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ABSTRACT

This report investigates the application of
digital-computer simulation models o the
analysis and optimization of complex ming
watex retitﬁulation gystems. A simulation
program is develdped and documented. Guids-
linés 4n the wonstruction and use of -imihe
water models are applied in a .case study of
water ‘guality.and guantity . aspects of
tinisel Gold Mine,
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PREFACE

Ming water reticulation systems are complex and solu-
tions to waker guality and guantity problems réquire

an understanding of both the system and the environment
of the systenm. A Systems approach is therefore
advocated herein. The implications for the.gold mining
industry of increasing demand and pollution of the
water ‘resources of the Vaal basin are examined. Mine
water reticulation systems are discussed in detail
together with a brief look at the causes and effects
of poor. gquality mine service water. The different
options open for solving water quality and quantity
related probiems are discusged. This report investi-
gates the use of simulation models as a mesns of study-
ing relationships between comporents of a mine water
system and its environment and f£inding ways to make
them work together in the best possible way.

h ical relationships common to all mine water
reticulation systems are identified and discussed to-
dether with different numezical solution techniques.
A general compuier program incorporating a variety of
solution techniques is then developed, The program
can be used for simulating mine water models and has
many useful facilities for input, simulation and oub-
put. The user must have & knowledge of the programming
language, BASIC.

Guideluines, based on experience and the literatuze,
are Suggested for developing and using simulation
models, A case study of Unisel Gold Mine illustrates
suggested procedure. The models developed of Unisel
G.M. are essentldlly complete and only require
certain data to tallibrate and validate them. Methods
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ave also discusséd for using simulation in- optimdza-
rion.

donsiderable effort has been expended in making the
simutation program as independent of computer fagili-
tigs and programmer as poszible. Phe program was
written in BASIC language for usé on a Héwlett Packard
HP~85 desk top computsr, Modern modular/structured
pragramuing techniques were used to write the program.
The program nd nodels are well documented and should
be gasy to read, maintain or transfer to another com-
puter. Steps for xunning the simulation program are
£lov chiartéd and explained in the appendices.

PThis report is one of a series on minhe water service
watar guality, including causes, effects and. alterna-
tive remedias by 3. resedrch group working in conjunc-
tion with the Mining Technology Laboratory of the
Chamber of Mines Regsarch Organisstion.

The author wishes to express his sincere thanks to
the. following organisations and individuals for their
asgistancer The Chamber of Mines of South Afxicar for
theix financial support and the opportunity to work
with £h& Water Systams Research Programme at the
University ; the officials of Unisel Gold Mine who
assisted in ‘data collection in order to make this
study meaningiul.

The author also:wishes to thank Professor David
Stephenson who supervised research, His Knowledge-

able ideas and suggestions provided Llnvaluable
guidance  and his encoursgement and patlence aré greatly
appreciated.
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CHAPTER .ONE

. INTRODUCTION

1.1 WATER REQUIREMENTS OF SQUTH AFRICAN GOLU MINES

It is now nearly a Rentuwrysince the discovery of gold on
the Witwatersrand in 1886. For a long time gold mining
wag confined to the 121lkm lang belt known simply as,
'The Reef'. This vonsisted of three gold-fields; the
Central Rand, the West Rend aud the East Rand. Today
‘there are some thiriy operating mines on the Witwaters-
rand stretching from Carltonville in thé west to Nigel
anpd Kinross in the east: Anothar twenty mines are
sitvated in the Western Transvaal and also near Welkom
in-the Otange Free State. - These fifty odd nines produce
saventy percent of the free world's gold and provide the
South African economy with nearly one fifth of its
income-

The pace of development in these areas, particulayly
the Witwatérsrand, has been one of the most. rapid in
the world. The present population of the Vaal Basin ig
nine millieon and can bé expected to be 15 million by
the year 2000. The ingrease in the demand for watey in
the area has avéraged six percent per amnum ove: the
last seventy-fivae years (Stephenson, 1980). The original
sources of water on The Reef were the springs Llowing
on the ridge which gave tire area its nameg,'Witwaters-
rand'. These orxiginal sources were rapidly devalopsd
to their limit and sources were sought further and
further away as mining activity increased. In 1923 the
Vaal Barrage was c¢rnstructed on the Vaal River and
water was pumped t¢ The Reef. The water supplied from




the Vaal Barrage alsc becamé inadeguate by 1938 ‘when
the construction of the Vaal Dam was completed. In
1972 the Vaal Dam was drawn to its limit when it was
necessary to import raw water from the Tugela River,
300 kilometers further away. Schemes that will be com-
pleted this decade include the raising of the Vaal Dam
wall, the building of numerous new fams within the
Vvaal catchment area and the inter basin transfer of
water. through the Tugela<Vaal Scheme. Thé present
water consumption dlong the Vaal River is approximately
5200 megalitres per day and is expected to nearly
double by the end of the. century.

Most great civilizations have developed on the shorés

of rivers and lakes, whereas the major growth centres

in- South Africa are away from.the largest water resources.
This is because our economic development is. largely
pased on mining activities rather than agrioculture. The
present water’ supply network radiates outwards from the
purification works at Vereenigihg to supply mining: areas
as far afield as Caritonville on the West Rand. The cost
of water supplied by ttie Rand Water Board is. likely ‘to
rise Steeply in the future due to additional water having
to ‘be obtained from further away or from more expensive
sources. :

Up to 80 percent of the water supplied by the Rand Water
Board is not consumed but is returned to water sources
which return most of thes flow to the Vaal. The gold
mines currently use ahbout 2000 megalitres per day of
which 90 percgent is recycled within the mine. Althcugh
the present ming water congumption of 10 percent, or
200 megalitres per day seems minor in relation to that
of other consumexs (5200 M¢/d total),saline mine pumpage
accounted for approximately 25 percént of the total
salt load originating from tr- Southern PWV catchment

in 1877778 (Herold 1981). Wate: consumption.in the gold




mines could, furthermore, rise dramatically if water
cooling i§ adopted for future deep.level mines and may

be responsible for up to seventy percént of total water
consumption from the Vaal Basin by the end of the century.

Poliution in the form of various dissolved salts is
present in increasing concentrations in the return flows
to the Vaal and because of the 80% recirculation of
water, salts accumulate in the water system. The Rand
Water Board is continuously updating i€s water puxifi-
cation system to cater for the decreasing water gquality.
A greater environmental awareness of the effeots of
pollution are &lso bringing about sktricter discharge
regulations. The increasing cost of purchasing raw water
and strictexr dischurge regulations have resulted in

the mines being the most intensive recyclers of water.
The watér guality oz ‘recycled mine service water is
genérally poor, which limits. surface discharges, which,
in toxn, causes recycling and highér build-ups of dis-
solved salts within the mine water systems.

1.2 MINE SERVICE WATER IN GOLD MINES

Gold mines require bBetwgen 1l and 3 enbic netres of
water per ton of ore mined. The water used is recycled
within the wine and obtained from external scurces such
as regional water boards, surface supply Qams, ground-
water infi.tration and neighbouring mines. Mine service
water (M3W) is used for cooling, drilling, water jeb~
ting of excavated material, dust suppression and in
hydraulic emulsions. Make-up water from external sourcés
is used to replace water losses such as evaporation,
water removed with ore hoisted to the surface or water
deliberately discharged because of poor. guality.

The gold bearing ore {the Reef} has an average thickness




of 1lm ‘and dips. at between 20° ana. 45° depending on
the locdtion. The reef is excavated from the' top down-
wards. Mining is currently being carried on at depths
up to 3500 metres below surface where the rock temp-
erature is in extess of 65 degrees ceantigrade. Mining
operatinns are taking place at greater and greater
depths. Since the. rock temperdture:inéreases. with
Gepth at the rate of 2% per 100m, considerable guant-
ities of water may be used for the exténsive cooling
operationg required in future deép. level mines. Current
mechanisation programmes are promoting the usé of
stoping machinery which use large quantities of oil-
in-water emulsions.

Mine . sérvice water is generally suppii . ~vo . the
surface to each .working level via a sy . wreak
pressure dams or via pipes with pressurs scing valves.

Sufficient water is supplied to satisfy the demand at
gach leével. The used MSW yravifates down inclined shafis
and ‘stopes and then. alony drains = or pipes ii the haul-
age~ways of each level to a vertical drain which conveys
the water f£rom all levels towards the lowest level.

A1l -groundwater infiltration present in the mine is mixed
with the used MSW by the time the lowest level'is reached.
A flocculant is added and the water is passed through
séttlers so that suspended particles can be removed as
mud from the bottom. of the settlers. The effluent is
pumped to the surface for chilling or to .the top of the
distribution system for recycling. Any excess water dus
to infiltration i& removed from the system: Alternatively
any wategr losses are zeblacs.d with make-up water from
external sources.

1.3 MINE SERVICE WATER QUALITY AND ITS EFFECTS

The quality of mine service water (MSW) is of prime
importance, since poor quality water can have a detri-




mental effect on the performance and life of all equip~
ment exposed to it. The high chloride concentration: in
MEW in the Orange Free State is suspected of belng one
of the causes of corrosion of metal pipework.and eguip-
ment, Sulphates and carbonates in the waters closer to
the Witwatersrand give rise to sc:’ing and blockages.
Scaling is common in heat exchange equipment found in
refreigeration plants used £or chilling the MSW. Hydraul-
ic roof supports and new mechanised wining eguipment is
designed to opexate hydraunlically using oil-in-water
emulsions. Water hardness, due to sufficiently high

¢or entrations of ¢alcium carbonate causes a break-~
down of -the emulsions. There is-also the problem of
potability to be considered. Corrosion, sgaling, block-
ing and fouling are problem phenomena which manifest
themgelves in different ways. Stephénson et al (1981}
and Stephenson (138la) discuss the causés and effects
of poor guality water in reports to the Chamber of
Mings.

The cost of yater pumping eguipment and water piping
on a typical mine is of thé order of R10 million. The
annual eleetricity supply ko pumping installations. is
freguently -in axcess of & million Rand (Stephenson
198%a). Poor water guality and the associated problems
of corrosion, scaling, ete., can markedly affect the
life of equipment and pipes. Because of the large heads
and flows involved in pumping, power costs ars very
sensitive to corrosion and wear of puwps (which reduces
efficiency) and to scaling of pipework (which increases
pumping heads). The extent of such problems and the cost
implications are largely unknown at present.

