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ABSTRACT

Cpirisation of the contral of an autogenous grinding circuit requires a bet-
ter understanding of system dynamics than exists at present. To this end ex-
tensive aperating data were acquired on an industrial semi-autogenous mill-
ing circuit and a model was developed to explain the circuit responses 1o
changes in input variables. This model represents the trends in the data Fair-
ly accurately ang showed that:

« When an excess of slurry was present in e load (ie. more than the vol-
ume of the voids) a pool of sturry forms 2t the toe of the load.

 The complexity of the power dependence on the variables describing the
mili load defied dynamic modelling with tae limited knowledge avail-
able.

« The key parameters determining grinding efficiency vary constantly as
the grinding environment is disturbed indicating a need for adaptive con-
teol.

» The flaw shrough the mill is adequately modelled by a single well mixed
tank.

Ttwas also clear that maximisation of the power with respect to the mass alone.
was insufficient, and that control of the feed dilution water rate is essential,

Mill discharge slurry rheology was studied to gain an insight into conditions
in the load. An energy balance using temperature measurements around ths
mill discharge sump provided a very reliable estimate of the mill discharge
density. This estimate was not successfully used for control although this
potential should be exploited. Attempts to commission an on-line measure-
ment of discharge sfurry viscosity failed.

Several theories and ideas were tested in a production environment subject
to 2 multiplicity of disturbances and conclusive qualitative results were ob-
tained. An improved understanding of milling circuit dynamics and a ration-
alisation of whese control can be improved has resulted from this work.
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Nomenclature
Sl units are used throughout wnless otherwise specified,

Upper case symbols

A afea

B frac materie} broken from class  into class i
CCW  total mass rate and water rate to the cycluns

Co orifice discharge coefficient

Cos specific heat of the solids

Cpa specific heat of the water

D il dismeter

DOW  total mill discharge rate and discharge water rate
il poweer draft

feed rate of size class |

FW feed dilution water rate

e

transfes funcrion

enthalpy

o distance of the load surface from the axis
energy

mill Jength

ioad mass in size class {

NNe mill rotatlonal speed and critical speed
Ng no. of holes/m&sp2. in the grate

pressure drog

Intraduction

i




PEW

*otal eireuit product rate and protuct water rate
Q volumelric fowrate

R mill radios

Resy Tecovery lo the eyclone U/F of fluid, solids and by volume
Re Reynold’s no,

Si selection functlon for sizs clags |

SW sump dilution water rate

Split split ratie of eyclone U/F to OfF volumetric rates

T temperature

UUW  total mass rate and water rate to cyclone underflow

v volime

Vs sump volume

Wg gland service water rate to discharge pump

Lower case symbols

d diameter

dsoe corrected particie size which has equal chance of reporting to U/F or
ofF

38 depthof the load = Rty

kk proportionality constants

m Rosin-Rammler parameter to determine the clasification efficiency

q energy transfer rate

t time

v bels speed
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¥ fraction of particles in size class

wg, rate of energy juput by the pump

Greek symbols

« half the angle subtended i the centre by the load surface

5 hole diameter in discharge grate

e error - deviation from setpaint

& fraction solids {by mass unless volume is specified with a subscript)
» viscosity

p density (the solids s.g. is 2,67 thronghout)

4 angle of repose of the load

T torque

@ angular velocity

Subscripts

b quantity related 1o the feed belt

¢ cyclone property corrected for material that bypasses clagsification
G grate property

L refers to the load

H solids

v volumetric quantity

w water

names or symk i describe quanti*les

relating to the stream.
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1. Introduction

N

L1 The Autogenous Grinding Control Problem

The major difficuities that arise in approaches to autogenous grindiig cireuit
contro! strategies result from

© it highly interastive matore of the system

 The non-linear and time-varying response of mill power draft - the only
cost and efficiency indicator - to the system inputs

@ The large material holdups and equipment volumes and consequent
time lags

o The presence »: and

« The inability to measure many key variables on line, particutarly particle
siz¢ distributions for all but the finest size classes (-75 pm).
In order to realise the objective of the grinding circuit, for example maximum
throughput at constant fineness of grind, control strategies have th
the above problems. Cusrent strategies tend to control inc. + i
performance such as mill power draft or final product pasticle size although
adirect approach, i.e. control of the grinding environment or indicators close
to the grinding process itself, would obviously be more desirable. The lacter
appraach does require the solution of some of the above problems, huwever,
and will always be complicated by those that remain insoluble.

1.2, The Siate of the: --* in Autogenous Grinding Control

Enitially ball mill contro! techniques (covered by Lynch,1977) were modified
for the autogenous problem. These strategies aim to maintain a constant cy-
clane overflow size distribution with the basis for conirol baing adjustment
of the percent sollds in the cyclone feed by dilution water conreul. Autagen-
ous and semi-autogenous grinding processes differ from ball s Ring in that
the feed size distribution is very variable resulting in continuc. o changes in
the concentration of grinding media n the load. Continuous 1. mitoring and
adjustment of the solids feed rate to the mill Is thus require:! wut the need
for an auiomalic contro! strategy using this variable was imp.icd
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Because the condition of the load is subjected to contirious changes in the
solids feed, a control variable is sought which will reflect variations in the
load. The power drawn is a strony function of load volume {Austin (1973),
Kios(undated) and Harris er o/ (1985)) and is easy 10 mensure, making it a
popular vhoice, Willismson {1960) and Flook (1975) both implemented con-
trol strategies sired at max!ising power draft by manipulating feed rute,
Maximum power draft appears to be optimal since the rate of product forma-
tion is strongly corretated with power faput.

}m pelnt

Load Mass
Flgure 1: Schematlc Load - Power Relationship.

Initiglly these control strategies had to revert to mapual control under ud-
varse conditions, This resulted from the non-linearity of the load power re-
latienship (Figure 1), A drop in power can be caused by borh over and under
feeding the mill, Thus measurement of the rute of change of power draftis
insufticient, Combining this with & measure of rate of change of mill louding
can more uniguely define the operating regime of the mill,

Several indicators of mill foading huve beea used, ez oil back pressure fn
support bearings (Olsen ereeh, 1976 1nd Me Munuser af,,1978) and noise leval
{Urones o al.1976)", Unlartanately these do not provide an absolute
measure of lond mass or volume, but anly represent the relative rates of

Yirect arass iy Il the mil ceurate ety
0 the L muss and ean b wsrl 1o establish “Bormal” pedk mons values wader iiferent von.
dithons, b et load il densty w1 il resaltIn difesent poswur dras e dhe sae

s,
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change of these values, However, this is sufflcient for control purposes since
these indicators allow the establishment of the load condition relative to that
atwhich peak power would be drawn. The controller varies the mass by man-
ipulation of the solids feed rate so that if the milt is underloaded (i.e, an in-
erease {n mass caus¢s an ncrease in power) the feed rate Is Increased until
overloading (i, a decrease in power drawn) is experienced 4t which point
the controller cuts buck on the feed rate to decrense the mass, This approach
is termed "peak seeking" contro* with the objective being to maintain maxi~
mum power draft under all conditions.

Implementation of this strategy is still insufficient to utilise the circuit to ca-
pacity, The power is not a function oaly of the mill loading, but of ull the fac-
tors ing the load making it an ambi| variable to
use for control purpases. Operation may be at the local peak power, but the
grinding rates remain low because slusty conditions are sub-optimal or the
media have been depleted, This indicates the need for closer monitoring and
contro! and an improved understanding of the mill environment and of the
grinding process jtseif.

Krogh (1979) used the feed dilution water to the primary mill to baiance
grinding between the primary and secondary mitl. Also, if an overioad con-
ditionwas reached in the primavy Lo, power dropped while loading increased,
the solids feed rate would be reduced while water addition was stepped up to
decrease the load quickly, When the power draft was maximised the control-
ler would meke changes to the feed difution water at regular intervals, If this
change caused the power consumed per ton of ore to drop, the change was
repeated, otherwise the chunge was reversed,

Pauw ¢ af (1984) found a similar dependence of power on slurry density in
the load to that of power on load volume for n pebble mill. A two-stage peak
seeking controller was thus implemented: first the optimum pebble loading
was found (L. pseudo peak power) and then the true power peak was sear-
ched for by making step changes Lo the water addition rate.

The two previous strategles suffer from very long time lags between perturh-
ing the system and observing the response. Only if spproximaiely steady state
circuit operation oceurs during the petturbation und measurement perfods,
wlil the action resulting from the delayed response be correct. In autogenous
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practice approximately steady conditions are unpredictable, and assuming
them falsely could well tesult in the wrong action which would completely
disturb the load from its previous "steady” condition.

Pauw's method has a two-stage contreller using one output to inde-
pendently determine the manipulation of two inputs. This is possible be-
cause pebble milting is & two phase operation:

i) normal operation with a slurry feed, and
ii) addition of grinding media at intervals to maintain their concentration

In milling, conti trol of the mill loading s required since
its constancy cannot be relied on with rapid build-up or depletion of the load
oceurring with feed size changes.

A major advance in approaches to the controt of milling circuits s the im-
plementation of multivariable control. A decoupled multivariable controller
has been included in the grinding circuft at East Driefontein G.M. (Hulbert
et al.,1982) manipulating the water addition rates to the feed and sump to
maintain constant cyclone feed rate and feed density and a constant product
fineness. This has proven very effective in stabilising the circulating load and
classifier and has increased and effi-
ciency by reducing over-grinding.

However, this strategy does not aim to improve or understand the grinding
process itself. A massive statistical analysis of data containing responses to
step changes in the inputs provides the system model, with the system itself
being regarded as a "black box", igroring most existing knowledge of tie pro-
cess, Also it cannot cope with the strong non.linearities in the power vs. input
variable relationships near the operating point, so power is not used in the
control strategy. Further, the extensive dynamic testing required for the de-
sign of the decouplers must be independently performed for each new cir-
cuit. Even having done this, the strategy may not cope with the unmeasured
system disturbances e.g, spillage return, additional water streams and equip-
ment wear, so that ideally some form of continuous on-line identification is
required.

The aliernative approach is ta understand the grinding process and to utitise
indicators of conditions in the load as control variables wherever measurable
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e.g. mill discharge percent solids, load slurry rheology and angle of repose.
Work is being performed to produce reliable estimates of these quantities
2.g. Moys (1985) has used conductivity probes in the mill shell, These probes
pick up the positions of the toe and shoulder of the load, which, when aver-
aged over several revolutions, provide indications of the load angle of repose,
expanded load and even an esti f the slurry viscosity in the load
(Liddel! & Mays, 1988), These measurements allow deternsination of the op-
timm degree of filling and the influence af sturry chealogy on power draft.
The d: i iour of the load I itati ibed under
various conditions,

Comprehensive studies of grinding mechanisms on both laboratory scale
(Digre, 1969) and industrial autogenous and semi-autogenous mills (Staniey,
1974 and Austin et al., 1976) have produced mechanistic medels of perfor-
‘mance. These cannot yet be utilised for control purposes because it is not yet
possible to provide the measured particle size distributions required as in-
puts, butby ing the grinding i physical models may
be developed to describe operational frends in control variables,

13. Project Objectives

The present study concerned observation of the dynamics of an industrial
sermi- autogenous mill at Elandsrand Gold Mine operating in closed circuit
with & hydrocyclone classifier (Chapter 2), the investigation of ‘mproved
measurements relating fo the mill sovironment (Chapter 4) and she develop-
ment of a simple physical model (Chapter 5) to describe the trends observed
and to pravide an understanding of this multivariable interactive system.
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The Grinding Circuit

2.1, Description of the Circuit at Elandsrand G.M.

The milling section of the plant consists of three primary mills fed with "run
of mine” (ROM), L.e. uricrushed, ore. Each of these operates in closed cireuit
with a hydracyclone classifier whose overflow passes through a secondary
bank of cyclones with the underflow from that stage serving as feed to the sec-
ondary ball mill (Figure 2).
product.
[ -

RO ore

Figure 2: Schematic Overall Milling Gircuit Flowsheet

Thus in this set up the primary mills are tonnage mills L.e. maximum through-
put is the operating objective, while the secondary or regrind mill achieves
the desired fineness of grind. This implies that smatl fluctuations in product
fineness from the primary circuit ave tolerable. Reafising steady operation at
‘maximum grindirig etficiency should also result in a fairly constant product
fineness.

“The primary mills are the slipper pad type with open end grate discharge (us
opposed to trunmion overflow). They are 483 m in diameter and 9.15 mlong,
and are each driven by a 3 MW motor such that they wrn at 88-924% of criti- 8 lie
cal speed (approx. 18 rpm), This siudy was restricted 1o the N, 3 primary )
mill.

