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ABSTRACT

The main subject of this dissertation is an investigation 
into the building of computer simulators Hliich «ill por- 
tray the dynamics of milling circuits. The development 
oe simulators for both the Blyvooruitsicht Gold M m e  
milling circuit and the BufPelsfontein Geld Mine milling 
circuit is described. The Blyvooruit.icht circuit can be 
considered as a "sm.ll" circuit, while the Buffelsfontein 

circuit can ben considered as a "large" circuit. In addi­
tion to the main subject a secondary subject is dealt 
with: namely, an investigation into the fusibility of

improved control on the B u f felsfontein circuit.
Chapter 1 outlines the role which computer simulators 

can Play in the analysis of milling circuits. The objec­
tives for improved milling circuit control are stated and 

the concept of pebble mill power control is described. 
Attention is given to the underlying principles on which 
the simulation models are based and the methods with which

the simulator* aru validated.
Chapter 2 contains a description of the closed loop 

milling process and an introduction to the fact that a 
single sine parameter has been chosen to describe the 
dynamic behaviour of the circuit over its normal operating 
range. This lacK of definition does not detract from the 
practical utility of the simulator output, A detailed
description of the B l y v o o r u i t s i c h t  simulator is given an^ 

the results of d y m m i c  simulations, using both linear anc
non-linear versions of the Blyvooruitticht simulator, are



iv

prestinted .
C h a p t e r  3 d e s c r i b e s  ho« the models for the Buffels- 

f o n t o i n  circuit wore determiued. A c o m parison of the 

steady state v a l u e s  of the actual and the simulated 

B u f f els fontein circuit is and the results of d y n a ­

m i c  s i m u l a t i o n s  of the B u C C e l s f o n t e i n  circuit are presen.

ted .
In Chapter 4 attention is given to aspects of the 

modelling relating to the trade off between complexity 
and definition in the simulators. Reasons are advanced 
for the use of single size parameter modelling and for 

use of constant water underflow from the hydrocy- 

clones. A model is developed on the Blyvooruitzicht 
simulator which realistically describes the power charac­

teristics of a pebble mill whose power signal is corrupted

circuit is described.
Chapter 5 deals with the validity of the simulators.

The validity of the Blyvooruitzicht simulator is tested 

by means of comparing the simulated dynamic responses of 
the circuit with the actual dynamic responses of the cir­
cuit. The level of accuracy intended in the Buffelsfon- 

tein simulator and the factor* influencing tki* 
are stated, The overall validity of the Buffelsfontein 
simulator i* ascertained by comparing the simulated dyna- 
mic responses of the BuECelsfontein circuit with the 
actual responses of milling circuits cited in the litera- 
ture. Future wort aimed at improving the detailed accu- 
....  the Buff els fontein simulator is outlined.



Chapter 6 investigates the f„.ib±li«y oC improved 
control ot the lluf Eelsl'ontein circuit. The ability ot a 
controller to maintain the steady state product size Ot 
the But Eels Contein circuit under dynamic conditions is 
p r e s e n t e d  . Set point control to a value oE product size 
finer than the steady state value is shown to be possible, 
while the feasibility of a controller to reduce product 
S i c e  variations caused by random disturbances is estab­

lished. TWO pebble mill control strategies are compared 

with each other with the aim of determining which stra­
tegy causes the pebble mills to run more efficiently.

Appendix 1 and Appendix 5 contain computer listings 

and a list of figures respectively, while the other appen 

dices amplify certain aspects of the main text.
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INTRODUCTION
In recent years interest has been arouseh in the ability 

O f  computer simulation to contribute towards the butter 

understanding of milling circuits, and the use of this 

technique is steadily becoming an important tool in the

design oE milling circuit controllers.
The main objective of computer simulators is to en­

able control s t r a t e g i e s  - the intention cf which is to 

improve tho efficiency of the milling process - to be 

rested out and to be improved upon on a simulator of a 

milling Plant rather than on the' plant itself.
The rationale for this is the fact that it would be 

prohibitively expensive both in terms of capital expondi- 

ture and lost production to "optimise" a control strategy 

directly on a plant itself, whereas with a simulator of 

the Plant, a vast number of control strategies can be ana­

lysed to find an "optimum" for the plant.
C o m p u t e r  simulation is especially attractive in the

analysis of milling circuits under the following cireum-

stances:
U ) When the mathematical modelling of a milling

Circuit results in a set of no n -linear differen­

tial equations, which, in general, do not lend 

themselves to be dealt with analytically. In 
order to deal with them analytically, one must 

linearise about some operating point and derive 

a set of linear d i f f e r e n t i a l  equations which are



valid Cor small vorlurUations about that Disra­
ting point only. If on« is prspared, howovsr, 
to simulate one can take the ucn-linuar equa­
tions and use thorn to build a simulator which is 

valid over thv entire operating range.
(b) When the mathematical modelling oE the milling 

circuit results in a large-scale system, the 

analytic handling Ot the oynt.M becomes ex­
tremely cumbersome and time consuming.

The control objective for a milling circuit is not 
uniquely defined and can be classified broadly under one

of tha following, threw categories:
(1 J The design of u control strategy which will en­

sure that a fixed feed of solids is ground to a

specified size
(2 , The design of a control strategy which will en­

sure that a maximum feed of solids will be 

ground to a apaoifiwd wise,
The design of a control strategy which will en­
sure that a fixed feed of solids is ground as

fine ae possible.
implicit in the abtve three objectives is the fact 

Chat the pebble mil Is are grinding at full potential. In 

order to effect this, pebbles are added to the pebble mill 

Mitt, the aim of keeping the pnbble mill at the half full 
level where maximum power is drawn by the pebble mill, 

and, consequently, maximum grinding occurs .
one way in Which the addition of pebbles to the pebble 

mill has been c o n t r o l l e d  is through the use ol u Digic



controller which monitors mill power end adds pebhles to 
the pebble mill in an attempt to keep the mill power as

close to its peak as possible.
In this dissertation, a mill power model has been

developed on the ulyvooruitsicht Gold Mine simulator.
("D i g i con" control has been incorporated). This model

has been adapted to form part ot the larger BuH.l.eoa-
tein Gold Mine simulator, which also incorporates

"Digicom" control.
In order to build the Bly v o o r u itZioht and BuffelsEon-

cein simulators which are dealt with in this disserta­

tion, it has been necessary to model each element in the 
milling loop - such as the mills, the hydrocyclone and 
the pump - and then link all these models into one over­
all model Which describes the operation of the entire 
circuit. The main principle behind the modelling ol each 

element in the milling circuit is the setting up of mass 
balances for the material passing through each element.