The guality of make-up water obtainad from external
sources such as regional water boards, surface supply
dams and groundwater infiliration ig often acceptable.
Once used underground the water quality deteriorates

e




rapidly: The deterioraticn can.be attributed to a niimber
of factors,: The primary source of contamination is chemi+
cals such as sulphates which are leached from the mined
ore. Another. source is poor quality make-up water which
contains high salt -concentration, e.g. saline surface
pans. Theé groundwater infiltration in the OFS is very
saline whereas groundwater from the dolomites in the
West Rand is very geood: A sécondary effect which in-
ecreasés total dissolved solids. concentrations (TPS) is
evaporation from within the mine and from surface cool-
ing towers. The release of soluble chemicals by ex-
plosives or even chemical dosing for. settling, pH centrol
or’disinfection, should be considered too. ALl these
effacts are magnified by the process of recycling MSW.

1.4 SOLUTIONS 7O _PRCBLEMS RELATING - TC.POOR QUALITY
SERVICE WATER

A major part of the operating costs of the énld mining
industry depends both directly and indirestly on the
quality and-guantity of the MSW used in. the mines.

Singce the South African economy is highly dependent on

the gold mining industry, any improvements in this

sector constitute an improvement to the economy as a whole:
The problems discussed so far c¢an be sunmarised as

follows:

1) The gquality of existing MSW is inadequate for
some existing mine useage and for new mechan-
ical mining squipment being introduced.

2% various degrees of coxvosion, scaling, fouling
and blocking are being experienced.

3y The extent of such problems and the cost
implications are largely unknown at present.




The South African economy and the water resources of the
country aré part of a wider system within which goid
mines operate. The objectives set for solving problems
in mine water reticuylation systems must, therefore, be
formulated to maximise the utility for the wider system
as a whole., A reductionist approach of considering

anly the problems$ associated with mine witer systems
may. lead to a worse situatioen when viewed in' the light
of the wider systeém and its objectives.

Water quality problems and water quantity are closely
related. If an unlimited Source of chéap, good quality
water w¢ 2 available, then the obvious sclution woyuld
be to .use the water once aad discharge it from the
mine. This is generally not possible because of the
already- high and increasing cost of raw water supplied
and because of stricter discharge regu.ations in .effect,
There are a number of ways of dealing with pollution in
general:

1] Dilution of the poliuted water by the addition
of better quality water.

2 Condentration of the pdllutant through the use
of a desalination plant. 3 highly concentrated,
or polliuted, stresm of water from the mine would
have to be disposad:of.

3) Prevention of the pollution or problem by some-
how removing the causes.

4) Acceptince of the pollution and modifying the
system to cope with the problems.

5) Some combination of the above.
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Diluticn is carried out.in most mines in the.form of
good quality make-up water which replaces water losses
from the system. Some minés have an excess of ground-
water infiltration which has a diluting effect pro-
vided the quality is better than-that of the water in
the system. Generally the quantity of good guality make-
up water from regiomal boards, surface dams etd., is
limited for economical réasons or because of restrip-
tions on the quantity available.

Desalination methods of possible interest to the gold
mining industry include, Blectrodialysis, Reverse

Osmosis, Multi-stage Flash Evaporation, ‘Freezing Pro-~
¢cesses and Salax Pistillation. These methods result

in & highly concentrated brine which must be disposed
of . somehow: Regnlations for surface discharges gener-—
ally limit the guality and not the quantity of the
discharge. This f&vours dilution and net the concentra-
tion of pollutants which results from desalination
methods.

The cost of desaiination . is a function of the method,
the capacity of the plant and the feed salinity. The
concentrations of . total dissolved solids: (IDS)-in circu~
lated mine service water varies between 1000 and 20000
milligrams per likre. Flow rates can be up to 100 mega-
litres per day. The capital, power, labour, materials
and running costs Of all these mathods applisd to the
full flow is prohibitively expénsive when compared with
alternative sources aof water. It may be economical to
desalinate a slip stream for a specific requirement
such as hydraulic machinery. Binpde & Partners {1981)
and Stephenson (1981b) discuss different methods, costs
and applicability to different fields and -reguirements
in reports to The Chamber of Mines.

The guality of the mine watér deteriorates when the water
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comes in contact with aze'and dust. It. is suspected

that a considerable amount of leaching of salté occurs
in the drains due to contact with the silt deposited at
the-botton of  the drains and with suspended solids trans-
ported-in the watexr. There may be a few hundred kilo-
metres of drains in a mine with 4p to 50 percent of the
cross sectional area occupied by silt. The remdval of
the pulk of suspended svlids at the head of the drains
with settlers or silt traps may be a means of preventing
a significant amount of pollution further down strsam.

It may also reduce the work. involved in continucusly de-
silting the drains.. Stewart, Sviridov & Oliver {1981)
discuss wvarlous settling and filtration methods ang
costs for the rémoval. of suspended solids. .in MSW.
Neutralising or protective chemicals {e.g. scale and
corrgsion inhibitors) can alse be used to prevent probleéms
{8tephenson 1981b}).

The objective of most mines operating at present is to
minimise the cost of water purchased and the cost. of
water treatment, The quality of water is Gonsidered
acceptable provided no serious ‘short term problems re<
sult which. can be linked to the water quality. Details
on the life of pipes, corrosion and scaling rates, .types
of corrosion active, scale composltion ete. . are not
available. Very little information is, in fact, avail-
able .for & long term economic assessment of the cost

of poliutien to the wining industry.

It is most probable that nd single method discussed will

‘provide the complete solution to the water quality

problems of dhy partiocular mine. The probable solution
lies in some combination of these technigues. The ob-
jective used in arriving at solutions to wine water

quality. and quantity problems should be. the maximisa-

tion of benefit or utility fox the wider system as a whole.

The wider system ingludes such systems as the regional
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water resources, the economy of the country and the
g4ld mining industry itself.

1.5 SYSTEMS ANALYSIS TECHNIQUES .AND. THE USE OF SIMU-
LATION MODELS

Developments in Operation Research have led to numerous
extremely powerful Systems Analysis technigrés. These
techniques can be braodly classified into two main

categories:
1) Direct optimization techniques
2) Simulation tachniques

Direct optimization technigues can be used to £ind the
optimun solution to certain problems. Grosman (1981}

describes the application of fransportation programming,
extended transportation programming, linear programming
and separable programming in a case study of Doornfon-
tein Gold Mine. Costs are estimated for raw water,
conveyancing and desalination. The techniques are used
to.caleulate the average flows £from each sourte to each %
demand point, The £lows satisfy minimum water. guality
and guantity ‘constraints and result in the mindmum d

total cost solutden.

The technigues used in the Doornfontein Gold Mine study .
unfortunately. sssume steady state conditions in the . X
analysis. Average flows and donstant water quality are ¥
assumed abt all the scurces ans demand points. The :
average flows aré calculated which xesult in the mini- -
mum cost. Real mine water systems & . mever in a steady
state. Water required at demand points generally varies
between zero and several megalitres a day, During -peak
demand periods it may net be possible to draw water

from the different sourdes in the optimum ratio deter-

T
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mingd, The concentration of salts in used MSW collected
at the bottom of the mine varies throughdut the day and
week depending on what the MSW was used for and the
proportion of groundwater blendsd with it. This water
is often pumped to a Surfaced dam where wake-up water of
a different gquality is added sporadically. depending on
the dam level. The water in such & surface dam therefore
represents a source with a water guality which is not
steady. It can be coneluded that optimim solutions
derived from deterministic models which. assume steady
flows and constant water quality may not be realistic.
The. 'optimum solution' cannot guarantee that the con-
straints will be satisfied at all times; that the solu-
tion is practical or, indeed, that the solution is an
optimal one at ‘ail.

Simulation provides a means of “bserving the behaviour
of the components of 4 system under varyiny conditions.
W& .'solution! in *He mathematical sense is sought.. The
objective is to gain an understanding of the reldtion-
ships among components of the gystem and to find ways
to make them work together -in the best possible way.
Simulation does not yield an vptimal solution- directiy
and it is thus necesdary to simulate jteratively in
order to achieve an optimum. Even when combined with
efficient techniques for sa&lecting the values of each
decision variable, an enormous computational sifort
may lead to.a solution which is still Far from the best
possible.

To its credit, simulation can be used to solve models
with highly non<linear relationships and constraints.
The direct optimization teahnigues used in Grosman's
study  of Doornfontein Gold Mine are seldom able to
deal with all the complexities and non-linearities
which are easily incorporated into a simulation modal.
Simulatisn can be used to experiment with alternative
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'sptimum solutions’ and together with direct optiml-
sation techniques it may be possible to narrow the sedrch
for a real global optimum. Liktle or no cost, time or :
rigk is involved with ‘simulation: The time scale can be
gontrolled and long and short term effects of guantity
and guality can be determined and used as an aid to
decisien making and planning, More important varisables
and ‘parameters can be identificd by changing their
values and studying the effects. Certain paraméters and
ralationshipé ¢an be determined from simulations. A
gimalation model can be visualised hy most peoplé and
the results are generally more convinging than those
obtained from detsérministic approaches.

1t was observed in early studies of mine water systems
that the rate of change of water quantity and guality,
with raspect to time,could always be described by a set
of first order ordinary differential aguations:. Thess
equations can be solved simulianeously-at each iteration
in a simulation using powerful numerxical methods, The
solution to the set of egudtions yields the volume of
waner and the mass of salts ln each Storage component
of c¢he system at the end of each simulation time-step.
Thaze valuas can be used in conjunctioh with tlie opera-
ting yules aml various relationships to determine pump
on/off settings, make-up flows, demands; salt doncen=
trations, leaching rates, overflow, etc. The dégrée to
which the model xepresents the real system and the
accuracy of the results depends on the validity of the
modal and the accuracy of the solutlon of the set of
equationg:

A general gimulation progzam has been written which can
be used to simulave mine water models. The model must
be described by a system of first-otrder ordinary djif-
ferential aqua*ions, Such a mofel, consisting of j
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equations and involving g variables, can be written in

the general form;

ax, . Axy o dx,, ~em ARG
i = (L% Xy ==~ Xk 17 27 3
FE P &

The simulation ‘program has heéen successfully applied to
models other than mine water systems. Surge problems,
gradually varied £loW, késervoir routing, elastic beam
analysis and vibrating systems are examples of 'systems
which-can be modelled using the program.

According to James {1978), thé orxdexrly. procedure for
congtiucting of simulation models is:

1) Systems Analysis: the sallent cumponents, inter-
actions, relationships, and dynamic methanism of
a system aré identified.

2} System Synthesis: the model is constructsd &nd
coded in accordance with Step 1],

3} Yerification; the madel’'s responses are aow~
pared with those which would be’ expecied if the
model ‘s ghructure was. prepared as interded,

4) Validation: the responses from the véerified
model are cowpared to gorresponding dhserva-
tions of, and measurements from the actudl
systen.

5) .. Inference; experiments with, and comparisomns of
responses from, the verified and validatad model
~.this is the design stage.

w(“‘g'




14.

