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

•  When an excess o f slurry was present in Me load (i.e. more than the vol
ume of the voids) a  pool of slurry forms st the toe of the load.

•  The complexity of the power dependence on the variables describing the 
mill load defied dynamic modelling with toe limited knowledge avail-

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

•  The flow through the mili is adequately modelled by a single well mixed

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

Mill discharge slurry theology was studied eo gain an insight into conditions 
in the load. An energy balance using temperature measurements around th t 
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 slurry viscosity failed.

Several theories and ideas were tested in a production environment subject 
to a multiplicity of disturbances and conclusive qualitative results were ob
tained. An improved understanding of milling circuit dynamics and a ration
alisation of where controi can be improved has resulted from this work.
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c,cw

D,DW



P,PW total circuit product rate and product water rate

Q  volumetric flowrate

R mill radius

Rr*v recovery to the cyclone U/F of fluid, solids and by volume

Re Reynold’s no.

Si selection function for size class i

SW sump dilution water rate

Split split ratio of cyclone U/F to O/F volumetric rates

T  temperature

U.UW total mass rate and water rate to cyclone underflow

V volume

Vs sump volume

Wg gland service water rate to discharge pump

Lower case symbols

d diameter

d50c corrected particle size which has equal chance of reporting to U/F or
O/F

hL depth of the toad =  R-Hl

k,k‘ proportionality constants

m Rosin-Rammler parameter to determine the classification efficiency

q energy transfer rate

v belt speed
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1. Introduction

1.1. The Autogenous Grinding Control Problem

The major difficulties that arise in approaches to autogenous grinding circuit 
control strategies result from

eT l.e  highly interactive nature of the system

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

e The large material holdups and equipment volumes and consequent

•  The presence ,. unmeasured and unmeasurable disturbances

#T he inability to measure many key variables on line, particularly particle 
size distributions for all but the finest size classes (-75 njn).

In order to realise the objective of the grinding circuit, for example maximum 
throughput at constant fineness of grind, control strategies haw th
the above problems. Current strategies tend to control inc. • .mug
performance such as mill power draft or final product particle size although 
a direct approach, i.e. control of the grinding environment or indicators close 
to the grinding process itself, would obviously be more desirable. The latter 
approach does require the solution of some of the above problems, however, 
and will always be complicated by those that remain insoluble.

1.2. The Slate of th-. in Autogenous Grinding Control

Initially ball mill control techniques (covered by Lynch, 1977) were modified 
for the autogenous problem. These strategies aim to maintain a constant cy
clone overflow size distribution with the basis for control being adjustment 
of the percent solids in the cyclone feed by dilution water control. Autogen
ous and semi-autogenous grinding processes differ from ball iu Hing in that 
the feed size distribution is very variable resulting in contimu . • changes in 
the concentration of grinding media in the load. Continuous iti.mitoring and 
adjustment of the solids feed rate to the mill is thus required utd the need 
for an automatic control strategy using this variable was imp.
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Because the condition of the load is subjected to cnmin'ious changes in the 
solids feed, a control variable is sought which will reflect variations in the 
load. The power drawn is a strong function of load voiume (Austin (1973), 
Kjos(undated) and Harris ecal (1985)} and is easy to measure, making it a 
popular tihoice. Williamson (1960) and Flook (1975) both implemented con
trol strategies aimed at maximising power draft by manipulating feed rate. 
Maximum power draft appears to be optimal since the rate of product forma
tion is strongly correlated with power Input.

Figure 1: Schematic Load • Power Relationship.

fnic/aHy these comrol strategies had to revert to manual control under ad
verse conditions. This resulted from the non-ltneurity of the load power re
lationship (Figure I), A drop in power can be caused by both over and under 
feeding the mill, Thus measurement of the rate of change of potver draft is 
insufficient, Combining th/s with a measure of rate of change of mill loading 
can more uniquely define the operating regime of the mill.

Several indicators of mill loading have been used, e.g. oil back pressure 'in 
support bearings (Olsen e/tiZ, i976iind Me M unuse/at.,1978) and noise level 

(Uronen et oi.,1976)1. Unfortunately these do not provide tin absolute 
measure of load mass or volume, but only represent the relative rates of

'Oiiva mast mi'anvrctiKM micu liyJ veils unuvixin lliu mill iirmWcsim wxuniw mensure 
nf itiv! loud muss imd can be mml m c^aMlsh "iwrmal" peak niins vnluck under dllTcrum non. 
ditiims, luil vitrbilniM in liKid hulk will Mill r c su ll In dllTvrcm (xwvr Urmvm I lit Mimv
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change of these values. However, this is sufficient for control purposes since 
these indicators allow the establishment of the load condition relative to that 
at which peak power would be drawn. The controller varies the mass by man
ipulation of the solids feed rate so that if the mill is underloaded (i.e. an in
crease in mass causes an increase in power) the feed rate Is increased until 
overloading (i.e. a decrease in power drawn) is experienced at which point 
the controller cuts hack on the feed rote to decrease the mass. This approach 
is termed “peak seeking" control 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 only of the mill loading, but of all the fac
tors determining the load environment making It an ambiguous variable to 
use for control purposes. Operation may be at the local peak power, but the 
grinding rates remain low because slurry conditions are sub-optimal or the 
media have been depleted.This indicates the need for closer monltoringand 
control and an improved understanding of the mill environment and of the 
grinding process itself,

Krogh (1979) used the feed dilution water to the primary mill to balance 
grinding between the primary and secondary mill. Also, if an overload con
dition was reached in the primary i.e. 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 make changes to the feed dilution water at regular intervals. If this 
change caused the power consumed per ton of ore to drop, the change was 
repeated, otherwise the change was reversed.

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

The two previous strategies suffer from very long time lags between perturb
ing the system and observing the response. Only if approximately steady state 
circuit operation occurs during the perturbation and measurement periods, 
will 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 result in the wrong action which would completely 
disturb the load from its previous "stepdy" condition.

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

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

In autogenous milling, continuous control of the mill loading is required since 
its constancy cannot be relied on with rapid build-up or depletion of the load 
occurring with feed size changes.

A major advance in approaches to the control of milling circuits is the im- 
plementationof multivariable control. A  decoupled multivariable controller 
has been included in the grinding circuit at East Driefontein G.M. (Hulbert 
el a/.,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 performance, and consequently has increased throughput 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", ignoring most existing knowledge of the 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 straiegy 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 alternative approach is to understand the grinding process and to utilise 
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 
e.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 volume and even an estimate of the slurry viscosity in the load 
(LiddoU & Moys, 1988). These measurements allow determination of the op
timum degree of filling and the influence of slurry rheology on power draft. 
The dynamic behaviour of the load can also be quantitatively described under 
various conditions.

Comprehensive studies of grinding mechanisms on both laboratory scale 
(Digre, 1969) and industrial autogenous and semi-autogenous mills (Stanley, 
1974 and Austin et al., 1976) have produced mechanistic models 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, but by understanding the grinding process simpler physical models may 
be developed to describe operational trends in control variables.

1.3. Project Objectives

The present study concerned observation of the dynamics of an industrial 
semi- autogenous mill al Elandsrand Gold Mine operating in closed circuit 
with a hydrocyclone classifier (Chapter 2), the investigation of 'mproved 
measurements relating to the mill environment (Chapter 4) and the develop
ment of a simple physical model (Chapter 5) to describe the trends observed 
and to provide an understanding of this multivariable interactive system.



2. The G rinding 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), i.e. uncrushed, ore. Each of these operates in closed circuit 
with a hydrocyclone 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).

Figure 2: Schematic Overall Milling Circuit Flowsheet

Thus in this set up the primary mills are tonnage mills i.e. maximum through
put is the operating objective, while the secondary or regrind mill achieves 
the desired fineness of grind. This implies that small fluctuations in product 
fineness from the primary circuit are tolerable. Realising steady operation at 
maximum grinding efficiency should also result in a fairly constant product 
fineness.

T he primary mills are the slipper pad type with open end grate discharge (us 
opposed to trunnion overflow).They are 4.85 m in diameter and 9.15 m long, 
and are each driven by a 3 MW motor such that they turn at 46-92# of criti
cal speed (approx. 18 rpm). This study was restricted to the No. 3 primary

The ore feeds by gravity from a silo via a chute onto a variable speed con
veyor, The mill discharges into a small ( -  7 nr') sump and the slurry is pumped

product
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directly to a cyclone (diameter O.ViS m) which returns its underflow to the 
mill feed hopper (Figure 3).

Dilution water is added to the mill feed hopper and to the mill discharge 
sump. Additional water enters the system as feed moisture, belt wash water 
and gland service water for the discharge pump. Spillage is returned to the 
discharge sump and in the event of the ball mill being off line the secondary 
underflow returns to the primary mills.