The Simulators which have been built are dynamic 

simulators in the sense that they reflect, with time, how 
a milling circuit responds dynamically to a given set of 
inputs. This is in contrast to a steady state simulator 
oE Which the outputs Will only reflect the final or steady 

state of a milling circuit to , given set of inputs. 
Clearly, for the design of milling circuit controllers one

d,n..l. .i.ul.tor. b . c u . ,  of —  —  —

continuously the state of the plant.
Kesuits of dynamic tests on the Blyvooruitzicht plant

were available for testing the validity of the



controller which monitors mill power and adds pebbles to 

the pebble mill in an attempt to keep the mill power as

close to its peak as p o s s i b l e
In this dissertation, a mill power model has been

developed on the Blyvooruitzicht Gold Mine simulator.

(nDigicon" control has been incorporated). This model 
has been adapted to term part of the larger BulPelsPon- 

tein Gold Mine simulator, which also incorporates 

"Digicom" control,
In order to burld the Myvooruitsicht and Buffelsfon- 

tein simulators which are dealt with in this disserta­

tion, it has been necessary to model each element in the 

milling loop - such as the mills, the hydrocyclone and 
the pump - and then link all these models into one over- 

all model which describes the operatic" of ik* un.ti.ru 
circuit. The main principle behind the modelling of each 

d e m e n t  in the milling circuit is the setting up oP mass 
balances lor the material passing through each element.

The Simulators which have been built are dynamic 

simulators in the sense that they reelect, with time, how 

a milling circuit responds dynamically to a given set ot 
inputs. This is in contrast to a steady state simulator 
oE which the outputs Will only reflect the final or steady

state of a milling circuit to a given set of inputs. 
Clearly, for the design of milling circuit controllers one

.1— . —  . S i r  . b i l l ,  to

continuously the state of the plant.
Kcsults of dynamic tests on the Blyvooruitticht plant

were available for testing the validity of the



controller which monitors mill power and adds pebbles to 
the pebble mill in an attempt to keep the mill power as

Close to its peak as possible.
Xn this dissertation, a mill power model has been

developed on the Blyvooruitzicht Gold Mine simnlator.

("Digleon" control has been incorporated). This model
been adapted to form part of the lareer buffelsfon-

tein Gold Mine simulator, which also incorporates

"Digicom" control.
x„ order to build the ISlyvooruitsicht and Buffelsfon- 

tein simulators which are dealt with in this disserta­
tion, it has been necessary to model each element in the 
milling loop - such as the mills, the hydrocyclone and 
the pump - and then link all those models into one over­
all model Which describes the operation of the entire 
circuit. The main principle behind the modelling of each 

element in the milling circuit is the setting up of mass 
balances for the material Passing through each element.

The Simulators which have been built are dynamic 
Simulators in the sense that they reflect, with time, how 

a milling circuit responds dynamically to a given set of 
inputs. This is in contrast to a steady state simulator 
of which the outputs will only reflect the final or steady

State of a milling circuit to a given set of inputs. 
Clearly, for the design of milling circuit controllers one 
needs dynamic simulators because of their ability to mimic

continuously the state of the plant.
Results of dynamic tests on the Blyvooruitzicht plant

were available for testing the validity of the



Blyvooruitzicht simulator, while important steady state 

values of the Buttelsfontein plant were available for 

testing the validity of the Buffelsfontein simulator under 

steady state conditions. Data for testing the Buffelsfon­

tein simulator under dynamic conditions were not avail­

able. However, the general forms of the dynamic responses 

of the simulator were compared with the general forms of 

dynamic responses of milling circuits cited in the litera­

ture, in order to determine the macroscopic validity of 

the simulator under dynamic conditions.

In the chapters that follow, the following questions 

concerning closed loop milling circuits have been looked 

at:
(1) Can dynamic simulators be built for "small"

milling circuits?
(2) Can dynamic simulators be built for "large"

milling circuits?

(3) What level of definition is required in the

simulators?
(4) Once the simulators have been built, how valid

are they? 
(6) Once one has built up confidence in the simu-

lators, can they be used for the study of the

dynamics of milling circuits and the assessment

of control strategies?
All the simulations were written in C.S.M.P, (Conti- 

nuouo Systsn. Modelling Program)12’ and were run on the 
University of the Witwatersrand's I.P.M. 370/168 computer. 

The integration routine employed to solve the differential 
equations was a fourth order variable stop Runge-Kutta.



CHAPTHK 2

THK BUILDING OP A SIMULATOR FOR A "SMALL" MILLING
CIRCUIT

2.I General

Work dono^3  ̂ at the Chamber of Mines oi! South Africa has 

resulted in the modelling of the milling circuit of the 

Blyvooruitzicht Gold Mining Co. Limited shown in Fig. 1. 

This circuit can be regarded as a "small" milling circuit. 

The structure of the model, which has been well docu- 

mented^3 * is given in section 2.8. A very important

feature of this model is that a single size parameter has 

boon chosen to model the dynamic behaviour of the circuit 

over its normal operating range. To be specific, parti­

cle size distributions were measured as a fraction of

solids less than 7S/urn,
This, ia in line with South African gold milling prac­

tice where a fraction leoe than 75/m is taken as the in­

dicator of finenusa of gfi'd, with experiments at the 

Blyvooruitzicht and ther nines being based on an Auto- 

metrics Particle Si Monitor (P.S.M,) set at the 75^m 

size.
Clearly, to completely specify particle size distri- 

bution one would require a large number of size para­

meters resulting in very complex models which, in turn, 

would cause correspondingly complex simulators and con­

trollers designed on the beets of these simulators. 