A systems analysis has been carrieéd out on Unisel Gold
Mine, Two madels have been developed (or synthesized);
one model is a very simplified representatiof of the
real system .and the other is a detailed model. The simple
model consists of'a single component or element énd
assumés steady averdge flows and a constaht volume of
water in ‘the system, This model is used to simulate the
change of the average salt mass and concentration in‘
theé system. An analytical solution is used to verify and
validate the model.. The detailed model is used %o simu~
late the ¢hange of salt mass and watér volume in each of
the eight storadge elements of the system. Other useful’
information is caletlated £rom these values. The model
is cdonsidered to be verifiad because it respords-in the
situations tested as one would expedt. The model. can’
only ‘be. cénsidered partially validated because insuf-
ficient -in situ data is available at present for cali-
brating the model and: for comparison with the real
system.
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CHAPTER TWO

2. MINE WATER RETICULATION: A SYSTEMS APPROACH

2.1 INTRODUCTION

Water: is continually recyqled in gold mines because
of the high.cost of procuring surface watér réscurces,
the limited Sources of groundwater infiltration, and
the environmental problems of @isposing of poor quality
mine ‘setvice water. Poor quality mine: service

iwater (MSW) can isad to problems in mines which means
that- the objective of mine watex.systems, which is

to supply wabter ‘of adequate guantity and guality for
the different mining.activitties, is sometimes not
satisfied. MSW is used underground largely for cooling
but . alse for drilling, dust suppression and, in some
mines water jetting to move . uge. :

Solutions to mine water problems require an uhAderstand-
ing of thé system and the method proposed here -is the
usé of simulation medels. Steps used in the .Construc—
tion of simulation models are outlined in chapter 5.
One of the steps in model constxuction is Systems
Apalysis which reguires the analyst or model builder
to identify; the salient componénts of the system,
interaction betwsen components, operating .elationships
and the dynamic mechanisms of the system. Bxamples

of - the components of the system are the reticulation
pipework, dams; pumps, purification and refrigerdtion
plants, sources. of water supply and pellution, and siuss
for the discharge of polluted water.

The water reticulation system of Unisel Gold Mine is




15:

CHAPTER TWO

2. MINE WATER RETICULATION: A SYSTEMS APPROACH
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mines water jetting to move oxe.

Sulutions to mine water problems require 4n understand-
ing of the system and the method proposed here is the
use of simulation models. Steps uséd in the construc-
tion ¢f simulation models are outlined in chaptaer.S.
One of the steps in model constriction is Systems
Analysis which reguires the analyst or model builder
to identify; the salient components of the system;
interaction between components, operating relationships
and the dynamic mechanisms of the system. Examples

of thé components of the system are the reticulation
pipework, dams, pumps, purification and refrigeration
blants, sourtes of water supply and pollution, and sifiks
for. the discharge of polluted water.

The water retigculation system of Unisel Gold Mine is
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described in this chapter. The basic. components, inter-
actions, relationships and dynamic mechanisms are
identified. The mine has been selected. for study be-
cause its water reticulation system is yelatively
dimple compared to those of okber mines visited (Doorn-
fontein and Elandsrand Gold Mines). Mathematical rela-
tionships are derived which describe the dynamic be-
haviour of - some of the system components. These
relationships are examined further in chapter 3 and
are used to develop a general simulation program and
two moduls of Unisel Gold Mine. Examples'are given

in chapters & an@ 7 L6 show how the simulation pro-
_ram.is used to xun the models of Unisel Gold Mine.

2.2 THE - WATER RETICULATION SYSTEM: OF UNISEL GOLD MINE

A schématic representation of the mine water sysf.em
analysed herein is given .in Fig.2.1. The boundary of
the system only inaludes thé cobmponents shown. Witer
volume and salt mass flows betwéen components. and in
and out of the system as & whole are. the only inter-
acticons considered. Other interactions such as inform—
ation flows, powéer requirements, decisions, money:etc:
are not rélevant to the system being modelled.

2.2.1 Water Flows

M8W 15 used extensively in Urnisel £or cooling. Water
chilled to approximately 10°C leavés the coldwell on
the surface and enters an underground storage dam ap-
proximately 1000m below the surface. Water is then
fed t6 a series of smaller cascade dams, one at each
working level in tthe mine. The cascade dams act. ag
pressure breaks and each dam -supplies water to & level
two levels below (i.e. approximately 200m lowexr). When
the water surface in any of the dams drops below a
certain level a valve is. actuated at the storage dam
and water is released to feed the top cascade dam.
Water then overflows to the dam below and §0 on until
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the empty dam{s) £ill and the valvé is again closed.
MSW-at each working level is used for cooling, dust
suppression, drilling and water jeét ¢léaning. Some
of ‘the water used is removed from the mine with the
oré mined. and some is evaporated and removed with. the
probably saturated or supersaturated ventilation air
expelied froni the mine. The remainder of *he used MSW
and -any groundwater infiltration, gravitates to'the
bottom of the mine via a network of draing and pipes.

The water enters settlers at the bottom-of the mine
after & flocculant has been added to promote the segttle-
wment of suspended matter. The settled mud is rémoved
from the bottom of the settlers and taken to the sur-
face reduction works where it is processed for gold.
Cleaner water from the surface sedimentation tank is
used to displace the mud at the bottom of the mine.

The displecement water and the clarified water from

the settlers enters the main. pump station ‘dams from
whefe it is pumped to the intermediate pump station
and’ then to the sedimentaticn tank on surface. The
water iz pumped in two vertical Stages of approximately
1000m edch, -Associated with each pump station are large
storage dams. These are used, for emergencieés.such as
pump failures and for periods when outflow from the
settlers exceeds the pumping capacity of the pumps.

The pumps aré operated manvally to start pumping at

a certain’ dam level and to:stop when.the level” drops
to- some . other predefined level. :

¥rom the sedimentation tank the water from underground
ehters the hotwell at & temperature of approximately ‘
309, This water is pumped at a-cohstant flow rate

to the top of a cooling tower. The temperature is lowei-
ed approximately 7°¢ after passing through the tower.
The water is then pumped through the refrigeration
plant to the coldwell from where it re-enters the mine
as MSW at approximately 10%¢ to complete the cycle.

TR

g
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Make-up ‘water is added to the hotwell and coldwell
from a local surface dam and thé regional water board.
The make-up water replaces water removed from the sys-—
tem; with ore mined; evaporation in the workings, eva-
poration at cooling towers and windage, mud removed
from the settlers and pericdic overflew from the hok-
well. Overflow from the hotwell occurs particulaxrly
on weekends when there is little or no demand for MSW
from the mine and water pumped up; to maximise safe
storage underground, £ills all surface dams--and over-
flows from the hotwell. Some mines require no make=-up
as the groundwater infiltration results in a surplus
which must be pumped out of the mine.

Mining.operations take place ovexr 24 hours per ciay

in thiee 8-hour shifts during weekdays. The basic min-
ing cpérations include drilling, charging holes, blast-
ing,  extraction and cléaning.. The activities described
geherally ocour simultaneously on all working levels
and this results in a distinctive pattern in the flow
rate for water leaving the cascade dams at different
times of the day and different days of the week. There
is also a distinctive pattern in the flow rate for
water -éntering the settlers at the bottom of the mine.
The instantaneous fFflowrates for the water léaving the
cascade dams and entering the settlers are ndt the
same because of the different travel times from each
of the levels and constant groundwatsr infiltration
which mixes with used MSW in the different levels.
Weekday flow patterns differ from those on weekends
because no work is.done on Sundays and only two shifts
are worked on Saturdays. The flow patterns discussed
are determined from in situ measurements.

2.2.2 pDissolved Salts in the Mine Water

The quality of make-up water obtained from external
sources such-as regional water boards, surfade supply

pes
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dams and groundwater infiltration is often acceptable:
Once used underground the water quality deteriorates
rapidly. {i.e. the condentration of dissolved salts
increases). The deterisration is attributable to a
numbar of factors which. are discussed separately in
this section. The causes and effects of poor” quality
water are discussed in detail in Stephenson {198a)
and summari{sed in section 1.3 above.

Salt concentration is defined as the mass of ‘salt(s)
per unit volume of water. Concentrations are usually
expressed in units of milligrams per- litre (mg/¢) or
or kilograms per megalitre {Kkg/M¢). Total dissclved
solids {TDS) is a commonly used term and equals the
total mass of all salts present in a. sample divided

by the volume of the sample. High salt concentrations -
in mine water are undesirable and water with a high
concentration of salts is referred tfo as a poor ‘quality
or-a& highly contaminated or polliéted water. Conversely,
good gquality water has a low salt concentration.

2.2.2..  Processes affecting the Salt Concentrations

I£ the total mass of salts and the total volume of
water in.all the components of the water system: is
known at a particular ingtant in time, then the average
concentration of salts can be calculated. The effects
on the salt mass and average concentration for each
process is discussed below. In order to simplify the
explanation, theé gffects discussed are those which
would occur if they were the only onés taking place
in the system. The combined effects of the précesses,
as thay aceur .in an actual system, are discussed sub-
sequently. Some of the main processes are:

1) Water is constantly being removed from the system
by ‘evaporation from within the mine and frem sux-

o
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face cooling towers (see fig 2.1 The water evapo-
rated has -a-negligible salt concentration and
does not affect the mass of salts in the system.
Evaporation therefore has a concentrating effect
as tho volume of water is reduced while the salt
mass remains unchanged.

A primary source of contamination ds iron sulph-
’ ides (pyrites) which are ieached from the ore

to form sulphates. Leaching of salts causes an
increase in the total mass »f salts in soluticn
while the water volume remains constant. Leaching
therefore has a concentrating effect,

The release of soluble chemicals by explosives
or chemical dosing increases the ¢oncentration

in a similaz manner.

Contaminated groundwater infiltration into the
fine” adds both to .the total mass of salts .and

to the volume of water in the system. If the salt
concentration of the infiltration is greater than
the average salt concentration ¢f the system water
then. the infiltration has a concentrating effect.
Conversely, an .infiltration with a low congentira=
tion has a diluting effect. The total salt mass
in” the system is increased in both cases.

Make-up waker replenisbies any volume losses frowm
the system dus to evaporatiob and water removed
with mud and ore mined. Make-up has the same con-—
centrating or diluting effect as infiliratioci.

Waker is periodically removed from the system

with the ore mined and with mud removed from the
settlers. Seepage of water out of the system is
another posiible loss in dry mines. If, for some

reason, the water removed has a greatexr salt con-

g

g
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centration than the average syétem concentration
thep’ the system concentration would be reduced,
and vige versa. If water, with the same concentra-
tion as the system, is removed in the manner des-
eribed, it will not affect the system c¢oncentra-
tion. -

7} A contaminated stream in the system could be di~
verted to a desalination plant: A desalination
process produces two neWw streams; one more. ¢on-
taminated than before and one less contaminated.
The less contaminated stream would be re-intro-
duced into the system at a switable point and
would have a diluting effect. The more concentrat—
ed stream would have to be disposed of outside
the system.

