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ABSTRACT

The main subject of ¢his dissertation ig an investigation
into the building of computer gimuiators which will por-~

tray the dynamics oy milling crrcuits., The development

of simulators for bLoth the Blyvocruitzicht Gold Mine

milling circuit egnd the Buffelslontein Guld Mine millin
&

¢circuit is described. The Blyvooruitzicht circuit can be
considered as a fgmall" circuit, while the Buffelsfontein
circuit carn ben considered as% a Wiarge" circuit. In addi-
tion to the main subjact a gecondury subject is dealt
Wwith: namely, an investigation into the feasibility of
improved control on the Buffelsfontein circuit,

Chapter 1 outlines the pole which computer gimulators
can play in the analysis of milling circuits. The objec~

tives for improved milling circuit control are stated and

the concept of pubble mill power control is described.

Attention is given to the underlying pranciples on which

the gimulption mopduels are pased and the methods with which

the simulators ard validated,
Chapter 2 containsg a deseriptron of the closed loop
milling process and an introduction to the fact that a

single size parameter has been chosen to describe the

dynamic behaviour of the circuit over its normal operating
range. This lack of definition does not detract Erowm the

pnactical utility of the simulator output. A detailed

description of the Blyvooruitzicht simulator is given and

the rasults off dynamic gimulations, using both linear and

pnon~linecar versions of the ﬁlyvooruitzicht simulator, are
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presented.

Chapter 3 describes how the modwls for the Bulffels~-

fontein circuit ware determined., & comparison of the

steady state values ol the actual and the simulated
' BufffelsFPontedin circuit is piven and the results of dyna-

mic simulations of the Buffelsfontein circuit are presgn-

t ted.

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

: . modelling relating to the trade off between complenity
Reasons are advanced

and definition in the simulators.

for the use of single sizv paramgter modelling and for

the use of constant water underflow fprom the hydrocy-

clones. A model ig developed on the Blyvooruitzicht
simulator which realistically describes the power charac—
teristics of a pebble mill whose power signal is corrupted

by noise and the use of this model on the Buffelsfontedin
ciprcuit is desoribed.

Chapter 5 deals with the validity of the simulators.

tad

441

The validity of thae Blyvooruitzicht gimulator is t@

by means of comparing the gimulated dynamic regponses of
of the cir-

the circuit with the asctual dynamic responses

’ cuit. The Level off accuracy intended in the Bupfelsion-

tein simulator and the factors influuncang this accuracy

are stated, The overall validity ol the Buffelsfontedin

simulator is ascertained LY compuring the simulatoed dyna-
mic responses of the Buffelsfontean cipcuit with the

i actuul responses of milling civcuits clted in the litera-
ture. Future work admed at improving the detailed acou-

outliined.

lgffontein gimulator is

racy of the Buffe




Chapter 6 investigates the feasibility of improved

control of the Buffelsfontern circuit. The ability of a
steady state product size of

controller tO maintain the
dynamic conditions is

the Buffelsfontein circuit under

presented. Set point control to a value of product size
Piner than the steady state value is shown to be possible,

while the feasibility ol & controller to puduce product
size variations caused by random disturbances is estab-
1ished. Two pebble mill control strateples are conipared

with each other witih the aim of determaning which stra-

tegy causes the pebble mills Lo run more efficiently.

Appendix 1 and Appendix 5 contain computer listings
and a list of Pigurvs respectively; while the other appen-

dices amplily certain aspects of the main text.
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CUAPTER 1

%

INTRODUGTIOR

In recent years interest has been aroused in the abrlity
yute towards the better

of computer gsimulation to contril

understanding of milling circuits, and the use of this

technique is steadily becoming an important tool in the

design of milling circuit controllers.

The main objective of computer simulators i to en-

able control stratepgies ~ the intention of which is to
1A

improve the efficiency of the milling process - toO be
tested out and to be improved upon on a simulator of a

miliing plant rather than o the plant itself.

The rationale for this ig the fact that it would be

prohibitively gxpunsive both in tervs of capital gxpendi~

ture and lost production to "optimise! a conirol strategy
directly on a plant® itgelf, whereas with a simulator of
¢he plant, a vast number of control strategies can be ana-

lysed to Pind an Woptimum® for the plant.
Compute gimulation is especaally attyractive in the

analysis of milling circuits under the following circun-

stances:

(a) When the mathematical modelling of a milling

circuit results in a sect of non-linear differen~

tial equations, which, in general, do not lend

themselves to be deaplt with analytically. In

order to deal with them analytically, one must

Linearise about gome operating point and derive

a set of linexr differential aquations which are
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The control obje
uniquely defined and can be

of the following threwe categories

(1)

(2)

(3)

Implicit in
that the pebble
oprder to elfect this,

with the aim ol

leval

and, consequently,

ong

milil hag baon controlled s Gl

whe re maxamum power

bo

valid for small perturbations about that opera-

ting point only. 1 one iy prepared, however;

to simulate one can take the non-linear equa-

tions and use them Lo buald a silmulator wiich is

valid over the entire operating range.

When the mathematical modelling of the willing

circuit results in a large-acule systen, the

analytic handling of the gystew bocomes exX-

cremely cumbersome and Lime consuming.

ctive for a milling cairveuit is not
clavsified bLroadly gnder one

The duesign ol u coutrol strategy whach wildl en-

sure that a [ixed Peeu of solids ie ground tec a
gpeciflied size.w

The design of a control strateply which wWwill en-

sure that a maximum fevd off swlids will be
ground to a gpecilaad give.

The design of a control strategly which Wwill en-

supe that a fixed feed ol solids is ground as

fine as possible.
the abeve throe objectives is the fact

mills are granding at full potentiunl, Io

pabblus are added to

keeping the pebble will at the hall Full

ig drawn by the pebble mill,
maximum grinding oacurs(l>.
way in widch the addition of

izough

the pebble mill

pebbles to the pebble

the use of a wipigicon"
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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.