Bearing this in mind it is desirable to use an indicator 

of fineness of grind which is as vlmple as possible,
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while, at the same time, yielding enough information to 

portray size distribution satisfactorily, It is shown in 

section 4.2 that single size parameter modelling can be 

used satisfactorily for building milling simulators.

In order to obtain an appreciation of the workings of 

a closed loop milling circuit, consider Fig. 1. Initially 

the ore enters the circuit by passing through a rod mill 

where the o"e is ground by means of the tumbling action 

of rods in the mill. The mixture of water and fines (ore), 

known n@ pulp, now passes from the rod mill into the sump. 

The pulp is them pumped from the sump up to a head tank.

At this stage the pulp is distributed to the hydrocyclouee 

under the influence of gravity. The action of the hydro­

cyclones is to separate the fine material from the coarao 

material. The fine material goes to the overflow of the 

hydrocyclone and is known as the product of the circuit, 

while tho coarse material goes via the hydrocyclones 

underflow into one of the pebble mills for further grind- 

ing. After this grinding has taken place, the pulp flows 

into the sump and the entire process is repeated.

Bearing the above *n mind, one can appreciate that any 

simulator, attempting to portray the workings of such a 

milling circuit, must be able to reflect the flow rates of 

material through each element in a milling circuit, In 

addition to this, the simulator must portray the densi­

ties and size distributions in all parte of the circuit.

In section 2.2, the components of ft dynamic simulator 

for the Djyvooruitzicht plant are discussed. This simula­

tor is dynamic in that it is able to give continuous



information about thu state of the plant for al3 opera­

ting conditions.

2.2 Model Structures

2 *3.1 Pebble Mill Model Structure

It was postulated that the volume flow of pulp from the 

mill would be represented by an equation of the form:

P = K,(X, + X^/w)"1 x JL
where ;

3pj * pulp flow from the mill (m /hour)

X * mass of water in the mill (tons)

X « mass of sol id s in the mill (tons)
^ (excluding, the grinding media of pebbles)

w ** specific gravity of the solids

K. « constant
Prom this equation it is clear that the volume flow

of water from the mill will be:

+ V M ," . > X , / - , - 1
X -s
(The mass flow of water will also be given by this expres­

sion since the specific gravity of water is unity).

Similarly, the volume flow of solids from the mill

will be:

<• v > n - ^ +

or, since the specific gravity of the solids is w, the 

mass flow of solids out Of the mill is given by the follow-

ing expression:

K1X2(X1 + Xa ./W)n-1
Thus, by usM.g a muss belaneo, it can be shown that:



' "vv,.

dXj/dt = - K^XifX^ + Xg/w)*"!

dXg/dt = Yg _ K^Xg(X^ +

where:
X « mass flow o!? water into the pebble mill (tons/hour) 
1 (Y, equals the water reporting to the underflows

of the primary and secondary hydrocyclones)

Y = mass flow of solids into the pebble mill (tons/hour)
(Yg equals the solids reporting to the underflows 

of the primary and secondary hydrocyclones. 
Solids can report to the underflows either by 
being short circuited with the water reporting 
to the underflows or by being classified. See 
section 2.2.3)

Complete mixing Was assumed to take place in the mill 

and the muss fraction of solids less than 75y;m in the 
mill was represented by in an equation ol the form.

dXg/dt . Yg(Yg - Xg)/Xg + Kg(l ~ * 3 )

where:
Y m mass fraction of solids less than 7 $jj m in the solids 
^ feed into the pebble mill (fraction less than 7S/m)

(Y_ equals the fraction of solids less than 75/im in 
3 the underflows of the primary and secondary ' 

hydrocyd onus)

K* # grinding rate constant (hour2
To explain this equation, consider the following mass 

balance of - 7S^m material:

<)(x3Xa )/Ut - yaV 3 - l'a X3 + KaXa (l - Xs)

where:
P - mass flow rate of solids out of the mill (tons/hour)
2

Differentiating the above equation, the following re­

sults:



d f X g X ^ / d t

dX^/dt0 - V 1* - v /x2 + Ka (1 - V

The breakego t'ute conusant iw abeamed Lo be indopen- 

dent oC mill moisture and Vi nee (o r ») loading. No obvi- 

eus oorrelationt; could be Pound between breakage rates, 

moisture and fines loading from the normal operating 

dnt&(^. Section 4.4.3.9 outlines how the model can be 

adapted to include a pebble loading dependence, while 

section 4.9 domanutrntus thnt grinding can be accurately

modelled with one cut yi%u.
The actual equations defining the Elyvooruitzicht

circuit are given uelow:

dX^/dt * - 4 . 58yX^ ( *i* Xa /2 . 72 )

dXg/dt m Y (Y^ - ^ 3 ) / ^  + 1 ,0 & ( 1  - Xg)

Rod Mill Model^jiucture 

Complete mixing was assumud to take place in the rod mill

dXy/dt * Y^ - 4.G89Xg(X^ + X ^ / 9 .92)

and the muss fraction of solids loss than ?5/m in the rod 

mill was represented by X,, in an equation of the form:

dX^/d t « (Yg " X^)/M *- Kg(l Xtl)

(The underlying principles of this equation are identical

to the equation representing ),

where:



Y 4  =  m a s s  C l  O H  o f  s o l i d s  t o  t h e  m i l l  ( t o n s / h o u r )

M = h o l d - u p  m a s s  o f  s o l i d s  in t h e  m i l l  ( t o n s )

Y = mass fraction lews than in the solids feed
® (fraction less than 7E#im)

K = grinding rate constant
0

Using a mass balance, the flow rate of material out 

of the rod mill can be given by equations of the form:

Water flow rate out of the mill * constant(rod mill feed)
(tons/hour)