In the real system, many processSes otecur simultanéously
and the het effect ig to either increase or decréase
the total salt mass with time; or maintain it at some
equilibrium leével. The total salt mass of the.system
will increagg with time when the mass flow rate of

&ll inflows exceeds that of. all the cutflows. At equili-
Brium the mass flow rate of all the inflow eguals that
of the outflows. An eguilibgium total salt mass does
not imply a constank concentration in the system. Also,
an inerease in the total salt nass does not imply that
there is a cotresponding increase ox dedrease in the
water volume of the system. Salt concentration depends
on the mass of salts and the volume of water in the
system, both of which may be either increasing or de-
creasing at any time.

2.3 GENERAL MATHEMATICAL RELATIONSHIPS DESCRIBING
THE DYNAMIC BEHAVIOUR OF THE SYSTEM COMPONENTS
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« gquantity of water in most Storage dompdnents is

s wonstant over time but varies according to the

raw of gontinuity, The state of the system, the Lime
day or week and the operating relationships deter-
ine the ihflows and outflows of & vomponent. Designate
16 the volume of "quantity of water in & component
il a8 the hotwell shown in £ig.2.1 The inflow and
wiiflow rates to and from the component ars designated
sy and Qz respective®y, If the inflow does not. equal
whe outflow, then the rate of change of volume -of
stored water ist

dv
dE= Q-9 -, {2-1}

If, for example, the inflow exceeds the cutflow there
will be an increase in the volume of water stored in
the compaonent. If the inflow eguals. the outflow the
yolume will remain constant,

2.3.2° Watex Quality

Let Qp and 0, be defined as inflows and cutflows to

& component and Cl and t:2 ag the corresponding salt
concantrations. M is the mass of salts dissolved in
the water stored in the component. At a particular
instant the mass of galts entering and leaving the
component per unit time is Ql Sy and Q,C, respectivaly.
£ 9;€, does not squal Q,C, then the mass of salts

in the component, M, is changing. The rake of change
of salt mass stored is given by

- L a4 = 0;Cy = Q,C, (2-2)
; at




24.

If for esample the mass inflow rate Qlcl exceeds the
outflow @,C, ‘then there will be.an increase in the

mags of salts stored.in the component over a period

of time. If the concentration of the infldw C, were
sufficiently high, the element iould ekperience a gimui-
taneous increase in the mass of salts stored and a
decreasi in the guantity of watér stoved, f.e., dM/db
ig positive and dv/dt is negative. Under such condi~
tions there would be an increase in the salt voncentrs-
tion of the water stored in the component.

2.4 MATEEMATICAL .MINE WATER MODELS OF UNISEL GOLD
MINE

The dynamic mathematical -egquations, (2-1) and {2-2},
have been used to construct two simulation models:of
Unisel Gold Mine. The use of the two basi¢ sguations
in the construction of the models is discussed..The
problem of solving the differential equations’ present
in the models is introduced and the need for a genersl
simulation program to do this is motivated. Of the
two Unisel models, one is a simple cne. which ean be
solved analytically and the other-is .more dekailed
and has to be solved numerically (simulated}).

2.4.) gimpliiied Model of Steady Flow and Unsteady
Salt Palance

The model in chapter & crudely describes the changy

of salt concentration with time in the system depicted
in £ig.2.l. The system is represented by a model whicl
consists of & single compomant with constant water
volume and flows. Due to ithe 'simplicity of the system
ah analytical solution ig available for the single
diffurential equation describing the system. The Qiffev-
ential equation ig similar to egnation (2-2) -Garived
above.The analytical solution and the simulation of
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the model is described in detall 'in chapter 6

1.4.2 Detailed Model of Unsteady Flow and Salt Balshce

The water reticulation system of Unisel Gold Miné has
several water storage components. In each of these
components the salt mass and concentration of -the
stored water varies with time. The mass and volume
inflow and cutflow rates vafy with time ifi most com-
ponents. . The volume of water stored in theése components
therefore varies as well. The mass of salts and the
volume of water in the system as.a whole is also chang-
ing due to interactions with the wider system {evapor-
ation, make-up, leaching, seepage, infiltration, mud
and ore-logs).

The system can be described by a differential eguation
of .the .type (2-~1} for each storage component where
the water volume changes and by an eguation (2-2) for
each component whare the salt ¢oncentration changes.
The model in chapter 7 describes the system incon-
siderably moré dekail than the simple model. in chapteér
6 Pifteen differential aguations deseribe dynamic
behaviour of the eight components shown in £ig.2:1;
settlers, main pump station, intermediate ~pun§p -shakion
sedimentation tank, hotwéll, coldwell, uhderground
storage and cascade dams. Two. differential equations
describe the rate of change of each component’s volume
and salt mass. The settler volume is effectively con-
stant and onl” one eguatier is regbired for Salt hass

changes.

S.0 TIMULATION OF MATHEMATICAL MINE WATER MODELS

Eguations (f-l) and (2-2) are ficst order ordinary
differential eguations. An analytical solution o the
detailed madel of Unisel Gold Mine would be the eguivar
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lent of solving. 15 differential equations simultaneous-
ly. The result would be 15 functions describing the
salt ‘masses -and velumés of the components as a function
of time. Such.a result is infeasible when the component
inker-relationships &nd mathematical discontinuities
introduced by the operating relationships are consid-
ered. Typical operating relationships which make an
analytical solution unpractical are: pumps switching
an and off when storage volumes are high or low. respec-
tively; adding make-up water when volumes are low
enough; drawing water owt of Li.. cascade dams to satis-
fy varying demand throughout the day.

The differential equations are best solved niing fumeri~
cal methods. The differential equations ase. "sclved'

at different times. Calculation: can only start at some
initial time when the initial values {volumes and salt
mas$ss) ‘are 'known'. Although the differential -equa-—
tioas are solved humerically at each step the procedure
is referred to as a simulation wheérein the model ‘is )
ran.

The namerical solution of the equations, Qescribing
quality and quantity and other theoretical’ consider-
ations is discussed with examples in chapter three.

The incorporation of these methods into a general simu=
lation program £or ruming mine water models is- des-
cribed in chapter foux.
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CEAPTER THREE

3. . THEQRETICAL ANALYSTS OF MINE WATER SYSTEMS

3.1 INTRODUCTION

It was $Shawn in chapter 2 that the basig functions
of ‘each component of the 'system could be described
by equations (2-1) and (2-2). Gerald (1980) describes
these as first-order ordinary differential eguations
of the form: k

¥oet e

The variable y is a dependent variable such as the
volume or mass of salts in a compohent and t is the
independent time variable. Ugata {1978) .distinguishes
betweer linear amd non-linear,. time-invariant and time-
varying differential equations and betwgen lingar dnd
non-linear systems. An aquation is linear if the depend-
ent variable y and its derivatives appear as linear
combinations. An equation is time 'invariant if the
cosfficients of all the terms are constants. The order
of the equations refers ta the highest order derivative
prasent.

Examples
dy + 5y =0 . (linear,time invariant,
dt
ist ordex)

dzx + dty= @ (kinear, time variant,

2
de 2nd order)

) :
Py iy -0
ae? at (non-linear;time in-

variant, 2nd order)

The equations that characterise mine water systems
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investigated so far are lst order, linear time variant

. and. time invaridnt. The model equations are lihear

and therefore constitute a linedr systeém.: The most
important property of linear systems is that the princi-
ple of superposition applies. This. principle states
that the response to several inputs can be calculated
by ‘dealihg with one input at a time and then adding

the results. By applitation of the principle of super-
position, complicated solutions to a systém of linear
differential egiations . of any order can be expressed

as the sum of simple solutions.

In all . differentlal eguaticns, cne or more values
nust be known in order to svaluate the function. These
several valies are generally specified at the same
value of the independent time variable, ‘geneérally at
the start time. They are referzed to as initial values.
When the function values are known at different times;
generally the end-points; then the values are refarreéd
t¢ as’ boundary-values. Boundary-value problems. are
extremely difficult to solve for systems of equations;
because the techniqué usually involves a trial-and-
error process of guessing different ipitial vdlues

and simulating until the cortect boundary+values are
obtained at the goxrect time. The shooting method .and
otheré are descrived in Gerald (1980} for the solution
of boundary-value problems. Fortunately mine water
system wodels can be «lassed as initial-value problems
bacalise the stage of the system and the initial values
are generally known o can be estimated at the begin-
ning of a simulation.

Numerical solution techniques for single, linear lst~
order differential equations are discussed initially

and then it is shown how they are applied to a general
system of equations describing a model. It is not thz
intention of this chapter to verify the theory involv-
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ed. The reader is referred to Stummel and Bainer (1980)
Gerald (1980), Ogata (1872) and Kreyshig (1972) for
the development of the theory. A knowlédge of basic
principles and theory behind the solution oF single
eguations and systems. of eguations is required for

the construction of models (discussed in. chapter 5)
and to understand and modify the simulation program
(8iscussed in chapter 4).

e

3.2 NUMERICAL METHODS FOR THE SQLUTION OF SINGLE DIF-
FEREMTIAL EQUATIONS.

Numerical solutions appear in the form of a tabulation
of the values of the functions at various values of
the independent time variable and not as a functionzl
relationship. Numerical methods have the ability to
saolve practically any eguation but they have the dis-
advantage that the éntire tableé must be recomputed

if the initial conditions are changed.

I a funchion £(t) can be represented by a power series
in a certain interval then it can be represented by
the Taylor series expanded about a point & = tyrdied
about the initial value:
FE)my g My T (e gy temt g 1oy (e ) Ceme ) By M (k) ()

S g

X

Letting n represent the pravious step at time £y and
n+l represent the next step at t0+h,the series can
be written as:
Handy Hhe 0L (3-1)

o T2
Ve "Ythy, Ty, .
e T

Consider the example problem

y'=%{_=y+t (3-2)
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with initial conditions
y(0) =1
Thig s a linear time variant lst order differential
equation,.The analytical soélution: to .the problem, y
= Zet—-b—l will be used to comparée. the numerical results

of some of the methods and. to show exactly the error
at any step.