Figure 3: No. 3 ROM Mill Circuit.
An approximate steady state m ass balance provides an idea of the stream
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I X  Existing Control Loops

2.2.1 Instrumentation

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 a magnetic induction flowmeter 
as is the cyclone feed rate. A  nuclear densitometer measures the feed density 
to the cyclone and an ultrasonic device provides the sump level indication. 
An orifice plate flowmeter was installed in the sump dilution water line 
(Figure 3.).

Oil back-pressiiK measurements on each o f the ten slipper pads are summed 
accordingtotheirpositiontoprovide a relative measurementofthemill mass, 
i.e. an indication of the trend in load mass but with no absolute significance. 
A  transducer on the high tension switch gear registers the m il power draft. 
There are automatic control valves on the dilution water lines and variable 
speed drives on the feed conveyor and the mill discharge sump pump.

2,2.2. Circuit Control

There are five possible manipulated variables in the circuit, :amely

•  feed rate

•  feed dilution water rate 

« sump dilution water rate

•  discharge pump speed

•  steel ball addition rate

At present the major circuit control element is a microproc. 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 controller then decreases or in
creases the mass seipoint depending on the position on the mass/power curve. 
A further cascaded control loop then manipulates the feed rate to keep the 
mass on setpoint. A block diagram of the control loop is shown in Figure 4.
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Initially the feed solids rate was very erratic, never attaining a mean value. 
The actuator on the belt drive responds non-linearly to the linear control out
put and has different characteristics on accelerating and retarding the belt 
(see examples in Appendix A). This response of the final control element was 
further complicated by having no feedback on the belt speed but only on the 
feed rate, resulting in a bivariate random disturbance for the controller to 
contend with: the randomly varying solids profile on the belt and the near 
random variation in belt speed. This situation 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. This is a 
hangover from ball milling practice and is often incorrect in autogenous ap
plications e.g. consider a feed 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 flushed out, aggravating the low power draft condition since 
the available capacity for attrition grinding of interstitial slurry Is not utilise '' 
and sub-optimal conditions in the load slurry rheology prevail.

In the Elandsrand circuit feed water is ratioed to the load mass with a view 
to maintaining a constant slurry density in the load, assuming that the slurry 
volume at peak power Isconstant. Variation in the relative mass is accounted 
for by manual discharge density sampling to determine the ratio setpoint. This 
is subject to similar problems to those experienced with a feed-ratio scheme, 
although the fluctuations in the feed are integrated by the mass.

The longer time response introduced by this latter scheme can be a problem 
and the technique employed for discharge density sampling is not reliable, 
vatylng 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. No satisfactory control output to determine 
feed water rate is continuously monitored at this stage.

A rough idea of the steel addition rate is maintained by counting the number 
of ball loads added. The "set point" for the number of loads to be added is 
determined by long term monitoring of the average power draft, mill through
put rate and visual inspection of the steel level in the loads. If these drop sub-
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slaniisliy, more steel than usual \s added. This approach is not very reliable 
and does not always serve to improve the grinding conditions. Rationalising 
the steel addition -ate is important, not only for increased efficiency, but also 
because steel is costly and overloading causes increased wear by the action 
of steel on steel and on the liners.

The sump dilution water is used to maintain the sump level. This is essential 
in the small sump as it can rapidly overflow or drain and cause the pump to 
surge. Because the holdup in the sump is small a fast acting controller is de
sirable. Unfortunately the valve response time is of a similar 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 cyclone performance adversely and thus the entire circuit This beha
viour did prevail prior to this testwork.That "normal" operation was assumed 
under these conditions clearly shows the need for monitoring variables and 
assessing control loops. The controller action was slowed ctotvn necessitating 
manual start up to find the approximate steady state value but thereafter the 
controller coped with small fluctuations cestiliing from variations in discharge! 
rate and water line pressure,

The variable speed pump proved to have an even slower response to changes 
in level than the valve when applied ;o the level control problem, (t was also 
used In attempts to control the cyclone feed rate and density. These control 
actions tended to interfere with the sump level control and indicated tire In
teractive nature of the system and the suitability ofa decoupled multivariable 
controller for this problem. In addition this variable speed drive was not a 
suitable final control element having a slow, non-linear response, different 
characteristics on accelerating and decelerating and losing capacity at the 
high torques imposed on the fluid coupling when pumping dense slurries. 
These mechanical problems should be overcome to provide the extra man
ipulated variable for tighter cimiliitlng load control.

The inadequate final control elements described above illustrate the import
ance of careful instrument selection ut the design stage; to change these later 
requires large capi'al expenditure and often structural changes to the exist
ing plant.
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2 J . Disturbances

•  Solids Feed

The major disturbance to the system is the practically unmeasurable feed par
ticle size distribution. Fortunately with Witwotersrand quartzite ores it has 
been found that the grindabilityor hardness of the ore does not vary much so 
theeffectoforehardnesscanbe 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  model for predict
ing breakage conditions in the load, and probably provide an estimate of the 
optimum water addition rate,

Lynch and Duckworth (1982) outline test work using an on line particle size 
analyser for the feed, but this instrument only provided the concentration of 
one size ciass and was not marketed com;nerda!ly in tills application. How
ever, while such a  measure remains unavailable, control objectives must be 
achieved by alternate means.

•  Steel Addition

The random fashion in which steel is added to the mill makes it an unknown 
disturbance. Although estimation of the steel 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 predict ball size distribution and wear 
characteristics in the load (Vermeulen and Mowat, l^SS). This would help to 
describe the influence of this variable and reduce the number of unknowns.

« Unmeasured Inputs (Disturbances)

The performance of any mill control system is uffecied by its 
with the following disturbances:

Spillage is returned to the sump causing the water addition n 
the density to the cyclone to increase, increasing the cut siz 
causing roping.

The Grinding Circuit



Secondary cyclone underflow is retur to the primary mills when the ball 
mill is off-line, increasing the fines In t> a load so that the grinding rate drops 
and these particles remain in circulation. The high circulating load maintains 
the mass so that an overload condition is sensed, causing a decrease in the so
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 spillage pumps and tire ball mill

At high load slurry viscosities 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 solids or viscosity to indicate the onset of 
centrifuging.

•  Unnecessary Disturbances

The major disturbances are feed chute and hopper chokes,These are cases of 
the feed being stopped by large rocks or small rocks packing together in the 
outlet of the chute and hopper, o r dty fines backing up the feed chute. Im
provement of the feed arrangement is essential so 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 mill is desirable, but on 
this plant the mills are regularly stopped, defeating controller action and the 
approach to steady operation.

Finally operator induced disturbances should be eliminated. Closing manual 
valves and bypassing final control elements should only be resorted to in the 
event of controller failure,

These "unnecessary" disturbances must be contended wit): prior lo alleropt- 
ingto oplimise operation with improved control.



3, O bservation  of Dynamic C ircuit Behaviour

3.1. Diila Acquisition

On-line monitoring of as many variables as possible is essential tounderstnml 
the dynamic response to changes in the system inputs. A  Hewlett-Packard 
data logger was utilised for this purpose, initially this was controlled by an 
HP-41CV calculator but later a HP-85 micro-computer was used for its in
creased speed and storage capacity.

Sampling tintes should be very much less than the smallest system time con
stants. This was possible with the facilities used, but storing and manipulat
ing the vast quantities of data gathered in a  relatively short time proved a 
problem, 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 lost by this smoothing technique it eliminates uninfor
mative system noise and still 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 In the Mill 70 min
Slurry in the Mill 10 min
TheDischarge Sump 1 min
The Cyclone Feed Line 0.5 min 

Table 3.1 Mean Residence Times

Data logging is only worthwhile if accurate information is gathered. Calibra
tion checks on measuring instruments were performed (where possible) to 
minimise errors resulting from drift, Unfortunately it was not possible to 
check all of the instruments owing to the scale of the operation,

Measurements of power draft, solids feed rate and sump level could be 
checked and calibrated. The magnetic-induction flowmeters were presumed 
to oe accurate within the manufacturer’s specification, The density gauge was 
standardised with wateranti manual density sum pi fog provided similar results 
to the measured values within the accuracy of the sampling technique, Slight
ly high readings were anticipated because the meter is mounted in a vertical
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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 in the samp 
waterline to allow use of the standard discharge coefficient correlation. How
ever, the correlation value produced very high, sharply fluctuating flow rates, 
indicating that in jiVm calibration was required. Calibration of this instrument 
was thus performed by integrating the measured flow rates through the ori
fice plate and the magnetic flowmeter in the cyclone feed line over a range 
of values for a sufficient period that fluctuations in sump level could be ig
nored. (Appendix B)

The calibration technique is only subject to a small error but unfortunately 
could not cover the full range of flow rates, so that a t flow rates 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.

3.2. Experimental Design

Dynamic tests were generally performed on the open loop system although 
controller action was also monitored. Tiie sump level control loop, i.e. man
ipulating the sump water, was of necessity maintained at all times. This left 
only two effective system inputs: the water and solids feed rates. In each test 
one of the inputs was perturbed while attempts were made to keep the other 
constant, and all the measurements on the circuit were monitored. Variable 
size step tests were used to identify the responses, with care being taken not 
to 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 occur during nor
mal operation.

