coal Preparation Plants usirg
Hi-Rate thickeners-- Warkworth, Hunter Valley and Wambo.

The AUTOFLOC control system has been extended to achieve comple-e
control of thickener operation — by including control. of thicken:r
underflow pumping, thickener rake torque and bed level.

This extended controi fsystem has been proven under actual
operating conditions at Hunter Valley Coal Preparation Plant.

The control system has been extended further to provide feedbank
control of cationic polymer dose rates in those instances where poor
thickener overflow clarity requires the use of cationics. This syst:m
has not yet been tested under plant conditions, but. difficulties a-e

‘not anticipated.

'The bresent paper describes certain aspects of the total': gontr)l
system, together with other results of interest that ~have bezn
developed - from the paper presented at the Second Australian: Cca2al

. Preparation Conference (10).

OUTLINE OF THE CONTROL SYSTEM -

This section outlines the philosophy, the features ‘and - the
instrumentation requirements of the AUTOFLOC control system. ~

Other sections deal with the mathematical basis  for certsin

. aspects of the control system, practical aspects of the'ﬂcontrol

system and other areas of interest.

Control -System Philosophy S
Because of the low residence ~times- and fast response,; Hi-Rate
thickeners are much more difficult to control than conventional
thickeners. Consequently the’ following comments are restricted to
Hi—Ratel.thickeners on the grounds that the corresponding problems in
conventional thickeners are much easier to solve,

The basic assumption of the control system is that by

(1) achieving constant .settling rates at all. timés (whkich
- means that the variation 1in floc formation has -t z2en
- minimised) ' -

(1i)- - removing solids from the thickener at the éaﬁé rate tnat
they enter - :

conditions within the thickener will be kept close to steady-state,

thereby minimising or totally eliminating problems with rake torjue
and/or bed level. ' .
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Actual performance at Hunter Valley Coal Preparation.
Plant indicated that .
(1) © problems with rake torque were completely eliminated,

(11) bed level fluctuations were minimised but not eliminated.

~ It should be noted, however, that the gap to the inner ring (where
bed 1level fluctuations were greatest) was larger than design
specificatiéns. Appropriate modifications have been car-ied out
subsequently. This may eliminate bed level fluctuations, It ,is
important to note that satisfactory performance of the thickener
circuit was achieved which enabled production rates above th: design
figure to be routinely achieved.

Features of the Control System

Flocculant Control: Flocculant dose ~ rates are coontrolle
automatically on a feed forward basis, using the  semi-empiri
sedimentation model. Provision is made for feedback adjustment t
the calculated dose rates in the event that bed level starts to ge
out of control, although the primary means of controlling ted 1leve
is by adjusting the rate of underflow pumping. ;

. Thickener Control: The rate of underflow pumping can be altrred so ¢
to provide control of

i) mass balance in the thickener; that is, remove jolids v:
" the underflow at the same rate at which they :nter v:
. the feed :
“11) thickener rake torque

iii) thickener bed levgl.

Mass balance can be controlled automatically on a fred forwa
basis provided that the following information is available
1) the flow rate and solids content of the thicken:r feed,
i1) . the density of the solids in the underflow and he dens?
A of the underflow slurry,
iii)  the underflow pump characteristios; that 1=, flow r:
versus pump speed-at various slurry densities, ’

In most instances, maintaining both mass balance and const
settling rates ensures that rake torque and bed level ar: control
within .acceptable limits. However, where required, prov:'sion exi
for feedback adjustment to the calculated underflow pmp speec
order to control rake torque and/or bed level.

Control of Overflow Clarity: In some instances, particularly in
Hunter-Valley region, adequate overflow <clarity cannot be achi
with the use of flocculants alone. In such cases catiorle poly
or inorganic coagulants are necessary to improve overflow eclarity
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The control: software has been extended to provide automatic

;control of thickener overflow clarity by adjusting cationie dosirg

rates on a feedback basis. Although this has not yet been testid
under plant conditions, problems—are not anticipated.

i
‘Microcomputer -Facilities: Microcomputer flexibility enables tle.
‘mathematical sophistication .of feedforward calculations to be carricd’

:out. It also allows feedback control algorithms: to be undertak:n
'which are more effective than the usual PID feedback methods.