Solid flow rate out of the mill * rod mill feed
(tons/hour)

the actual equations defining the Blyvooruitzicht 

circuit 're given below:

4X^/dt » (70(0,03 - X4 )/6.03 + a,46C8(l - X^))

Water flow rate » 0.3(rod mill feed) (tons/hour)

2,2.3 Hydrocyclone Model Structure

la the modelling of the blyvooruitzicht circuit, the con- 

ventional^^ approach for the evaluation of the hydro-

eycl one cut size, ds^ e , has been discarded in f avour of

an empirical approach which treats the primary and

secondary cyclones as one unit.
The equation defining the cut size is given below:

Lo8l0d50c * K4°l + V l  t K6
where:
0 mass fraction of aolide in the feed pulp to the

? r r2% a i r t h e  ma = 8 fraction of aolida in the flow
1 from the head tank)

Vl . volume flow of the fe.d pulp to the hyclrocyclone

(vi puipa p rom'the
of I)yd rocyclones . See section 2*2.4)



K , , K r , K = constants 4 5 6

The equation Cor the reduced efficiency curve is the 

P 1i11 ̂ 6 ̂ equation of the following form:

RGg = (1 -
where;

RB “ fraction of solids reporting to the underflow of 
c size d (corrected fur water split)

The water reporting * o the underflow has been assumed

constant. (This assumption will be dealt with in section

4.3),

3,3.4 Head Tank and Sump Model Structures

Both the head tank and sump wore assumed to be perfect

mixers. The vo» ,u flow from the sump was taken to be

equal to the sump pump capacity# (See section 2.3 for a 

description of sump volume control). The volume flow 

from the head tank was taken to be a linear equation of 

the folltwing form:

h  - S " i  - Ka

where:
3V. * volume flow of pulp from the head tank (m /hour)

U * volume of pulp in the head tank (m )

K y , Kg * constants
The constants which have been used^^ are:

w 78,40 

Kg » 446.30

2.3 The Use of the M o d e l s  in__Simulntion Studies of_the
irfyvooruitzicat Uitcu_it

The models have been ueed directly in their non-linear 

eta to to form a simdlntor. (A U n « i » «  «' |,r08ram is



given in Listing 1). ;

During the course of these simulation studies, it was 

demonstrated that one of the requirements for overall 

stability of the Myvoor-uitzicht circuit under dynamic 

conditions is that the sump volume has to be controlled.

The reason for this is the fact that under dynamic 

conditions the circulating load will fluctuate. If the 

circulating load decreases, the volume of material in the 

sump will decrease, and a possibility exists that the 

sump Will dry up. On the other hand, if the circulating 

load increases, the volume of material in the sump will 

increase, and a possibility exists that the sump will 

overflow. Each of the above cases represents an instabi- 

lity that can be controlled by means of a proportional 

integral controller which adds water to the sump depend­
ing on the sump level.

Fig, 2 shows the results of non-linear and linear 

simulations of the JBlyvooruitzicht circuit subjected to a 

step change in water addition to the head tank (GO tons/ 

hour to 120 tons/hour), while Fig. 3 shows the results of 

non-linear and linear simulations of the Blyvooruitzicht 

circuit subjected to a step change in rod mill feed (70 

tons/hour to 50 tone/hour). Both these figures and sub­

sequent figures show a variable tabled "circulating load". 

The definition of this variable is the sum of the mass 

flow rates of all the solids reporting to the underflows

of the hydrocyclones,
From the*, figure, it is «l».r that Simula tor. can be

built for small systems which are at least numerically
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stable. The accuracy of these simulations will be dis­

cussed in Chapter 5,

At this stage, however the linear simulator can be 

compared with the non-linear simulator. The results of 

this comparison are summarised in Tables 1, 2, 3 and 4.
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Table 1

% t ': Step in Rod Mi1 1 Feed {70-50 tons/hour). 1 
2 8.5% Deviation from Steady State |

Ti me 
(minutes)

Product Sixe (fraction less than 75/'ni)
$

Linear|
Model 1 
.....  !

Non-Linear
Model

% Difference between 
the Models1 Deviations !

from Steady State •

0,0 64.6 64,5 0.0 :
I

3.0 68.1 08.5 0.62 ;
i

6.0 69.9 70.2 0,47 I
9.0 71.1 71,5 0.62 |

13.0 73.1 72.0 0.78 ;
15,0 73,8 73,3 0,78 1
18.0 73,3 74.0 1.09 ;
21.0 73.7 74.5 1.24 *
24,0 73.9 74.9 1,55

37.0 74.1 75.2 1.71
30,0 74,3 75,5 1.86

Table 2

Step in Rod Mill Feed (7(3-50 tone/hour) . 
28,6%, Deviation Prom Steady State

Time 
(minutes)

Circulating Load (tons/hour)

Linear < Non-Linear 
Model ; Model

" -r ■' ’ ■ ̂  "" '

% Difference between ; 
the Models' Deviations i 

Prom Steady State I

0.0
1

451.6 451.6 0.0

3.0 434.8 433.1 0.38

6.0 427.7 426,1 0.36

9.0 422,2 420,6 0.38

12,0 417,9 415,9 0.44

15.0 414,7 412.4 0.55

18,0 413.3 409.3 0.66

21.0 410,4 406,9 0.78

24.0 409,1 405,0 0,91

27 .O' 408.1 403,5 1.01

30.0 407,4 402,3 1.15
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Table 3

Step in Water Addition to the Head Tank (60-120 tons/hour) .| 
100% Deviation Prom Steady State

Time 
(minutes)

1'roduct Si%e (fraction less than 75//m)

Linear
Model

i

Non-linear
Model

'A Difference between 
the Models’ Deviations 

from Steady State

0.0 64,5 64. S 0.0
3.0 74,0 73.6 0,62
6.0 72.5 72.4 0,10
9 ,0 71,3 71.4 0,31

19,0 70.4 70,5 0.10
15.0 69.7 69,9 0.31
18.0 69,2 69.4 0.31
21,0 68.8 09.0 0.31
34.0 68.0 { 68,8 0.31
27,0 b 8 r 4 08,6 0.31
30.0 08.3 68.4 0.31