Prior to each test a settling period of approximately half an hour was allowed 
while it was attempted to maintain constant inputs xvniie 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 could be monitored without inter-

Very few step tests were performed on the solids feed since the feed rate was 
subject to random variation and was very hard to maintain at a constant level. 
The effect c£ Steps in the feed water rate was often obscured by solids feed 
rate changes unless the changes were reasonably large, in which case they sub
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 Figure 5.

The "peak seeking" controller was on manual for this test. Tiie sump level 
controller remains active. This data set is chosen for the clarity with which re
sponses may be observed due to the unusually fine and even feed rate.

The feed rate is manually increased to find the mass at which the peak power 
is achieved. "Hie power rises at first 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 higher level as the mill recovers from the overload con
dition. It is interesting 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, illustrating the influence load 
slurry rheology has on the mill discharge rate and hence power draft.

When the water is increased at (c), a complete change in operating environ
ment is experienced and the power draft and mill mass fall concurrently clear
ly indicating an underload condition. The power begins to recover but the 
fines are flushed from the mill so rapidly that it quickly passes to an under-
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load Condition. During this period a higher feed rate would have been 
possible without overloading the mill. The need for a balanced slurry theo
logy to achieve peak power and optimum throughput is again 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 (c)) cause 
less water to be added to the sump and consequently, a higher cyclone feed 
density results. The cyclone feed rate also drops with the higher dynamic 
pump head.

A further behaviour pattern which is apparent in this clear data set is the re
sponse of the discharge rate to the increases in feed water rate. The manner 
in which an initial pulse Is discharged (especially at (c)) of approximately one 
residence times length suggests that a  pool o f excess slurry is formed and 
rapidly discharges before the long term response is observed. The observa
tion of plug flow behaviour in this slurry pool is sucessfully exploited while 
modelling the circuit responses (Chapters 5 & 6).

Dynamic Circuit B
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4. Investigation  of A lternate Control V ariables

The measured variables listed in Section 2.2 can be combined in various con
trol loops in an attempt to optimise the grinding circuit performance. Several 
of the key variables remain unknown, however, and will persistently disturb 
the circuit and preveni attainment of the optimum operating condition.

Knowledge of the feed size distribution would provitie a 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 being consumed for overgrinding 

' •  oversize material was not being sent downstream.

Information regarding the grinding environment it’ilf, e.g. load volume, 
slurry rheology within the load or load 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 distrlbu.ion has been used sucess- 
fuliy for control (Hulbert ei c/., 1982) but little progress has been made to
wards identifying changes in the feed size or load condition in industrial ap
plications. Testwork thus concentrated on measurement of the Theological 
properties of the mill 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 rale is completely ineffective. Samples are not repre
sentative, techniques vary from one operator to the next and two hours elapse 
before any feedback on the control action occurs, assuming the system has 
not been disturbed during this period. An accurate continuous measurement 
of discharge density is necessary to

•  Control feed water rate (with a tolerable dynamic lag)

•  Provide an indication of slurry conditions in the load
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•  Allow for optimisation of slurry density in the load with respeu "o

Slurry viscosity is a  strong Function of % solids so that at high densities, vis
cosity is very high, increasing the holdup and thus the fineness of grind. This 
suggests that it might be possible to correlate particle size distribution with 
discharge viscosity providing an extremely informative grinding efficiency in
dicator.

Slurry vkiosity and holdup are key determinants of grinding efficiency. It Is 
desirabk tu coat the media with slurry so that as the media cascade and cata
ract with normal mill operation, the adherent layers of sluny are subjected 
to continuous 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 aslurry pool to form. 
This cushions the impact of the cataracting media on the toe of the load and 
reduces the power draft since the centre o f gravity of tlie 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 slurry viscosity is too low.

At high slurry densities hold-up is higher and the excess slurry 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 likely at high slurry viscosities.

Control of % solids in the load slurry would thus clearly improve grinding ef
ficiency and knowledge of the discharge slurry density would allow predic
tion of trends in this variable. Direct measurement of discharge density was 
not possible as the discharge flows directly to the sump via an open launder. 
Thus estimation from other measurements was investigated.

4.1.1, Density Estimation using a Measurement of Sump Dilution 
Wafer Flotv Rate

An orifice plate, providing a measure of the dilution water rate, was commis
sioned to a/tow estimation of ihe discharge density. Combining this with the 
cyclone feed measurements and completing the mass balance allows evalu
ation of the solids mass fraction In the discharge stream.
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** C +  DcCdVs/dO-SW-Wg 

where C is the mass flowrate to the cyclone 
SW is the sump dilution rate 
Wg is the gland service water rate 
Vs is the volume in t" sump
oc is the slurry dens-,, . the sump assuming perfect mixing '
4>c ,$d 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 
£airly constant in the absence of a measurement since thegiand service water 
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 error, this technique 
would be acceptable since this flowrate is only about 3% of the sump dilution 

, water rate. However, as was pointed out previously (Section 3.1), the sump 
dilution water rate measurement is also subject to error, in this circuit the 
dilution water rate can be as much as four times the water in the mill dis- 
chargestream magnifying any measurement error in the discharge density es-

An error analysis (Appendix E ) shows that a 10% measurement error in the 
sump water rate canproduce a maximum error of nearly 33% in the estimated 
discharge density.Timelagsbetween measuring elements as well asunsteady 
state behaviour serve to complicate the calculation further.

A magnetic flowmeter in this application should provide a sufficiently repre
sentative trend in discharge density for use as a control output, since it would 
be accurate over the entire range of flow rates and although the error still 
seems large (12%) this is an est/maie o f  ilie mavimum error and would rare
ly !>e experienced under normal operation. Also since only the trends and not 
the absolute values of the variables are required for control, constant errors, 
e.g.instrument 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 to utilise tixe temperatures of the streams around the sump in 
an energy balance (derived in Appendix E).

The mass balance provides the discharge solids rate

DijiQ = G|ic

while the water rate in the mill discharge is given by 

D(1-i)id) =  (ws-qpipe + CpsG|ic(TD -T c) +

Cpw (l-ijic)C(Tlv-Tc)),/ (T^T0)Cpw 
where Cps,Cpw are the solids and water heat capacities respectively 
C^oD^o are the mass flowrates of solids in the cyclone feed and discharge 
streams and
T d,Tw,Tc are the discharge, sump dilution water and cyclone feed 
temperatures

Despite surface energy losses (qpipe) and shaft work input by the pump (ws) 
tltis technique provides an accurate estimate of discharge density (Appendix 
E), because of the negligible error in the temperature measurements.

Measuring the discharge temperature has other uses too. It may be possible 
to relate this measurement directly to slurry residence timeand 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 circulating load. 
The equilibrium value can be estimated by assuming that the power drawn is 
totally utilised for raising the temperature of the load, since energy utilised 
in breakage and noise production is relatively minimal. Temperatures of the 
feed streams need to be measured too.

Slurry viscosity is a function of temperature as well as %  solids so that a 
measurement of temperature will help to characterise this.

A preliminary investigation into the viability of temperature measurements 
on the full scale mill was carried out and initial results looked promising, mo
tivating further work on this idea.
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4.1.3 Implementation ofTemperaiure Measurements

The bulk of this work was done at Western Deep Levels No. 3 Gold Plant. 
This is a  newer installation and the problem of poor feed control experienced 
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 drive can make large 
changes in feed rate with small changes in belt speed. The wider feed chute 
also results in a substantial reduction in feed chokes.

The same type of mill is used at both plants but at Western Deeps two stage 
pumping is used to feed the cyclone with a variable speed second stage pump 
providing closer control of the cyclone feed flowrate. Only one milling stage 
is used at No. 3 Plant so that a finer cyclone overflow product is required and 
a lower mill throughput tolerated.

Resistance thermometers in stainless steel probes were inserted in the mill 
discharge launder, the sump dilution water line and the cyclone overflow 
launder (Figure 6). The last of these is not the Ideal position since tempera
tures as close to the sump as possible are desired. The alternative of tempera
ture measurement inside the sump required a special long 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,

Figure 6: The No 3 Plant Milling Circuit Showing the Ten 
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 contributions are 
small relative to the stream energies and fluctuations in the above variables 
have a negligible effect on the trends in the density estimate.

4,1.4 Operating Data

An offset between the estimated discharge density and weighed samples was 
observed, so, in order to check the estimate, the system was disturbed and the 
transient response monitored. The same data logging apparatus as before was 
used with manual density samples being drawn from the stream at various 
time intervals.

As can be seen in Figures 7 & 8 the trends in the measured values are clear
ly reflected in the estimate. I t must be noted here that the estimate values 
have been reduced by 10% for the comparison. This offset is fairly large and 
can be ascribed to the cyclone feed density measurement which cannot be ac
curately calibrated in this application; a  small measurement error is magni
fied in the calculated values. In addition an offset observed in the cyclone 
overflow temperature measurement, as compared with that measured m the 
sump, affects the estimate.