The ore feeds by gravity from a silo via 4 chute onto o variable speed con-
scharges into asmall (= 7 1) sump and the slurry s pumped

veyor. The mi
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diectly to a cyclone (diameter 6915 m) which returas its underfiow to the
mill feed hopper (Figure 3).

Dilution water is added to the mill fesd hopper and to the mili discharge
sump, Adgitional water enters the system us feed moifsture, beit wash water
and glanid service water for (e Jischarge pump. Spiflage is returned to the
discliarge sump and in the event of the bail mill being off line the secondary
underfiow returns Yo the primary mills.

3
product
e fom s sila
s _ghO‘m(kr resc water
v
! mmm
) iy ra‘

i @{m =

LS e e ]

-
gl

3] Pss g
! Fiow fioassramans I s | E1 Bl
tons ey lazssrancnt] -
et R
() vass tossconmne LU e
N — » |us |8
) tovnd Hassoramest 2 hE s ]
Poat Nomsornent ¢ lws e o 5
ontrol Yaive u o s G !
R Gonteot val g e R .
rp—— PR -
) | ' N N .
Figure 3: No, 3 ROM Mill Clrcuit. - .

An approximate steady state mass balance provides an idea of the stream
flowrates and denstiles,
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22, Existing Control Loops

221 Instrumentation

S The solids feed rate is monitored by a nuclear weightometer. This measures
belt loading and multiplies this signal by belt speed to produce a feed rate.
The feed dilution water rate is measured by 8 magnetic induction flowmeter
N as is the cyclone feed rate. A nuclear densitometer measuves the feed density
PN 10 the cyclone and an ultrasonic device provides the sump leve! indication.
e An orifice plate flowmster was installed in the sump dilution water line
: (Figure 3.).

Ol back-pressire measurements on each of the ten slipper pads ase summed
accordingto their positi provide a relati of the mill mass,
i.e. an indication of the trend in load mass but with no absolute significance.
A transducer on the high tension switel gear registers the mill power dreft,
‘There are automatic control valves on the dilution water lines and variable

speed drives on the feed conveyor and the mill discharge sump pump.

222, Cireuit Control
Thee are five possible manipulated variables in the cireuit, samely

o feed rate

o feed dilution water rate

« surmp dilution water rate

» discharge pump speed

# steel ball addition rate

Atpresent the major circuit control element is & microproe, ssor-based "peak
seeking" algorithm which aims to maintain maximum power draft, The
relative rates of change of the mass and power signals are considered and the
approach to peak power draft is gauged, The controlier then decreases or in-
crenses th int d ing on the positi th power curve.
A further cascaded control loop then manipulates the feed rate to keep the
mass on setpoint. A block diagram of the cuntrol loop is shown i Figure 4,
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Figure 4: A Black Diagram of the Peak Seeking Controi Loop
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Initfally the feed solids rate was very erratic, tiever attaining 2 mean value.
‘The actuator on the helt drive responds non-linearly to the linear control out-
put and has different characteristics on accelerating and retarding the belt

les in Appendix A}, This resp: the final control element was
further complicated by having o fesdback on the belt speed but only on the
feed rate, resulting in a bivariate random disturpance for the controlier to
contend with: the randomly varying solids profile on the belt and the near
random variation in belt speed, This situacion was improved by cascading an
extra feedback loop on the belt speed (Figure 4), although the actuator re-
sponse is still a problem,

It is common practice to ratio the feed water to the solids feed rate. Thisis a
hangover from ball milling practice and is often incorrect {n autogenous ap-
plications e.g, consider a foed consisting of a high percentage of large rocks
that is increased to compensate for a low power draft. The feed water then
increases correspondingly such that the fine material that was present in the
load would be fiushed out, aggravating the low power draft condition since
the avaitable capacity for attrition grinding of interstitiat slurey Is nest atilise'
and sub-optimal conditions i the load stusry rheology prevail.

In the Elandsrand clrcuit feed water is ratioed to the load mass with a view

to maintaining a constant slurry density in the foad, assuming that the sfurry

volume at peak power Is constant. Variation in the relative mass is accounted

forby dis i it d ine the ratk int. This
h

is subject to similar problems to tho: i witha fe
although the fuctuations in the feed are integrated by the mass.

d-rati

‘The longer time response introduced by this latter scheme can be a problem
and the technique employed for discharge density sampling is not relinble,
varying from one operator to the next. The magnitudes of adjustments made
to the feed water rate on the basis of these samples are random and there is
no feedback on the action taken. N ry contro! autput to d

feed water rate is continuously monitored at this srage.

A rough idea of the steel addition rute is maintained by counting the number
of ball loads added, The "set point” for the number of loads to be added is
i ong term iroring of the avera draft, mill through-

putrate and vishal inspection of the stee! level in the loads. If these drop sub-
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stantially, more steel thap usual 1s added. This approach s not very reliable
and dogs not always serve to improve the grinding conditions. Rationalising
the steel additio” =ate is important, not only for inereased efficiency, but also
because sieel is costly and overloading causes increased wear by the action
of steel on steel and on the liners.

The sump difution water is used to maintain the sump level. This is essential
in the smeif sump as it can rapidly overflow or drain and cause the pump o
surge. Because the holdup in the sump is small 4 ast acting controller is de-
sirable. Unfortunately the valve response time is of a similat order of magni-
tude to the sump residence time. Thus tuning the controller for fast action
results in an oscillatory response verging on unstable behaviour, This 'n turn
affects eyclone performance adversely and thus the entire cireuit, This beha-
viour did prevail prior to this testwork, That "normat” operation was assumed
under these conditions clearly shows the need for monitoring variables and
assessing control loops. Th aetfon was slawed down itati)

manual start up to find the approximate steady state value but thereafter the
. e olons i disch

ntroller coped mall

rate and water line pressure.

‘The vaiable speed pump proved to have an even stower response to changes
in level than the vaive when applied io the level control problero. [t was also
used in attempts to control the cyclone feed rate and density. These controt
actions tended to interfere with the sump level control and indicated the In-
teractive mature of the system and the suitability of & decoupled multivariable
controtler for this problem. In addition this variable speed drive was not 2
sujtable final control element having a stow, nod-linear response, different

istics on ing and and losing capacity at the
high torques imposed on the fluid coupling when pymping dense slurries,
These mechanicai problems should be overcome to provide the extra man-
ipuluted variable for tighter circulating Yoad control.

The inad fingl contral el ts described above itlustrate the impart-
ance of careful instrument selection at the design stage: to change these later
requires largs capiral expenditure nnd often structural changes to the exist-
ing plant,
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23. Disturbances

» Solids Feed

The major disturbance to the system is the practicallyunmeasurable feed par-
ticle size distribution, Fortunately with Witwaterstand quartzite ores it has
been found that the grindability or hardness of the ore does not vary much so
the effect of ore hardness can be ignored. However, not knowing the feed size
distribution, especially in autogenous grinding, will hamper any control
strategy design, Knowledge of the feed particle sizes will allow steel addition
to be performed on a rational basis and allow the use of a mode! for predict-
ing breskage conditions in the load, and probably provide an estimate of the
optimum water addition rate,

Lynch and Duckwarth (1982) cutline test work using an on line particle size
analyser for the feed, but this instrument only provided the concentration of
one size class and was not marketed ially in this ion. How-
ever, while such a measure remains unavailable, control objectives must be
achieved by altetnate means.

 Steel Addition
"The random fashion in which steel is added to the mili makes it an unknown
disturbance. Although estimation of the stee! content of the load and know-
ing when to add steel is difficult, close monitoring of steel added could be ,
used in conjunction with a model to prediet ball size distribution and wear
characteristics in the load (Vermeulen and Howat, 1985). This would help to
describe the influence of this variable and reduce the number of unknowns.

© Unmeasured Inpots {Disturbances)
The perfortmarce of any mill control system is uffected by its ability to deal
with the following disturbances:

Spillage is returned to the sump causing (he water addition rate to drop and
the densily to the cyclone to increuse, increasing the cut size and possibly
causing roping,
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Secondary cyclone underflow is retur  ta the primary mills when the ball
mill is off-line, increasing the fines In t5 luad so that the prinding rate drops
and these particles remain in circulation. The high circulating load maintains
the mass so that an overload condilion is sensed, causing a decrease it the sa-
lids feed rate, aggravating the situation.

The control system should be informed of the existence of these disturban-
ces by the use of digital inputs linked to the spilluge pumps and the ball mil)
drives.

At high load shurry viscositios or when the mill is overloaded, a portion cf the
load no longer tumbles, but centrifuges causing a sharp drop in power and
less grinding occurs. This behaviour provides a strong motivation for on-line
sensing of mill discharge percent salids or viscosity to indicate the onset of
centrifuging.

# Unnecessary Diswrbances

The major disturbances are feed chute and hopper chokes.These are cases of
the feed being stopped by large rocks or smail rocks packing together in the
outlet of the chute and hopper, or dry fites backing up the feed chute, Im-
provement of the feed arrangement is essentia sa that this source of disturb-
ance can be eliminated, as no control strategy can compensate for this and
random periods of no feeding upset the load environment such that steady
operation is rarely achieved. Constant running of the milf is desirable, but on.
this plant the mills are regularly stopped, defeating controller action and the B .
approach 1o steady operation, SR

Finafly operator induced disturbances should be eliminated. Closing manual
valves and bypassing final control elements should anly be resorted to in the
event of controller falure, . ) g

‘These "unnecessary” disturbances must be contended with prior to allempt- ) K
ing to optimise operation with improved control,
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3, Observation of Dynamic Circuit Behaviour

31, Data Acquisition

On-line monitaring of as many ible is essential

the dynamic response to changas in the system inputs. A Hewlett-Packard
data logger was utilised for this purpose. Initially this was controlled by an
HP-41CV ¢alculator but later a HP-85 micro-computer was used for its in-
creased speed and stocage capacity.

Sumpling tinfes should be very much less than the smallest system time con-
stants. This was possible with the facitities used, but storing and manipulat~
ing the vast guantities of data gathered in a relatively short time proved a
probiem. Thus measurements were taken at one second intervals and these
were averaged over a one minute period to reduce the amount of data, Al-
though information is tost by this smoothing techninue it eliminates uninfor-
mative system Roise and stifl provides representative data, since the mill,
which is the dynamic element of interest, has a mean slurry residence time of
the order of ten minutes,

Rock tn the Mill 70 min
Shurry in the Milt 10 min
TheDischarge Sump 1 min

The Cyclone Feed Line 0.5 min
Table 3.1 Mean Residence Tirmes

Data logging is only worthwhile if aecurate information is gathered. Calibra-
tion checks on measuring instruments were performed (where possible) to
minimise etrors resuiting trom drift, Unfortunately it was ot possible to
check all of the instruments owing to the seale of the operation.

Measurements of power dralt, solids fesd rate and sump level could be
checked and calibrated, The mugne:lc-mducuon fowmeters were presumed

tope accurate within he fon, The dersity guge was

¢ and manual deashy results
to the mensured vaiutes within the accuracy of the sampling technique, Slight-
Iy high readings were anticipated because the ineter is mounted in a vertieal
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line which would concentrate the solids but trends should be reliably repre-
sented.

A British Standard {(BS1042) orifice plate flowmeter was used i the sump
water line to aflow use of the dard discharg ffici ion. How-
ever, th ion value produced very high fluctuating flow rates,
insiicating that in situ calibration was required. Calibration of this instrument
was thus performed by infegrating the measured flow rates through the ori-
fice plate and the magnetic flowmster in the cyclone feed line over a range
of values for 2 suficient period that fluctuations in sump leve! couid be ig-
nored. {(Appendix B)

The calibration technique is only subject to a smal! error but unfortunately
could not cover the full range of flow rates, so that at flow raies outside nor-
mal operation very inaccurate values are predicted, This instrument proved
unreliable in any case because the solids in the water {being thickener over-
flow water, fine solids are often present) tended to pile up against the front
of the plate, choking the pressure tappings, changing the flow characteristic
and causing orifice wear. Despite these flaws, some informative trends from
sump water addition rate measurements were observed.

32. Experimental Design

Dynamic tests were generally performed on the apen laop system although
controller action was also monitored. The sump levet control Ioop, i.e, man-
ipulating the sump water, was of necessity maintained at ail times. This left
oily two effective system inputs: the water ang solids feed rates, In sach test
one of the inputs was perturbed while attempts were made to keep the other
constant, and all the measurements on the circuit were moritaced. Variable
size step tests were used to identify the responses, with care being taken not
10 affect the circuit operation adversely e.g, flow rates and densities were
maintained near normal operating values to keep the cyclone from roping
and the mill from pulping, although these conditions can oceur during nor-
mai operation.