Table 4

ro.r

'

;e ■
V* ■ V
r>;.
D, , 
v* _

Step in Water Addition to the Head Tank (60-1*20 tons/hour). 
100)* Deviation Trow Steady State

Time t 
(minutes) i Linear

i Model

Circulating Load (tons/hour)
| X Di i;terencT“Between
I the Models’ Deviations 

from Steady State
iSon-1 i n e a r  

Model

0,0 451.6 451.6
3,0 457.1 458.0

Cl b 463,3 403.6
9,0 467,9 468,1

12,0 471.5 471,7
15.0 474,4 474,6
18,0 476,0 476.9

21,0 478.3 478,7
94.0 479,5 480,0
37,0 480,5 48 3 , 1
30.0 481,2 482.0

 "    ;

0.0 
0.20 
0.07 
0.04 
0.04 
0.04 
0.07 
0.09 
0 . 11 
0,13 
0,18

• -- ,  V  . :



From che preceding tables it is clear that the linear 

model is in very good agreement with the non-linear model. 

It cun therefore be concluded that for analytic studies 

the linear model can be used, while for simulation stu­

dies the non-linear model will be that much more accurate.

Koce: The simulations using the linear model were run
(n \

by Hinde ' of the Chamber of Mines of South Africa.



CHAPTER 3

THE WUn.DINC OF A SIMULATOR FOR A "LARGE" MILLING 
cTi^cuiT "  "

3.1 General

It was dcmonstrnked in Chapter 2 that, in principle, it 

is possible to build a dynamic simulator for a "small" 

circuit,

The next stage is to look at the building oC simula­

tors for a "large" milling circuit. The circuit which was 

considered is the milling circuit of the Uui’Celsfontein 

Gold Mining Co, Limited, Pig. 4 illustrates the circuit.

The philosophy adopted Cor building this simulator 

was to take the models which had been developed Cor the

Blyvooruicaicht circuit and adapt them to Cit the
f 8 )Bul'CelsContein circuit. This adaptation was done by

means of getting the steady state response oL the simu­

lated circuit to accord with the steady state response of

the actual circuit,
Tests were then carried out to test the validity of 

the simulator at' a dynamic simulator. These will be dis-

cuseed in section 5.3.
Section 3,3 describes how the models for the Bucfels-

fon toin circuit were arrived at,

3«2 Model S tructures
3-2-1 M m  Mo<W Structure
Tho Ua s i c  . t r u e . . , .  ot tbu omuul »»» W k o .  to b, oC tho 

same Corn, no tho lilyvooruitz.icht pobblo mill modol. For
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convenience this structure is repeated below: ;

dX^/dt =

dXg/dt = Yy - + X,,/w)11 ^

dXg/Ut # Y^(Yg ~ Xg)/X^ + K^(l - Xg)

where the symbois are detuned in Chapter 2.
In order to determine the values of K . , Kg and n , 

simulations were run in which the following steady state 
objectives - which correspond with data Cor the Duffels- 

Contain circuit - were aimed Cor:

Mass oC water plus mass of solids in the pebble mill
(X. + X ) = 8.99 (tons)

Mass fraction of solids loss than 7Bpnt in the pebble mill
(X ) = 0,183

SpeciCic gr vity of mill contents « 1.84
Values of K., and a which gave the closest accord

with the real system were determined from these Simula™ 

tions and the resultant models are listed below:

dX^/d t » - 10«99X^(X^ + Xg/2.72)

dXg/dt » Y() - 10»99Xg(Xg + Xg/2,72) 

dXg/dt * Yg(Y - Xg)/Xg + y,650(l - Xg)

The oteady state values that the computer model ran

up to wore:

Xl ♦ X8 - 9.17

X, » 0.2083
Specific gravity 
of mill contents - 1*96

3,3,3. Kod Mill Model SWIUCIH^,
A, in Vhl C...' of tho p.bbX, mill moU.l, tb. moU.l of tb.
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13uffelslontein rod mill is based on the BJyvooruitsicUt 

model. This model structure is given below: 

dX^/dt = - Xj)/M + K^(l _ X^)

Water Clow rate out oC the mill = constant(rod mil 1 feed}
(tons/hour)

Solid flow rate out of the mill » rod mill feed rate
(tons/hour)

Simulations were run in which the following objec­

tives ! which correspond with data for the Buffelsfontein 

circuit * were aimed for;

Mass fraction of solids less than 75Pm in the rod mill
(X*) = 0.149

Rod mill specific gravity 2.OB
As * result of these simulations, equations were de­

termined which gave the best correspondence with the 

data, The equations are listed below: 
dX^/dt * Y^(Yg - X^)/G.05 + (1 - X^)2.467

Water flow rate = 0.25(rod mill feed rate)

The steady state values that the computer can up to

were;
X, * 0.1654
Rod mill specific

gravity ** 2*02

3 .2.3 Hydroeyelone Model Structure
A conventional mochanlstic(S) approach hau been used I'or 
evaluating the hydrocyclone cut size. The reason for this 
decision is the fact that the t.ynch(5> equation can easily 
be applied to the Buffelsfontein circuit because the classi 

Pi cation is done by primary hydrocyclones rather than by 
primary and secondary hydrocyclones as is the case on



BlyVoorui.tz.icht circuit, !

Note was taken of the most recent work done in the 

field of hydrocyclone modelling by Plitt^), Thi* work,

however, offere models which are no more accurate, in the

operating range of B ui: i’uls ton Lein classifiers, than the

Lynch^5 ̂ models.