.
™

Plant Performance

. The AUTOFLOC flocculant »éontrol system has been sucéessfulfy
‘proven at Warkworth, Hunter Valley and Wambo Coal Preparation Plant:.

| Th
(Hunter
thickener
'Ebeen complet
L.

thickener control system has been successfully proven :t
lley Coal Preparation. -Plant. Wambo intends to. use tire .
ntrol system when the instrumentation pre-requisites ha e

Rl
.

| The author is u
iflocculant or thic
ithe control system to ¢
' It should be noted that Hunter Valley Coal Preparation Plant
rake torque was, at all times, maintained within acceptable limits hy
ensuring that the underflow pumps m ntained mass balance. -That i3,
"as expected, feedback adjustmen£ was~._never required. On the oth:r
{hand, feedback adjustment for  bed leved was required at timens. -
 However 1t was noted subsequently that ‘the gap to the inner ring wis
Egreater than the design specifications.. It is possible . tpat
appropriate modifications will make feedback adjustment unnecessary.,

ware of any case at any of the three sites‘wﬁere
er problems have been due'to the inability o f

i ‘ Instrumentation Requirements
Flocculant/Cationic Control: Both systems require _ :
~ i) light transmission probes which generate 4-20 mA inpat
i signals L . :

i1) variable speed pumps which can.be controlled via 4-20 - nd
i - output signals. .
Thickener Control: It is preferable that variable speed underflow
, pumps be used, particularly with Hi-Rate thickeners, but fixed speed
. pumps can be controlled by varying the length of time that the purps
.| operate. ' ‘

-
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' Control of thickener mass balance requires

1) variable speed underflow pumps which can be controllei vie
4-20 mA output signals, or
i1) fixed speed underflow pumps which can be controllec vi:z

digital output signals.

‘ Control of rake torque.requires a measurement of rake torque +hich
can provide a 4-20 mA input signal

Control of ‘bed level requires a measurement of bed level whic1 can
provide a 4-20 mA input signal. For example, this may be providei by
i) .a Gem sensor ,
i1) a mechanically movable light sensor
iii) taps at the side of the thickener, together with a .ight
sensor.

M‘
Benefits of the Control System T

Since there are no moving parts, maintenance problems and :osts
“are low. '

The software package communicates in user-friendly language, and

can be easily extended as newer advances are made.

In addition, the control system ensures that

1) flocculant/cationic usage i3 optimised

i1) thickener operating pbjectives are constantly ach eved
e.g. rake torque, bed level and overflow clarity

iid) plant downtime due to rake torque problems is elimina.ed

iv) satisfactory overflow clarity is achieved, which optiiises
the performance of other process units e.g. magn:tite
recovery and, particularly, flotation performance

vj operator involvement is minimised, which provides tim: for
operators to optimise the performance of other unit
processes, ‘

The reduction 1in plant  downtime can have significant cost
benefits. For example, inereased plant avallability of 10 hour: per
annum for a plant producing 1000 t/h ‘at a value of $50/tonne re.ults
in increased production of $500,000 per annum. .

3. THE MATHEMATICAL BASIS,OF THE CONTROL SYSTEM

There are four major components of the total control system

- 1) ~ flocculant control
i1) cationiec/overflow clarity control ‘
iii) - thickener mass balance control , e

iv) rake torque, bed level control.
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As outlined in thé previous section, flocculant dosing 1is va:ied
on a feed forward basis so as to achieve a constant settling rate (or
other suitable operating objective) while underflow pumping is varied
on a feed forward basis so as to achieve thickener mass balance. : In
most instances, ensuring a constant settling rate and thickener ‘ass
balance will control rake torque and bed level within accept:ble
limits.  On those occasions when this is not so, provision for
feedback adjustment to the rate of underflow pumping exists. Catinnic®
dosing is varied on a feedback basis so as to ensure that the des’red
thickener overflow clarity is maintained.

For reasons of space, this section 'will deal mainly with the
flocculant control system, but will deal briefly with the catiomiec
control system also. ' ~ .

The Basis For the AUTOFLOC Feedforward
Flocculant Control System

It is generally agreed that the settling velocity of particulate
slurries is a function of : .
i) the properties of the material -being settled
i) the properties of the process water
iii) the properties of the flocculant used
iv) ‘the fluid dynamics of the slurry in the specific plece of
equipment in which settling occurs.