Description of Run A (Figure 71

The mill feed rate is on manual control as is the feed dilution water rate, 
Sump level and flow to the cyclone are automatically controlled.

An hour Is allowed for the circuit to settle and approach a steady operating 
point A  step decrease is then made to the feed water rate and manual den • 
sity measurements are made around this point. The density response appears 
to have almost reached its final value when the feed chute chokes, disturbing 
the system (a).

The feed solids and water rates are increased to correct the underload con
dition which has occurred. At approximately 100 minutes (b) the feed water 
is returned to ratio control by the solids feed rate which Is the normal strate
gy. It is interesting to note that during the subsequent feed choke a decreas
ing discharge slurry rate or by inference an increasing load slurry density is 
calculated. A correspondingly sharp drop in power is observed with the two
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Figure 7: Run A - Plant Operating Data Showing Temperature Measurements. 
Temperature measurements are used to estimate discharge density, rate and 
sum p dilution water rate.
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concurrent behaviours suggesting centrifuging of the load; i.e. a  portion of 
the load adhering to the mill shell for the full rotation and thus affectively re
ducing the inside diameter (Power « D2'5). This data ako shows how this con
trol strategy is not suited to maintaining optimum load slurry rheology. Feed 
water control reverts to manual at approximately 190 minutes.

A settling period is allowed prior to introducing a large slep increase in the 
feed water (c), Manual samples are again taken around this point and a clear 
response to this change is observed in all the variables downstream of the 
mill. The initial rise in discharge density occurs as the slurry in the load is 
flushed out prior to the long term fall in density. The period required to flush 
out the slurry inventory (about 3 mins) is much less than the mean residence 
lime of the slurry in As mill (10 mins) supporting the postulate that a pool of 
slurry exists and is d'splaced in plug flow. This idea is discussed in detail 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 
cyclone feed time which is approximately 80 seconds. These time lags can be 
accounted for if further work is performed utilising this technique. The un
usual behaviour of the sump dilution water temperature (it is usually con
stant) results from the supply tank receiving make-up water from a colder 
source. This does not affect the variables being estimated by the energy bal-

The rock fed to the circuit in this case was generally coarse with a lack of fines. 
This could explain the relative insensitivity of the circuit to the feed chokes 
as compared with changes to the feed dilution water rate, The influence of 
the solids feed rate ondownstream variables depends strongly on the ore size 
distribution.

The low solkk 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 a 
step increase is introduced to 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 load slurry density. As the slurry 
density rises the power draft falls only to rise again as the dense plug is flushed 
from the mill.

The peak-seeking controller is enabled at (b) and the feed water returned to 
ratio control. The inputs to the mill are steadily decreased until (c) where the 
controller 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) a larger 
step decrease in the feed water rate results 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 rheoiogy.

4.1.5 Conclusion

This technique for discharge density estimation has been shown to have 
potential as an additional control output in the milling circuit. It may be 
possible to control the discharge density by feed water manipulation alone, 
but it is clearly influencedby 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 at
tempts with small incremental changes to maintain a specific density. Under 
ideal circumstances the response to these would be apparent and hence con
trollable, but in many instances the influence of the circulating load, feed size 
distribution, solids feed rate and the theological history of the slurry in the 
load, which are all it a 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 control algorithms in this application. In Chapter 5 it is shown that 
a very simple model of the mill circuit allows prediction of the mill discharge 
temperature from measured inputs. Alternatively, the model could be used
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to determine which input has the overriding influence on discharge tempera
ture and thence density. Discharge density control is also complicated by the 
fact that the optimal density is not constant buz, like the peak power draft, 
varies with changing grinding environment. It is recommended that further 
observations be made of the response of the temperature measurements with 
a vteiv to implementing control action and to determine a means of specifying 
optima! densiry 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 slurry theology within the load is clearly invaluable for op
timisation of grinding environment control. The properties o f  the discharge 
slurry may reasonably be assumed to be indicative of those within tlie load 
and, as discussed in the previous section, monitoring of discharge densiiy as
sists in understanding the grinding circuit behaviour.

Mill discharge viscosity measurement would be even more informative how
ever since slurry viscosity is very much more sensitive to changes in solids 
mass fraction than density. In addition variations in slurry hold-up and dis
tribution in the load are directly .caused by the slurry viscosity so that the re
lationship of these variables to slurry density is incidental.

The effects of varying slurry viscosity in the toad have been reported bv 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 maximum. KJimpel and Manfroy (1976) found predictable 
and consistent cocrelaiions of slurry viscosity with selection and breakage par
ameters and suggest that optimising slurry viscosity can result in increased 
throughput and/or fineness of grind. For grate discharge mills Moys (1986) 
showed slurs? viscosity to be the major factor affecting hold-up in the mill 
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- 
ticlesin the slurry is the dominant factor. Liddel (i9Sfi}showed tlwtmiilsluny 
viscosity varied from 10 to 275 cp For a change in percent solids from 60% to

Alternate Control Variables



TO DRABS
Figure 9: Viscometer Operating Principle

In order to investigate viscosity measurement an on-line viscometer was bor
rowed from Debex for a trial period (Reeves, 1984).

Theoperatingprinciple of the viscometer isshown in figure9. Aslurry sample 
is fed to the instrument and flows by gravity into the measurement chamber 
where the torque required to maintain the bobbin’s angular velocity is 
measured, and the sample is returned to the process stream.

The mill discharge slurry is very coarse (top size ±25mm') and contains milled 
steel balls, wood chips and other tramp material. Fluid viscosity is unaffected 
by rapidly settling particles allowinga representative sample for this measure
ment to be obtained after screening at 5mm.

Continuous sampling 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-inch sample line, while small pieces of wire that 
bypassed screening, and particles packing together caused chokes in the in
strument itself. Cleaning using magnetic separation was tried hut failed in this 
application because of the high content of steel fines, suggesting that intens
ive screening of the sample, at possibly a finer top size (e.g. I mm), is the only
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changes in % solids. At low 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 particSe size distribution on the viscosity should also be investi
gated because intuitively viscosity is a surface phenomenon and just as with 
increasing percentage solids the particle interactions Increase they should 
also increase 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.

The data gathered suggests that continuous viscosity measurement be further 
investigated since dynamictrends in this variable would 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.



5. D evelopm ent o f a  M echanistic  C ircuit Model

Although insufficient knowledge is available to consider comprehensive and 
accurate modelling of the mill circuit, sensible postulates may be made about 
representative average conditions in the mill and combined with published 
models formulated under more controlled conditions to represent the trends 
observed, 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 approaches that could be followed in the development of a 
mathematical mode! to simulate a process. The first Is a statistical or "black 
box" approach, The type of model developed does not utilise o priori knowl
edge of the process. The model equations are developed using regression 
techniqueson a large quantity of data containing rlie effects of some selected 
inputs on process performance. The model is applicable only io a narrow 
range of operating conditions. Also, in this type of model, relationships be
tween inputs and outpvts must be linear or linearisable. The relationship of 
power draft to the inputs is strongly non-linear and thus cannot be included 
(unless different transfer functions are applied to various states of operation), 
yet power itas been observed to be the key indicator of grinding efficiency.

Tlie second approach to modelling is the mechanistic one. This is based on 
the mechanisms which govern the process and utilises the basic under
standing of the process gained during the data acquisition phase. The model 
promotes understsiidingof the process because the equations are closely re
lated to the actual events occurring in tbemill.This also means tliat the model 
has wider application and is more flexible to changes In conditions of oper-

The mechanistic approach is the clear choice in this case since the study aims 
to improve the understanding of the milling process and to develop a model 
with applicability to other milling circuits. Qualitative observations concern
ing the process had been made during the deM oqubillon phase, e.g. peak re
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lationships between both feed water and feed solids rates and mill power draft 
and it was necessary to verify and quantify these observations. The relation
ships between input and output 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 Model Developed

5.2.1 Introduction

The model takes its feed streams from the measured data and adds these to 
a cyclone underflow generated by a previous cycle. This combined stream is 
added to the load currently in the mill. The mill unit model produces a  dis
charge stream which is perfectly mixed with the sump dilution water and fed 
to the cyclone unit model. The circuit is completed with the cyclone splitting 
its feed into the overflow product and a new underflow to join a later set of 
feed streams.

5.2.2 Mill Solids and Water Feedrates 

Three size classes of rocks are assumed In the feed

•  Media size rocks (+  150mm)

•  4-grate size -media size rocks (+25-150mm)

•  -grate size rocks (-25mm)

Feed moisture content is given at -4 %  by mass in the industry but since the 
ore sometimes had long residence times in the stockpile, a feed moisture con
tent of 2% of the feed was chosen as a more reasonable estimate and this 
moisture was added to the feed dilution water.