Prior to each test a setiling period of approsimately half an hour was allowed
while it was attempted to maintain constant inputs while remaining at the
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local power peak, After a step input, once again a period of constant oper-
ation was desirable so that the response coukl be monitored without inter~
ference.

Very few step tests were performed on the solids feed since the feed rate was
subject to random variation and was very hard 10 maintain at a constant level.
‘The effect of steps in the feed water rate was often obscured by salids feed

4 ly targe, inwii theysub-

stantially perturbed the circuit operation.

Data gathered in this fashion are graphically presented in Chapter 6 with one
example of tests and responses shown in Figuze 5.

Description of Run No. 1 (Eigure 5
‘The “peak seeking” controller was on manual for this test. Tiie sump tevel
controller remains active. This data set is chosen for the clarity with which re-
sponses may be abserved due to the unusually fine and even feed rate.

The feed rate is manually increased to find the miass at which the peak power
is achieved. The power rises at ficst to (a) and then falls as an overload con-
dition is reached. The feed is thus cut back and a setpoint of 100 t/hr is spe-
cified for the duration of the record. This allows the mass to grind down. The
mass remains fairly constant until (b) despite several partial feed chokes. The
power draft reaches a highet level as the mill recovers from the overload con-
dition. It is intcresting that peak power is reached at a similar mass level to
that at (a).

A step increase is introduced to the feed water rate at (b) since the mass,
power and feed have stabilised. This increases the mass slightly and then
causes a drop as the fines are flushed out, The subsequent sharp drop to half
the initial water rate then causes the mass to build up and the power to drop
as the mill re-enters an overload condition, iflustrating the influence load
slurry rheology has on the mill discharge rute and hence power draft.

When the water is increased at (c). a complete change in operating environ-
ment s experienced and the power draft and mill mass fall concurrently clear-
Iy indicating an underioad condition. The power begins to recover but the
fines are flushed from the mill so rapidly that it quickly passes o an undee-
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load condition. During this period a higher feed rate would have been
possible without overloading the mill, The need for 1 balanced slurry rheo-
logy to achieve peak power and optimum throughput is agein highlighted.

Note how clearly the step changes in the feed water rate are reflected in all
the circulating load parameters, The higher discharge rates (after (¢}) cause
less water to be added to the sump and consequently, a higher cyclone feed
density results. The cyclone feedl rate also drops with the higher dynamic
pump head.

A fuether behaviour pattern which is apparent in this clear data set is the re-
sponse of the discharge rate to the increases it feed water rate, The manner
inwhich an initial pulse Is di pecially at (¢)) of )
residence times length suggests that a poot of excess sturry is formed and
rapidly discharges before the long term response is observed, The observa-
tion of plug flow behaviour in this sturry pool is sucessfully exploited while
modelling the cireait responses (Chapters § & 6).
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4,

of Control

‘The imeasured variables listed in Section 2.2 can be combined in various con-
trol Ioops in an attempt to optimise the grinding circuit Several
of the key variables remain unknown, however, and wilt persistently disturb
the circuit and preven? attainment of the optimum operating condition.

Knowledge of the feed size distribution would provide & rationale for steel
addition and feed dilution water control (Section 4.1). Continuous monitor-
ing of cyclone performance would ensure that:

« the desired product was consistently achieved

 excess energy was not heing consumed for overgrinding

* » oversize material was not being sent downstrean.

Information regarding the grinding eavironment it=if, e.g. load volume,
slurry rheology within the load or lo.d angle of repose, would improve un-
derstanding of the load dynamic behaviour and ease trouble-shooting. Con-
sequently, the inputs could be manipulated to optimum advantage.

An indication of the cyclone overflow size distribuiion has been used sucess-
fully for control (Hulbers ef al., 1982) but little progress has been made to-
wards identifying changes in the feed size or load condition in industrigl ap-
plications. Testwork thus on of the

properties of the milt discharge slurry to gain insight into one aspect deter-
mining the grinding environment.

4.1, Mill discharge density

Present manual sampling of mill discharge density on a two hourly basis to
set the feed water rate s compleiely ineffective, Samples are aot repre-
sentative, i from perator (o the next and two h lap:
before any feedback on the contro! action oceurs, assuming the system has
not been disturhed during this perfod. An accurate continuons measurement
of discharge density is necessary to

o Control feed water rate (with a tolerable dynamic lag)
© Provide an indication of slurry conditions in the toad
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@ Allow for eptimisation of slurry density in the load with respec: %o
power.

Slurry viscosity is a strong function of % solids so that a¢ high densities, vis-

cosity Is very high, increasing the holdup and thus the fineness of grind, This

suggests that it might be possible 10 correlate particle size distribution with
N RO

discharge viscosity providing y @ iciency in-
dicator.

Slurry vigaosity und holdup are key determinants of grinding efficiency. It is
desirable t coat the media with slutry so that as the media cascade and cata-
ract with normal mill eperation, the adherent fayers of sluryy are subjected
to contifmous compressive grinding while they in turn cause abrasion of the
media. If the slurry consistency is too fluid, it Is likely that the slurry volume
will exceed the volume of the voids in the media causing a sturry pool to form.
‘This cushions the impact of the cataracting media on the toe of the load and
reduces the power dzaft sinice the centtre of gravity of the load will align more.
closely with the mill axis reducing the angular moment. In addition, steel ball
and liner wear rates are much higher when the siurry viscosity is too low.

Athigh slurry densities hold-up is higher and the excess slarry in the load can
cause expansion of the load with consequent loss of the forces between the
particles and inhibition of the tumbling action of the media. Onset of prema-
ture centrifuging of the load is also ikely at high surry viscositles.

Control of % solids in the load slurry would thus clearly improve grinding ef-
ficlency and knowledge of the discharge sturry density would allow predic-
tlon of trends in this variable. Direct measurement of discharge density was
not possible as the discharge flows divectly to the sump via an open launder,
Thus estimasion from other measurements was fnvestigated.

4.1.1, Density Estimation using a Measurement of Sump Dilution
Water Flow Rate

Anorifice plate, providing a measure of the dilution water rate, was commis-
slaned ta alow estimatian of the discharge density. Combining this with the
cyclone feed measurements and completing the mass balance allows evalu~
ation of the salids mass fraction in the discharge stream.
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Cac
C + pe (dVifdt) - SW-Wy
where C is the mass flowrate to the cyclone
SW is the sump dilution rate
Wy is the gland service water rate
Vsis the volume int'  sump
pcisthe slurry dens.., . the sump assuming perfect mixing °
&c,¢p are the solids mass fractions in the cyclone feed and mill discharge

The only unknown is the gland service water which may be assumed to be
fairly in the ab: ofa ince the gland servi T
circuit is independent of the other water utilities. It is only subject to fluctu-
ations resulting from starting other pumps and leaks in the line.

If the gland service water flowrate estimate was the only erroy, this technique
would b ble since this flowrate is only about 39 of the sump diluti

. water rate. However, as was poiited out previously (Section 3.1), the sump.

dilution water rate measurement is also subject to error, In this cireuit the

dilution water rate can be as much as four times the water in the mill dis-
h i Jischarge densi

ertorinth
timate,

An error anaiysis (Appendix B} shows that a 109 measurement error in the
sump water rate can produce a maximum error of nearly 33% in the estimated

ity, Time lags betwaen
state behaviour serve to complicate the caleulation further.

A magnetic flowmeter in this application should provide a sufficiently repre-
sentative trend in discharge density for use us 1 controf output, since ft would
be accurate over the entire range of flow rates and altough the error still
seems large (1296) this is an estintate of the maximum ecror and would rare-
Iy be experienced under normal operation. Also since only the trends and not
the absolute values of the variables ure required for control, constant errors,
e..dnstrument drift, can be tolerated,
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4.1.2, Temperature Measurement

An interesting idea (Moys, 1986a) for sump water rate and discharge density
estimation is ta utilise the emperatures of the streams arcund the sump in
an energy balance (derived in Appendix E).

The mass balance provides the discharge solids rate

Di = Che
while the water rate in the mill discharge is given by

D{1-4p) = (ws- pipe + CpCibe (T ~Te) +

Cpw (1-4)C(Tyy Te)) ! (T To)Cow
where Cys,Cpw are the solids and water heat capacities respectively
Cypo Dy, are the mass flowrates of solids in the cyclone feed and discharge
streams and
Tp:Tw T are the discharge, sump dilution water and cyclone feed
temperatures

Despite surface enetgy losses (qpipe) and shaft work input by the pump (ws)
this technique provides an accurate estimate of discharge density (Appendix
E), because of the negligible error in the temeperature measuiements,

Measuring the discharge temperature has other uses too, It may be possible
to relate thi i toslurry residence time and fractional cir-
culating load. If the residence time is below average the temperature will be
below its equilibrium value and above in the case of a low cireulating load.
The equilibrium value can be estimated by assuming that the power drawn is
totally utilised for raising the temperature of the load, sinve energy utilised
in breakage 2ud roise praduction is selatively minimal. Temperatures of the.
feed streamns need to be measured tgo.

Sturry viscosity is a function of temperature as weil as % solids so thut a

of will help to ise this.

A preliminary investigation inte the viability of temperature measurements
on the full scale mill was carried out and fuitial results looked promising, mo-
tivating further work on this ideqa.
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413 fon of T¢

The butk of this work was done at Western Deep Levels No. 3 Gold Plant.
‘This is a newer instaliation and the probler of poor feed control eperienced
at Elandsrand has been solved by using a wider feed chute opening, This re-
sults in a higher belt loading so that the variable speed tirive can make large
changes in feed rate with small chunges in belt speed. The wider Feed chute
also results in a substantial reduction in feed chokes.

‘The same type of milt is used at both plants but at Western Deeps two stage
pumping is used to feed the cyclone with a variable speet second stage pump
providing closer control of the cyclone feed flowrate. Only one milling stage
is used at No. 3 Plant 50 that a finer cyclone overflow product is required and
alower mi]l throughput tolerated.

Resistancs thermometers in stainless stee! probes were inserted in the mill
discharge launder, the sump dilution water fine und the cycfone overflow
lounder (Figure 6). The last of these is not the ideal position since tempera-
tures s close to thy P a5 possibl desired. The al ive of tempera-
ture measurement inside the sump required a special iong probe and was af-
fected by imperfect mixing during transient phases. Measurement at the cy-
clone feed pump suction or delivery would result in very high wear of the
probe which would then require frequent replacement,

e
i
S v |

Figure 6: The No 3 Plant Miling Gircult Showing the Temperature Prabe
Locations
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‘The energy input by the pump, the surface losses and gland service water ad-
dition compound the error in the estimate but these energy cotitributions are
smali relative 10 the stream energies and fluctuations in the above varlables
have a negligible effect on the trends {n the density estimate.

4.14 Operating Data

An offset between the estimated discharge density and weighed samples was
observed, so, in order 10 check the estimate, the system was disturbed and the
transtent itared, Th Jata logg

used with manual density samples being drawn from the stream at various
time fatervals.

As can be seen in Figures 7 & 8 the trends in the measured values are elear-
ly reflected in the estimate. It must be noted here that the estimate values
tave been reduced by 10% for the comparison, This offset is fairly large and
canbe aseribed to the cyclone feed density ‘hich cannot be ac-
cutately calibrated in this application; a small measurement exror is magni-
fled in the caloulated values. In addition an offset observed in the cyclone
overflow temperature meusurement, as compared with that measured i the
sump, affects the estimate.

D tio: un

The mill feed rate is on manual control as is the feed ditution water rate,
Sump leve} and flow 10 the cyclone are automaticatly controlled

An hour {s allowed for the circuit te settie and approach a steady operating
point. A step decrease is then made to the feed water rate and manuval den-
sity measurements are made around this poiat, The density response appears
to have aimost reached ils final value when the feed chute chokes, disturbing
the system (a).

The feed solids and water rates are increased to eotrect the underload con~
ditfon which has occurred. At approximately 100 minutes (b) the feed water
is returned to ratio coutrof by the solids feed rate which is the normal strate-
gy, It Is interesting 1o note that during the subsequent feed choke o decrens-
ing discharge sluery rate or by inference an increusing loud slurry deusity s
caleulated. A correspondingly sharp drop In power is abserved with the two
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Figure 7: Run A - Plant Opera!lﬁg Cata Showing Temperature Measurements.
Temparature measurements are used to sstimate discharge denstty, rate and s

A
' sump dilution water rate,
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Figure 7: Run A - Plant Operatiﬁg Data Showing Temperature Measurements.
Tumperature measurernents are used to esdmate discharge density, rate and . = B
“sump dilution water rate. IR " b
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suggesting of the load; i.e. a portion of
the load adhering to the mill shel! for the full rotation and thus affectively re«
ducing the inside di (Power « D). This data also shows how this con-
trol strategy is not suited to maintaining optimurn toad slurry theology. Feed
water control reverts to manual at approximately 190 minutes.