In this dissertavion, & mill power model has bevn
developed on the Blyvooruitzicht Gold Mine simulator.
("Digicon" control has been incorporated). This model
has been adapted to form part of the larger Buffelsfon~-
tein Gold Mine simulator, which also incorporates

ipigicon" control.

In crder to build the Blyvooruitzicht and Buffelsfon-

tein simulators which are dealt with in this disserta-

tion, it has been neccssary 10 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-

211 model which describes the operation of the entire

circuit. The main principle behind the modelling of each

t is the sctting up of mass

»

element in the milling circud
balances for the material passing through each alement,
The simulators which have been puilt are dynamic

simulators in the sense that they reflect, with time, lhow

a milling circuit responds Jynamically to a givan 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 cdrcuit to & given set of inputs.

Cleariy, for the design of milling circuit controllers omne

needs dynamic gimulators 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
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controller which monitors mill power and adds pebbles to

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

close to its peak as possible.

In this dissertation, & mill power model has been

developed on the Blyvooruitzicht Gold Mine simulator.

("Digicon" control has been incorporated). This model

has been adapted to form part of the larger Buffelsfon-

tein Gold Mine gimuylator, which also incorporates

vpigicon" control.

In order to buxld the Blyvooruitzicht and Buffelsfon-

tein simulators which are dealt with in this disserta-

tien, it has been necessary to mpdel each wlement in the

milling loop - guch as the mills, the hydrocyclone and

the pump - and then link all these models into one over-

all model which dascribes 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, howW

a milling circuit responds dynamically to a given set of

inputs. This is in contrast to a steady state gimulator
flect the final or steady

of which the outputs Will only re

state of a milling circuit to a given set of inputs.

Clearly, for the design of milling circuit controllers one

needs dynamic cimulators berause of their ability to mimic
continuously the state of the plant.
Results of dynamic tests oD ¢he Blyvooruitzicht plant

testing the validity of the

were available for

o ol R sen. Bt
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controller which monitors mill power and adds pebbles to

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

close to its peak as possible.

In this dissertation, & mill power model has been

developed on the Blyveoruitzicht Gold Mine simulator.

("*Digicon" control has been incorporated). Thig model
has been adapted to form part of the larger Buffelslfon-

tein Gold Mine simulator, which also incorporates

vpigicon” control.

In order to buxlid the Blyvooruitzicht and Buffelsfon-

tein sinulators which are dealt with in this disserta--

tion, it has been necessary to model cach element dn the

wmilling loop - such as the mills, the hydrocyclone and

and then link all these models into one over-

the pump -

all model which describes the operation of the entire

circuit. The main principle pehind 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 senseé that they reflect, with time, howW

a milling circuit responds Jynamically to a given set of
inputs. This is in contrast to a steady state simulator

ct the final or steady

of which the outputs Wwill only refle

state of «a milling circuit to a given set of inputs.

for the design of milling circuit controllers one

use of their ability to mimic

Clearly,

needs dynamic simulators beca

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

for testing the validity of the

were available
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Blyvooruitzicht simulator, while importunt steady state
values of the Buffelsfontein plant wWere available for
festing the validity of the Buffelsfontein simulator under
steady state conditions. Data for testing the Buffelslon-
tedin simulator under dynamic conditions wWere not avail-
able. However, the general forms of the dynami¢ responses
of the simulator were compared with the general forms of
dynamic responses of mil;ing circuits cited in the litera-
ture, in order to determine the macroscopic validity of
the simulator under dynamic conditions,

In the chapters that Ffollow, the following guestions
concerning closed loop milling circuits have been looked
at: .
(L) Can dynamic simulators be built Ffor "small"

milling circuits?

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

(3) What level of definition is required in the
simuylators?

{4) Once the simulators have been built, how valid
are they?

(5) Once one has built up confidence in the simu=-
lators, can they be used fob 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-

nuous System Modelling Program)(g) and were run on the

the Witwatersrand's I.B.M. 370/188 computer.

University of

The integration routine employed to solve the differential

B

equations wWas a Pourth order variable step Runge-Kutta.
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CHAPTER 2

.

THE BULLDING OF A SIMULATOR  FCR A "SMALL" MILLING
CIICULT ““ |

2.1 Genoral
. A3) .. 6 M . A

Work done at the Chamber of Mines of South Africa has

resulted in the madelling of the milling circuit of the

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

This circuit can be poparded as a “"small' milling cirvcuit
The structure of the model, which has been well docu-

(8,4 L ; 3 9.9 i

mented , is given in section 2.4, A very aimportant

Peature of this model is that a single size parameter lias

been chosen to model the dynamic behaviour of the circuit

over its normal ocperating range. To be gpeciflic, parti-
cle size distributions were m2asured as a ﬁréction of
solids less than 78§pn,

Thie is in line with South African gold milling prac-
tice where s Praction less than 75uym is taken as the in-

dicator of Pinengss of grivd, with experiments at the

Blyvooruitzicht and . ther aincs being based on an Auto-

metrics Particle &i - Monitor (P.S.M.) set at the 75um

size.
Clearly, to complaetely specify particle size distri-

bution one would require a large number of size parva=-

meters rusulting in very conplex models which, in turn,

would cause correspondingly complex simulators and con~

trollers designed on the bosels off thege simulators.

this in mind it 3is dasisrable to use an indigator

Yot
.

fearing

of Pfinencss of grind which is as Limple 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 milliug circuit, consader Fig. 1. lnitially

the ore enters the circuit by pussang through a rod mill

where the ore is ground by means of the tumbling action

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

known asg pulp, now pawsues from the rod mill into the sump.

The pulp is them pumped Crom the suwnp up to a head tank.