3.2.- "The Simple Buler Method

The Buler method is the simplest but least accurate

of all the methods discussed. To obtain an exact numeri-
cal solution to ‘the example problem (3-2), all the
derivatives yII, ynr L. must be gvaluated and
substitutéd inte rhe Taylor series (3-1}.Knowing the
initial values of Yyr¥pr¥e T Yooy could be evaluated
after a time incrementh The values of all the deriva-
tives could then be caleulated at nt+l, and ynﬂcculd

be evaluated aftexr the next time increment and so on,
Derivatives of arbitrary functions cannot easily be
formulated in somputer programs. The derivatives yu,
ynl, etec. are ea§y to evaluate for ‘the example (3-2)
but this is not generally the case. The Buler method
truncates the Taylor series by excluding the terms

aftéer the First dexivative and eliminates the problem
of having to evaluate the second and subsequent deriva-
tives. Then

yn_i_l—'yn+hyn:+0(h2)error : (3-5)
Neglecting hzynn/z ahd the sibsegquent terms in (3-1)

results in a truncation error of order hW° which is
denoted Othz)ul'his is the local ewxor and results from
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one step only, i.e. from nh o n+l. It can . be showh
that the global errgr accumulated over many steps be-
comes Othj, i.e. an exror of order h.

Substitating the example {3-2) into the Euler-algorithm
(3-3) gives

gy = Yptbe (v ) (3-4)

. the initial condition y{0)=1 means that y=0 at t=0.Choo-
sing the time increment h=0,02 and letting the stép
number n=D at t=0, the values for y can be evaluated
at shiccessive time increments as follows:

y3m¥gHhs (ygitg) = 140,02, (140) = 1,0200
V5=y;¥h. g+ )= 1,020040,02(1,020040,02) = 1,0408
Fy=eyth. (g +E) = 1,040840,02(1,0408+0,04) = 1,0624

k =1,0848

= 1,;1081

ete.

The numerical solutior after 5 steps is y(0,10)=1,108%
whereas y=2et—et—l gives the exact analytical solution
as y{0,10)=1,1103. Hence the absolute glebal erxor

is 0,0022, i.e. two~decimdl-place accuracy. Since. the
global errxor of the Euler method is proportional to

h, -i,e. 0(h}, the step size h must be reduced at lsast
22-fold to gain four-decimal accuracy, i.e. h<f,004.
This would increase the computational effort 22-fold.
Pig.3.1l shows how tHe slope at the beginning of the
interval an is used to determine the function value
at the end of the iteration in the Huler Methed.

Q
|
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hralyties)
N Solutior

A
teue y,

t H 2

Fig. 3.1 The Euler Method.

The slope at the beginning of the intexval is always
wrong unlesé the solution is a straight lihe. Taus
the simple Fuler method suffers from the disadvantage
of lack of accuracy, requiring &n extremely small step

size.
3.2.2 The Modified Buler Method

Fig. 3.1 and the subsequent disvussion suggest how

the Euler method can be improved with little. additional
computational effort, The arithmekid average of the
slopes at. the begihning and the end of Lhe interval

is used (only thé slope at the beginning is used in
the Bulexr method).

5, .1
Yo=Y o0 :le (3-5)

The Buler algorithm must £irst be uséd to prediect Y
so that ynﬂ_I ¢an be estimated. applying the same ex-
ample (3-2) as before and substituting ylextt into
(3-5) gives
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ynﬂfynﬂ‘(Yn"'r’n)+ (ynﬂ. + tnﬂ.).
Z

Substituting the Buler eéquation (3-4] fox il gives

Ypey = yn+h(yn+tn) * (yn+h(yn+tn)+ oyl
2
Using b=0,02 and the iritial conditions; y0=l, t0=0

vimYptR (ygteglElyothiy reglieg )
2

=140,02 (1+0)+{1+0,02(1+0)+0,02)
Z

=1,0204

y2=l,0204+o,oz(1,0204+0,02)+(1,0204+0,02 (1,0204+0,02)%0,04]
)

=1,0416

y4=1,1104 c£. analytical solutibn 1,1103

The answer agrees to within 1 in the fourth decimal
plare. Nearly twice as much work was done as in the
Euler method but sertainly not the 22 times more that
would have been needed with that method to attain four-
decimal-place~accuracy. It van be shown that the lopal
and ‘global ertors of the Modified Buler method are
u(h3) and 0(h“) respectively. The Modified Euler and
the simple Euler methods are often refeired to.as se-
¢ond and first ordar methods respectively,
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%.2.3 Rupge-Kutta Mevhods

The ¥aurth~Order Runge -«tta methods are amongst those
whigl provide the greatsst accuracy per unit of compu-
tatignal effort. The development of the method-is alge-
brajcally complicated and 's.given completely in'Stum-
mal & Haiter (1978} whil rald (1980) derives the
Second~Order Runge-Kutta algorithm and explains the
principles behind the methods. ALl the Runge-Kutta
methods use the simple Buler method as a’ first esti-
mate, Improved estimates are then made using previous
astimates #nd different time-values within the time
interval h. A welghted average of all the estimates

is used to calculate a1t The Fourth-Order Runge-Kutta
methods. are the most widely used because of thelr power
#nd gimplicity, The following.is'a pacticulay Fourth- -
Ordey method which ls commonly used. and which is includ-
ed in the gimulation program:

yn,ffyn%_ (kg 2K+ 2Ktk )

Ry o= hEle y))
Ky = hf(tn%ih,ynar*skl)
= hE (b, +hh, v k)

= hf(t, wky) (3-6)

il ! ¥
Again the problem given in "(3-2) above is solved as
an example:rdy/de=f(t,ylst+y,y(0)=l, This time y(0,1}
is calculatéd in one step (h=0,1) whereas y(0,1) was
caleulated in five time incremesnts (h=0,02) using
the simple and modified Buler methods alove.
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kl=h_ (1:n+yn)

=0,1{0+1) = 0,10000
k2=0,l(0105+l,05) = 0,11000
k3'=0,l(0,05+].,05‘3) = 0,1%050

k,=0,1{0,10+1;1105}) ;12105

)

¥{0, )= ,00004%(01 16000+2.6,11000+2.0,11056 -0,12105)
wl, 11034

Thin dgrees Lo five decimals with the analytical wesult
and illustrices a furthey yain in accuracy with less
affort ihan required by the  previous Sulér. methods,

It is computationally more effleient than the modified
Euler nethud hocause, while four evaluations of the
function -are requived Zox:each step rather than-two,
the Fz2eps car he many-fold larger for theé same gocu=
rasy., Th. sifiple Buler méthod would have required of
the ordor of U0 steps to achieve five-decimal accuracy
in yi0,17 But esch stop involvés only one evaluation
of the function. Ths efficiency of the Ruler and Runge-
Kutta methods eah be roughly compar8d by calculating
the number of funckion evaluations required for the
same -orxder 'of accuracy. In this particular éxample

the Runge-Kutta mrzlad is approximately 50 times more
efficient than the simple Euler wethod (220/4). The
local error term fox the Fourth-Order Runge-Kutta. algo-
rithm (3-6) is 6(2”} and the global error would be
about 0(n%).

3.2.4 Multistep Meib

The simple Euler, Modified Euler and Runge-Kutta me-




ky=h (£ Fy )

=0,1(0+L} ) = 0,10000 -
ky=0,1(0,05+1,05) = 0,11000
k3=0,1(0,05+1,055) = 0,11050
kg=0,1(0,10+1,1105) =-0,12105

y(O,l):l,OODOi-%(U, 10000+2.0,11000+2.0,1105040,12105)
=1,11034

This ‘agrees to five decimals with the analytical result
and illustrates a furthex gain in accuracy with less
effort than required by the previous Zuler methogs.

It is computationally more efficient than the medified
Euler method.because, while four evaluations of the
iunction are required for esach step rather than two,
the steps can be many-fold larger. for the Same accu-
racy. The simple Euler method would have reguired of
the oxrder of 220 steps to achleve five-decimal accuracy
in ¥{0,1} but sach step involves only one &valuation

of the function. The efficiency of the Buler and Runge-
Kotta methods can be roughly compared.by caleulating
the number- of function evaluations required for-the
same order Of acguracy. In this particular example

the Runge-Xutta method i§ approximately 50 times more
efficient than the simple Euler method (2206/4). The
local error term for the Fourth-Order Runge-Kuttes algo-
cithm (3-6) is 0(h®) and the global error would be
about tih®).

3.2.4 Hultistep Methods

The simple Ruler, Modified Euler ang Runge-Kutta me-
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thods are wallé . single step methods because they use
only ‘the information: from the last steép computed. In
this they have the ability to perform the next step
with ‘& different step size and are ideal for beginning
the solution where only the initial conditions. are
dvailable. The principle behing a multistep method

is to utilise tHe past values of y and/or yI o -con-
strict & polynomial that approsimates the derivative
funetion and to extrapolate this into the next time
intérval. Most multistep meéthods have the disadvantage
that they use a gconstant step size h to make the con~
struction of the polynomisl easier. Another disadvan-
tage of multistep methods is tiat several past pdints
dre regunired whereas only the initial cénditions aze
available at the start. The starting values are gengral-
iy caleulated from the initisl conditions Gsing a sin-
gle-step method such as a Rungé-Kutta method.

The Milne and@ Adams-Moulton Methods are multistep me-
thods having a global error one more than the degree
of the polynomial used. The algorithms consist of a

predictor and a corrector squation. The two equations

can be compared and relationships in.Gerald (1980),
allow one to estimate the error and the maximum step
size for the next iteration so that the desired accu-
racy can be maintained with the least computational
effort. Milne's method is rarely used because it some-
times becomes unstable. Both the Milne ard Adams-Moul-
ton methods are about twice as efficlent as the Fourth-
Order Runge-Kutta methods,

3.3 CONVERGENCE CRITERILA

Stummel and Hainer (1978) derive congistency conditions
“o¢ the Runge~Kutta methods. The consistengy of the
approximation equations with the differential equation,




37.

and the consistency of the initial conditions are es-
sential pre-requisites for the c¢onvergence of solutions
of a one. step method to the required solution of the
initial~value problem. Gerald (198¢) derives conver-
gence criteria for the Milne and Adams-Moulton multi-
step method. These criteria are applicable to single
first-order equations only. A similar apalysis for
systems . of equations ‘such. as thuse describing the mine
water models is practically. impossible. During a.simu-~
ldtion of a complex model it.is simple to. detect when
the solution is not converging; variables become unreal-~
istically large’ and sign teversals occur. It.is felt
that reducing the step size with sucdessive simulations
until the results appear realistic is poesibly the
most practical means. of easuring convexgence. -

3.4 ERRORS AND ERRQR PROPAGATION.

The local and globdl truncation errors have been men—
tioned while discussing the different numerical meth-
ods.Thers are several sources of error in anumrgrical
calcalations in addition to the truncation -errex,

1) . oxigipal data errors will affect the rolution

to a greater or. lesser extent depending on the solution
of theé equations. Highly sensitive equations are said
to be subject to inherent instability.