The structure of the Lynch model used is given below:

Log, Aden* » 0,0400(VK) - 0,0576 (Sl'IO) + 0,0366 (INLBT)
10 600 ^ 0.0^99 (M'S) - 0,0001(L1'M)

where;

d » size of pavtic)e in the feed pulp which
 ̂ is equally distributed between the overflow

and underflow streams due to centrifugal 
action only

VP # vortex finder diameter (cm)

SPIG * spigot diameter (cm)

INUZT » inlet diameter (cm)
PPS * per cent solids in feed to the hydrocyclone

by weight (#)
IPM - volume food rate to the hydrocyclone

(litres/minute)

The Plitt^^ equation has again been used for de- 

fining the reduced efficiency curve, and ie of the follow­

ing form:

RBq* (1 - exp(~O,0931)(d/dgQ2)*)) 

where:
RB * fraction of solids reporting to the underflow of 

^ eize d (corrected for water eplit)
The «at.r r.porUng to the uhhot-noH has Veen assumed 

constant. (This assumption v. with in section

4,3) »
Simulations wore run in order to evaluate the unknown



parameters. The following objectives, which correspond

with data for the BuPfelsfontein circuit were aimed Cor:

Mass fraction less than 75yt/m in hydrocyclone underflow
= 0.125

Specific gravity of hydrocyclone underflow = 1.93
Specific gravity of hydrocyclone overflow = 1.09

Mass fraction less than 75yzm in hydrocyclone overflow
= 0.69

As a result of these simulations, equations were de­

termined which gave the best correspondence with the data.

The equations are listed below:

G u =  (1 - exp(-O.G931(166/d^Q^)^))

Lu ~  (1 — exp(“0.69ol(71«6(>/dgQ^_) ))

where:
Gu = fraction of solids greater than 7^um in the feed

that report to the underflow

Lu — fraction of solids less than 7Eyjm in the feed
that report to the underflow

The values 166 and 71.66 account for all the coarse 

and fine materials respectively and ensure that the de-

sired objectives are met.
The constant volume of water reporting to the under­

flow was calculated by considering that the over- 1 1  steady 

state c i r c u l a t i n g  load is 9 0 0 ( tons/hour) and that the 
Steady State specific gravity of the hydrocyclone under-

flow is 1,93.

3.2.4 Head Tank and Sump Model Structures
As in the case of the Blyvooruitzicht circuit, the volume 

flow from the sump was taken to be n function of the sump
pump capacity, while the volume flow from the head tank



was taken to be a linear function of head tank level.

?•3 Steady State Response of the bufPelsfontein Circuit 
Models

Once all the parameters in the Buffelsfontein models•had 

been decided upon, a steady state simulation was run.

(See Listing 2) .

A comparison of the outputs of this simulator with 

the actual Buffelofon twin steady state values is given in 

Table 5. This table relates to a feed to the rod mill of 

IOC( tons/hour) .

Table 5

Simulator Actual

Specific gravity of rod mill
discharge » » * •*• *•• 2.02 2 .02

Specific gruvity of hydro-
cyclone feed . ... »•* 1 .44 1.41

Specific gravity of bydro- 
cyclone overflow ... ... 1 . 1 0 1,09

Specific gravity of hydro-
> cyclone underflow .. *•• 1.94 1.33

Specific gravity of pebble 
mill discharge 1.96 1.84

Particle size distribution 
of rod mill discharge
( %  - 75ypm) ... * * • • * •

Particle size distribution 
of hydrocyclonu overflow 

« 75/)m) ... « ' * ...
Particle size distribution

of hydrocyclone underflow 
{ % - 7 % /Q m )  ... ........ *

14.84

68.30

12.70

15.56 

69 .00 

12.50

Particle size distribution 
of pebble mill discharge

- 75yUm) 20.80 18 .30

Circulating load
(tons/hour) •• .........

960.70 960.00



3.4 Dynamic Responee oC the BufPelsPontein Circuit Models 

Figs. 5 and 6 show the response of the WuEfelsContein simu 

iator to step changes in water addition (112 tony/hour to 

224 tons/hour} to the head tank and in the rod mill feed 

(100 tons/hour to 75 tons/hour) respectively.

The accuracy of these simulations will be discussed in 

section 5.3.

&.$ Concluding Remarks

It has been shown that it is possible to build a simula­

tor for h large-scale milling system which is numerically 

stable and which ie in good agreement with the system 

operating in steady state.

The validity of the simulator as a dynamic simulator 

Nil 1 Ike discussed in section 5.13.

Rote; Bach element in this simulator has been modelled 

separately to allow for simulations wherein some 

Of the pebble mills or hydrocyclones may operate 

differently from the remaining pebble mills or 

hydrocyclones; however, in this dissertation, all 

simulations have been run with all pebble mills 

and hydrocyclones operating uniformly.
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CHAPTKR 4

THG LBVGL OP UUaiNITlQN KBQU1RGD 1% THB SIMULATORS

4 .X Goneral

When one ie building Gimulutors it in important to koep 

one*8 models as simple as possible within the overall 

framework of not losing deCinition oC the system which 

one is attempting to portray. Alternatively, one must 

know whet level of definition is required in a model to 

ensure that the resultant simulator does not give a dis­
torted picture of the system which is being simulated. 
Bearing this in mind, there are four aspects of the model­

ling described in Chapters 3 and 3 which require atten-

tion.
Those are:
(1 ) The use of a discrete size model for grinding

consisting of one cut size.
(%) The use of a constant water underflow from the

hydrocyclonee as opposed to * variable water

underflow.
(3) The development of a model, which will interact

with the rest of the simulator, reflecting the 

power drawn by the pebble mill as a function 

Of pebble addition and wear.

(4, Tne u b , of this mcnU-l in « "m-ge" cil'"
5?: cuit
?

.1 . a Ui Herat* S i m ma c^  -8—
Ti» molt convincing argument Cor tb, u8e of a disc,...



size model with one cut size iw that it wimplifies the 

models extremely, and the results obtained Crom such

models by the Chamber oi? Mines of South Africa have been

encourauinfc, i.e. experimental responses and simulated re-

sponsou have a high degree of correlation.