_However, in.any given plant, it would be unusual for some of the
above variables to vary 'significantly over the period of. a day. For
example, a gilven flocculant -~ would be used, the  process \iater
chemistry should be approximately constant (if not, the prcblem
should be examined thoroughly) and, to a.lesser extent, the prccess
hydrodynamics and, to an even lesser extent, the surface chemistry of
the slurry particles should be reasonably constant,

This suggests that an adequate - site-dependent descriptio: of
settling can be given {n terms of the slurry solids content, C the
particle size distribution parameter, S, and the flocculant dose rate

in g/t, D.

_ It has been shown (10) that a semi-empirical quahtitative rodel
relating these variables has the form

- a, | a. exp(-a_ S) - '
Vo= -—a°+ -—r-}l- + 2 = 3 D
: c : c , o ()
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’

' where a_, a,, 25, 33 and n are émpirically determined,.site-spec.fic

constantis.

For conirol‘purposes we wish to express the flocculant dose reate
in terms of the othér parameters. :

m
‘o

(V + a_) dn - a
D = 0 !

a, exp (—835) | | (2)

At any particular plant, the settling rate bbjective, V, wil. be a
constant. Thus we have

n
Dv = exp (a3 S) [au‘C - a5] ‘ (3)

where D - dose rate in g/t required to achieve the tdesirec
settling velocity, V

]
[ 1]

(V+a0)/a2
a = a1/a2

Under actual plant conditions, it is easier to work :with dos
rates expressed in units of ppm rather than g/t. This is benause
plant dose rate in ppm can be calculated from the flocculan: dos
rate in 1/m, whereas a dose rate 1in g/t requires that, in 'adiition
the slurry solids content be known. - o »

Since D =d/C
where d = flocculant dose rate in.ppm, :
. ¢ = fractional solids content (not % solids)
we have
‘ n+1 ' ‘ ' ‘
d, = exp(a3 S)lay C - aSC] | ¢
where ' d - dose rate in ppm required to achleve the desir

v settling velocity, V.

The basis for many flocculant control systems is the beli:f th
the quantity of flocculant which must be added to achieve &z degdr
gsettling rate 1s proportional to the quantity of solids present
the 'slurry. In other words, it is believed that -adequate corirol ¢

" be achleved by varying the flocculant dose rate In accordance with

-~
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d =k C : ;  (5a)

or D .=k o . ish)

+

-

"It_can easily be seen'that there is a major difference between the
two models.

The proportional or ratio model makes no allowance for varia’ion
in the slurry solids particle size distribution, while the
semi-empiric model predicts that the dese rate required will incrase
exponentially. with increases in the particle size distribu.ion.
parameter. A detailed examination of A.I.3. raw coal thickener “eed
has shown  conclusively that varlation in the particle ilze
distribution does have a dramatic effect on the flocculant dose rites
required to achieve a given settling rate (10). This can be jeen
from Fig 1, where approx 25 g/t . is required to achieve a sett.ing
rate of 10 m/h with slurries containing 35-38% of -53 mic-ons
material (with solids content approximately 12%) whereas less tha: 10
g/t 1s required to achleve the same settling rate when only 26-28% of
the solids present are -53 microns (with solids content also 12%).

Furthermore, the proportional model predicts that flocculant jose
rate, D, is independent of C, whereas the semi empiric model predlcts
that the flocculant dose rate depends on ch From Fig 1, noting
that dose rates are gilven 1in g/t, it can be seen that D is not
constant, as-is required by the proportional model, but does in fact
increase with €, as required by the semi-empiric model.

It 1s instructive to compare the magnitude of the effec: of
changes in  solids content versus changes 1in  particle slze
distribution. It can be seen either :from equation 4 or Figure 1 :hat
the influence of the particle size dwstribution is more Important
than the solids content. This has not been generally recognisei in
the coal industry, or elsewhere, although it could be argued that it
is somewhat obvious. For example, Stokes Law predicts that a
spherical particle - 100 microns diameter will have a Settling
velocity 25 times as large as that of a 20 microns diameter spherical
particle. Furthermore, in interface settling (10), .virtually all
particles settle at the same rate. On the other hand it seems
difficult to avold the assumption that the actual settling rates for
interface settling 1s largely determined by. the 'natural?”, or
unflocculated, settling rate of the smallest particles, :

Confirmation of the validity of the semi-empiric model - is given
from a practical viewpolnt as well. For example, control of Hi-Rate

thickeners has been notoriously difficult because of theeir very snall
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*

5‘ee times. This can lead to loss of thickener control in such a
of time as 15-30 minutes. However, 'by wusing the
basis, three Hunter Valley Hi-~-Rate
k ners have been successfully controlled for long periods of time
o t, to the author's knowledge, a —single instance of loss of .
'r l1 due to the control system. If the quantitative predictions of

t, period

> con§
the m»del were significantly in error, then 1t 1is reasonable to
a33~f¥ that these errors would have manifested themselves in the
rap ‘1oss of control of the Hi-Rate thickeners.