»

2} Round-off errors result when a number is rounded
or chopped off, Carcying more decimal places in
the intermediate calculations than is reguired
in the final answer is the normal practice to
minimise this. The simulation program written
for the Hewlett Packard HP85 minicomputer uses
double precision to store twelve significant fig-
ures for the model variables. In lengthy calcula-
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tions this source of error is difficult to -apalyse
and control.

Stummel and Hainér (1980) have developed a general
expression for the total error dué to truncation and
rounding. The expression is difficult to use, but does
illustrate the oppositely acting effects of the two
types of ‘errors. Fig. 3.2 shows this gualitatively:

Error o hextet, dosired avouracy

Step size-h

Fig, 3.2 Step Size Selection and Errors.

3.5 TIME-STEP-SIZE SELECTION

The choice of the time-step h is an important consider-
ation in applying any of the numerical methods discussed
86" far.IE the step size h is too small the computation;
al effort and simulation time increases and rounding
error may beécome large. Large truncation errors and
instability may result if the step size is too large.
In-addition, an error caused by the fact that dy/dt

is evaluated at the estimated point (tn,yn) and not

at the exact point (%n,y(xn}) of the function baing
calculated. The latter error would be nil. if dy/dt
were independent of y and it will become more signifi-
cant the faster dy/dt varies as y varies. An- optimum
step size therefore exists for each iteration of a
simulation as shown .n fig.3.2 above. Depending on

the desired acecuracy, a larger time-step can gensrally
be selected which will result 'in acceptable err s
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greater -than the minimum possible error shown in the
figure. Kreyszig (1972) derives the following c¢riterion
for contrelling thé step size h for the Fourth-Order
Runge-Kutta algorithm:

i o e —t—

kns nl2ECE Y] Lo Ry, (3-7)
t34 kz_k1

kys Ky and ky are defined above in (3~6). By evaluating
kn, the. step size can be controlled so that at each
iteration a relationship, for example, suoh as 0,5s
Xn$0,2 Holds. 1f the relationship does not hold then - .
' is either halved or doubled, (if doubling-is possible,
without inereasing he beyond a suitably chosen number
#, which depends on the desired accuracy). Thigé cri-
terion is not included in the simulation program aw

it is derived for .a single différential equation. and .
it is not.clear how it will pérform with a system of

A

I
S

pguations. A Euture modification could be madé to the
simnlation program s¢. thHat an important, ‘or the most
sensitive, variable in a model could be monitored and
step size adjustments made accordingly:

R3S, e R Smmmm e

The criterion deérived below could possibly be used

as another control of 4, by using the results from
perforning the same simulation with two differént step
sizes, hl and th This rasults lo different answers,

Ay and Az/ at a particular simulation time, with un-
known .errors By and EZ‘ Since the glebal truncation
errors are proporticnal to the order 0{h) of the numeri-
cal method,

oth) - (3-8

i/Bp= g/ )

L

To.obtain a hew step size l'\3 which will produce -a de—

sired erzor Ey

e —

G e
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o 0({h)
E4/Ej={hz/hy)
so that
_ 1/6(h) -
hﬂ_hl(E3/El) (3-9)

Substituting El-E}2=A2-A1 into {3-8) gives the erroxr
associated with step s'ze hl as

B =(a,-2)/ (=, /0) 00y ¢3-10)
Substituting (3-10) ihto {3-9):

D L S AL/ Y (3-11)

3

The expression can be used t. .imate a new step size
hy which will result in an erzor By for a particular
yariable, The grror variss with time for a particular
variable during the simulation apd using (3-11}) will
only ensure that the E3 will be acceptable at thg time
when Ay and Az were calculated. Caleulating h3 by -using
A; and A, values at the time in the simulation wien
the absolute value of Ay~Ay is a maximum, should ensure
thdt all errors for the particular véariable are less
than or equal to Ey. No eéxperience has been gained
regarding the effectiveness of (3-11} with models using
more than one Gifferential equation.

Example:

Two simulations with step sizes hl and hz equalling
40,0005 and 0,005 respectively, resulted in the follow-
ing answers: A=l,23456 and 4,%1,23450, (3-11) is used
to estimate a new Step size hy which will ensure an
answer approximately correct to one decimal place,
that "is, E3=0,05~ 2 fourth-order method is used.

i
h,=0,005 [8,05(1-0,005/0,0005)%/ (1, 23450-1, 23456 ) *

=0,0242 say 0,02
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More. sophisticated methods such as Runge-Kutta-Merson
and Runge-Rutta-Fehlberg are discussed in Gerald (1980}
Extra- fungtional evaluations are required, but the
advantage is thot an éstimate of the error is available
and the step size can be adjusted accordingly at each
step  to minimise computational effort. These are sin-
gle step methods, "generally applied to solve single
first-order eguaticns.

3.6 METHODS USED IN THE SIMULATION PROGRAM

Three numerical methods: are included in the simulation
prcgra{n as options: the simple Zuler, the modified
Euler and the Fourth~Order Bunge-Kubtta methods.. The
reasons for the choice of methods is discussed.

The least efficient simple Buler algorithm, and the
Modified Fuler algorithm are inclunded as .options in
the simulation program because it has been found neces-
sary at times to use a swall time-step for reasons
ther than ascuracy.-Small time~steps are sometimes
required when, for example, a large inflew iz béing
pumped to a.dam which is nearly full -at the beginning
of the- time inugrval and which will be unrealistically
surcharged at the snd of a too-long time interval.

The operating relationships, such as stopping the pump,
can only be parformed at the end of timé intervals.

If small time-steps are requirsd for reasons other
than acouracy, then the use of a more efficient algo-
rithm only zesults in longer execution timé and unwant-
ed additional accuracy. The Eulexr, Modified Euler and
Fourth-Order Runge-Kutta algorithms are ircluded as
options in the simulation program so that the vorrect
ohe may be selected for the model being simulater and
for the accuracy desired,

The ‘more powerful multistep methods have been excluded




because of the more complex programming reguired. The
multistep methods reguire the application of single
step ‘methods to obtain sufficient starting values from
the initial donditions. Important objectives in writing
the simulation program were simplicity, readability

and ease of maintenance. The Fourth-Order Runge-Kutta
méthod is one of the most powerful and Simple gingle
step methods to program;, and it is felt that. the more
efficient Adams-Moulton multistep method does not justi-
ty the wcomplexity of the program.

Time-step size variation during simulation is performed
easily by the three methods chosen. None of the cri-
teria discussed for selecting the optimum step size
have been intluded in the simulation program because
they have been derived for single equations and hot

For systems of esguations. The program does have the
fagility that the time-step size can. be changed by

the user a4t any stage of the simulation.

It was discovered that the simple Euler and Modified
Buler algorithms could be presented in a similar format
to the Runge-Kutta method, that i, using k values
as in. (3-6). Compare the following with (3-3) and (3-5):
Simple Eulex Yo=Y Ry

ky=hE(e ,yv,) (3-12)
Modified Euler yml:ynw(kl*‘kz)

Ry=hE (5,0y)

kp=h€ it oyt ) {3-13)

where dy/dt=£(t,y). The same format allows the sams
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subroutine (MODEL), containing the differential equa~
tions of the model, to be simply tsed by all the al-
gorithms.

3.7 SYSTEMS OF FIRST-ORDER AND HIGHER-ORDER DIFFER
ENTIAL EQUATIONS

Only thé case of & gingle fixst-ordeér differentjial
equation has. been treated so far. The ' mine water gys~
tems described in chapher 2 can generally be described
by a set of differential eguations. Although thé sys-
tems discussed so far and the examples in appendices
E and F, involve only first-order equations, some high-
er-order linear equations may be included in othex
models. It is: first shown how higher-ordet: differen-
tial equations can be reduced to. first-order differ-
ential equations. It is then. shown how a system of
firstorder eguations can be solved by applying the
nethods previously discussed. Only initial-value. prob~
lems ars considered.

3.7.1  Higher-Oxder Egquations

Congider the linedr second~ordér eguation

(3-14)

representlny a vibrating system in which a spring with
spring constant k restores a mass m, displaced by x,
against a damping force equal to .¢ times the mass velo-
city dx/dt. (A diagram of the system is shown in sec-
tion 4.3 where this example is discussed Eurther):

The equation is simply converted into a pair of first-
order egquations by creatlng another variable y, then
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gx =y
dt
gy = zlioytkx) (3-15)
[ M

A simultanecus solutl
yield values of X and vy, (displacement and veloecity),
at successive values of t{time). Therefore any system

»n of the two eguations would

of linear equations of varying-order; can simply be
converted to a larger. set of first-order linear équa=-
tions.

3.7.2 Solution of Systéems of Edquations

SMS R 50

Corisider the application of the modified Euler method
{3-13) to a pair of firgt-order equations. The method
of solution is explained in general terms together
with the solution of two actual equations.

a% o= £(E,%,y) dy = Fle, xiy)
at de
= xy+t, x{0}=1 =Ey+k, y{Q)s-1

Letting h=0,1 the kl and K, values are first calculated
for both eguations: 5

By = h.f(tn,xn,yn), and £y = hAE(tn,xn,yn).
=0, 1(1(-3)+0} = 0,1(0(-1)1+1)
= 0,1 N =0,%

The k, valdes are calculated next:

k2 - h.f(tn+h,xn+kl,yn+Kl)
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= 0,10150, 1) (=140, 114 (040,1) ) = 0,071
and
Ky = BB by X Ky YRy

2 0,300 04051 ) (=30, L) +(1~0,11) "= 8,08

Finally, the x and y values. are calculatsd at the shd
of the time-step

Ry, =xn+h(kl+k2;

16, 1)=1+%{<0,1-0,071)
0,945

You = YpHlEHRy)

2(0r1)e =14%(0,140; 081)
= 0,025

The above e uiple can he axkended to include any
number of equations and ¢an be solved fn similar fashion -
using the simple Euler (3~12) and the Runge-Ruttad (3-6J
wethods. The program statements of the three methods
are listed and discussed in appendices B and G

The simulation program, dlscussed in chapter 4, solves
any number of linear first-order differential eguations
" ussd in the formulstion of a model. The gimple Euley,
Modifigd Euler and Fourth-Order Runge-~Kutty methods

are avallable ag options, The program user enters the
diffgerantial egnations inte & single subroukine along
with the rest of the statements required ty describe
the medel. In the above exampls, two squations. are
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sblved £or the two dependent variables x and'y. In
mine water system models, the differential eguations
are generally functions of far more variables than
there are differential equations (or state variables).
The extra variables may be Functions of operating rela-~
ticnships™ and they.may of may not be generited by the
system. These extrs variables-present in the differen—
tial equation are’ therefore not determined directly
from the solution .of the differential equations. The
different types of relationships dnd variables \are

discussed in chapter 5.
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CHAPTER FQUR

4. A GENERAL PROGRAM FOR SIMULATING MODELS
4.1, INTRODUCTION

oOne «f the hasié requirements of a simulation prégyram is
to permit tne eystems analyst to concentrate his:efforts
on.the modelling (0f the svstém and not on the progcess of
programming the model in computer language: -The systems
analyst constructs the mathematical model and. translates
it into simple prograzm statements understandable to the
simulation-program. . The model-is then entered 'into;the
simulation program as -a single subroutine and .can then
Ee simulated. The program takes care of the data inpuk,
the simultaneous solution of the differential equation
degeribing the system being modelled and the outpit of
‘the results. The program preésented herein therefore

provides a general framework for solving'any mathemati-
cal model which can bée @escribed by a system of firsts
order linear differential equationg.