5.2.3 The Mill Unit Model

The mill itself is modelled as a perfect mixer in series with a pure time lag. 
The breakage and selection function concepts (Whiten ,1974) are used in the 
mass balance equation to describe the load:
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dMi/dt = Fi-Sx.M i

dMz/dt =  F2 + S2.B21.Mj - S2.M2

dM j/dt = F3 + S i.(l-  + S2.M2 - Dit>o +  Uij>u

dM^/dt = FW + U (1- *u) - D(1 - *g)

Where Mi are the masses in each size class and M4 is the moss of water in the 
load. Fj are the feed rates to each size class and FW is the feed water rate. 
D*o and U-ty are the discharge and underflow solid rates G> is the mass frac
tion solids). Si and S2 are the selection functions, i.e. parameters describing 
the rate a t which particles are selected for breakage, for classes 1 and 2 and 
B21 is the breakage function i.e. the fraction of material broken out of class 
1 that reports to class 2.

These equations were solved using a fifth order Runge-Kutta routine em
ploying an Adams Moulton predictor corrector.

It was found that the fourth equation could be replaced by the overall water 
balance, i.e. dMVdt =  FW + SW - PW where PW and SW are the product 
and sump water rates, with little change in the model output. Tiusis expected 
since the model considers the mill to be the only major dynamic element in 
the circuit (see system time constants in section 31.), and it was observed that 
water passes through the system almost in open circuit (figure 5).

The steel inventory in tite mil! is specified as a mass fraction (.15) of the load 
mass at time t= 0 . In the model the steel content of the load influences the 
load density and thus the power draft.

5,2.4 Power Draft Model

It was attempted to model the power draft using the relationship derived by 
Hogg & Fuerstemiu (1972):

E =  k pu.D2 j,L(N/Nt )( 1 - HL2/R - ) ^ W  

Where the term (I - Ht/ZR2)2'3 is dependent on the fractional filling of the 
mill VL/VmiH, N is the rotational speed of the mill, Nc the critical speed, a,,
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the load bulk density, L  the mill length, D the Inside diameter and e the angle 
of repose. A derivation of this equation appears in Appendix F.

The derivation shows that this model has as its basic assumption that the sur
face of the load is fiat and that no cataracting of media occurs. 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 fill
ings and speeds.

In agreement with these results It was found that in this case (the mill under 
consideration running at around 90% of critical speed) the power model 
tended to be dominated by the VL/Vmiii term with pL being strongly depend
ant on VLwith the assumption of a constant steel mass. This resulted in good 
agreement between the model and measured data during underloaded 
phases, but the model did not capture the turning points signalling overload 
conditions.

Since the power models investigated proved unsuitable here and the situation 
could not be rectified the measured power was takenasthe mill model power. 
This ensured that the influence of the power draft on the selection functions 
and discharge size distribution in the model 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):

E =  W i(l/Vpso-l/Vfs>) 
rearranged to give

pso = V(E/k + W fso)2 

where pao and fgo are the 80% passing sizes for the mill feed and product re
spectively. Wi Is the Bond Work Index while k is a similar constant fitted from 
approximate plant data (28 000 kW.^m0,5).

5.2.5 The Mill Discharge Model

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 reliably.
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This model differs from that developed by Hogg & Rogovin (1982). based on 
Ihe assumption ofaxial flow of slurry only In the pool of slurry in the load, in 
that flow through a stationary load is considered. This simplification was 
found ' ’ necessary when grate discharge mills, rather than trunnion over
flow m i." ..3 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 th e ' ' m d 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  =  k62Na.VRhL2 

where k is dependent on slurry viscosity which when correlated with density,

k = k'Cpcrit- i>)b . (Moys, 1986a)

and No is the no. of holes in the grate per m2 
5 is the hole diameter 
R  Is the mill radius 'if the grnte area
h t  is the level of slurry behind the grate evaluated from slurry volume in 
the load.
peril is the density at which »

A detailed derivation appears in Appendix F.

5.2.6 The Circulating Load Model

The mill discharge is added to the sump dilution water. The latter flowrate is 
determined by a PI controller maintaining a constant level in the sump. The 
sump is considered to be perfectly mixed in all phases so that the cyclone feed 
density may be regarded as being the same as that o f the sump contents.

The cyclone feed flowrate can then be predicted by evaluating the momen
tum balance assuming a constant pump power draft and iterating for the cy
clone feed pressure using Piitt’s model equation (1976). T hisaw m piion of 
constant pump power proved unreasonable so tin empirical relationship be
tween cyclone feed density and flowrate was derived from the measured data.
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The cyclone feed rate was found 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 
presence of inaccuracies which subsequently manifest themselves in the mod
elled cyclone underflow and then the t.vl! load, deTacteii from the repre
sentativeness of the modelas a whole. Thus the flow model was scruppf't ;. td 
the measured data used in its p la tT h is  is justifiable since the cyclone ,'ucd 
flow measurement is accurate and r-. at'ii'- available on many installations. 
Specifying the cyclone feed flowrak _,,J predicting the mill discharge rat : 
allows evalution of the sump dilution water rate hv completion of the mass 
balance:

SW =  C -D * d - D ( 1 - V  

This balance assumes steady state ooen-tion with vo accumulation In the 
sump. This is generally the case since the sump dilution w ater's manipulated 
to control the level in the sump. OccatsnnaHy this c. ntmlloop did not func
tion owing to an instrument fault and the t.ump water'.live position was kept 
constant. It is interesting that under uieve conditions level control was stiV 
reasonably well maintained despite disturbances from both discharge rate 
and percent soiids. The reason for this f. "//parent from the fiat nature of me 
discharge pump characteristic curve i.v.shiull changes in the dynamic head 
produce large chan yes in flowrate. Tlwsa small drop in level causes a corre
sponding increase in hentl which substantially reduces the flow stabilising the 
level rather than draining the sump.

Thus the accumulation of material in the sump can geneulh be igt’ored but 
the consequences of the above behaviour are to produce a varying cyclone 
feed rate which reduces classification efficiency and hence product und 
underflow consistency,

5.2.7 The Hydrocyclone Cicssifie"

In order to describe the opera inn of the cyclone, s'urry samples of mill dis
charge, cyclone overflow unu enderfh) v were graded to allow description of 
the classifying action of the plant cycm-KS.
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These measurements were used to construct 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 Pl/tt 
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 model equations used a re ;

dsdc = 20.25exp(63*v)/C°'5

Split =  7.19xl0'4 exp(3.3<i>v)/C2

m — V[85/(<i>v+0.05)J 

fo rC in m 3/s;
*v is the volume fraction solids while m is the Rosin-Rammler parameter for 
sharpness of classification.

Figure 30 in Appendix Fsh that the corrected classification curves are ef
fectively represented by thv equation :

yc =  1 - exp (0,693 (ti/dso)1")

5.2.8. The Milling Circuit

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 on a time base and me model out
put is then sequentially calculated over short time intervals (evesy 6 seconds). 
The mode! outputs can then be plotted against time so that they can be com
pared with the measured data.

5,3. Parameter Identification

Using parameters representing the influence of all aspects of the model, the 
predicted mass was regressed against the measured mass to identify the sys
tem from tbemeasured data. The mill mass is chosen as the key variable since 
the other variables such as circulating load and mill discharge rale determine
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These measurements were used to construct 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 PIftt 
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 model equations used a re :

d50c= 20.25exp(63*v)/C°-$

Split = 7.19>cl0'4 exp(33it>v)/C2

m =  v f85/(4>v+0.05)] 

for C in m3/s;
4>v is the volume fraction solids while m is the Rosin-Rammler parameter for 
sharpness of classification.

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

yc =  1 - exp (0,693 (d/d5o)in)

5Z 8. The Milling Circuit

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 ona time base and the model out
put is then sequentially calculated over short time intervals (every 6 seconds). 
The model outputs can then be plotted against time so that they can be com
pared with the measured data.

53. Parameter Identification

Using parameters representing the influence of all aspects of the model, the 
predicted mass was regressed against the measured mass to identify the sys
tem from the measured data.The mill mass is chosen as the key variable since 
the other variables such as circulating load and mill discharge rate determine
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the mass. Thus the representativeness of the model mass is indicative of the 
reliability of the other model elements.

Initially it was necessary to regress by eye to find the correct order of magni
tude for the parameters and to detect to which parameters 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 could be improved:

•  the mill was modelled by two tanks in series of the same and then differ-

•  the number of size classes was decreased to two ( a  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 first tank to be higher than that in the second. This simu
lates the slurry gradient that nlust 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 
to changes in the inputs excessively. This resulted in a much smoother out
pu t tlian that measured in practice (Appendix C) and showed that the single 
tank described the output better.