\
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FIGURE 1 ~ THEORETICAL CURVE AND EXPERIMENTAL DATA
2 A1.S THICKENER FEED

43The Use Pf:LightfTransmission/Scattering'frobes

e theoretical.:model dependé on 'both . co! ‘
‘ . solids ' cont
icle size distribution parameter. " But there 1is :Zt ond @

ehient way of monitoring both on-line. simple

owever the problem can be viewed in another way.
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The ‘surface area of.slurry solids is dependent on the sclids
content and the particle size distribution. A parameter thet is
related to the surface area of slurry solids can be measured by reans
of 1light transmission/scattering methods wusing radiation «f a
suitable wavelength. . '

By examining the mathematical properties of the relatiorship
desoribing the correlation  between transmitted/scattered ?ight
tntensity, T, and the slurry % solids and particle size distribution
parameter, it has been. possible to arrive at a correlation between
d and T which is described by a mathematical form which is ar
idvariant.

We are therefore left with the problem of determining the vale of
the "constants" which specify a definite function within the fmilly
of functions which have the given form,. Under actual opérwting
conditions the value of the "constants" will depend on variations in
particle surface chemistry, process hydrodynamics and other .process
variations (such as pump wear. etc.) as well as variations i1 the
particle size distribution.

A simple calibration procedure has been devised which deteraines
the values of the constants. This enables.a single, .spe:ific
function to be selected from the 1infinite number of func:ions
belonging to that family of curves which describes the »slant
behaviour on that particular day.

This is indicated schematically in Figure 2.

- SPECIFIC FUNCTION
SELECTED BY THE
CALIBRATION

PROCEDURE

-~

FIGURE 2 FAMILY OF CURVESFOR _dy VERSUS T
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, The Cationic Control System
The feedback control algorithm devised for the addition of
cationic polymers 1is based on simple but well~-defined physical

principles.

Suitable limits on the - overflow clarity must - be establish:d by
plant observation. Given these limits it makes physical senz: tc
require the dosing pump to 1increase 1its output exponentially ip tc
maximum capacity as the overflow clarity approaches its lower limit
and to decrease 1ts - outpuf exponentially to zero (or some small
amount) as the overflow clarity approaches its upper limit., When the
overflow clarity is near the set point then changes in pump cutput
_should approach zero exponentially. ' '

if the average feed conditions change, then the nominal pumj
operating point is automatically adjusted in an exponential fasiion.

The above changes can be specified mathematically in = uniQQf way
This can be used to advantage in trouble-shooting situations.

PRACTICAL ASPECTS OF THE AUTOFLOC
FLOCCULANT CONTROL SYSTEM

Daily Calibration Procedures

_ The - initial motivation for the semi-empiric settling model wis ¢t

~determine the quan;itative effect of those variables which mizht b
_expected. to ‘vary over the short term. Those variables which wer
expected to vary over a longer period were neglected. However & plan
must operate over a long perlod, so it is necessary that a proezedur
be developed which takes account of this variation.

In practice, a simple calibratiocn procedure has been devised whic
takes account of any variations in the particle size .distributior
. particle surface chemistry, concentration of the flocculant solutior
characteristiecs of the flocculant solution ~pump, [roce:
hydrodynamics ‘and other process variations which have ariser sin¢

the prevlous calibration procedure,

‘ The calibration procedure éan bé carried - out daily, or on .
as-required basis. However since the time-required to calibri.te
only 10 mins approx, dailly calibration is recommended. -
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The calibration procedure is: , -
i) Ensure that the thickener is performing satisfactorily
. - at one 1Instant of ' tipme, For example, vary the
flocculant dose- rate so as to achieve the desired
settling velocity. :

11) flecord the flocculant pump speed, and the transmifteq
light signal at that instant, - g

Floecculant Pump Calibration

The control program calculates the dose rate required in ppm,
However the flocculant solution pump is controlled by a'* 420 .mA
.signal. Consequently it is necessary to calibrate the flocculant pmp
- for-1l/m delivered vs % pump speed (or ma), C