4.2 ADVANTAGES OF SIMULATION

it ‘can be roncluded from the discussion of mine water ’
systems in chapter 2 that fimulation by mathemati-

cal models is often the only practical weans of studying
the béhaviour of such systems. James (1978); howevery
questions whether the simulation study is to have a
long-teri pay-off any more tangible than a mere clear

explanation of the dominant processes and interactions
involved. He guestions the reed for a similation model
h i by enquiring what analysis would be performed if the

model were available for experiment: Cox (1968} lists

some advantages of simulation, which are’ included in
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the following list of reasons. why it was decided-to
simulate mine water systems.

1) Models of existing and proposed complex mine water

systems can be experimented with without the cost,
risk and expenditure of time involved in experiment-—

expe‘.r“i';\e;;it.‘sh the real system, ‘Examples of possible
experiménts are: -a desalination plant infroduced
at some point in the.system; ~ an optimum allocation
strategy (Grosman 1981) to supply mine service
water from available sources to demand points having
different guantity and guality reéquirements; -a
pump operation policy to reduce the total power-
peak~demand for the mine as ‘a whole. Changes are
brought. about by modifications to.the model and/or
by controlling pertinent parameters and variables.
A'change in orie part of a system often has far-
reaching ihteractions with many other parts and
would be extremely difficult to trace manually.

2) Forecasting. and projecting into the futurs may be
accomplished as ‘an aid to decision making and
planning. . The increasing cost of suxface. water

rer- srces, the environmental problems of disposing.
of used mine service water and the improved water
quality requirements for wechanisation programs
are some of the factors which will markedly affect
mine water systems in the near future.

3) The more important variables can be identified
in terms of their interactisns and effects on the
system performance.  Parametric or sensitivity

arialyses may be performed, that is, méasuring

the effects of changing certain parameters. It is
often useful to know the relative effects of :
evaporation, leaching, makeup water and infiltration




4)

5)

6}

n
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on water quality: It may be possible to. praduce
simple, practical and approximate models by
eliminating uximportant variables.

o

The time scale can be controlled; that is, expand-
ed or compressed so that long-term or detailed
short-term.effects may be simulated.

The communication of f£inhdings to others is
generally eagier -because & gimulation may be
visualised #s representing the real system. A
statistical analysis or. a complex mathematical
equation ig not nearly as convincing,. especially
+o-a non technical person or to sgméong not
familiar with the. details of. the problem.

Certain parameters that cannot easily be written

as an equation, may be represente& as a table of
values or via & stochastic procrss having parasieters
or. distributicn functions that Jtisfy - the
relationsghip, such as Monte Carlo simulation.

Many input parameters  such. as the variation ¢f

flows with time are détermined from. in sitw
measurements. and are best used in-tabular form -

the -model - in chapter 7 usas tables of average flows.
A furthex degrée of sophistication in the example
may be ‘to use random numbers to choose values’ from
probability distributions instead of average

values. Various probability distributions may be
constructed using sampling technigues to obtain

the data required (Cox 1968).

Certain parameters and relationships are not

known and simulation may be useful in helping to
£ind them. Some of the mine wateér systems cbserved
are extremely complicated and little is known about
the quantity and guality of flows in many parts of
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the system. The rate of leaching of salts from
the ofe into the mine service water is a parti-
culalr example where simulation may be used to
estimate parameters. It is felt that the rate of
léaching “(R) by the ming service water may bé a
first-oi~sesondr~order~redaction (n) ‘and that it
may be a function of the concentration (C) and

équilibrium salt congentrations (E) of the
service water; i.e.

R = constant X(E—C)n. (4=1})
The -constant and n i the above equation are un-
known. parameters. - By observing thé state of the
system at variocus times, it should-be possible to
estimate unknown parameters. by repeatedly
simulating and changing the parameters until the
simulation approximates the real system. - ‘The
simulation program has- been wrikten in such a way
that .the simulaticn can takée place with pdsitive
or negative time steps: -The advantage of beéing
able to simulate forwards or backwards through
time -is that the state of thé system at the
beginning of, or at the end of an observation’
time period, may be used as the initial values.

Operational  control of systems or subsystems is

often.done via a properly contructed simulation
model. In such applications '\the simulation model
is made an integral part of the system. A monitor-
ing system updates records so that parameters can
be recomputed and 'optimal' control is carried out;
based on ‘the results of the simulation. Such a.
monitor and control system could simply consist of
a programmed desk-top computer on site,which is
periodically updated with observed data and used to
make better decisions by being able to predict the
consequences of certain actions,
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4.3 SIMULATION PROGRAM OBJECTIVES

In the initial stages of development of -the simulation
program some of the following guestions wer: unanswered:
which mine. water system(s) would be simulated; can a.
general medel beé constructed to représent any systemy
who would be résponsible for constructing models’ and
maintaining them.and the simulation program: which
computer and which language. Host of. these guestions,
which are still valid today. are the reasons why an
attempt has beéen made to meet the objectives discussed
below.

4.3.1 General Framework for Simulating Mine Water

System Models:

The simulation program provides the foliowing facili-
ties:

al A simple format for entering any model. into

the simulation program when the system being
modell¢d may essentially be described by a =
singlé or a system of linear: first-ordér dif-
ferential equations. Examples of such systems
are mine water, vibrations, backwater; watér~
hammer and gurge. The constructien of simu-
lation models is discussed .in chapter 5.

b) Entry of input data (initial values, para-

meters, plotting requirements, function tables,
data for variables stored in gueues etc.) is
simply done using data statements and/or inter-
active conversation througn the keyboard. Data
statements provide a means whereby input data
may be stored on tape with the model and may
be répeatedly used whenever thé program and
model are loaded onto the machine. Input data,
entered via interactive conwersation (respond-
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ing to prompts on the screen); i& destroyed
whenever a t¢hange is madé to the program, or
when the computer .is switched off.

Different relationships may be presented in
cenvenient tables. Many model Yelationships

are determined from measurements on site.
Certain relationships, for example, water demand
versus time, can be represented only as a table

.-of data ‘pairs and not as a. convenient mathemati-—

cal relationship.

Past variable values may be stored in gueues.

It is often necessary to know the value of
certain variables at a time earlier than the
cuirrent time in the simulation. For example,
water béing conveyed in a long pipe from one
dam o another may have a long travel time. IE
thé . salt concentration of the water discharged
into the downstream dam is requiréd; then the
salt concentration of the upstream dam must be
known at the time when the water entered the
pipe. i.e. at. the current time,-less .the travel
time. Duxing & simulation. only the latest valuss
of all variables are stored and when the pre-
vious value of a variableé is reguired then
sufficient values are entc¢rsd in 2 gueue so
that. the ‘value at the time of interest can be
interpolated from the stored values. As the
simulation proceeds by one time inerament, . the
last value in the guéue is discardeq .and.the
queue displaced by one position to make space
for the latest value.

One of threes différent solution algorithms may
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be_choseén. to solve the systen of differantial
eguations of: the model, How the computational
effort may be minimised by choosing the best
algorithm for the time~step size and thé
accuracy required are explained in section
3.6.and in appendix E:

The flexibility of the progfam during 'simu-
lation is illustrated by discussing some of
the options available. Simulation i§ carried

out over a specified time interval using a
spacified time-step size, At the end of the
interval any or all of the following changes
can be made before simulation contipues:

change the. time-step size and sign, i.e.
simulate backwards or. forwards in time;. change
the input, table and queve data (b,c,&, abovel;
change the solution algor\ith {e above); change
the output specificstions (g below). During
simulation the initial variable values are
retained so that simulation may repeatedly be
started from the initial gonditions, perhaps
for stability, semsitivity analysis or accuracy
estimations, {sections 3.3, 3.4 and 3.5). If
the simulation appears. to be going unstible
(large numbers,. unrealistic signs), then a
'panle button' may ke pressed, whigh will halt
execution and transfer control to the input
mode where changes may be made before another
simulation is attempted.

Qukplt may * nted in various forms. Output
consists coog values at different times
in the simu. and’ the user can specify

whether the output iz to be in tabular or graphi-
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cal £orm, or both. Both outputs’ are displayed
on the screen and can be printed on paper as
well. The user specifies which variables,: how
frequently and during what time intervals the
various outputs must be givern. Tabular output
is listed.as it is gengrated during simulation,
whiié the larger amount of output requiring
graphical piesentation is stored on tape until
the end of the simulation, when adll graphs are
plotted.

4.3.2  Reliability, Simplicity and Maintenance.

Most programmers would rather start from scratch. than
make use of a program written by somneone else, Experi~
ence has taught that most programs are difficult to
follow and there are liksly to be aspects which are not
rigorously dealt with. Structured Programming embraces
a collection of metheds that result in programs: of
sound design to ensure that the program does what is
expected of it; can easily be modified or exteénded;

can easily be adapted. to different machines; can easily
be shared by other users. Kelly (1980) describes how
programs normali; iyvolve until the resdlt lLooks like a
bowl of spaghetti. He describes the principles of struec-
tured programming as follows:

a) Prograns must be clear and easy to read: by
giving varlables meaningful names {(if the
language permits); by including sufficient com~
mentary; By confining the main logic to
approximately orie-page~-long modiles. One should
be able to follow the logic by consulting more
detailed .modules (or routines) - doing this
resulted in the modular structure and five
levels of detail shown in appendix . A. This
top~-down approach helps cohcentrate the reader's
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attention on important aspects of the logic
and. is easy to follow because the modules only
occupy .abott- one -page of sourcé listing. each:
Detail is relegated to pinor routines at a
lowex -level wheré they belong.

bl The program must have a sound structure,
Many programs tend to evolve and as-time passes,
extra portions of c¢ode are inserted until the
result looks like a bowl of spaghetti. Research
has been done on the subject-and the findings
were that ‘any programming task can be completéd
with onlv ree types of stxucture: seguence,
choice oop. Each structure has one entry
and or it and is. executed from top to
bottom. Choice is carried out using logidal
IF: statements, and GOTO statements are-.avoided
as ‘they are the cause of most spaghetti. DOL...
NEXT is avoided because the index Is ungefined

on exit. Kelly discusses thé reasohsz for this
in “his paper.