TWo size classes provided a  very poor model response and no noticeable 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 series with and M owing 
the mixed tank (the mill), since it was assumed that hold-up in the mill would 
result In the circulating load responses to an input change lagging behind 
those in the mill (e.gAoad slurry density). This lag was found to be minimal, 
however, but the responses of load mass and power draft to the inputs were 
noticeably delayed resulting in a pure time lag being required prior to the 
mixed tank.The solid response lag is owing to the distance of the feed weight- 
ometerfrom the mill - a change in belt loading is detected Uvb minutes prior 
to reaching the mill (i_ is the distance from the mill and vy the belt velocity 
at the  time). The water must pass through a plug flow rejjion prior to enter
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 parameters)

•  The magnitude of the resistance of the discharge grate and the depend
ence of the discharge on slurry viscosity (2 parameters)

•  The dependence of the cyclone flow split model 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 
but good representation of the major trends is desired at this stage. Examples 
o f the model response are shown in the following chapter.



6. A nalysis a n d  D iscussion  o f th e  Dynamic Model 
R esp o n se

The model 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 couwions change ail the 
time. The results in Figures 12 - IPshou-good trend prediction, however, with 
correct slopes and responses occurring at the right times.

The model 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. Comparison of the Measured Data wilb Ibe Model Response 

Run No.l -Fieure U

This data set is described in Figure 5 on page 17, The model responses are 
superimposed on the data plots for comparison.

Reasonable trend prediction is apparent with one clear exception: the model 
load masr, responds poorly Co the low feed water rate from 70-90minutos, The 
predicted solids discharge rate and cyclone feed also do not illustrate the 
rapid changes found in practice. Varying the discharge rate dependence on 
slui iy viscosity and other parameters showed no substantial improvement in 
I hese basic fault areas.

Having highlighted,-! serious shortcoming of the model, possible faults in the 
modtl structure were identified. It was found that the predicted slurry hold 
up ii the load changed very little despite substantial changes in the feed water 
rate. Further, the data indicates thata "plug" of slurry was discharged before 
the inventory of slurry became depleted and the true response to a feed water 
increase was apparent (e.g. change (c) at VO minx).
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Figure 12: Run No.1 - Plant Operating Data and Dynamic Model Response 
Incorporating the Model for the Slurry Poo) In the Load
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Hogg & Rogovin (1982) postulated that the load consists of two distinct re
gions. Part of the slurry in the load is associated with the media while a liq
uid pool contains the remainder o f the slurry. 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 slurry filling the interstices. This results in intermixing be
tween the regions. These dynamics are easily envisaged in trunnion overflow 
mills; the model deficiencies discussed above suggest similar behaviour in the 
grate discharge mill under observation.

Moys (1987) proved that all available slurry would be used to fill the voids in 
the media before a pool formed at the toe of the load. The slurry fraction in 
the load model could thus be split between the media voids and the pool. A 
pool is thus formed when excess slurry is present e.g. immediately subsequent 
to a step increase in the feed water rate. The model descrii ing the discharge 
rate could then cater for a much higher discharge rate during periods when 
the load slurry 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 
in the load, since the latter only occupies the voids. When a pool is formed 
thehigh 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 above.

Run No. 2 • Figure 13

This record shows the response of the load mass and power draft to changes 
in feed rate at a fa.rly constant dilution water flowrute.The peak seeking con
troller Is disabled and it Is clear that the mill is overloaded during periods of 
feeding and recovering towards the peak while the feed is choked.

The point of real interest is the period after (c) where the mill recovers to a 
peak power condition which passes to an overload once feeding resumes until
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(d) where the mill is suddenly underloaded. None of (he v,-. :.ib)es that were 
monitored or estimated explain this pheonomenon illustiuiing the multi
plicity of disturbances that occur in ibe milling circuit. Possible causes are a 
step change in feed size distribtion, a change in ore consistency and/or mois
ture content to list but a few.

This event is also noteworthy because it occurred during the normal course 
of operation showing that sudden shifts in the state of the grinding environ
ment are not only the result of manually input step changes to the inputs.

This situation is dearly relatively simple to model with a fairly constant dis
charge rate being maintained. The initial rise in discharge rate is not simu
lated by the model at a!) and is probably the response to a change Immedi
ately prior to the record.

Run No. 3 - Figure 14

This is a very interesting data set with dear responses in all measured vari
ables to input changes and illustrations of the power - mass - solids feed - 
water feed peak relationships and interactions.

During tills data logging period no controllers were operational with the ex
ception of one to maintain a constant solids feed rate. The sump level con
troller could not function since the slurry feed arrangement had been altered 
and interfered with the level measurement. Thus a constant valve position 
was selected. Operation under these condiilons is only possible because of 
the flat nature of the discharge pump curve causing a large reduction in flow 
for a small increase in the system head allowing the !.,vel to be maintained in 
the sump despite variations In discharge rate and density. The changes in the 
sump dilution water rate resulted From other flow demands on the supply 
header and not control action,

The solids feed to the mill was extremely dry and coarse resulting in many 
chokes and the erratic behaviour shown. During a feed choke the controller 
acts to increase the conveyor belt speed to a maximum to maintain the feed 
rate. This results in massive overshoot of the set point (100 t/hr in this case) 
once the choke has been cleared anti it subsequent negative deviation, often 
resulting (n u further choke, to counteract the initial overshoot.
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The feed water rate was manually manipulated with step changes being in
troduced at (a), (c), (e) and (f).

After an initial stabilisation period the feed water was cut off at (a). An im
mediate increase in power draft and discharge percent solids (estimated t'rom 
the mass balance) occurred- This change in water rate moved the grinding 
environment to a completely different operating regime where the mi!J is 
overloaded and rhe initial response indicates recovery from that overload.

The mill discharge rate fails sharply with the increasing slurry viscosity and a 
peak in the solids feed rate causes a sharp increase in mass.

This aggravates the overload condition and the power draft falls. It is likely 
that premature centrifuging would have occurred during this period, i.e. a 
lawr-itvlitrty wes sufficient!}! viscous ro adhere to the shell causing an effec
tive rei’ucticTt in mill diameter.

The substantial reduction in cyclone feed pressure during this period results 
in reduced classification efficiency which " - oupled with a  low feed solids 
concentration to produce a very dilure ui.unrilow. This compensates for the 
lack of feed dilution water and one and a half mean residence times (-1 5  
mins) after (a) the discharge rate begins to recover. The mill feed hopper 
choke a t (c) allows the circulating load to stabilise and the power rises as the 
mass falls to the pointwhere the peak power condition (with respect to mass) 
is passed and the mill becomes underloaded.

A  low feed water rate is provided subsequent to (c) to avoid a  recurrence of 
the drastic responses with no feed water.

At (d) it is interesting to note the magnitude of the drop in power draft dur
ing this period of low feeding. This response provides an indication of the 
steepness of the power vs. mass curve for a small deviation away from the

The step increase in feed dilution water at (e) produces an increase in the 
solid discharge rate and a reduced discharge density. The effect of these 
changes on the circulating load is apparent although no marked response of
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load mass or power draft is observed. An>' changes resulting from the water 
Bowrate 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 magnitudes of the responses to some changes are quite different. 
The major difference results from the model notsimulating the r'Uute cyclone 
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 point and would not 
cope 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 response seems to be more appropriate when 
the magnitude of the response of the power draft is taken into consideration 
and it is remembered that the measured mass is merely a relative indication.

Run No. 4 - Figure 15

The power and mass rise together initially to approach the peak operating 
condition. A  sharp increase in feed rate causes a small improvement in power 
draft before the mill becomes overloaded at (a). This condition persists until 
(b) when a recovery phase is entered. The peak condition is achieved at very 
much lower mass and power levels than the previous peak (a), The mill is 
slightly overloaded as 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 is observable.

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

It is important to remember that the mass measurement is not absolute but 
only on indication of the variation in oil back-pressure on the mill's slipper 
pads. In this instance it appears that the model could be more representive 
o f the absolute load mass. This may be concluded from :

•  The difference in mass levels at peak power at (a) and subsequently at
(c).
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ft In all other instances where the model mass differs substantially from 
the data this can be ascribed to a change in feed size distribution or 
selection function (see sensitivity analysis in section 6.3) which results in 
a change in discharge rate which is not the case here.

The model response for the solids discharge rate and hence 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 experienced in practice. This reinforces the proposal that the model 
mass is more representative than the pressure indication in this case since a 
coarse feed is less likely to be milled so rapidly. This data also strongly moti
vates more accurate measurement of load mass and a measurement o f the 
feed particle size distribution,

RunJ-Jo. 5 - Figure_lti

The mill feed rate is very erratic initially with many chokes and subsequent 
surges. The mill overloads with the power draft falling to (a) where a slight 
recovery results from the drop in feed. With more stable feed conditions after
(a), water chanp.es 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 lower water rate 
increasing hold-up in the load. This trend is broken by the water being in
creased againaz (c). This increase is accompanied by a fall In mass as the plug 
of slurry is discharged.