At tlhis stage the pulp is dasiributed to the hydruecyclones

under the influence ol gravity. The action ol the hydro-
cyclones is to seuparate the fipe material Crom Lhe coarse
materinl. The Pane materianl goes to the overflow of the
hydrocyclone and is Known as the product of the circuit,
while the coarse material goes via the hydrocyclones'
underflow into‘one of the pebble mills Cfor further grind-
ing. After this grinding has tuken place, the pulp flows
into the sump and the entire process is repeated.

Bearing the above «n mind, one can apprecinte that any
gimulator, attempting to portray the workings ol such a

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

material throupgh vach element in a milling circuit, In

addition to this, the gimulatopr must portray the densi-

ties and size distributions in all parts of the circuit,

In ssction 2.2, the componunts ol n dynamic simulator

Por the Bjyvooruitzicht plant are discussed, This simula~-

tor is dynamic in that it is able to give continuous
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information about the state of the plant for all opera-

ting conditicons.,

&

2.9 Model Structures

2,9,1 Pebble Mill Model Structure

It was postulated that the voluma Flow of pulp from the

mil1l would be represented by an equation of the Porm:
)n

Po= K (X, + Xy /w

where:
Pj = pulp flow Ffrom the mill (mﬁ/hour)
X] = mass of water in the mill (tonsg)

Xg w mass ol solids in the mill (tons)
~ (excluding the granding madia ol pebbles)

Ww = specific gravity of the solids
'K,1 = constant
From this uquation it is clear that the volume flow

of water Prom the mill will be:

et (X, 4 X /W) = K X (X, + X T3 ke
X, + X, /w71 2 17171 2
(The mase flow of water Wwill also be pgiven by this expres-

sion since the specilic gravity of water is unity).

Gimilarly, the volumge [low of solids from the mill

Will be!
(X,/w)K K, X «
2070y n 172, =l
xl”i“xg/w‘xl RO wo (% * /W)

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

mass Plow of solids out of the mill is given by the followW-

.

ing expression!

Ky X, (% + X,/w)

Thug, by using a mass palance, it can be shown that:

3
|
;




d}hl/dt Yl ~ le

( X n—1

i1

1 (X + Xg/w)

1

i

» r]"‘
+ hg/w)

1

aX,/dt = Yy - K X, (X,

whera!
Y. = mass Plow of water into the pebble mill (tons/hour)

1 , )
(11 equals the wateyr reporting to the undertlows
off the primary and secondary hydrocyclongs)

Y2 = mass Plow of solids into tbe pebbLle mill (tons/hour)
(Y2 equals the solids reporting to the underflows

of the primary and secondary hydrocyclones.
Solids can preport to the underflows e¢ither Dby
being short circuited with the water reporting
to the undertflows or by being classified, Sge
section 2.2.3)

Complete mixing was assumed to take place in the mill

and the mass [ruction ol solids less than 7§pm in the

mill was represented by X3 in an e¢quation of the form:
dxs/dt = Yz(x3 - ha)/)\2 * Kg(l - Xs)

where!

Y, = mass fraction of solids less than 78ym in the solids
Feed into the pebble mill (fraction less than 78um)
(YS equals the fruction of solids less than 75um in
+he underflows of the primary and secondary '
hydrocyclonus)
- -1
= grinding rate constant (hour ™)

Ky

To explain this equation, congidur the Ffollowing mass

balunce of -~ 75um materiali
d(XSXQ)/dt o nga - ngs + x2x3(1 - Xs)

where!

P2 = mass Plow rate of solids out of the mill (tons/hour)

Differentiating the above equation, the following re¢=

sultg:

e et a3 Sl e Ao i 1o i L 5 A St o ey




g

R N,

R A

d(X X, )/dt = XY~ PuXo o+ KXo (1 - Xg)

¥3dX2/dt + ngxg/dt = YQY3 - P Xg o+ KQXQ(; - )

Xg (¥, = Py) + XydXg/dt = Y ¥ = P X, 4 KX, (1 = X.)

Y, Xg o+ ngxs/dt = Y, Yo 4 K2X2(1 - i)

aX /dt = Y, (Y, = X)X, o+ Ky(l = Xg)

The breakapge rate conscant ig assumed to be¢ indepen-
dent of mill moisture and "ines (or2) loading. No obvi-
ous correlations could bLe found betweun breakage rates,
moisture and fines loadiug From the normal operating
datais). Section 4.4.%3.2 outlinusg how the nodel can be
adapted to include a pebble loading dependence, while
spction 4.2 demonstratus that granding can be accurptely
modelled with one cut size.

The actuual equationy defining the Blyvooruitzicht
gircuit are given velow:
aX, /4t = ¥, = 4.583% (X, - X,/2.72)"8
0X, Jat = Y, - 4.582%, (X, + X,/2.72)%°

2 2 21 2

dX [0t = ¥ (Y = Xg) /X, + 1.65(1 - Xy)

2,2.9 Rod Mill Model Structure

Complete mixing wus assumed to take place in the rod mill

and the mugs Craction of selids lass than 75um in the rod ped

mill was represcnted by Xd in ar equation of the form: .
3 A - ¥ 1. e x '
dkd/dt = Yq(Ys xé)/n ¢ KG(] q)

{The underlying principles of this wquation are identicaljeanl

to the cquation representing XS)'

where:

L
E
%
P
b
[
E
ﬁ

v

A A R AUIBE e el




I il

a2 A

T T TR TR T e e
%

L

2w §

Ledrse,

Y = mass Flow of solids to the mill (tons/bour)

M = hold~up fass of solids in the mill (tons)

Y, = mass Fraction lesu than 75Um in the solids feed
(fraction less than 75tm)

K, = grinding rate constant

\

Using a mass balance, the FlLow yrate of material out
of the rod mill c¢an be given by equations of the form:

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

Sulid Plow rate out of the mill = rod mill feed
(tons/hour)

The actunl equations defining the Blyvooruitzicht

circuit 're given below:
ax,/dv = (70(0.03 ~ X;)/6.05 + 2.4668(1 = X,))

Water £low rate = 0.3{rod mill feed) (tons/hour)

%,2.3 Hydrocyclone Model Structure

In the modelling of the Blyvooruitzicht circuit, the con-
ventionnl(n) approach for the evaluation of the hydro-

eyclone cut size, d%Oc’ has been discarded in favour of

an empirical approach which treats the primary and
gecondary cyclonus as one unit.