*° The daily calibration takes account of any pump wear, or varilat lon
In the concentration of the flocculant solution that. has occur-ed
since the previous calibration. Naturally, however, no account can be
taken of any variations which oceour between calibration periods. If
poor control were to occur , then this would suggest -some sudlen
change due to such (or other).variations. This could be eas .ly
overcome by a recalibration of the control system.. ' o

~ OTHER AREAS OF INTEREST

The fact that the sediméntation model could be used to m.ke
reliable quantitative predictions as to 'the effect of varicus
 parameters generated confidence to approach practical problems in
flocculation on a proper scientific cause-effect basis, rather tlan
avold such problems on the basis that ‘"what works in the laboratiry
- doesn't work on the plant". : - ' R

Indeed the view was taken that the differing performance in
- laboratory and plant could be used to ldentify those relevant  factcrs
- which differ in the plant. This approach has met with success in
many different areas, : -

For example, a particular area in which this approach .as
. predicted to provide significant - improvement was in thg'éxaminatian
"of the efficlency of flocculant/cationice dosing systems: (10). - At
'B.H.P. Newcastle Coal Preparation Plant the use of cationic polymers
"has been necessary since the use of salt water as process water has
"ceased. It was anticipated that the change to fresh water would
"result in significant increases in the total chemical costs, Howeve-,
"by implementing plant modifications suggested by laboratory test wc -k
which was carried out by Catoleum, B.H.P. have been able to redui:e
"the annual consumption of flocculants and cationics to approximately
"one half of the previous flocculant usage rates, while the usage ra:e
of cationics has been reduced %o one quarter of the usage ra:e.

—-—
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'Flbcculant dose rates: controlled on a feedforward hasis

achieve a desired settling velocity (or other operating objectiv

with feedback adjustment based. on’ bed-level measurement

Underflow pumping: controlled on a feedforward basis so as t> ensu
that solids are removed at the rate at which they enter; feedba
adjustment can be made on the basis of measured rake torque and/

bed level.

Rake torque, - bed level: these parameters are normally ccntroll
within acceptable limits by ensuring both constant settling rates
thickener mass balance. However, when this is not the ctse, ¢

underflow pumping rate can be adjusted on a feedback basis so as

control rake torque and bed level.
Thickener overflow clarity: can be controlled automati:ally
ad justing the dose rate of cationic polymers on a feedback bnsis,

The sedimentation model also' provided ‘the basis for the “ollow
"developments. :

Significant reductions in the usage rates of cationics a: B.H
Coal Washery have been achleved by means of appropriate a]terati
to the dosing system. :

Significant reductions in chemical costs'havefbeen‘ achieved
Wambo Coal Preparation Plant via the combined effects of adjust
process water chemistry and the AUTOFLOC flocculant control systen

Recovery from the flotation circuit.at Coal Cliff Coal P-eparat
Plant was increased by 9% approximately by improving wat:r qua:
through the use of cationic polymers, in conjunction with impr
flotation reagents. .

The mathematicél techniques used -in. developing the autom
thickener/flocculant control system have been adapted to d:velop
automatic flotation control system.
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‘;hikg.: with the original dosing system. Similar  successes have

been’ ’ ieved at other plants.
w;:, :

A' E other example, many problems in flocculation are strongly
inflglf ed by the details of process _water chemistry and water
qual'-fﬂ Wambo Coal Preparation Plant has long been renowned for its
very‘,' fficult clay problems, which have required exceptionally high.
chemldMl costs to keep under control. Through the combined use of
gyYPs '”g‘recommended by Catoleum, -and the AUTOFLOC flocculant control
sySv R chemical costs have been reduced to approximately one-third

of pf Eious usage rates. In addition, the increased production rates
now | E 4sible -following the recent plant upgrading, have been handled
wit kil h: bottlenecks arising from.problems in the thickener circuit. V
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g‘ese findings will be the subject of a subsequent: publication.
- S CONCLUSIONS

The quantitative semi-empiric model of sedimentation that was
ented at the Second Australian Coal Preparation Conference (10)
‘been used as the basis of a simple, reliable system which

{ ides complete on-line automatic .control of thickener circuits,

|| system has been proven in practlce in tii~ee Hunter Valley Coal

gbaration Plants which use Hi-Rate thickeners.
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