A settling peiod fs allowed prior to iatroducing a large step increase in the
feed water {c). Manual samples are again taken around this point and a clear
response 1o this change is observed in all the variables downstream of the
mill. The initial rise in discharge density occurs as the slurry in the foad is
flushed out prior to the long term fall in density. The period required to flush
aut the shirry inventory (about 3 mins) is much less than the mean residence
time of the slurry i the mill (10 mins) supporting the postulate that a pool of
sturry exists and is ¢'splaced in plug flow, This idea is discussed in detait in
Section 6,1.

The measured discharge density data points lead the estimate by approxi~
mately 1 minute. This can be ascribed to the residence time in the sump and
eyclone feed time which is approximately 80 seconds. These time lags can be
accounted for if further work is performed utilising this technique, The un~
wusual behaviour of the sump dilution water temperature (is s usually con~
stant) results from the supply tank receiving make-up water from a coider
source. This does not affect the variables being estimated by the energy bal~
ance.

The rock fed t the circuit in this case was generally coarse with a lack af fines.
This coul explain the relative insensitivity of the cireuit to the feed chokes
“as compared with changes to the feed dilution water vate, The influence of
the solids feed rat fables di ! \gly an the are size
distribution. T *

B (Figure § S

The low salids feed rate at the start of this record has caused an underload
condition to develop, This is rectified by astep increase in the solids feed rate.
Manual discharge density samples are taken and since these are constant 8
step increase is introduced 10 the feed water at (a).
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A plug of slurry is flushed from the mill and the discharge density drops as
expected. The response of power draft to this change is interesting as it mir-
rors that of discharge density or by inference ioad slurry density. As the sfurry
density rises the power draft falls only to rise again as the dense plugis flushed
from the milt.

‘The peak-seeking controlfer fs enabled at (b) and the feed water returned to
ratio control The inputs to the mill are steadily decreased until () where the.
controtler is disabled and a step increase is applied to the feed water rate.

The temperature estimate of discharge density rises steadily through this
period and responds to the increase in water as before at (a). At (d) alarger
step decrease in the feed water rate resulis in an immediate decrease in dis-
charge density before the expected rise. This is the opposite response to a
step increase in feed water but is not as easily explained. The manual sam-
ples indicate the same response. In addition the mill power draft response
again mirrors the density clearly illustrating the strong dependence on load
slurry rheology.

4,15 Conclusion

“This techrique for discharge density estimation has been shown to have
potential as an additional control output in the milling cireuit. It may be
possible to control the discharge density by feed water manipulation aone,
but itis clearly influenced by several variables. Large step changes in the feed
water rate such as those introduced during data logging produce a clear re-
sponse in the discharge density. Controller action applied to this situation al-
tempts with small incremental changes to maintain a specific density. Under
ideal cireumstances the response to these would be apparent and hence con-
trollable, but in many fostances the influence of the circulating load, feed size
distribution, solids feed rate and the rheolugical history of the siurry in the
load, which are ail ir  constant state of flux, will mask the response and lead
to possible incorrect action.

This does not imply that control is not viable but highlights the need for soph-
isticated contraf algorithms in this application. In Chapter 5 it is shown that
avery simple model of the mill circuit allows prediction of the mill discharge
tempetature from measured inputs. Allernatively, the model could be used

Alternate Control Variablas Page 28




to determine which input has the overriding influence an discharge tempera-
ture and thence density. Discharge density curtral is also complicated by the
fact thas the optimal density is not constant but, like the peak power draft,
varies with changing grinding environment. It is recommended that further
made of the resp: fihe i
aview to implementing control action and to determine a means of specifying
optimal density as related to other variables. This study will also provide more
quantitative insight as to conditions within the load,

4.2. Mill Discharge Viscosity

Knowledge of the sturry thealogy within the foad is cleatly invaluable for op-
timisation of grinding environment control. The properties of the discharge
slurry may reasonably be assumed to be indicative of those within the lead
and, as discussed in the previous section, monitoring of discharge density as-
sists In understanding the grinding cireuit behaviour.

Mifl discharge viscosity measurement would be even more informative how-
ever singe slurry viscosity is very ruch more sensitive to changes in solids
mass fraction than density. In addition variations in shurry hold-up and dis-
wribution ix the load are direetly.caused by the slurry viscosity so that the re-
lationship of these variables to sturry density is incidental.

The effects of varying slurry viscosity in the load have been reported by sev-
eral authors to influence both charge motion and particle breakage rates
(Tucker 1982) showed that as solids content increased grinding efficiency
passes through a maximurs, Klimpel and Manfroy (1976) found predictable

Jecth d

Ty viscosity
ameters and suggest that optimising slurry viscosity can result in increased
throughput and/or fineness of grind. For grate discharge mills Moys (1986)
shewed slurry viscosity to be the major factor affecting hold-up in the milf
and in conjunction with Liddel (1988) showed that in the higher percent so-
lids operating range, viscosity influences the load behaviour more than at
lower percent solids where friction between the media provided by the par-
ticles in thesturry is the dominant factor. Liddel (1986} showed thatmill slurry
viscosity varied from 10 to 275 cp for a change in percent solids from 609 t
15%.
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Figure 9; Viscometer Operating Principle

1n order to investigate viscosity measurement an on-fine viscameter was bor-
towed from Debex for a trial period (Reeves, 1984),

“The aperating princi he viscometer isshown in figure9, A slurry sample: ey
is fed to the mstmmcnt and flows by gravity into the measurement chamber ~
where the torque required to maintain the bobbin's angular velocity is i
measured, and the sample i returned to the process stream. X

The mill discharge slurry is very caarse (top size =25mm) and contains milled
steed blls, wood chips and other tramp material. Fluid viscosly s unaffected

if a ple for this measure- E
ment to be obmned ulter screening at Smm,

byrapidly

Contimuous sumpling of the mill discharge proved to be the major problem
in commissioning this instrument, Lengths of wire in the sample caused
blockages of even the two-ineh sample line, while smali pieces of wire that
byp: s pucking together caused chokes In the jn-
strument ixse!f.cledx|ingusing magneticseparation was tried hut failed {n this . .

d sereening, and partic

applicution because of the high coment of steel fin
ive
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solution. The screen must be self cleaning and the sample sufficiently large
to produce encugh sereen underflow for the instrument.

The scale of this study was insufficient of cope with these problems requiring
mechanical modifications to provide a more suitable sampling point, pur-
chase of & rotating or vibrating screen and a sample return pump. The slurry
could be ised, however, and the affects of % solids and
on the viseosity investigated using a recirculating sturry sample.

Results (figure 10) indicate that the shurry shows dilatant behaviour at highec
shear rates and that the apparent viscosity shows a distinct response to smail

Cl of the Slurry

62 Ll 6 @

— Mooney T % 80lds g0 raas s COnadl

Figure 10: Viscosity Relationships with Frac Solids and Temperature

The relationship between shear stress anul mass fraction of solids is shown
atvarious bobbin angular velocities, At lower bobbin speeds an instrument
artomaly produced unacceplable results, These resulls are omitted here, to
enhance the clarity, but they do appear in appendis E. The refationship
derived by Mooney (1951) is overlaid for comparison with the measured
data
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changes in % solids, At iow shear rates or rotational speeds the results are

highly improbable and it is likely that the instrument is at fault. An instru-

ment on this size scale is unsuitable for accurate viscosity measurements in
this milling application. The distinct response to % solids changes shows that
the viscosity measurement would be extremely informative and that a

measuring technique is worth persuing.

The effect of particie size distribution on the vistosity should also be investi-
gated because intuitively viscosity is a surface phenomenon and just as with
increasing percentage solids the particle interactions increase they shoutd
also inerease as the concentration of fine particles increases. The on-line
sample necessary for this measurement would also allow accurate sampling
of density and temperature so that viscosity variations resulting from these

influences may be identified,

Thedata that

iscosity

further

inthisvari

help to quantify much

of the dynamic behaviour of the grinding circuit. This viscometer is not rec-
ommended for control purposes in its present form as it is not robust enough.
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Deveiopment ot a Mechanistic Circuit Model

Although insufficient knowledge is available to consider comprehensive and
aceurate madelling of the mill circuit, sensible postulates may be made about
representative average conditions in the mil and combined with published
models formulated under more controlled conditions to represent the trends
abserved.in the output responses measured in the field. Choosing key vari-
ables to parameterise the model allows the magnitude and rate of response
of the measured outputs to be more accurately represented,

5.1 Why a Mechanistic Model?

There are two approuches thar conld be fuliowed in the development of a
mathematical mode! to simulate a process, The first s a statistical or "black
box" approach, The type of mods! developed does not utilise  priori knawi-
edge of the process. The model equations are developed using regression
techniques on a large quantity of data containing the effects of some selected
inputs on process performance. The model is applicable only o a narrow
range of operating conditions. Also, in this type of model, relationships be-
tween inputs and outpits must be linear or Hinearfsable, The refationship of
power draft to the inputs Is strongly non-linear and thus caanot be included
& i lied

yet power has been observed to be the key indicator of grinding efficiency.

The second approach to modetling is the mechanistjc une. This is based on
the mechanisms which govern the process and wilises the basic under-
standing of the process gainet) during the data acquisition phase, The model
promotes understanding of the process because Whe equations are closely re-
Tated to the actuud evenits oeeurring in the mill, This also means that the model
has wider application and is more Rexible 10 changes In conditions of oper-
stion,

The mechanisticapproact is the clear chojce in this cuse since the study aims
to improve the understanding of the milling process and (o develop a made!
with applicability to other miliing circuits. Qualitative observations concern-
ing the process had been made during the de2a aquisition phuse, eg. peak re-
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ionships between both ater and feed sollds i draft
and it was necessary to verify and quantify these observasions. The relation-
ships between input and putput variables and power drawn by the mill pro-
vide the key to optima! grinding control, thus it was essential that these be in-
cluded in the model.

5.2. Description of the Modei Developed

5.2.1 Introduction

‘The model takes its foed sireams from the measured data and adds these to
a cycione underflow generated by a previous cycle. This combined stream is
added to the toad currently in the milt, The mill unit model produces a dis-
charge strear which is purfectly mixed with the sump dilution water and fed
10 the cyclone unit model, The circait is completed with the cyclone splitting
its feed into the overflow product and a new underflow to join a later set of
feed streams,

522 Mill Sofids and Water Feedrates

Three size ¢lasses of rocks are assumed In the feed

» Media size rocks (+150mm) T
»
o +grate size -media size rocks ( +25-150mm) [

 -grate size rocks (-25mm) é
Feed molsture content i given at ~49% by mass in the industry but since the t
ore sometimes had long residence times in the stockpile, & feed moisture con-
tent of 2% of the feed was chosen s & more reasonable estimate and this
moisture was added 1o the feed dilution water,

52.3 The Mill Unit Model

The mill fiself is modelled as n perfect mixer in series with a pure time lag, .
‘The breakage and selection function conceppts (Whiten ,1974) are used in the )
mass balunce equation to deseribe the toad:
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dMy/dt = Fi- SLMr
dMa/dt = F2 + $1BMs - 52Mz
dMa/dt = F3 + Su{1- B21).M1 + SaMz- Dy + Uy

AMafdt = FW + U(1 - o) - D(L - )

‘Where M; are the masses in each size class and M is the mass of water in the
Joad. Fj are the feed rates to each size class and FW is the feed water rate.
Ddip and Usy, are the discharge and underflow solid rates (i is the mass frac-
ton solids). 1 and Sz are the selection functions, i.e, parameters describing
the rate at which parsicies are selected for breakage, for classes T and 2and
B is the breakage function Le. the fraction of material broken out of class
1 that reports to class 2,

These equations were solved using a Efth order Runge-Kutta routine em-
playing au Adams Moulton predictor correcter.

Tt was found that the fourth equation could be replaced by the overall water
balance, he. dMa/dt = FW 3 SW - PW where PW and SW are the product
and sump water rates, with Jittle change in the medel output. This is expected
since the madel considers the mill to be the only majot dynamic element in
the circuit (see system time constants in section 31.), and it was observed that
water passes throngh the system almost in open circuil {figure 5),

The steel inventory in the mil! is specified a5 a mass fraction (.15) of the load
mass at time t= 0. [n the model the stee) contens of the laad influences the
Ioad density and thus the power draft.