The discharge solids rate is estimated from the mass balance around the sump 
resulting in unlikely values at times e.g. (a) and (d). Neither of these changes 
are simulated by the model and it is likely that the sump level was not main
tained at these points,

Run.No. 6 - Figure 17

The sump dilution water flowrate is very low during this record. This results 
in a high cyclone feed density and consequently a high cyclone dso size and a 
low circulating load. The solids and water feed rates are at their normal le
vels, but the water rate is clearly too high under the circumstances as is evi
denced by the low power draft. With little circulating slurry, the feed d/ltit/oii 
water is merely flushing the solids from the mill and not producing u load
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slurry rheology conducive to efficient grinding. A step decrease in the feed 
dilution water flowrate at (a) results in un immediate increase in power as the 
mass builds upwith increasing load slurry viscosity. The slight decrease in dis
charge rateaitotvs a reduction of cyclone feed density and a probable increase 
in circulating load. The power continues to rise and conditions are unaffected 
by an increase in feed dilution water at (b) although this influences the cir
culating loud parameters. ,c eeu chokes cause both the power and moss to drop 
showing the mill to be sti/l underloaded. The response of the circulating load 
variables to the tosl changes at (c) and (d) are very clear and are well simu
lated by the model as well.

Avery good model response is observed throughout although some trends in 
tlie load mass and solids discharge rate are exaggerated, such as the mass loss 
resulting from the combination of a high water rate and the feed chokes after
(b).Thls response is reflected In the pulse ofsoiids discharged at (b).

Run A -F igure 18

This data set is fully described under section 4.1.2 regarding mill discharge 
density estimation. It is presented here to Illustrate the model response to 
data from a  different Installation and to observe bow 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 transferred to the load purely to In
crease the temperature.

Imperfect mixing in the mill ii Ignored and the discharge temperature Li as
sumed to be the same as that in tite totid. Energy accumulation in the sump 
as we)! as energy input by the pump are ignored since these terms are very 
much less than the others in the energy balance.

It is surprising that the model temperatures are lower than those measured 
since energy losses have been largely ignored. This can be ascribed to a low 
Initialisation estimate of cyclone underflow temperature resulting in a cooler 
circulating load throughout the record.
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The model mimics the temperature trends accurately and simulates the other 
circuit variables reliably. No adjustments to parameter values were made to 
allow modelling of the data from the later testwork.

It is difficult to glean any useful information regarding the causes of the vari
ations In temperature measurements by direct comparison with the circuit in
puts or the milt power draft. It appears that at this stage the temperature 
measurements 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 mill (100% as compared with approximately 60%) since there is 
no regrind mill, and the model r .isequently predicts a low solids discharge 
rate and cyclone feed density. The higher circulating load allows a more rapid 
recovery from the choked feed condition (b) where the model is slow to re
spond. As the cyclone feed density decreases the dso value decreases as does 
theO /F i U/F split. With the higher circulating load more solid* are available 
to be recovered to the underflow restoring the slurry inventory in the lot. 
The model only anticipates a rise in discharge rate once the choke has been 
relieved.

Run B -Figure 19

This data set is also described in section 4.1.2. and the figure illustrates the 
simulation of the measured tempera by the model. The model trends 
are reasonable with a more plausible ,, mass indication than that of the oil 
pressure 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. Shortcomings of the Model

The major flaw in the model results from the luck o f a good description of 
power, or rather of the independent variables determining power, e.g. vol 
ume, load density and angle of repose. This rssulted in the power being reln-
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lively poorly modelled with a few occurrences of trends being the reverse of 
what they were in reality. This resulted in measured power draft values being 
used to replace the power model. This was suitable in the present applica
tion, where on-line power measurements were available, but precludes the 
use of the milling circuit model as a stand-alone simulator.

Accurate prediction of the mill power draft and the measurements that will 
make this possible provide the key to comprehensive understanding of the 
grinding environment. The investigations by Moys and co-workers (1985 and 
1988) using conductivity bolts in the mill shell show that the position of the 
load in the mill, the load slurry viscosity and the onset of centrifuging can be 
measured. With this additional information being fed from a continuous 
operation to an 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 to correct it so as to maintain near optimal operation.

The cyclme model could also be improved. The bulk of previous experimen
tation on cyclones covers units smaller than 350mm in diameter and although 
the form of Plitt's model (1976) is correct the parameters must be adjusted 
for application to large cyclones (915 mm) requiring size distribution data 
and another flow measurement,

Obviously having no on-line size distribution measurements is a deficiency 
of the data, but It is promising to see the reasonably reliable response ob
tained from the model despite this. Measuring equipment for particle size is 
costly and maintainnnce intensive, and even then is limited to an indication 
o? the fraction of particles less than only one chosensize, On-line particle size 
distribution measurement is the subject of ongoing research. Success in this 
area will allow identification of the major disturbances Influencing the grind
ing circuit as well as ensuring that the size reduction objective Is achieved 
without lass of unliberated metal or energy wastage through overgrinding,

6.3. Sensitivity of the Model Response to Parameter Variations

Forali the data sets considered, the measured load muss appears to have been 
most effectively modelled, i.e. data trends are reflected well, and when re
gressing by eye, it was found that the model mass stabilised as a consequence



o f all other elements being reasonably represented. This is to be expected 
since in closed circuit, any aspect of the model that is abnormal will result in 
a rapid filling or emptying of the mill.

For these reasons the mass has been isolated to allow parameter sensitivities 
to be studied. The vertical scale in figures 2Q&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. From the cases studied it 
becomes clear that no single combination of parameters is ideal since thedata 
may be well represented while one set of conditions prevail but other par
ameters will suit new conditions. The response labelled "original parameters" 
represents those parameter values that were regressed and provide a reason
able average representation o f all the data under consideration. This response 
is shown for comparison with the alternate cases. In all cases only the par
ameter in question was changed while all others retained their original values.

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 
rate on viscosity is increased. Theslurry hold up in the 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 like the measured data, although the sub
sequent mass loss after the step up in the water rate is too rapid.

2. The discharge rate constant is the proportionably constant relating the 
slurry discharge rate to the volume of slurry in the pool. Reducing this con
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 mode! represents these as base parameters which increase or de
crease with the mill power draft as it varies about the mean. Here the base 
paroroetem lue for size class! lias been increased. This results in more rapid 
production of tines which decreases the load mass progressively. The first
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peak (a) 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 i 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-

From Run 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 increased dependence of the discharge rate on slurry viscosity exag
gerates the model mass response to input changes.

The initial mass increase (a) resulting from the sharp decrease in feed water 
is well captured by this parameter set but no improvement is shown over 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 rapidly 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 model is too 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 loo rapidly.

Analysis of the effects of these various parameter changes shows how the 
magnitude and rate of the model response ran be altered to better represent 
certain transient behaviour, The dynamic and interalive nature of the mill cir
cuit variables is clearly illustrated, but it is reassuring to note that the relia
bility of the model for trend prediction is apparent in all cases discussed.
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If the model were more accurate „nd the estimated power draft more reliable, 
the model could actually be used to predict the controller actions to be taken, 
An on-line parameter identification stage would precede an investigation of 
many possible control actions to see which would provide maximum power 
d 'a ft 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 strategy for the current situation. This con
cept is idealistic at this stage but does serve asa goal to motivate further, more 
accurate modelling and improved understanding of the system.
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7. C o nclusions and  R ecom m endations

A large bot of d; namic 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 model of the grinding circuit to 
help understand the responses resulting from changes to the inputs. Hu's 
model provided insight into several features of the milling circuit:

e  the strong interaction between variables

•  the complex!tyof the model required to accurately describe power draft

•  the variation in key parameters during operation

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 although 
some remain enigmatic as a  consequence of having a limited knowledge of 
the circuit 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 pool forma
tion, i.e. an increased discharge rate:throughput ratio, would be valuable. This 
condition obviously reduces grinding efficiency by increasing the circulating 
load while absorbing little 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.

It is unfortunate that the peturbations required to observe distinct responses 
were often large. This could mean that the normal operation was disturbed 
so that the observations are not representative of normal operation. Instan
ces of large uncontrolled disturbances (Run No. 2) do occur in the normal 
course of events, however, suggesting that all states should be considered 
when trying to understand the circuit dynamics.

The sensitivity analysis on the model parameters proved very valuable, illus
trating the dependence of the behaviour on these parameters and indicating



the variable nature of the circuit dynamics and the need for adaptive control 
or on-line parameter identification,

It is interesting that a single CSTR provided the best mill unit model. A mill 
with a high U D  ratio attempts to achieve a closer approach to plug flow to 
obtain maximum conversion in a single pass. The model shows that this is not 
being achieved in practice and this is borne out by the very high power utili
sation ( -4 0  kW-hr/t-75nm material produced) incomparisonwith the Indus
try standard for this mill type (30,5 kW-hr/t-75|jjn). An optimising control 
strategy is clearly required to improve this situation.