The equation delfining the cut size is given below:

. : K.V K

Log,qlspe = K401 * KsV1 * T

where!

Gl = mass fraction of solids in the feed pulp to the

hyarocyclone ‘ X
(G, eguals the mass fraction of solids in the flow

1 ppom the head tank)

V. = volume FPlow of the feed pulp to the hydrocyclone
X (md/hour)
(v, is calculrted by gplitting the volume flow ol
pulp from the head tank hetween the two seis
of hydrocyclones. See section 2.2.4)
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5 KG = constants

The equution for the reduced elficiency curve is the
(6)

equation of the following form:

"))

riitt
REG = (1 - 329(«0.6931(d/d506
where:

RE = Praction of s_1lids reporting to the underflow of
gize ¢ {coprrvgted [our water split)
The water reporting ‘o the underflow bas Dbeen assumed

constant. (This assumption will be deall with in section

4.3).

2.9.4 Head Tank‘undkSump Modael Structures

Both the heand tank und sump were assumed tp be perfect
mix&rs.‘ The vo. .e¢ [low Prom Lhe sump was taken to be
equal to the sump pump capacity. {See section 2,3 for a
deseription of sump valgme gcontrol). The volume Elow

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

vhe folliwing Popm: ‘
V2 @ h‘,]fll + Ka
where:
Vg « volume Flow ol pulp from tne head tank (m3/hour)
“l = volume of pulp in the head tank (mg)
h7, KS a« gonstants -
The conmtunts which lhave been usad(‘) are:
K7 m 78 .40

9,3 The Use of the Models in Simulation Studies of the

Biyvooruilzicnt Gircull

e

The modoels havae been used directly dn their non=linegarn

&

state to forw a simulator. (/e listing of the program is




#
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given in Listing 1).
During the course of these simulétion studies, it was
bemonstratcd that one of the requirements for overall
stability of the Blyvooruitzicht circuit under dynuamic
conditions is that the sump voluwe has to be controlled.
The reason for this is the fact that under dynamic
conditions thie circulating load will Ffluctuate. 1If the
circulating load decreases, the volume of material in the
sump will decrease, and a possdibility exists that the
sump will dry up. On the other hand, if the circulating
load increases, the volume of material in the sump Wwill
jncrease, and a possibility exists that the sump will
overflow. Bach of the above casgs represents an instabi-
1ity that can be coatrolled by means of a proportional

integral contreller which adds water to the sump depend-

ing on the sump level,

Fig, 2 shows the rasults of non-Jinear and linear
simulations of the Blyvooruitzicht circuit subijected tn a
step change in water addition to the head tank (60 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 tong/hour). Both these figures and sub-

sequent Pigures

The dafinition of this variable is the sum of the mass

flow rates of all the solids reporting tc the underflows

of the hydrocyclones,

From these figures it is clear that simulators can be

built for small systems which are at least aumerically

show a variable tabled veirculating load".
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cussed in Chapter &,

stable. The accuracy of these simulations will be dis-

At this stage, however the lincar simulator can be
compared with the non-linear simulator. The results of

this comparison are summarised in Tableg 1, 2, 3 and 4,
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Table 1
Step in Rod Mill Feed (70-50 tons/hour). !
, : 28.5% Deviation from Steady State %
Product Size (lraction luss than 754m) ;
Time : ~ - : — ‘
(minutes) Lineari Non-linenr e U;Fference between
fodol Model the Models' Deviations |
from Steady State !
0,0 64.5 G5 0.0 %
3.0 68.1 68.5 0.62 |
6.0 69.9 70.2 Q.47 %
9.0 71.1 71,5 G.02 .
12.0 72,1 72,6 0.78 %
15.0 72.8 73.3 0.78 3
18.0 73,3 74,0 1.09 |
21.0 73.7 74.5 1.24 f
24,0 73.9 74,9 1,55 ’
27.0 74.1 75 .2 1.71
30.0 4.3 75,5 1,86
Table 2

Step in Rod Mill Feed (70-50 tons/hour).
38 .8% Deviation Prom Steady State

vCirculatxng Load {tons/hour)
Time : - -
Modal 3 Model from Steady State
0.0 | 451.0 451.6 0.0
3.0 434.8 433.1 Q.38
6.0 427.7 426.1 0.36
9.0 422,22 420,58 0.38
12,0 417.9 415.,9 0.44
15.0 414 .7 412.2 0.55
18.0 412.3 409.,3 Q.66
21.0 $410.4 406.9 0.78
24.0 409.1 405.0 0,91
27 .¢ 408, 1. 403.5 1.01
30.0 407 .4 4048 . 2 l.1l5
o " S 3
5 ( %« ;
S