5.24 Power Draft Model

It was attempted to mode! the power draft using the relationship derived by
Hogp & Fuerstenau (1972):

E = ko D% LOWN(1 - HUYRY ang
Where the term {{ - HLYR%)™ is dependent on the Fractional filling of the
mitl V&/Vily, N is the rotational speed of the mill, Ne the critical speed. py,
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the load bulk density, Lithe mill length, I3 the inside diameter and 6 the angle
of repuse. A derivation of this equation appears in Appendix .

The derivation shows that this model has as its basic assumption that the sur-
face of the Joad i flat and that no cataracting of media oceurs, This is true for
mills operating at low rotational speeds and has been found to still hold well
for higher speeds (70-80% of critical) in some cases. Liddell & Moys (1988)
illustrated the deficiencies in this model and others at higher fractional fll-
ings and speeds.

In agreement with these results it was found that in this case {the mill under
consideration running at sround 909 of critical speed) the power model
tended to be dominated by the VL/Vail term with p,_ being strongly depend-
ant on VL with the assumption of 2 constant steel mass. This resulted in good
agreement between the model and measured data during underloaded
phases, but the niodel did not capture the turning points signalling overload
conditions,

Siace the p investigated p . .

could not be rectified d power was tak the mill model power.
‘This ensured that the influence of the power draft on the selection functions
and discharge size distribution in the mode! had a sound basis.

The selection functions are set proportional to the power draft to simulate
faster breakage at increased power draft. The product size distribution is
determined using a form of Bond’s relationship (1952)c

E = Wi (1/Vpso - Yviso)
rearranged (o give
pao = W(E/K + Yviso)?
where pao and fsp are the 809 passing sizes for the mill feed and product re-

spectively. Wiis the Bond Work Index while k is a similar constant fitted from
approximate plant data (28 000 kW.,m®?),

525 The Mill Dischurge Mode!

Moys (1986b) derived a physical model to describe the resistance to flow
through the grate which was found to predict hold-up in a pilot mill veliubly.
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This model differs from that develnged by Hogs & Rogovin (1982). based on
the assumption of axiat flow of slurry only in the poot of slurty in the load, in
that flow through a stationary Inad is considered. This simplification was
found ' * necessary when grate discharge mills, rather than trunnion over-
flow mui= s in the former case, were described.

‘The model can be used for almost any grate geometery and uses the equa-
tions for flow through orifices and packed beds to describe the slurry flow
through the ' .. * and grate.

Moys® model was used to evaluate the discharge rate and slurry hold-up in
the mill. The discharge rate, D, is given by:

D = ks*Ne. VR
where k Is dependent on slurry viscosity which when correlated with density,
gives
k = K{paric- p)? (Moys, 19862)
Ng 15 the no. of holes in the grate per m?
& is the hale diameter
R is the mili radius of the grate area
hit,is the Jeve! of slurry behind the grate evaluated from slurry volume in
the load.
gerit I8 the density at which p—r
A detailed derivation appears in Appendix F.

and

526 The Circulatiag Load Model

The mill discharge is added to the sump dilution water. The latter flowrate is

determlned by a PI controiler maintaining a constant level in the sump, The
i be p mixed in all ph that the cyclone feed

densl'ty may be regarded as being the same as that of the sump contents.

The cyclone feed flowrate can then be predicted by evaluating the momen-
tm balance assuming a constant pump power draft and irerating for the cy-
clane feed pressure using Plitt’s made) equation {1976). This asamption of
constant pump power proved unreasonable so an empirleal relationship be-

) density and flowrate { 4 from the measured data,

Davelopment of & Mechanistic Modsi Page 37




The cyclone feed rate was faund to vary approximately inversely with the
slurry density, This results from the dynamic head and friction factor increas-
ing with density, and pump efficiency deteriorating under conditions of high
loading.

This provided a reasonable representation of the measured data but the
p i s whi wentlymanifest inthemod-
alled cyclone underflow and then the 1ll load, de‘racted from the repre~
pedad

sentativeness of the model as a whole, Thus the fiow model was
the measured data used in its phac:. This is fust
flow measurement is acautate and readity avatlable on many installativns.
Specifying the cyclone feed flowrat. L. praicting the mill dissharge rate
allows evalution of the sump dilution water rite hw completion of the mass
balance:

fiable stues the cyclune feod

SW = C-Dép-D(1-4p}

This batance assumes steady state yoerviion with ro accumshaiio the
sump. This is generally the case since the surop dilucion water s manipulated
10 contro] the level ia the sump, Occassanally this # xntrol loop did not fune-
tion owing to an instrument fau’t and the sunp water valve position was kept
constant. Tt Is ineresting that under wevd conditions I
teasonably well maintained despite distarbances from both discharge rate
and percent solids. The reason fos this isryperent from the flat nature of the
discharge pump characteristic curva Lv.sinall changes in the dynamic head
Produce large chacres in flowrate. Thus a ssmall drop in level causes a corre-
sponding increase in head whi ially reduces the ilising the
fevel rather than draiming the sump.

Thus the accumulation of material in the sump can genetally be iysored but
the consequences of the above behaviour are to produce a varying cyclone
feed rate which reduces classification efficiency and hence proguct und
underflow consistency.

527 The Hydrocyclone Classifier

In order to describe the oper:vier: of the eyclane. sfurry samples of mill dis-
charge, cyclone overflow ung ndatflo: ware graded to alow deseription of
the classifying actlon of the plunt cygices.
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rate and density.

The mode! equations used ar:

dsoe = 20.25exp (6.340) /C°5
Split = 7.19x10° exp(33¢0)/C*

m = \[85/ (v +0.05)]
for C in m’fs;

while mis the R

‘These measurements were used to construcy the fractional and corrected
fractional recovery to underflow curves and thence to evaluate the average
dsoc and sharpness of classification parameters, The basic forms of the Piitt
model equations {1976) are fitted to the data and are used in the model to
describe ihe variation in the sbove parameters with respect to cyclone feed

R

v is the volume fraction
sharpness of classification.

fectively represented by the squation :

e = 1-exp (0,693 {¢/ds0)™)

5.2.8. The Milling Circuit

pared with the measured data.

5.3. Parameter Identification

Development of a Mechanistic Modet

Figure 30 in Appendix F s ;.- that the corrected classification curves are ef-

All unit models ate combined, with the product from one unit serving as the
feed for the next. The inputs to the model are the measured feed solids and
feed water rates. These inputs ave specified ona time base and :ne model out-
putis thensequentially cateulated over short time intervals (evety 6 seconds).
‘The mode! outputs can then be plotted against time so that they can be com-

Using parameters representing the influence of all aspects of the madel, the
predicted mass was regressed agalnst the measured mass 1o identify the sys-
tem from the measured data. The mill mass s chosen as the key variable since
the other variables such s circulating load and mill discharge rate determine

ler parameter for
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These measurements were used to construct the fractional and corrected
fractional recovery to underflow curves and thence 10 evaluate the average
dsnc and shatpness of classification parameters. The basic forms of the Pfitt
model equations (1976) are fitted to the data and are used in the model to
describe the variation in the above parameters with respect to cyclone feed
rate and density.

The made] equations used are :
500 = 20.250xp (6.340) 105
Split = 7.19x10* exp(3.34)/C*

m = {85/ +0.05)]

for Cin mYs;

v is the volume fraction sotids while m s the Rosii parameter for
sharpuess of classification.

Figure 30 in Appendix F shows that the corrected classification cueves are ef-
fectively represented by the equation :

Yo = 3 -exp (0,693 (d/dsg)"™)

5.2.8. The Milling Cireuit

All unit models are combined, with the product from one unit serving as the
feed for the next. The inputs to the model are the measured feed solids and
feed water rates. These inputs are specified ora time base and the model out-
putis then sequentiatly caloulated over short time intervals (every 6 seconds).
The modef outputs can then be plotted against doe 5o that they can be com-
pared with the measured data.

53. Parameter Identification

Using parameters representing the Influence of alf aspects of the modle, the
predicted mass was regressed against the measursd mass to identify the sys-
tem from the d data, The mill mass is chosen as the key variable since
the other variables such as circulating load and mill discharge rate dztermine
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the mass, Thus the representativeness of the mode} mass is indicative of the
reliability of the other model elements.

Inidally it was necessary to regress by eye to find the carrect order of magni-
tude for the d to detect to which the mass was most
sensitive. This approach clearly showed how interactive and unstable the sys-
tem is and clearly indicated the need for multivariable regression. The flexi-
bility of the model was also exploited at this stage with attempts to vary the
model structure to see if it eould be improved:

» the mill was modelied by two tanks in series of the same and then differ-
ent sizes

» the number of size classes was decreased to two (= grate size) and in-
creased to four with an extra intermediate class.

"The two tanks model incorporated a resistance between the tanks causing the
slurry level in the fitst tank to be higher than that in the second. This simu-
lates the slurry gradient that niust exist in the mill for mass transport, This in-
vestigation was hampered by the increased model complexity making par-
ameter fitting more difficult, but this configuration integrated the response
o changes in the inputs excessively. This resulted in a much smoother out-
‘put than that measured in practice {Appendis C) and showed that the single
tank described the output better,

Twa size classes provided a very poor modet response and no poticeable im-
provement over three classes was gained with four, at the expense of an extra
parameter. Thus both the above model variations were not adopted.

Originally it was proposed that there was a lag in serfes with and foliowing
the mixed tank (the mill), since it was assumed that hold-up in the mili weuld
result in the circulating load responses to an input change lagging benind
those in the mill (e.gload sturry density). This lag was found to be minimal,
however, but the resporises of load mass und power draft to the inputs were
noticeably delayed resulting in a pure time lag being required priot to the
mised tank, The solid response lagds owing to the distance of the feed weight~
ometer from the mill -a change in belt loading is detected Livi minutes prior
to reaching the mili (1. is the distance from the mill and vy the belt velocity
at the time). The water must pass through a plug flow region prior to enters
ing the mixed zone of the pool,
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‘The parameters selected for optimisation were :

» The feed size distribution (2 parameters)

© The breakage and initial selection function values (3 parametets)

» The magnitude of the resistance of the discharge grate and the depend-
ence of the discharge on sluery viscosity (2 parameters)

« The dependence of the cyclone Row split madet on % solids in the feed
{1 parameter)

An advanced quasi-Newton method was then used to minimise the sum of

squared errors between the calculated and measured masses. Accurate fit-

ting could not be expected because there are too many unknown elements

butgood ion of the major trends is desired at this stage. Examples

of the model response are shown in the following chapter.
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3 ysis and DI of the Dy ic Madel
Response

‘The miodel parameters were regressed using one set of data and it was pleas-
ing to see that the "best fit" values could then be used with all the sets of
measured inputs to provide reasonably representative predictions of the re-
sponses. In Section 6.3 (Sensitivity Analysis) it is shown how the parameter
fitting should really be dynamic since in practice conuirions change afl the
time. The resitits in Figures 11 - 19 show good trend prediction, hawever, with
correct slopes and resporises oceurring at the right times.

The mode! inputs {feed water and solid rates) do not correspond with the
data precisely, because the moisture associated with the solids (2% by mass)
is deducted and added to the feed water in the model.

6.1, Comprrison of the Measured Data with the Model Response

Run N ure 11

‘Thif, data set is described in Figure 5 on page 17, The mode] responses are
superimposed o the data plots for comparison.

Reasonahle trend prediction is apparent with ane clear exception: the model
[oad mass responds poorly to the low feed water rate from 70-90 minutes. The
predicied solids discharge rate and cyclone feed also do not ilustrate the
rapig changes found in practice. Varying the discharge rate dependence on
sluriy viseosity and other hawed 10 ial imp. in
these basie fault areus.

Havtng highlighted a seriaus shortcoming of the madel, possible faults in the
mods! structure were idantified. It was found that the predicted slurry hold
upit thefoad very little despite substantial ch inthe feed water
rate. Further, the data indicates that 4 "plug" of shurry was discharged before
the inveatory of slurry became depleted and the true response to a feed water
increase was apparent (e, change (¢} at 90 mins},
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The Slurry Pog)

Hogg & Rogovin {1982} postulated that the load consists of two distinet re-
gions. Part of the slurry in the Joad is associated with the media while a lig-
uid pool contains the remainder of the sharry. The pool serves as the means
for mass transport from the feed to the discharge end of the mill. The layer
of slurry adjacent to the mill shell is drawn into the load by the rotating mo-
tion displacing the shurty filling the interstices, This resufts in intermixing be-
tween the reglons. 'I‘hese Llynnmlcs are euslly envisaged in trunnion overflow
mills; the model d imilar behaviour in the
grate discharge mill under observation.