The initial decision by Hindu of the Chamber of Mines

to use a single cut size is based on observations from

the Blyvooruitzicht circuit that the weight fraction less

than some given size uniquely defines the •whole size dis-
{ 3)iribution to Within tolerable limits'

Further empirical justification pointing towards the 

use of a discrete size model with one cut size is the 

fact that u successful control system has been implemented 

at Craigmont M i u e s ^ ^  where particle size description is 

based on a single size measurement. In addition to this, 

Bart and Sand^^^"^ , after studying particle size distri— 

butions on fifteen different plants, have concluded that 

ua single read out can be used to identify an entire dis­

tribution with more than adequate accuracy tor control 

purposes",
In analysing the effects the choice of one cut size 

have on the modelling of grinding, consider the follow­

ing:
According to A u s t i n , in general.

<X
S j Ax j

j = 1,2, ...... "-1

B, . » B(x,/x.)^ + ( 1 - B)(x^/Xj)x 9 J x J

where ;



 ̂ •
: v/'-

<
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s j

B i , 3

X.,X.

- selection function of material in the jth 
size interval

= breakage function of material from the jth 
size interval into the ith size interval 
(size i being the top size of interval i)

» size of material in size intervals i and j 
respectively

A, B , « ,  p , y = constants
r 1 3 1According to Taut& , ifsjcx. for gold ore, thus

Bi,i i' ' i' ]
The fact that the experimental results fit the actual 

results tends to indicate that:

s j Ax tx

Bi,i
ex P

= B ( x ^ / x :) + (1 - B ) (Xj/Xj)

But Cor small sizes of x^/x, the first term on the

right hand aide is dominant (1%) thus :

Di,j
thus t

tx w function of i only

Physically this means that the rate of breakage to

1 3 KS CI,an nizo i dupende only on the fractional amount
(14]of material greater than size x

The importance of this fact is that it demonstrates

that even though the grinding models used uiu coarse, 
they aocuratii. C.r. .«.« bo taken when

choeins the cut uizu to unauro that tho cut size ia uuch 
that Xi/X is small enough to allow the first turm in the 

breakage equation to be dominant; e.g. t? “ out 

-ICOyjm had been chosen instead ot 7 y m  i ui, jS j 

be a function of i only*



The significance of single cut size modelling is that 

it allows reasonably simple and accurate simulators (see

sections 5.2 and 5,3) to be built Cor complex systems.

4,3 The Use of Constant Water Underflow from the Hydro- 
cyclone

The assumption that has been made is that the amount of 

water reporting to the hydrocyclone underflow is con­

stant. It is necessary to consider how seriously this 

assumption affects the definition and the accuracy of the 

hydrocyclono model.

Consider the following equation, which is the 

Lynch ̂ ^  equation for water reporting to the underflow:

wue . wp(i93.5Pi(;/wi; - 2 7 1 ,6 /wp - i.Gi)/ioo

where:
WUF * flow rate of water in the underflow (tons/hour)

WF = flow rate of water in the feed (tons/hour)

SPIC * spigot diameter (cm)
Taking SP1G to be 10.16 cm, Table 6 can be derived.



Table 6

Water Flow Rate into 
the Hydro cyclone 

(tons/hour}

Water Flow Rate to the 
Hydrocyclone Underflow 

(tons/hour)

1 2 0 . 0 14.90
130,0 14,80
140.0 14.64

150.0 14.48

1 0 0 . 0 14.32

170.0 14.10

1 8 0 .( 13.99

190,0 13.83

2 0 0 . 0 13.67

2 1 0 . 0 13.51

2 2 0 . 0 13,35

Prom thi* table it is clear that no significant loss 

of definition or accuracy will occur as a result of as-

sum,ing the underflow water flow rate to be constant.

4,4 The Development of a Model reflecting the Poweĵ
"clfaM rct e r ' i s  t  j cw o f  a... f

In the simulators of the Blyvooruitalcbt and Buffelsfon- 

tein circuits described in Chapters 2 and & respectively, 

an average value for feed rate of pebbles to the pebble 

mills has been used and the pebble mills have been assumed

to draw constant power.
In ordt)r to denien controllers ousnrs that the

pebble mills grind at full potential it is necessary to



35

develop a model which will accurately portray the way in 

which mill power varies as a function of pebble feed and 

which will interact with the rest of the circuit. The 

significance of the power drawn by a pebble mill is that 

maximum power drawn, by the mill corresponds with maximum 

energy available for breakage, resulting in a finer pro- 

duct ̂ . Consequently, it is desirable to control the 

addition of pebbles to the mill to ensure that the mill 

is driven as close to the maximum power point as possi­

ble , S t u d i - have shown that this maximum power 'point 

corresponds with the pebble mill being half full.

In this section, the Dlyvooruitzicht simulator has 

been used for the development of a model reflecting peb­

ble mi,t power, In this development work, the mills have 

been controlled by a "Uigicon" controller. (See section 

4.4.1). In section 4.S, "Digicon" control of the pebble 

mills has bean included in the Buffelsfontein simulator, 

Chapter G dealt, with the Buffelsfontein simulator in 

which "Digicon" control of the pebble mills has been in­

cluded , while section 6.6 contrasts "Digicon" mill power 

control of the Buffelsfontuin pebble mills with an alter­

native mill power control strategy.

4,4.1 Description of the "Digicon" Operation

The ideal operation of the " D i g i con- can best be be-

scribed by considering big. 7*
Fig. 8 gives a schematic lay-out of tin "Digicun".
In p r a c t i c e 0 5 1 , the following Was observed, and it 

was set as an objective to build a model With these ch.-

ructeristicti:
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(1) Tho power continued to fall for a period of time,

after the feed state had been changed, before

rising. An a result of this, a delay was incor- * 

porated into the "Digicon" which prevented the 

"Digicon" from looking at the power until the 

power had begun to rise.

(3) The power curve was a-symmetric about power

peaks, at 1 the power peaks differed depending on 

whether the mill was coming out of an overloaded 

or underloaded state.