Table 3

[ 7y $ a1 @ ! N N p ¥
jttp an th°1lggxlgisgatgokh;rgaagtigz; éigziQO tons/hour) )
Time Prqduct Size (Craction less than 75um)
(minutes) Lineap! N0n~lmnear% A bil'ference between
Model - Model ‘ the Models'® Deviations
' o ‘ From Steady State
0.0 64.5 - 6d.5 | 0.0
5.0 74,0 " 73.0 0.62
6.0 72.5 72.4 0.16
9.0 71,2 71.4 | O.31
12,0 70.4 70,5 0.14
15.0 | 69.7 69.9 0.31
18.0 69.2 69.4 0.31
21.0 68.8 1 69.0 0.31
24.0 68.6 68.8 0. 31
27.0 L8 .4 68,6 . 0.31
30.0 63.2§ 68 .4 0.3
Table 4
- Step in Water addition to the Head Tank (60-120 tons/hour).
_ 100% Devistion from Steady Stave
" ; Circulating Load (tons/hd:;juﬁ
(minutos) | Linoar | Nonzlinsurl [0 ioqoiss buyiarions
E Model Model from Stesdy State
0.0 i 4BL.0 451.06 0.0
3.0 457.,1 458.0 Q.20
6.0 46343 § 463.6 0.07
KT 9.0 - 67,9 44381 0.04
e : 12,0 471.8 4717 0.04
o : 16.0 474 4 4746 0.04
. : 18.0 476.6 476.9 0.07
. ; 21.0 4783 4787 0.09
gd.0 | 479.8 480.0 C.11
e : 27.0 480.5 4811 0.13
; 50.0 | 481.2 482.0 0.18
. ¢ ,
ki % R i o 53 i Bl
! : : o o
! ; | g
£ 5 o i L 5




From the preceding tubles it is clear that the linear
model is din very pgood agrecement with the non-linear model.
it can thereflore be concluded that for analytic studies
the linear model c¢an be used, while for simulution gtu-
dies the non-lincar model will be that much more accurate.
Nouve: The simulations using the lincar wmodel wereg run

(7)

by Hinde of the Chamber of Mines of South Africa.
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. CHAPTER 3
THE !SUI LDING OF A SIMULATOGR FOR A YLARGEY MY 0
ﬁhgl{ﬂ ‘ ¢ ARGE"  MILLING

3.1 General
Tt was demonstrated in Chapter 2 that, in principle, it

+

is possible to budld a dynamic simulator for a "smagll"

circuit,

The next stage is to look at the building of simula-
tors for a "large" milling circuit. The ;ircuit which was
considered is the milling ciprcuat of the Bullelslontein
| ' Gold Mining Co. Limited. Fig. 4 illustrates the circuit.

The philosophy adopted [or building this simulator
was to take the models which had been developed for the
Blyveoruxstzicht circuit and adapt them to fit the
Butfelsfontuein circuit, This adaptaeion(s) was done by
f means of petting the steady state response of the simu-
lated circuit te accord with the steady state response of
the actual circudrt,

Tests wWere then carriaed out to tust the validaty of
the simulator as a dynamic samulator. These will be dis-
cussuvd in section 5.3,

Swetion 3.2 duscribes how the models FPor the Bulfels-

fontein circuit wepe arrived at.

3.2 Model Structures

5.9.1 Debble Mill Model Strueturt

The bLasic structupe of the model was taken to be of the

game Lorm as tho Blyvooruitvzicht pebble mill model. For

T LS TR AR
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convenivnce this structure is repeated below:

i

dx,/dt = ¥, - KX (X, + xg/w)“"l

1% 14y
Qi /dt = Y, = KX, (X, X, /w)d
uxs/du = Y.&(Y3 - xs)/xz + Kz(l - xs)

where the symbols are delined in Chapter 2.

In order to determine the values of Kl’ Kg and ny,
simulations wWere run in which the Followinyg steady state
objectives - which correspond with data for the Buffels-

fontein circuit - ware aimed for:

Mass of water plus nass of so0lids in the pebble mill

(Xl + XQ) = 8.99 (tons)
Mass Craction of solids less than 78ym in the pebble mill
Specific pr vity of mill contents = ] .84

K. and n which gave the closest accord

Valuuws ol Kl, 9

with the real system were determaned from these sismula~-

tions and the resultuant models are listed buelow!

3 . . + * i 005
dX,/dt = ¥, - 10.99X, (X, + X, /2.72)

1
4X. /dt = Y, - 10.99X, (X, + X, /2.72)°"°
2 @ " Sl 3 ’

dxsfdt = ¥ (Y =~ xﬁ)/xu + 2,650(1 - XB)

2
The oteady sﬁat& Valuas'bhat the cemputer model ran

ap Lo woresd

Xl + Xg = 9,17

Specific gravity
of mill contents = 1.96

3.2,2, Rod Mill Model Stpructure

: , . 2 ¢ the
A6 in the case off the pebble mill model, the model of the
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Buffelsfontein rod mill is based on the Blyvooruitziclit

model. This model structure is piven below:

dX4/dt = YQ(Y5 - X4),M + K4(1 - x4)

Water flow vate out of the mill

i

constant{rod mill feed)
(tons/hour)

Solid Fflow rate out of the mill = rod mill feed rate
(tons/hour)

Simulavions were run in which the following objec-
tives, which corresponid with data for the Buffelafontein
cirguit, were aimed for:

Mass Praction of solids less than 7§ym in the rod mill
(k4) = (0,149

Rod mill specific gravity = 9,09
As a result of these simulations, equations wWere de-
termined which gave the best correspondence with the

data, The equations are listed below:

dx, /dt = Y, (Y, = X,0/6.05 % (1 - X,)2.467

Water Plow rate = 0.,25(rod mill feed rate)

The steady state v=lues that the computer ran up %o

werea:
x‘l i 001‘55
Rod mill specific

gravity = 2,02

3.2.3 Hydrocyclone Model Structure

A conventional mechanistiﬁ(s) approach has been used for

evaluating iLbe hydrocyclone cut size. The reason for this

ﬂ 5 B , »
decision is the fact that the LyﬁCh( ) equation can easily

be applied to the Buffelslfontein civrcuit because the classi-

Picntien is done by primacy hydpocyclunes rather thaun by

1 e X 36 ] LG " g “he
primary ﬂnd gacondapy hydeCy03On0$ as 18 the c¢ase on t
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Blyvooruitzicht circuit, : ;

4
i

Note was taken of the most recent work done in the
Pield of hydrocyclone modelling by Plitﬁ(g). This work,
however, offers models which avre no more accurate, in the
operatang range ol Bulffelslontein classiliers, than the
Lyncn(s) models,

The structure ol the Lynch model used is given below:

Log, ¢ = 0.0400(VE) -~ 0,0576(SPIG) + 0.0366(INLET
10750¢ + 0.0299(FFS) - 0.0001 (LEM) oo )

where!