Moys (1987) praved that all available slurry would be vsed 1o fil) the volds in
the media before a pool formed at the toe of the load. The sturry fraction in
the foad model could thus be split between the media vmds 2nd the poal. A
pool s thus for lurry s present e.g.

to astep increase in the feed water rate. The modet descril ing the discharge
rate could then cater for a much higher discharge rate during periods when
the load shurry volume increased to form a pool, The hole area of the grate
available to the pool is greater than that for a proportional amount of slurry
irt the load, since the latter only occupies the voids. When a puol is formed
the high discharge rate (proportional to the level in the pool} rapidly depletes
this extra slurry and normal discharge resumes.

Inclusion of these ideas in the model results in the much improved predicted
responses shown in Figure 12. Clearly this representation of the dynamic be~
haviour of the slurry in the load needs refinement but it provides very sound
qualitative support for the theories proposed ubove.

Run No, 2 - Figure 13

“This record shows the response of (he foad mass and power draft to changes
in feed rate at a farly constant ditution water flowrate. The peak seeking con-
trofter s disabled and it is clear that the mill is overloaded during periods of
feeding ond recoveting lowards the peuk while the feed is choked,

‘The point of real jaterest is the period after (¢) where the mill recovers to & !
peak power condition which passes to an overload once feeding resumes until e P N
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(d) where the mill is suddealy underloaded. None of the v *ables that were
monitored or estimated explain this plieonomenon illusnuring the mutti-
pHisity of disturbances that occur in the milling circuit, Possible causes are o
step change in feed size distribtion, a chunge in ore copsistency and/or mois-
ture content to fist but a few.

‘This event is also noteworthy because it occurred during the normal course
of aperation showing that sudden shifts in the state of the grinding environ-
sment are not only the rasult of manually input step changes to the lnputs.

“Fhis situation is clearly ralatively simple to mode} with a fairly constant dis-
charge rate being maintained. The initial rise {n discharge rate is not simu-
fated by the model at all and is probably the response to a change immedi-
ately prior to the record.

ug N

This fs & very interesting duta set with clear responses in all measured vati-
bles to input changes and llustrations of the power - mass - salids feed -
water feed peak relationships and interactions.

During this data logging period o controllers were operational with the et~
ception of one (o maintain 4 constant solids feed rate, The sump level con-
trolier could ot function since the sturry feed arrangement had boen sitersd
and interfered with the leve] measurement, Thus a constant valve position
was selected. Operation under these conditiuns is only possible because of
the flat ature of the discliarge pump curve causing a farge reduction In flow
for a small increase in the system head afiowing the Lvel 10 be maintained in
the sump despite vasiations in dischiarge rate and density, The chianges in the
sump dilution water vate resulied from other finw demands on the supply
header and not control action,

The solids feed to the mill was extremely dry and coarse resutting in many
chokes and the erratic behaviour shown, During 2 feed choke the controfier
acts to increase the conveyor belt speed 10 o maximum Lo maintaln the feed
tute. This results in mossive overshoot of the set polat (100 ¥hr in this case)
ance the choke has been cleared and & subsequent negative deviatian, often
resulting fn a farther choke, to counteract the tnidal overshoot,
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The feed water rate was manually manipulated with step changes being in-
woduced &t (a), (¢), (€} and (8.

After an initial stabilisation period the feed water was cut off at (a), Aa im-~
mediate increase in power draft and discharge percent solids (estimated from
the mass balance) occurred. This change in water rate moved the grinding
environment to a completely different operating regime wliere the mill is
overloaded and the initial response indicates recovery from that overload.

The smill dlscharge tats falls sharply with the increasing slurry viscosity and a
peak in the solids feed rate causes a sharp increase in mass.

This aggravates the overioad condition and the power draft falls, It is likely
that premature centrifaging would have occurred duting this period, L. a
fayer «f sluczy was sufficiently viscons fo adhere to the shell causing an effec-
uve reduction in mill diameter.

The substantial reduction in cyclone feed pressure during this period results
in reduced classification efficiency which = ~aupled with a low feed sofids
concentration to praduce a very dilute vy.ursfiow. This compensates for the
lack of feed dilution water and one and a haif mean residence times (~15
mins) after (a) the discharge rate begins to recover. The mill feed hopper
chake at (¢} allows the circulating Joad to stabilise and the power rises as the.
mass falls to the point where the peak power condition (with respect to mass)
is passed and the mill becomes underfoaded,

Alow feed water rate is provided subsequent to (c) to avoid a recurrence of
the drastic responses with 1o feed water.

At (d) it is interesting ta note the magnitude of the drop in power draft dur-
ing this period of low feeding. This response provides an indication of the N b
steepness of the power vs. mass curve for 4 small deviation away from the o
peak. ] -

The step increase in feed dilution water at {¢) produces an increase in the ’ D
solid discharge rate and a reduced discharge density, The effect of these :
changes on the cireulating load is apparent although no marked response of
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10ad mass or power draft is observed. Any changes resulting from the water
flowrate decrease at (f) are masked by other disturbances around this time.

‘The model represents the trends in load mass with complete reliability al-
though the i f the resposnses 10 hi are quite different.
The major di from the model i ing the ¢} i
underflow restoring the mill discharge and resulting in the rapid mass de-
crease at {c), This is predictable since the cyclone model is based on a range
of variations in conditions around a *normal” operating poiat and woxld not
cupe with these unusual parameters. It is of interest that the model mass re~
sponse to the low feed rate prior to (d) is substantially more marked than the
measured response. The model tobe mor h

the magpitude of the response of the power draft is taken into consideration
and it is remembered that the measured mass is merely a relative indication.

RunNo. 4

igure 15

‘The power and mass rise together initially to approach the peak operating
condition. A sharp i infeed rat I inpower
deaft before the mill becomes overloaded at (a). This condition persists until
(b) when s recovery phase is eatered. The peak condition is achieved at very
much lower mass and power levels than the previous peak (a), The mill is
slightly overloaded ns the mass rises from (c) with a recovery during the peri-
od of low feeding prior to (d). No noticable response to the small changes in
dilution water rate 1s observable.

The model mass response is the most interesting aspect of this data set with
asurprising discrepancy between the model and data for most of the records
although trends in both responses are similar,

Tt is impertant to remember that the mass measurement is not absofute but
anly an indication of the variation in ol back-pressure on the mli’s slipper
pads. In this instance it appears that the model could be mare representive
af the absolute load mass, This may be concluded from:

o The difference in mass Jevels at peak power at (a) and subsequently at
{e)
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o 1In all other instances where the mode! muss differs substantially from
the data this can be ascribed to a change In feed size distribation ar
selection function (see sensitivity analysis in section 6.3) which results in
a change in discharge rate which is not the case here.

‘The mode! response for the solids discharge rate and henee the cyclone feed
density is more dependent on the feed variations than the measured variables,
These model responses suggest that the model feed size distribution is finer
than that experiencad in practice. This reinforces the proposal that the mode!
mass is more representative than the pressure indication in this case since o
canrse feed is less likely to be milled so rapidly. This data 2lso strongly moti-
vates more accurate measurement of load mass and a mensurement of the
feed particle size distribution.

The mill feed rate is very erratic initially with many chokes and subsequent
surges. The mill overoads with the power draft falling to {a) where a slight
recovery resulls from the drop in feed. With more stable feed conditions after
{a), water changes can be introduced,

"The recovery in power at (b) can be ascribed to the feed choke with the sub-
sequent steady decline in power draft being the result of the Jower water rate.
increasing hold-up in the load, This trend is broken by the water being in-
ereased again at {¢). This Increase s sccompanied by a fail in mass as the piug
of slutry is discharged,

The di ids rate is estimated from th bal d the sump
resulting in unlikely values at times ¢.g, {a) and {d). Neither of these changes
are simulated by the model and it is likely that the sump leve! was not main-
tained at these points,

RunNo. 6 Figure 17

‘The sump dilution water flowrate is very low during this record, This results
ina high cyclone feed density and consequently a high cyclone dso size and a
low circulattng load. The solids und water feed rates are at their normal fe-
vels, but the water rate Is clearly too high under the circumstances as is evi-
denced by the low power draft. With little circutating sturry, the feed ditution
water is merely flushing the solids from the mill and not producing G Joad
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slurry rheology conducive to efficient grinding. A step decreuse in the feed
dilution water flowrate at {a) results in un immediate increase in power us the

ss builds up with { ing foad sturry viscosity, The st ease in dis-
charge cate alk Juction of cyelone f si probable increase
in circulating load, The power conti to tise and conditi d

by an increase in feed dilution water at (b) aithough this inftuences the cir~
cujating loud parameters. Feeu chokes cause bath the power and mass to drop
showing the mil to b stilt uaderloaded. The response of the circulating luad
variables to the last changes at () and (d) are very clear and are well simu-
lated by the model as well,

Avery good model response is observed throughout althaugh some trends in
e load d solids di rate uch as the mass loss
resulting from the combination of 3 high water rate and the feed chokes after
(b). This response is reflected in the pulse of solids discharged at (b).

Run A - Figure 18

This data set is fully deseribed under section 4.1.2 regarding mill discharge
density estimation. It is presented here to iflustrate the model response to
data from a differsnt installation and to observe how the model temperature
estimates compared with the measurements.

Very simple temperature models were formulated with energy inputs de-
scribed by the measured feed solids and water temperatures and the power
drawn by the mill being considered to be transterred ta the load purely 1o in-
crease the temperature.

Impertect mising in the mill is ignored and the dischargs temperature is as-
sumed to be the same us that {n the load. Energy accumulation in the sump
as well as energy input by the pump are ignored since these terms are very
much Tess than the others in the energy bulance.

Tt is surprising that the madel temperntures are fower than those measured
since pnergy losses have been largely ignored. This can be ascribed to a low

estimate of cyclone underfio sesulting in a cooler
elrculating load throughout the record.
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The model mimics the temperature trends accurately and simulates the other
clecuit variables reliably. No adjustments to parameter valyes were made to
aliow modelling of the data from the later testwork.

Ttis difficult to glean any useful information regarding the causes of the vari-
ationsin y direct ison with the circuitin.
puts or the mill power drat. It appears that at this stage the temperature
measirements are most useful for density and flowrate estimation and con-
sequent control {as opposed to direct control of a temperature), since these
variables are better understood in terms of single input relationships.

The circulating fraction in this circuit is substantially higher than that of the
Elandsrand mil {1009 as compared with approximately 60%) since there is
1o tegrind mil}, and the model ¢ _usequently prediets a low solids discharge.
rate and cyclone feed density. The higher circulating load aliows a more rapid
recovery from the choked feed condition (b) where the model is slow to re-
spond, As the eyclone feed density decreases the dlso value decreases as does
the O/F : U/F split. With the higher cirulating load more solids are available
t0 be recovered to the underflow restoring the slurry inventory in the fow
‘The model only anticipates a rise in discharge rate once the choke has been
relieved,

RunB-Figyre 19

‘This data set is also described in section 4,1.2. and the figure illustrates the
simulation of the measured tempera *+4 by the model. The model trends
are reasonable with a more plausible .- « mass indication than that of the oil
Ppressure signals, ’

The same flaws as were apparent in the data set of "Run A" are present in
these model responses, particularly at (a) where the change in cyclone per-
formance is not captured by the model.

6.2, Bhorlcomings of the Model

The ntajor flaw in the model results fram the Jack of 2 good deseription of
power, or rather of the independent variables determining power, e.g. voi

ume, load density and angle of repose. This rasulted in the power being rela- ,
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tively poorly modelted with a few occurrences of trends being the reverse of
what they were in reality, This resuited ib measured Dower draft values being
used to replace the power model. This was suitable in the present applica-
tion, where on-line power mensurements were available, but preciudes the
use of the milling circuit model as 2 stand-alone simulator,

Accurate prediction of the miill power draft and the measurements that will
make this pmlble provide the key 10 comprehensive ur desstanding of the

The ions by Moys and kers (1985 and
1988) using conduetivity bolts in the mill sheli show that the position of the
1oad in the mill, the load shurry viscosity and the onset of centrifuging can be
measured. With this additional information being fed from a continuous
operation ta 2 expert system it would be possible to build up sufficient ex-
perience to anticipate the influence a disturbance would have on the power
draft and work te correct it 50 as to maintain near optimal operation.