(3) The "Digicon" often switched spuriously. This

Was due to the fact that, in spite of the filter,

the filtered power signal still contained sur­

ges, due to random fluctuations, which caused 

the peak-seeking device to lock onto peaks other 

than the real power peaks.

4 , 4 . 2  P o w e r  e q u a t i o n

Geuerro and Arbiter^*) and Hogg and Fuerstenaud) have 

proposed power equations for tumbling mills. The Guut,rro 

and Arbiter equation exhibits aSsymmetric characteristics 

about a specific mill filling of one half. The Hogg end 

Fuersteuau equation, however, has been used for the fol-

lowirt g reasons :
(i) It is the mo*t modern power equation and it is

not subject to the criticism, which have been

levelled at the Geuurro and Arbiter equation.

(ii, In spite of the fact that the Geuerro and
Arbiter equation has .-symmetric properties.

When simulations compering it to the Hogs and
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buersttinau equations were run, little difference 

could be found. Thus no discernible gain was to 

be had by using the more complex Geuerro and 

Arbiter equation in preference to the Hogg and 

Fuerstenau equation.

In the operating region of the mill, where ©  is 

small (see Appendix 3), the Hogg and Fuerstenau equation 

can be expressed in the form shown below;

P = C( RD) ( Sin ( nr s ) ) ̂  ( Sinrx) 

where:

p = power drawn by the mill

0  a a constant

BD * bulk density
e< si dynamic angle of repose of material in the mill

* * specific f x l l m g  of the mill

3  a filling angle (see Appendix 3)
Sections 4,4,2.1 and 4.4.2.2 deal with the bulk den­

sity and angle of repose terms required in the Hogg and 

Fuerstenau equation.

4.4.2,1 Bulk Density Calculation

The equation used i s :

BD = K/ 1 . 4  + W(X^ » Xg)/AD*(1.4)

where •

W = specific gravity of the solids

Xj =. hold-up woiuUt of Motor in tho mill (tons)
X0 = hold-up Huii-ht cC fined (solids) in the mill (tons)

BD * bulk density
,\;M - moss of peubloa in the mill (tons)

The derivation of this equation, which is based on 4C%



voids t is given in Appendix 4.

The bulk density term serves to link the power re-

quired by the mill to the dynamics of the rest of the 

circuit.

4,4.2.2 Investi pat ion into the Behaviour of o<

Tests were run at the University of the Witwatersrand on 

s m a l l - s c a l e  mills (approximately 40 cm long and 23 cm in 

diameter) to investigate the following:

(1) of as a function of rotational speed;

(2) cs as a function of specific mill filling;

(3) * as a function of bulk density of the material
in the mil,.

The results of the e tostt are shown in Tables 7 and 

g. It is clear from tacse tables that, within the accu- 

racy of measurement, *  is not functionally dependent on 

rotational speed, specific mill filling, or bulk density. 

It is important to note that the results obtained do not 

necessarily hold for large-scale industrial mills. In 

consequence of this investigation, Si n *  "as taken to be 

a constant in the Hogg and Pueratenau equation and it was 

incorporated in the constant term.



Table 7

Results oC experiments to determine ex as a Function 
oC bulk density and rotational speed

(±0 .01) n i + K°\BD K1 1-5 )
o<

3.0 1.0 45

a.a 1.0 45

2 .G 1.0 45

3.4 1.0 45

3.2 1.0 45

2.0 1.0 45

3.0 0,75 45

2.8 0,75 45

3.0 0.75 45

2.4 0.75 45

2.2 0.75 45

2.0 0,75 45

3.0 0.5 45

to 03 0.5 45

2.6 0,5 45

2,4 0.5 45

2.2 0.5 45

2.0 0.6 45

2.6 0,0 . 45

. p .. -_— — ;

NX » norwalining factor 

n » rotational wpt>etl 

BX) = bulk density



Table 8

ftesulta of oxeritudi ts to tlo tortitine as q function ! 
of bulk density and specific mill filling

(±0 .01) (±0.01) (±50)
LI) s

3.0 0.7 45

3.0 0.6 45

3.0 0,5 45

3.0 0.4 45

3.0 0.3 45

2. a 0,7 45

2.8 0.6 45

3.8 0.5 45

2.8 0,4 45

2.8 0.3 45

2 0,7 45

2.8 0.6 45

2.6 0.5 45

2.6 0.4 45

2.6 0.3 45

2.4 0.7 45

2,4 0.6 45

2.4 o.s 45

2.4 0.4 45

2.4 0,3 45

2.3 0,7 45

2.2 0.6 45

3.2 0,5 45

3.3 0.4 45

2.2 0.3 45

n
K1 1,0. The same

results were obtained for W1
= O i
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4.4.3 Interaction with the Rest of the Circuit

One of the requirements Cor a mill power model is that

there exiwts interaction between the mill power model and

the dynamic model oC the grinding circuit as a whole.

The link from the grinding circuit to the mill power model 

is via the bulk density function which has been discussed 
in section 4.4.2.1. The link from the mill power model 

to the grinding circuit is achieved by including a dyna- 

mic pebble wear rate and by including a factor which 
modifies the rate of production of 75/m material in the 
pebble mill. These two links will be discussed in sec- 

tions 4,4,3.1 and 4,4.3,2 respectively.

4.4.3.1 Pebble Wear Rate

In order for a mass balance of material going through the 

pebble mill to exist, the pebble wear rate must be known 

dynamically rather than on an hourly average basis.

S t a n l e y h a #  determined that the wear rate of peb­

bles in a pebble mill can bo expressed in the following 

form:
WJK *  { b i n o m i n a l  / M M )  4

where;
WR * wear rate (tons/hour)

Mnominol . . .t.nU.td d n  1»-U w - U f t  to Hhicb th. wear
rate iu corrected (tons)

MM » mass of pebbles in the mill (tons)

The average pebble wear rate for the Myvoornitzicht 

circuit is 7 tons/hour, and, assuming that this corres­

ponds with the mill being one hnlf Cull.cn average, the 

followinr enuation can be derived Cor the Blyvo.ruitzi»h.
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