Y50¢ = gize of particle in the fend pulp which
ig equally distributed begvween the overllow
and underflow streams due to centrifugal
action only

\23 = vortex finder daameter (cm)

SFI1G = gpigot diametuer (em)

IRLET = inlet diameter (cm)

FPS w per cent solidg in feed to the hydeocyclene
by wedght (%)

LPM = yvolume feed rate to the lhydrocyclone

(litres/minute)
- The Pliﬁtcﬁ) gquation has upgain been used tor dew-
fining tne reduced ellficiency enrve, and is of the Pollow-
ing lorm:
RE_ = (1 - exp(~0.6981)(d4/dg0,)"))
whera!

RE = fracticen of solids reporting to the underflow of
gize d (corrected for water split)

The water reporting to the gndevDlow hus been assumed

constant., (This assumption W alt with in section
4.3),

Simulaptione were run in ordep to evaluate thg unknown
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parameters. fhe following objectives, which correspond
with data for the Buffelsfontein circuit were aimed (or:

Mass fraction less than 75ym in hydrocyclone underilow

= 0,125
Specific gravity of hydrocycione underflow = 1.q3’
Specitic gravity of hydrocyclone overflow = 1.09

Mass fraction less than 7§ﬂm in hydrocyclone overflow
= 0.69

As a result of these simulations, equations were de-
termined which gave the best correspondence With the data.

The aquations are listed below:

Gu = (1 - exp(=0.6931(166/d,5.)%))
Lu = (1 - exp(«0.6931(7l.G(i/dsoc)g))
where!
Gu = fraction of solids pgreater than 7@Jm in the feed
that report to the underllow
Lu = Praction of solids less than 7%pm in the feed B

that report to the underflow
The values i66 and 71.66 account For all the coarse
and rine materials respectively and ensure that the de-

sired obdjectives are met.

The constant volume of water reporting to the under-

Plow was calculated by considering that the overudll steady

state circulating load is 960(tons/hour) and that the

steady state specific gravity of the hydrocyclone under-

Plow is 1.93.

3.2.4 Head Tank and Sump Model Structures

As in the case of the Blyvooruitzicht circuit, the volume

flow Prom the sump wWas taken O be a Cunction of the sump

flow from the head tank

the volume

pump capacity, wWhile
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i was taken to be a linear Punction of head tank level.

5

. 3.3 Steady State Response of the Buffelsfontein Ci i
- : , Models ein Circuit

Once all the parameters in the Buffelsfontein models  had
peen decided upon, a steady state samulation was run,
(See Listing 2).

A comparison of the outputs of this simulator with

the actual Buffelsfontein steady state values is given in

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

10C({tons/hour).

Table 5
Simulator Actual
i Specific gravity of rod mill
{ discharge ... A co 2,02 5.02
L Specific gruvity of hydro-
: cyclone feed . oo s cer | 1.44 1,41
i  Specific gravity of aydro-
; cyclone overflow ... Pes 1.10 1.09
? Specific gravity of hydro- '
: ; cyclone underflow .. ces 1.94 1.33
é Specific gravity of pebble
3 mill dascharge » o aue 1.96 1.84
? Particle size distribution
§ of prod mill discharge ‘ i
’% (% - 75}}m) 9. e § s 14-84 15.56
: Particle size distwribution
i of fhiydrocyclons overflow |
5 (i = 75pm) eee aee e 68. 30 69.00
; % | Particle size distpibution
: of hydrocyclone underflow |
(% head 75/Um) 4 ® 8 [ I ¢ ® @ 12070 12.50
Particle size distrabution
of pebble mill discharge )
(% E‘ 75/‘)"‘) LTS ¥ oss a0 e 20-80 18&00
Circulating load i
(Eans/houv) P .o PR 9()0-70 960-00
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Dynamic Response the .
3.4 yna spongse of the Bui’[’elsl‘@uteg_n Cirecuit Models

Figs., B and 6 show the response of the Buffelsfontein simu-
lator to step changes in water addition (112 tons/hour to
994 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

gection 5.3,

3.5 Concludinpg Remarks

1t has been shown that it is possible to build a simula-
tor for a large-scale milling system which is numerically

stuble and which is in good agreement with the system

" operating in steady state.

The validity of the gimulator as a dynamic simulator
will be discussed in section §.3.

Note: Bach element in tlhis simulator has been modelled
separately to allow for sinmulations wherein some
of the pebble miils or hydrocyclones may opevate
differently from the remaining pebble mills or
hydrocyclones; however, in this dissertation, all

e mills

simulations have been run With all pebbl

and hydrocyclones operating uniformly.
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CHAPRTER 4

THE LEVEL OF DRFINITION REQUIRED  IN THE SIMGLATORS

4,1 General

When one is building simulators it is dmportant to keep
one's models ns simple as possible within the overall
framework of not losing definition of the system which
one is attempting to portray. Alteruatively, one must
know what level of definition is required in a model to

gnsure thal the resultant simulator does not pive a dis-

NTE2 gy RGN e B TREg S T AT T AV TR Ry

torted picture of the system which is being simulated.
] . . . : 0 ,

~ Bearing this in mind, there are four aspects of the model-
ling described in Chapiurs 2 and 3 which require atten-

tion.

Thoge are:

(1) The use of a discrete size model Ffor grinding

consisting of one cut size,

(2) The use of a congtant water underflow from the

hydrocyclones as opposed to a variable water

TSR R T e

underflow.

(3) Tho development of a model, which will dinteract

Wwith the rest of the gimulator, reflecting the

! power drawn by the pebble mill as a function

of pebble addition and wear.

R

(4) Tne use of this model in a Wigrpge" milling cir-

g

cuit.