The possible use of discharge slurry properties such as density, viscosity and 
temperature, as control outputs indicating conditions in the load itself, was 
investigated. It was concluded that estimation ofdertsity from other measured 
/ariables, rather than direct measurement, would provide a  sufficiently ac
curate trend for use asa control variable.Temperature measurements around 
the mill circuitwere only investigated as a means of estimating discharge den
sity, but they could prove to be useful measurements in their own right and 
further workon this aspect is recommended. The density estimate using tem
perature measurements proved to be very reliable, representing trends ac
curately, but could not easily be applied as a control output Determination 
of the optimum density is difficult since it varies with conditions in the load. 
Optimising control of the discharge density will help to maximise the mill 
power draft but ide.iily a two phase control strategy such as that implemented 
byPauwefa/. (1984) (see section 1.2) Is required. A more intelligent control
ler would be required in this case since the water and solids feed rates must 
be optimised simultaneously. More knowledge of conditions in the load is re
quired to allow accurate prediction of the effect an input variable change will 
have on power so that the controller can anticipate the required action.

Samplingdifficulties prevented on-line viscosity measurements being made, 
but the ciarity and '-eproductbi/ity of responses to changes in slurry percent 
solids show that viscosity Is a good indicator of slurry conditions and that the 
Debex instrument is capable of reflecting these. A technique for sampling of 
the mill discharge must be sought and dynamic viscosity data gathered since 
this appears to be a most informative output variable.
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Appendix A - Im provem ent o f  the  Solids Feed Rate Control

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

The causes of this problem were several:

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

♦ The variable speed drive has different characteristics on accelerating 
and decelerating and was a slow final control element

♦ Output to the final control element was determined 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 loop to control belt speed could be cascaded to the feed rate control 
loop. This modification 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 to have a period of more than half an hour without 
a feed stoppage or choke.
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A ppendix B  • O rifice Plate Flowm eter C alibration

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

U - ( A ,A P)J

For an incompressible fluid 

C d =  Coefficient of disci

=  Pressure drop across tl 

=  Volumetric flowrate 

=  200mr.i

C d is correlated with Reynolds number for British standard orifice plates.

Re =  dvp/n =  4.2 xlO5 

Thus Cd =  0.61 and is constant for Re > 104

The variations in flowrate are quite substantial however, and this equation 
provided unacceptable fluctuations in the flow measurement. This was as
cribed to the location of the orifice being non-ideal and to the presence of 
settled solids in the pipe altering 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 
of time - sufficient that sump volume fluctuations could be ignored (see figure 
23).
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Appendix C - Responses to Alternate M odel 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 a hypothetical resistance between the tanks, similar to the discharge grate, 
to simulate the gradient that must exist for flow through the load.

The complexity of the model is greatly increased with two extra discharge rate 
parameters 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 over a  long peri
od, and filtering the response. This is to be expected, since the hold up Intro
duced by the discharge grate increases the model order, making this a fourth 
ordermodel.whereasqualitativeobservationindicatesthatthe responses arc 
second order.
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am errors in the measurements are: 

Magnetic induction flowmeter specification.

1.20 ± i%  =0.20 ± 0.01 The specification suggests 1% accuracy but 
in the concentration of solids in the verticai pipeline and the non- 
y  of the solids size distribution are expected to produce a higher

Wg = 0.002 ±20% =  0.002 ±0.0004m3/s This error may be  very large since 
the average value is the result of several spot measurements and the variance

SW =  0.06 ±15% =  0.06 ±0.006m3/s This error is also unknown but is as- 

For the maximum error deviation in the %  solids to the cyclone is taken as

•eof d-hy =  0.53

If amagnetic induction flowmeter were used to measure the sump water rate 
the error wouldbe reduced to 12% which would be tolerable considering that 
only a trend is required for control purposes, so that constant errors can be 
ignored and that maximum error conditions are rare during normal oper-

H i„ -* tJD j c P. i i r + ( l - f c ) D  |c |,« d T  + SW J c “,ilT  +  W , j c ^ d T



How — ticC IcpsdT + (1 - 4t)C I Cpw dT

temperature range. Tb is the base tempera-

+  SW + Wg = (1 - i|>c)C

+  Cps 4>cC (Td-Tc) 

+  Cpw (1 - 4,-)C (Tw-Tc)) / (Tw-TD)Cpw

A (D (l -<|id)) =  (Aws - A q + (Cpw(l - iiic)(Tc-Tw) - Cps *c(Td-Tc))AC 

+  (CpwC(Tc-Tw) - Cps C(TD-Tc)) A*c) /  (TD-Tw)Cpw

temperature measurements are negligible, average

a-issr
TW =30°C  
T c  =  36°C

•  A (D (l - to ))  =  (0.050 +  0.002 + 0.0253 + 0.030)/63



K D + o )-C A + c  + 4cAC

t+o -  0.041
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A ppendix E - Viscom eter data

In order to characterise the slurry rheology and investigate the sensitivity of 
the Debex instrument cochanges in % soiids and temperature a mill discharge 
slurry sample was allowed to circulate in the instrument.

Density samples were taken from the circulating slurry and the slurry tem
perature was measured. The bobbin speed was then varied over the given 
range to change the shear rate, The shear stress could then be monitored from 
the electronic converter which changed the measured motor current to a

Water (~5/) was then added to 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 w er: taken for each sample, and very consistent re
sults were obtained.

Density measmements were made by first weighing the wet samples and later, 
the dried solids.

The results (figure 26) show an inexplicable increase in shear stress a t low 
shear rates. This occurrence has been found with other slurries, Debex are 
aware of this symptom and are trying to explain it, but results have not yet 
been forthcoming.

This unusual behaviour does not affect the relative viscosity readingsaf a fixed 
bobbin speed however, and the high sensitivity of the measurement to 
changes in %solids recommends the use of this instrument for on-line results.



C h a r a c t e r i s a t i o n  o f  t h e  S l u r r y  R h e o l c g y

fS SolidsMooney

Figure 28: Rheology Characterisation
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Appendix F - M ode) D evelopm ent

Power model

The approaches to calculating power draft have been either i) ro calculate the 
paths o f individual media particles and integrate to find the energy required 
to raise zhe media over all possible paths (Hogg and Fuerstenau,1972), or ii) 
to assume that the axial moment of the driving force must balance the axial 
moment of the load centre of gravity.( Austin er«Z., 1984) Both result in a simi
lar equation for power, and assume low speeds of rotation; i.e. a planar load 
surface with no caamcting.

Figure 27: Coordinate System Used in the Development of the Model for 
Power Consumption

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

dJ = ag dm

where a -  vertical height through which the particles are raised 

•  2 (r-H L l^ .s in e  

dm =  the mass of particles in the element



E  =  k PLR^N/Ncd • H r / R - ) ^ in e

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

1 Hl -[y
figure 29: Area of Static Load

H ie  load area behind the grate (figure 29) is given by

A  = 2 , M R ^ x ^ d x  
JHl

Flow through the g rate :

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

q(x) = k $2(x - Hi.)", k =  /(viscosity)

Total flow, Q = Noq(x)dA(x), N o =  no.holes/m
Jh l

» 2k82N a (x .H l) V ( R - x2)dx 
JH l

this integral for non-integer values of n is possible, but

I

-

A -

using a numeric. solution nn expression is derived which expresses the sol-
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ution as function of n. n is usually fitted from data but in this case is set equal 
to OJ as in the orifice equation.

-» Q = 2k62NGR0-ShL2, k =  k’(pcrit-P)b

W here the area behind thegrate canbe found setting n = 0  in the integralsol-

A  -  R2ir/2(hL/R)t5  

-  hL =  (2V [/(uR2L))w R



Sump and Pump Models

The sump is pyramidal and an expression reliving volume to hi 
derived from physical measurements:

V(h)' = (O J llh3 +  53.276h2 + 2970h) x lO ^m 3 for h in cm.

The maximum sump volume is 7.3m'’ at h=230cm.

Note that the strongly non-linear relat 
trolled variable, makes it difficult tc

The mode! uses PI control with the same tuning parameters as those used in 
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.

Thedischarge pump is a ’D' frame Hydroseal centrifugal pump witha775mm 
diameter rubber impeller, running at approximately 450rpm. The cyclone 
feed line is 250mm ID pipe, 29m long with 13m of vertical displacement. The 
pressure drop across the cyclone is approximately 65kPa.

The pump efficiency decreases with increasing density and an empirical

C = (apc+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
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Plitt(1976)i

for C in m3/s

yc =  1 - (0.693

y = (1-R f)yc, + Rf:



Plant Classification Data

. • V  %  Recovery

Particle Size /  m ic rc g g ^ g  Gradings

Figure 30; Cyclone Operating Characteristics used to Fit Pittt Model Parameters



Model Algorithm

of s lu rry , and s lu rry



Model Algorithm

I n i t ia l i s e  Load 
Si c i rc u i t  cond-

I f  o minute has 
passed then 
p r in t the 

resu lts

Input so lid s  rate  

(possibly sump

Use Adams Predictor - Corrector | Solve again u si
method to  solve load model aqua- I discharge and u
tions over a short time in te rv a l '------------------------

C so lid s , volume I

Calculate discharge s lu rry  r a te  froa le v el o f s lu rry  behind t  
g rate  and s lu rry  v isc o s ity . Discharge density  = load s lu rry  d

Calculate load mass and power d ra f t .  Allowance is  made for centrl*
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