Thc cyclrne model could also be improved. The bulk of previous experimen-

matler than 350mm in and ajthough
the form of Plitt’s model (1976) is correct the purumeters must be adjusted
for application to large cyclones (915 mm) requiring size distribution data
and another flow measurement,

Obviously havirg no on-line size distribution measuremenu is a deficiency
of the data, but It is promising Lo see the reasonably reliable response ob-
tained from the model despite this, Measuring equipment for particle size is
costly and maintainance intensive, and even then is imited to an indication
of*he fraction of partieles less than only one chosensize, On-line particle size
distribution measurement is the subject of ongoing research, Success in this
area will aliow i [ Lhe major di ing the grind-
Ing cireutt as well as ensuring that the size reduction objective i achieved
without loss of unliberated metol or energy wastage through overgrinding,

6.3, Sensitivity of the Model Response to Parameter Variations
For o)} the datasets considered, the measured load muss appears 1o huve been

most effectively modelied, L.e. data irends are reflected well, and when re-
gressing by eye, it was found that the mode! mass stabilised as a consequence
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of all other elements being rensonably represented, This is t0 be expected
since in closed circulr, any aspect of the model that is abnormal will result in
a rapid filling of emptying of the mill.

For these reasons the mass has been isolated to ailow parameter sensitivities
10 be studied. The vertical scale in figures 20 & 21 has been exaggerated for
clarity, A few key parameters have been selected to illustrate the influence
that they have on the load mass model response. Prom the cases studied it
b ingl inati isidealsince the data

may be well represented while one set of conditions prevail but other par-
ameters will suit new conditians, The response labelled "original parameters”
represents those parameter values that were regressed and provide a reason-

£allth T
is shown for comparison with the alternate cases. In all cases only the par-

ameteri i iged while all oth ined their original velues.

From Run No. 1 - Figure 20

1. The resistance to flow through the mill discharge grate depends on the
viscosity of the slurry. In this instance the dependence of the discharge flow
vate onviscosityis inereased. Theslurry hold up inthe load is generally greater
than that obtained with the original parameters. While the feed water rate is
low, however, (b-c) the higher slurry viscosity causes the rate at which the
mass builds up to increase, more Jike the measured daia, although the sub-
sequent mass loss after the step up in the water rate is 100 rapid.

2. The discharge rate constant is the proportionably constant relating the
stusry discharge rate to the volume of slurry in the pool, Reducing this eon-
stant causes the model to approach the case with no separate pool. This is
clear from this graph with broader peaks reflecting the averaged response to
the changes in the inputs.

3. The selection functions determine the rate of breakage out of each size
class. The model represents these as base parameters which increase or de-
crease with the mill power draft as it varies about the mean. Here the base
parametervalue for size cluss 2 has been increased. This results in more rapid
producticn of fines which decreases the load mass progressively. The First
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peak (2) where the mass decreases rapidly after the feed pulse is best cap-
tured by this parameter change.

4. The feed size distribution is specified and remains constant for all data
sets. The feed fraction in the coarse size range | increased here with a
corresponding reduction in fines. This causes the load mass to become pro-
gressively higher but it decreases sharply when the final step increase in the
water rate is sufficient to result in pool which depletes the fine fraction pres-
ent.

Erom Kun No.3 - Figure 21,

This example shows very clearly how different combinations of parameters
are appropriate for various conditions.

Again the measured data and the model response using the *best fit” original
parameters are Shown.

1. The lncreased dependence of the dischargs rate on slutry viscosity exag-
gerates the model mass response 10 input changes.

‘The initial mass increase (a) resulting from the sharp decrease in feed water
is welt captured by this parameter set but no improvement js shown «ver the
original parameters during the subsequent mass decrease. The model mass
remains parallel to the original response while the water remains constant
but decreases more sapidly after the feed water is increased again.

2. Increasing the grinding rate or class 2 selection function shows a substan-
tially improved representation of the large mass decrease {b) showing that
the actual grinding rate was very high during this period and that the more
constant rate proposed for the moadel is teo simple. The high grinding rate is
no longer appropriate after the water increase (c) where the higher concen-
tration of sub grate size material is flushed out too rapidly.

Analysis of the effects of these various parameter changes shows how the
magnitude and rate of the model response can be aftered 1o better represent
certain ks iour, The i interative nature of the mill cir-
cuit variables is clearly iilustrated, but it is reassuring to note that the relia-
bility of the model for trend prediction is apparent in ail cases discussed.
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Ifthe model were d the esti pawer dralt more reliabie,
the model could be used to predict th actions to be taken,
Anon-line parameter identification stage would precede an investigation of
many possible contral actions to see which would provide maximm power
¢ aft in the short term - it is unreasonable to assume that the input size dis-
tribution will remain constant for very long - and then implement adaptive
control utilising the best control sirategy for the current situation. This con-

ceptis idealisticat this stage e as & goal to motivate further, more
aceurate modelling and improved understanding of the system.
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7. G and

A large 56t of d: aamic data describing various states of operation of an in-
dustrial autogenous grinding circuit were acquired. Field observations and
qualitative knowledge gleaned from the data were combined with physical
models from the literature to derive a simple modet of the grinding cireuit o
help undersiand the responses resulting from changes to the inputs. This
model provided insight into several features of the milling circuit:

o the strong interaction between variables
o the complexityof the morie! required to accurately describe power draft
and

 the variation in key parameters during nperatiou
Parameters were successfully identified from the plant data so that reason-
ably accurate representation of operating trends was obtained.

Many of the responses observed have been qualitatively explained aithough
some remain enigmatic a5 a consequence of having a limited knowledge of
the cireuit variables. The chief success of the model resulted from incorpor-
ation of the description of the excess load slurry being in a pool at the toe of
the load with more rapid flow-through characteristics. This behaviour is ap-
parent in most of the data -ets and an indicator of the onset of poot forma-
tion, i.e.anf disch ratio, would le. This
condition obviously redusss grinding efficiency by increasing the cireutating
load while absorbing litle extra energy. The power draft is in fact reduced by
the presence of a pool as it results in a centre of gravity shift towards the axis
of the mill.

Ttis urfortunate that the peturbations required to observe distinct responses
were often large. This could mean that the norinal aperation was disturbed
so that the observations are not representative of normal operation. Instan-
ces of large uncontrolled disturbances (Run No. 2) do acevr in the normal
course of events, however, suggesting that all states should bs considered
when trying to understand the cirenit dynamics,

‘The sensitivity analysis on the model parameters proved very valuable, ilus-
trating the dependence of the behaviour on these parameters and indicating
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the variable nature of the cireuit dynamics and the need for adaptive control
3 or on-line parameter identification,

Tt s interesting that a single CSTR provided the best mill unit model. A mill
with a high L/D ratio attempls 10 achieve a closer approach to plug flow to
obtain maximuem conversion in a singie pass. The mode! stiows that this is not
being achieved in practice and this is borne out by the very high power utili-
sation { ~40 kW-he/t-75um material produced) in comparison with the indus-
try standard for this mill type (30,5 kW-hr/t-75um}. An optimising control
strategy is clearly required to improve this suation.

‘The possible use of discharge sturry properties such ag density, viscosity and
tempcrature, as control outputs indicating conditions in the load itself, was

it luded that essimation of density from other measured
~ariables, rather than direct would provide a iently ac-
foruse asa control variable. Temp d
the mill circuitwere only investigated s a means of ; den-
slty, but they could prove to be useful measu rements in theu‘ own right and
fusther work on this aspect is The ing tem-

perature measurements proved to be very religble, represenung rends ac-

curately, but could not easily be applied as a contro} output, Determination

of the optimum density is difficult since it varies with conditions in the load.

Optimising control of the discharge (lensuy will help to maximise the mill .

power draft but ideally ph asthati <

by Pawwet al. (1984) (see section 1.2) Is required. A more intelligent control- A

ler wauid be required in this case since the water and sofids feed rates must .
imised si More knowledge of conditions in the load is re- 2

quired to allow accurate prediction of the effect an input variable change will

have on power so that the controller can anticipate the required aetion.

Sampling difficuities prevented on-line viscasity measurements being made,
but the clarity and reproducibility of responses to changes in slurry percent
solids show that viscosity Is a good indicator of slurry conditions and that the | N

Debex instrument is capable of reflecting these. A technique for sampiing of
the mill discharge must be sought and dynamic viscosity data gathered since .

this appears to be & most informative output variable,




The work on dicharge density as well as other observations highlighted the
need for control of the slurry rheology within the load, Efforts o improve
grinding efficiency shotld conceatrate on this area.

Tighter control and a better of the milt circuit maybe achieved

of new C ivity probes mounted in the mill
shel! provide an accurate average value of the load angle of repose ina labor-
atory mill (Moys, 1985), Implementation of this ides on an industrial mill
could be very } i of the size distrl of the mill
feed would allow prediction of the load contents and would help to provide
a basis for steel and water addition rates.

Finally, experience in industry ltas stressed the need to ensure that building
blocks of the control strategy are not also the stumbling blocks. Fletd equip-
ment - actuators and measuring instruments - must be suited 1o the appiica-
tion, rather than altering the control strategy to cope with poor devices. Good
plant operator training and awareness Is also very important, aithough more

sophisticated control should allow for fewer, more skiiled operators.
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Appendix A - Improvement of the Solids Feed Rate Control

‘The mill solids feed rate was completely random during the initial testwork
making nonsense of attempts to analyse step teats.

‘The canses of this problem were several :

# The feed chute opening was less than the larger rock sizes resulting in
multiple chokes.

o The variable speed drive has different characteristics on accelerating
and decelerating and was a siow final control element.

» Output to the final control element was dstermined by the measured
feed rate which is the product of the solids density on the belt and the
belt speed.

Nothing could be done in the first two cases but in the third an extra feed-

back laop to control belt speed could be cascaded 1o the feed rate control

toop. This moditication eased control loop tuning and reduced the number
of random disturbances that the controller had to contend with to only the
solids density on the belt.

Plant operating records show the improved performance (figure 22). Note
that the initial period in the latter set does represent an exceptionally con-
stant feed as it is unusual 1o have a period of more than half an hour without
a feed stoppage or choke,

ottt (A1 N

bl
I
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Appendix B - Orifice Plate Flowmeter Calibration

The preséure drop across the orifice plate is reasured and may be related to
flow by the equation:

Q = CpAe

2/paP }

1-(ArAg)?
For an incompressible fluid:

Cp = Coefficient of discharge

Ao = Areaof orifice

Ap = Areaofpipe

AP = Pressure drop across the orifice
Q = Volumetric fowrate

dp = 200mm
do = 150mm

Quve = 0.05ms
Cp s correlated with Reynolds number tor British standard orifice plates.

Re = dvp/p = 42x10°

Thus Cp = 0.61 and is constant for Re > 10°

The variations in flowrate are quite substantial however, and this equaticn
provided in the flow This was as-
cribed to the location of the orifice being non-ideal and to the presence of
settled solids in the pipe attering the flow characteristics. Thus, it was necess-
ary to calibrate the meter on site, The magnetic induction flow meter in the
cyclone feed line was used for this purpose. The sump water was pumped
through the magnetic flow meter and the flowrate integrated over a period
ofti ient that sump volume td be igriored (see figure
23).

Appendices Page 73




ant G

Otsenerga Caeffic

L3u5

a5

Three sets of messurements were averaged to give the following sets of re-
sults:

—0

} 1o eyhora
s

St

s

O orifice plota Nawmeter

D mogetic iduction
Towneler

Figure 23: Calibration Clreult

Water flow rate m¥s Discharge coefficien
0052 .
0.069 0368
0070 0373
0082 0383
0.088 0.398

Discharge Caefficient Evaluation

IR Rt

5,10 7.20

6.00

¥otar Flowrate (n'/s)

Figure 24: Orifice Plate Galibration Gurve

5.0
® 107

0.50

Page 74




A curve was fitted to this data (figure 24), Calibration at Jow flow rates was
not possible using this approach since the pump required a minimum flow-
rate. The measurement error increases substaatially outside the above range
of values.

Appendices Page 75




Appendix C - Responses to Alternate Model Configurations

‘This is the same experimental data from Run No. 1{ shown in figures 5, 11
& 12). The model used in this case has the same circuit with the exception
that two perfectly mixed tanks in series are used to describe the mill. There
is & hypothetical resistance between the tanks, similar to the discharge grate,
to simulate the gradient that must exist for flow through the load.

The camplexity of the model is greatly increased with two extra discharge rate
Pparameters and a parameter for the relative sizes of the two tanks. This made
parameter estimation more difficult, but the response shown indicates that
the order of the model is too high, integrating the changes aver a long peri-
od, and filtering the response. This is to be expected, since the hold up intro-
duced by the discharge prate increases the model order, making this a fourth
‘order model, wh litati ion indi the

second order.
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Appendix D - Error Analysis of Discharge Density Estimation
Techniques

Error Estimation

When a value is calculated from data values, each with their characteristic
error, it is important to bave an estimate of the error propagaied in the cal-
culated value.