T TR

% 4.2 Discrete Size Modelling with one Cut Size
§ The most convincing argunent Por the use of a discrete :




gize model with one cut size is that it gimplifies the
models extremely, and the presults obtained from such |

: &odols by the Chamber ol Mines of South Africa have been
encouraging, i.e. expersmental responses and simulsgted re-
sponses have a high depree of correlation.

F The initial decision by Hinde of the Chamber of Mines

to uge a single cut size is based on observations Efrom

the Blyvooruitzieht circuit that the weight (raction less

Z : than some given size uniquely defines the whole size dig-
tribution to within tolerable limiﬁucs).
“ Further empirical Hdustification pointing towards the

.

use ol & Uiwerete size model with one cut size is the

fact that n successful control system has beeu implemented

at Craigmont Miues(lﬁ)

where particle size description is

based on a single size measurement, In additivae to this,

Dart and Sand(ll), after stuwdying particle size distri-

butions on Pifteen diffurent plants, have concluded that

Mg gingle read out can be used to identify an entire dis-

¢ribution wWith more than adequate accuracy for control

purposges".
? In analysing the effects the choice of one cut size

consider the follow-

have on the modelling ol grinding,

ing:

: ~
5 According to Austin(lg); in general:

; Sj e Ax;

? 3 = 1,2, eersey 0=l

i B, . = u(x./xA)x + (1 - B)(x‘/x'){g
5 1,7 1 3 E
>¥
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5 = sclection function of material in the jth
gize interval ‘
Bi,j = breakage function of material from the jth
: size dnterval into the ith size interval
(size i being the top size of interval i)
xi’xj = gize of material dn size intervals i and 3

respectively

A, By, B ,¥ = congtants

A ~dingp T: . (13) - »

According to Tautd y §me  [or gold ore, thus

B = B(xi/x,)b< + (1 = B)(xi/xj)a

'ioj i
The fact that the experimental results £it the actual

results tends to imdicate that:

S, = Ax.*
J 4 3

_ o4 - B
Bi,j = B(xi/xj) + (1 - B,(xi/xj)

ks

But for small sizes of xi/xj the First term on the

! . . ry
pipht hand side is dum;uunt(l“), thus:

B = BRI
.o & i ’}.j

B. .§, = Max:" = function of i only

Physically this means that the rate of breakage to

lass than wize i depends only on the fractional amount
(14
1( ).

of material greater than size

The importance ol this fact is that it demcnstrates

that even though the grinding moduls used are coarse,

they are nevertheless accuralu. Care must bv taken when
chosing the cut gizme to ensuUre that the cut size is such

that xi/x. is small enough to allow the first tuem in the
J

brenkage cquation to bu dominant; e.g. if a out size of

instead of 7§pm, Bi .S, would not

40Qﬂm lad bueen chosen 379

be a function of i only.




The significance of single cut size modelling is that
it allows reasonably simple and accurate simulators (sece

gsections 6.2 and 5,3) to be bLuilt for complex systems.

4.3 The Uge of Gonstant Water Uuderflow Lrom the lHydro-
cyelaone - o - '

The assumption that bas been made is that the amount of
water reportaing to the hydrocyclone underflow is con-
stant, It is necessary to consider how seriously this
. agssumption alfects the definitvion and the accuracy of the
hydrocyclone model., ,
Gonsider the following wquation, which is the
Lynch(s) equation [or water reporting to the underflow:
WUE = WF(193.SPIG/WE - 271,6/WF - 1.061)/100
where!
WUE = flow rate of water in the underflow (tons/hour)
WF = Plow rate of water in the Ffeed (tons/hour)
SPIG = ﬁpigct diamever (cm)

Taking SPFLG to be 10,16 cm, Table 6 can be derived,
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Table 6
Water Flow Rate into Water Ylow Rate to the
the Hydrocyclone Uydrocyclone Underflow
(tons/hour) (tons/hour)
120.0 14.96
130.0 14,80
140.0 14.64
150.0 : ' 14 .48
160.0 14.32 ,
170.0 l4.16
180.¢ 13.99
190.0 13.83
2CC.0 13.67
210,90 13.51
220.0 13.35

From thig table it is clear that no signilicant loss
off delinition or accurscy will occur as a result of ag-
suming the underfloew wWater flow rate to be constant,.

4,4 The Development of a Mgdel‘rafieating the Power
Chiarncteristics of a Pebbaog didll

In the simulators of the Blyvooruitzicht and Buffelsfon-

tein circuits described ipn Chapters 2 and 3 respectively,

an average value Por feed rate of pebbles to the pebble

mills has bLeen used and the pabble mills have been assumed

to draw constant powWer.

In order to desipgn controllers that eunsurd that the

it ds necessary to

pebble mills grind at [ull potential
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develop a model which will accurately portray the Way in
which mill power varies as a function of pebble Feed and
which will dnteract with the rest of the circuit, The.
significance ol the powur drawn Ly a pebble mill is that
maximum powWer drawn by the mill corresponds with maximum
enerpgy availlable for breakapge, resulting in a Ciner pro-
duct(l). 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. Studi.. have shown that this maximum power ‘point
corresponds Wwith the pebble mill being half full.

In this section, the Dlyvooruitzicht samulator has
been usvd lPor the development of a model reflecting peb-

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

been countrollud by & "Digicon" controller. (See section

4.4.1). In section 4.5, "Digicon" control of the pebble

mills has been included in the Buffelsfontein simulator.

Chapter 6 deals with the Buffelsfontein simulator in
which "Digicon" control of the pebble mills has been in-
cluded, while sevetion 6.6 contrasts "Digicon" mill power
control of the Buffelsfontein pebble mills with an alter-

native mill power coutrol strategy.

4.4.) Description of the "Pigicon" Operation

The ideal operation of the WDigicon" can best be de-

scribed by considering Fig. 7.

Fig., 8 gives a schematic lay-out of the "Digicun".

In pructice(na), the following was observed, and at

Was set as an obdective to puild g model with these cha-

ructeristics:
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(1) The power continued to fall for a period of time,
~after the feed state had bLeen chanped, before

rising. A&

3

a result of this, a delay was incor-
porated into the "Digicoa" which prevented the
"Digicon" from looking at the power until the
power had begun te rise.

(2) The power curve Was a-symmetric about power
peaks, arcl the power peake differad depending on
whether the mill was coming out of an overloaded
or underloaded state.

(3) Tne "Digicon" often switched spuriously. Thi;
Was due to the fact that, in spite of the filter,
the Piltered power signal still contained sur-
ges, due to random fluctuations, which caused
the peak-seeking device teo lock onto peaks other

than the real power peaks.

4.,4.2 DPower iguation

’ 3 - N 1
Geuerro aud Aﬁbiter(lﬁ) and Hogg and buerstenau( ) have
proposed power equations flor tumbling mills. The Geuerro

and Arbiter equation exhibits assymmetric characteristics

about a specific mill filling QE one half. The Hogg and

Fuerstenau equation, however, has been used for the Fol-

lowing regsons:

(1) It is the mosmt modern powWer equation and it is

not éubjact to the critacisms which have been

ljevelled at the Geuerro and Arbiter eguation.

(il) In ‘.:Spitﬁ off the fact that the Geuem'o And

. N ‘ (R4 . 2 i )ewi,iﬁ:“
Arbiter aguation has a-synhmetric propev =)

o the Hogy and

tionsg comparing it t

when simula
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Fuerstenau equations were run, little difference
could be found. Thus no discernible gain was to
be had by using the wore complex Geuerré and
Arbiter equation in preference to the iHogg and
Fuerstenau egquation. |

In the operating repion of the mill, where o is

v

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

can be expressed in the form shown below:

C(BD) (Sin( rrs)) (Sinm)

P =

where:!

P = powur drawn by the mill

C = a counstant

B = bulk density

« = dynamic anple of repose of paterial in the mill

¢ = wpecific Fallang of the mill ) '

& = fillang 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,

4.4.9.1 DBulk Vensity Calcusation

The equation used dis:

BD = /1.4 o+ WX, ¢ X)) /MN(1.4)

whereg:

W

Xy

X,

BU

(X Y]
u‘h?’x

i

#

gpecific gravity of the solids

hold-up weight of water in the mill {tons)

Lold-up wWeight cf Cines (solids) in the mill (tons)
bulk density
mavs of pevbles in the mill (tons)

The depivation of this equation, which is based 0? 40




voids, is given in Appendix 4,

The bulk density term serves to link the power re-

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

circuit.

4.4.2.,2 JTnvesitipation into the Behaviour of o

Tests were run at the Unidversity of the Witwatersrand on
small-scale mills (approximat:ly 40 cm long and 23 cm in

diameter) to investigate the following:

e

(1) o as a function ef rotational speed;
- {2} o as a function of specific mill filling;

(3) o as # [function of bulk density of the material
in the mil. . '

: The results of the.¢ tests are shown in Tables 7 and

s W

-

g. 1t is clear from tuesy tables that, within the accu-
racy of measurement, « is not fuynctionally 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

b Ay

: ﬁ consegquence of this investigation, Sine was taken to be

2 constant in the Hogg and Fuerstenau equation and it was

: ‘ incorporated in the congtunt term.
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Table 7

41

Results ol experiments to determinees as a Function
of bulk density and rotational speed
' (o.01)
- hnd * L + 0
BD KL (¥5°)
o
¥
3.0 1.0 45
2.8 1.0 45
2.6 1.0 45
2.2 1.0 45
2.0 1.0 45
2.8 0,75 45
2.0 0.75 45
2.4 0.75 45
2.2 0.75 45
2.0 0.75 45
3.0 0.5 45
2.8 0.5 45
2.6 0.5 45
2.4 0.5 45
2.2 0.5 43 ‘
2. > 0-5 45
2.5 0.0 45
3
N1 = normalising factor
n = potataotal speed
| BD = bulk density .
!
W5 o . e
._ Pt | -v“ ; ip
&j;f : e 2k S “
iy R S ’ * > o i - .
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Table 8

-

—

Results of experinments

of bulk density and specific miil filling

to determine X as g Function 3

t*o.01) (Yo.c1) (£59)
BD 8 =
3.0 0.7 45
3.0 0.6 45
3.0 C.5 45
3.0 0.4 45
3.0 0.3 45
2.8 0.7 45

G.3

0.5
0.4

0.3

45

45
45
4%
45
45
45

45

.G, The samae T

il

0.7

o L R § o adee,
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4.,4.3 Interaction with the Rest of the Circuit

One of the requirements for a mill power model is that
ihere exists interaction between the mill power nmodel and
the dynamic model of the grindang circuit as a whole.

The Llink from the grinding c¢ircuit to the mill power model
is via'the Dulk density function which has been discussed
in section 4.4.2,1. The link from the mill power model

to the grindang circuit ds achieved by including a dyna-
mic pebble wear rate and by dncluding a rfactor which
modifies the rate of production of 75um material in the
pebble mill. These two links will be discussed in sec-

tions J.4.5.1 and 4.4.9,8 respectively.

40‘4»‘3@1 p!‘bbl\:‘a‘ Woeuar 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.
Stanley(l7) has determined that the wear ruate of peb-

bles in a pebble mill can be expressed in the following

form:

i
«d

WR = (Mnominal/MM)°
where:
HR = went rate (tons/hour)

Mnominal = a standard dry louad weipght to which the wWear
pate iu corrected {tons)

MM ~ mass of pebbles in the mill (tons)

The average pebble wear rate Por the Blyvooruitzicht

. . . . s it . : L s rres—
cireuit is 7 tons/hour, and, assuming that this co

following equation can be derived for the BlyVQOPultzznht
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