For the true values
A = f(a3, 82, Qs
= A+ A = flar+aa1, 22+ A82, 83+ A83..3n + Ady)

ATaylor series expansion of £ gives :

of
A+ aA = fla) + = G+
o

Ignoringbi terms, on th that the gives

Error in Disgharge Deasity Caleulated from Flow

For the case of discharge density estimation (or % solids in the discharge)

Cie
#p = ———— atsteadystate
C-SW- W,

Be(C-SW-Wg)+ Ci c
e AC e &
(©-SW-wy’ C-5W- Wy

- Ay = de

Cie: Che
e AW e Wy
(€-SW-Wy? (C-5W-W?
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The average values and maximum errors in the measurements are;
C = 152% = 0.1 <6.002m"s Magnetic indurtion flowmeter specification.

dov = £0.20 +.5% =020 £0,01 The specitication suggests 19 accuracy but
varlation in the concentration of solids in the vertical pipeline and the non-
uniformity of the solids size distribution are expected to produce a higher
error.

Wy = 0.002 £20% = 0.002 +0.0004m®s This error may be very large since
the average valne is the result of several spot measurements and the variance
is unknown.

SW = 0.06 =15% = .06 £0.006m"s This etror Is also unkaown but is as-
suned to be large at tmes.

For the maximun error deviation in the 9% solids 10 the cyclone is taken a5
negative

> Adpy = -0.017-0,026 - 0.125 - 0.006 = -0.174
‘The average value of Ady = 0.53

= The maximum ervor s ~33%.

If a magnetic induction flowmeter were used to measure the sump water rate
the error wouldbe reduced to 1 hich would be tolerabl
only a trend is required for control purposes, so that constant errors can be
ignored and that waximum error canditions aze rare during notmal oper-
ation.

that

Discharge Density Estimation from Tt

An energy balance over the sump gives:

Hin + wepump = Hout + Gpige

To Tn To To
oD {CosdT # (Lodp)D [CpuedT + SW [CowdT + Wy [CpydT
To To Th Th
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e
{ CpwdT
b

Te
How = #cC [cpf.dT + (1-4)C
Tt

Tb

Cpis assumed constant over the temperature range. Ty is the base tempera-
ture.

The mass balance equations are :
4pD = 4C

and (1-4p)D + SW + Wy = (1-$o)C
‘Thus the discharge water rate may be solved for

D(1~dp) = (ws,pump - apipe + Cps ¢cC (Tp-Te)
+ Cpw (1-4~)C (TW-TC)) / {TW-TD)Cpwe
= A(D(L-¢p)) = (aws-4q + {Cpw(1- dH{Te-Tw) - Cps d(TD-TC))AC
“ (Cpw C(TC-Tw) - Cps C(TD-Tc)) adic) / (To-Tw)Cpw

Assuming errors in the temperature measurements are negligible, average
values and errors are;

ws =200 £50kW

q =2 e2KW

C = {0.130 =0.00261/5
ge =04 2002

-

= LEMIAC
= 42MIf°C
=45
=30°C
=36°C

A(D(-dn))

Appendices

= (0050 + 0.002 + 0.0253 + 0.030)/63

= (0.0017

Page 80




B(1- ) = 0.016Ys = Error = 10%

A(Ddpy) = Cade + daC = 0.00364

Dyp = 0.050t/s = Error = 7%

Adpy = 0.041

p = 0.76 = Errot = 54%

This is thus the best estimation technique although Twg was assumed equal
1o Tw since Twg is actually unknown. The gland service flowrate is low and
already has a high margin of error ascribed to it, 5o this assumption should
have littte influence on the overall error. The error may be decreased by
monitering pump power draft and ambient temperature for more accurate
estimates of g and ws
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Appendix E - Viscometer data

In order to characterise the slurry rheology and investigate the sensitivity of
tie Debexi tochanges in % solids i

sturry sample was allowed to circulate {n the instrument.

Density samples werte taken from the cireulating sturry and the slurry tem-
perature was measured. The bobbin speed was then varied over the given

ge to el e shear rate, The shear. }d then be monitored from
the electronic converter which changed the measured motor current to a
tarque.

Water {~5f) was then added 10 the sample to reduce the density, and when
well mixed, further density and temperature measurements were made, The
shear rate/stress characteristic was then investigated for the new density.

Several sets of readings wers taken for each sample, and very consistent re-
sults were abtained.

Density de by frst weighing th later,
the dried solids.

The resuits {figure 26) shaw an {nexplicable increase in shiear stress at low
shear rates, This pecurrence bas been found with other slurries. Debex are
aware of this symptom and are trying to explain it, but results have not yet
been forthcoming.

Thi behaviour ve viscosity read fixed
babbin speed however, and the high sensitivity of the reasurement to
changes in Fbsolid: the use of this i for on-tine results.
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e mEERneeas

Characterisation cf the Slurry Rheoiogy

She:
o
Stress

N/m’

—__ Mooney s+ 10 o TfSolids | . x 30 y 4

Figure 26: Rheology Characterisation
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Apgpeadix F - Model Development
Power madel

The approaches to calculating power draft have beern either i} 10 calculate the
paths of individual media patticles and integsate 10 find the energy required
1 raise the media over all possible paths (Hogg and Fuerstenau,1972), or i}
to assume that the axial moment of the driving force must balance the axial

the load centre of gravity.{Austin et al, 198+) Both result irt a sitni-
lar equation for power, and assume low speeds of rotation; i.e, a planar load

surface with ao cataracting

Figure 27: Coordinate System Used in the Developrent of the Modef for
Power Consumption

i) Referring to figure 27 consider a radiul element at ¢ of thickness dr. The
energy required Lo raise these particles through the bed is

df = agdm
wherea = vertical height through which the particles are raised

2P sine

dm = the mass of pavsicles in the slement

= Wyt de
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But the total energy consumed by all the particles during ane revolution is
J= J:l’u dr
or substituting for dF
R s
T = dgep Lsine [Mr -Hih)dr
JHL

= 4/3gzp;Lsine (R¥- HLH™
‘Then the power consumed, E = Ju/2x
where wa (NINGYRYS | the fraction of the critical speed

= B = kaRPNNG(- HUYRY Sine
where the term in Hi represents the degree of filling in the miil.

i) For angular moments about the mill axis < = RF = mgh sing ignoring fric-
sional forees (figure 28).

drive.
pinion

Figure 28: Balancing Moments About the M Axis
mgh = f{fond val} ey« mill capacity xmill dameter
= ¢ = k(YL D'LD it

and E = nuwhere ws (N,NeyD
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= E = &(VL) o D%L (N/NG) sive

A function with peak characteristics is used to describe the parabolic rela-
tionship between power and load volume ¢.g.

sin{wVL/Vmill)

The peak characteristics are accounted tor in the model (i} by Flv which has
apeak at 50% mill filling (HL.=0).
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T3

s

The Discharge Rate

*This model (Moys, 1986b) evaluates the resistance to flow through the grate
using static load considerations.

SN

R g

H

de

Figure 29: Area of Static Load
The load area behind the grate (figure 29} is given by
R
A=2, J\/(Rz-xz)dx
HL
Fiow through the grate :

Consider one hole, diameter 3 at a height x below the axis, Using the form of
the orifice equation;

q(x) = ke2(x- HLY", k = f{viscosity)
R 2
= Total flow,Q = [Ncq(x)dA(x), Ng = no.holes/m’
. Hu

R
= 2°Ng ( (x- HL"W(R2- 2% dx
Hu

Analytical solution of this integral for non-integer values of n is possible, but
using a numerical solution an expréssion is derived which expresses Lhe sal-
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ution as function of n. n is usually fitted from date but in this case is set equal
E to 0.5 as in the orifice equation.

5. ok o Q=2kNGR™M2 k= Kieericn)’

‘Where the area behind th be ing n=0in the i 150l
ution,

A = Ros200L/R)M

= b= QVU/GRID)PR
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Sump and Pymp Models

The sump is pyramidel and an expression relaing volume to height was
derived from physical measurements :

V(R = (031157 + 53.276% * 20700) x10% m®  for hincm.

The maximtm sump volume is 7.3m” at h=230cm.

Note that the strongly non-linear relationship of volume to height, the con-
trofled variable, makes it difficult to have good level control,

The modet uses PT control with the same tuning parameters as those used i
the field, but achieves much better control since the non-linear valve charac-
teristics are ignored. This only has the effect of smoothing the model predic-
tions around the sump.

The discharge pump is a "D’ frame Hydroseal centrifugal purnp with a775mm
dinmeter rubber impeller, running at appreximately 450tpm, The cyclone
feed line is 250mm ID pipe, 29m long with 13m of vertical displacement. The
pressire drop across the cyclone is approximately 65kPa.

The pump efficlency decreases with increasing density and an empirical
maodel for the flow rate gives:

€ = (8pc+b) + Css, Where Css is the steady state or average cyclone feed
rate. Problems were experienced in fitting these constants because very little
consistent data were available, This is ascribed to different states of impeller
wear, motor speed, belt tension, ete.
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Cyclone Model

Plitt (1976) derived a model for the hydrocyclone which, although empirical,
has a mechanistic basis. A broad data base was used but unfortunately most
previous work had been performed on small diameter cyclones. Thus appli-
cation to this circuit model predicted too low a split (underflow to overflow
volumetric ratio) aad too high a classification efficiency.

‘Thus using this model structure and limited plant data, parameters were fitted
to better describe operation.

Cyclone Dimensions :

De =915mm

Do = 300mm

Dy = 95mm

Di = yA4Aix = 444mm
b = 2400mm

w = 2.67¢m’

pv = 1.00¢m?

ds0e = 20.25exp(6.34v)/C™
Split = 7.19 x 10-*exp(3.30w)/C*

m = [85/(¢v+0.05)}
for Cin m%s

ye = 1- (0693 (d/dsoe)™) : Rosin Rammler equation deseribes corrected
classification curve (Plit,1976)

¥ = (1-Rp) ye, +Re: Assuming that the sotids fraction bypassing classifica-
tion equals the fluid recovery, Rt

Where Re = (Ry- Regw)/(1 - dv)
and Ry = Split/Split + 1 the volume recovery to the underflow

Rs, the solids recovery must then be iteratively sotved for.

Appendices Page 90




Cummulative
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Plant Classification Data

°

e Fitted Model
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Particle Size / iCragsmpie Gradings

Figure 30; Cyolone Operating Characteristics used to Fit Pilt Model Paramsters
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Madel Algorithm

Breakage xntes—_l

Input solids rate
« power draft

fead water rate
(possibly sump
wator rate)

Initialise Losd
& circuit cond~
itions,

Wi{Eete has
passed then
print the
results

Solve again using new
discharge and underllow

Use Adams Predictor - Gorrecvor
method to solve load wodal aqua-
tions over a short time interval

Use results from load to calculate volume of solids, volume
of slurry, and slurry density

Galenlate dischargs slurry rate from level of slurry behind the
grate and slurzy viscosity. Discherge density = load sluxry den~

sity.
CaTEuiats suny Volums Eron wess balmca, FT Gontroller detarnines
water rate to maintein 1

Density in sump is demsiry of discherge.
Flowzate is a function of density

is
Sump Volume
Coxract ¢

Impose Rossin Remwler size distribution on cyclome feed; fineness
is prupon:i.unul ta slurey hold-op in the mill. Caleulato uader-
w £rom uyclune equtions.

Calculate load mass and pawer “Fraft. Allovance Is mads for cemiel
fuging by reducing the effective dismeter.

of slurry in the
o8d correct
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Model Algorithm

Tnput solids rate Sreakage rates
faed water rate = power draft
(possibly sump ——
water rata)

Initisiise Load
& circuir cond
itions.

passed then
print the
results

Tse Adams Pradictor - Gorrecsor Solva again using new
method to solve load model equa- discharge snd underflow
tions over a short time interval
Use results from load to calculate volums of sollds, volume
of slurry, and slurry depsity,

Calculate discharge slurry rate from level of slurry behind the
grate and slurzy viscosity. Discharss density = load slurry den
sity.

Calctiate sump volums fxom mass balance. PI centto]le: determines
water xate to maintzin leve

Pensity in smp g1 densicy of dischazge.
owrate is a function of demsity

o

Sump Volume ™
Ccncy)
Y

Inpose Rossin Rammler size distribution on cyclone feed; fineness
is proportienal to slurzy hold-up in the mill, Gelculate wndex~
fiow from cyclone equerions.

Teloulete Tond mass and power Avaft. Alluwnncn iz made for centri-
fuging by reducing the effestive dieveter

of slurxy in the
Load corret 2

"~
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