Kelly admits that languages sech as- BASIC and FORTRAN
are not ideally suited to structured programming. Most
of the principlés-discussed have noneétheless been used
in the simulation progzat (appendix C). Because the
réader can see all the csgential information at a . glance,
structured programming has done away with thé need for
flowcharting and maint:izing Ilowcharts. Hach program
module is discussed -in f.ynendix B, using the idea of
HIPPC diagrams. (Hierarc.izel-Input-Processing-Output),

a method developed by
(Yourden (1875}).

tor deseribing modular programs

4,3.3 Available Hardware and Software Options.
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The choice of hardware was restricted to the Hewletts
Packard HP-85 and 9830A das . top computers in the
Department of Civil Engineering and the IBM370 mainframe
facilities at the University Computer Centre. Software
programs included a number of simulation packages avail-
dble for use at the Computer Centre.

Simulaticn languages are all designed to take advantage
of common' features in simulation studies. These
languages are intended to permit the systems analyst to
conGentrate his efforts in the modelling of the system
and to greatly simplify the prodess of programming the
model in computer .languagé. Mize and Cox (1968} des-
cribe some of the older languages such as CPSS,. SIMS-.
SCRIPT, GASP, DYNAMD and SIMULA. - There is.generally
not an appreciable choice in the simulation languages
available and users are forced ko use the package(s)
available at the nearest computing facility. The fifth
editions of GPSS (197Q) and CSMF (1972) are available
at the Computer Ceéntre at the University of .the
Witwatersrand but are currently being phased out and
réplaced by the second edition of ACSL {1975). Staff
at the Computer Centre have considerable experience
with CSMP (Continuous System Modelling Program) but
practically no experience with ACSL (Advanced Continu-
ous Simulation Language). The packages available at
the Computer Centre, GPSS and CSMP are both IBM packages
which require familiarity with introductory users'
manuals before the users' manuals can be attempted
(notoriously difficult to follow):. Both languages
assume some knowledyge of control theory, boolean algebra
and bleock diagram representations of systems (see
Ogata (1978)).

Consider the example shown in figures 4.1 to 4.3 of &
simple spring, mass damper system taken from the CSMP
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(Diagrams from CSMP {iexs Manual)

S

Sprimg
k & Spring Constant

Damper
& = Damper
Constant

Displacement X

rest position

Modlel Equatlon: X = %ﬂ‘« (aX + k9

Fig, 4.1 Model of spring mass damper system
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Users Manual. The second-order linear eguation of the
above model,

a?x .= - 1 (e 4w,
gt m ac

can be converted to two first-order eguations

gy
dat

dy = =L {ay + k), :
# m (4-1)

"as.shown in section 3.7.1..In the mine water simulation
program the first order differential equations ars
entered as F(1)=8A(1)/dt,F(2)= dn(2)/dt,~-—etc:, and the
similtaneous sclution.of the eguations [section 3.7.2} ’
yields values. of A{l}, &{(2} ~—== etc.; &t successive
intervals of time. Applying this. notation to. the.spring. .
model by letting A(L) .= X and A{2)"= y; the abdve two
equations (4=1); written in BASIC, would be

F{l} = Aa{2)
and

F(2) = = (CHA{2)HR*A(LI/ M {42}

The above procedure and resulting program statenants
{4~2) are considerably simpler than. the use of block
diagrams and the-statéments as shown in figures 4;2‘
and 4.3 respectivaly. The programming and running of
models is discussed in greatexr. detall in chapter 5
and appendix ‘E.
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ACSL, the latest simulation package in the 'Wits
system', allows model preparation from block diagram
interconnection, -conventional FORTRAN statements or
a mixturs of both. Sclution is via a remote terminal
o keypunched cards. The user manual is clear and
easy to understand with useful examples.

The majority of package simulation languages' can only. :
be used on large mainframe computer installations. The
use. of packages on mainframes:lacks many of the &d~
vantages of perscnal computing with a-desk top computer.
Following are some of the feasons why it-was decided

to develop the simulation program on a desk top computer
instead of using a simulation.package on’the mainframe
computer :

1) The Wits System (&nd large systems in general}
operates only during certain hours and
difficulty is often.experienced in gaining
sccess to terminals. The system eXperiences
regular breakdowns .(several per week) which
often results in long. down-times and loss of
programs not stored:. Diffigulty is -alsc
experienced’when files allocated to .the
department are fully utilised ‘and storage is
limited. Printed output is available at the
computer only after a time delay and is some-
times lost or accidentally taken by ethers.

2) The Hewlett-Packard HP-B5 computer -is one of
the most popular and up-to-date desk tdp com-

puters being used in South Africa for engin-
eering and scientific work. Desktops (micros,
minis etc.) are continually becoming cheaper,
more powerful and compact and will always be
preferred to the less friendly, less personal




mainframe. where the problem size permits.
BASIC is a simpler .language than FORTRAN and
it is standaxd with most scientific desk top
computers; whiie FORTRAN is not.

3) The simulation program was:developed from basics

for ‘'use on the HP-85 to avoid dependence o -a
single computer facility. The program developed
{and the computer) can easily be transported
0 another site or translated for use on
another computer. The program has many of the
powerinl features of the mainframe packages
{section 4.3.1), yet it is small enough.to be
completely understood by somecne in a rela—
tively short time, The.dévelopment of the
simulation program led to a goed understanding
o0f the basic principles and limitations in-

volved, something which is not normally possible
when using large package programs.. The limited
experience of computer staff with the package
program ACSL, and the packagé mounting time of
several hours (ACSL is presently under-utilised)
are dlso factors which contributed towards the
decision to develep a -simulation pregram.

If a very large and detailed mine water system has to
be modelled at some stage, then the use of a.simulation
package progréam like ACSL may become hecéssary.

4.4 PROGRAM AND COMPUTER RESTKICTIONS

The simulation program is written in BASIC language
for the Hewlett-Packard HP-85 and includes certain
statements pecnliar to the HP-85. Conversion of the
proéram to fit another computer using BASIC language
would not involve much work as variations in BASIC
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between different .computer manufactirers are generally
not. significant:

The -simulation program and the-complete: detailéd model
in chapter 7 = occupy Glose to 32 kilobytes of computer
capacity (the upper limit of the HP-85 vomputerl: Tf
the program should be converted for' use on &nothex
compiter; then a computer with a.capacity. greater.than
32 Xilobytes: should be-considered. ‘A larger capacity
wotuld then be required if larger mogels- are needsed,

if the simulation program iz extended-ox if drrays: ang
matrices are- expanded.
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CHAPTER FIVE

5. DEVELOPING AND USING MINR WATER SIMULATION MODELS
5.1 INTRODUC ‘ION

Simulation models are often difficul’c and ‘time-consuming
to code. In addition, many data must be collected for di-
gestion by the cdomputer and for validation of.the model.
It must be decided whether the stady. is. to have a long-
term payoff, i.e..what analysis would be performed if
the model were available for experimentation.. In other
woi:d; the purpose of the simulation mist Be identified

and alsd whéther the purpose can bé mek. These are some
of the questions which must be answered. first if the
possibility of a trivial answer is.to be aveided.

The sucdess or failure of many past water resource stud-
ies is in & large part attributable to the efforts ex~

pended or not expended on ensuring adeguate- and meaning-
£ul communication amongst analysts, engineers responsible
for. systems operation and design, and policy . makKers
{Loucks et. al. 1981): Those who will Gse the models-and
present the information dérived from the models, as. well
ds those responsible for making decisions must be inti-

e mately involved with model development, solution and
- analysis. -Only then can they appreciate the assumptions
on which any model 1z based, and hence adeguately.
evaluate the reliability of the results. Any water
rasouroe systems study that involves only outside con-
sultants and internal communication Between constltants
and planners within a responsible management. agency,

is unlikely to have a significant. impact on the
planning process. Models that are useful are alive,
congtantly being modified and applied by those who. are
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responsible for plan preparation, evaluation and im-

pletientation.

The chapter is intended to give some guidelines on the

construction and use of models. Reference is made to

two models constructed of Unisel Gold Mine in appendices

E dnd F.° Meta Systems Inc. {1978] does, .however, point

out that simulation is one of these activities which can
be learnt well but taught only poorly. The exanples in
the appendix have therefore been explained and discussed
in detail and features of the models which are common
to all gold mine watex systems can be used to construct
other models. - The whole process of model. construction 3
is an iterative one involving continual. changes as one’s
understanding increases. and as more information becomes

available.” This is-illustrated in fig. 5.1 below.

DECTSION TO .MODEL.
SET MODEL GOALS

SYSTEMS ANALYSIS

SYSTEMS SYNTHESIS

MODEL-. VERIFICATION

MODEL CALIBRATION

MODEL VALIDATION

MODEL DOCUMENTATION
FIG. 5.1 THE MODELLING PROCESS

INFERENCE




64

There is no best single model for all situatidns.

An important.decision that must be. made early. in the
planning process is the selection of the modelling
method. or methods approprigte.. A mine water system,

frie example, which uses axcess groundwater infiltration
without recyclihg may be modelled -and optimised using
deterministic methods without recolurse to simulation
{see Grosman 1981). The medellihy method must also be
adapted to.fit within the limits of available
money and human resources.

The objectives of the Unisel Gold Mine study and. the
development of simulation models were partly to under-

stand mine water systéms better and: to study the. process
and applicability of simulation to miné water systems.
Simulations on mine water. systems carried out ip Ffuture
would probably be for the purpose of analysis or design
and would theref-re involve goals or some objective
function. Por exampié, it may be necessazy to design a
minimum volume storage dam on -surface which is ‘large
enough to contain. all water pumped from underground during
low demand periods on weaekends. The effects of a desalin-~
ation-plant, settlers at the head of drains-or a differs
ent blend of make-up water are examples where a simuléa-
tion ¢an be usad for analysis. (experimental) purposes.
The model must be constructed so that the goals can be
achieved, Measures of performanceé (for example accuracy
levels) must be specified to ensure that thé model does
achieve its goals. The whole process of model develop-
ment is -an iterative trial-and-errof process of répeat-
ing and modifying earlier steps (shown by the arrows in
£ig. 5.1). Having sufficieit data, foi instance, is a
stringent requirement . and may be the decisive criterion
in modifying or limiting the original goals which can

be achieved with the model.

Oonce it has been de¢ided to simulate and the initial model
goals have been set then the steps showh in f£ig.5.1 may be
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deseribed as follows:

1}

2y

3}

5)

6)

7

Systems Analysig: the salient components; inter-
actions .and dynamic mechanism of the system are
identified.

Systems Synthesis; the system's hehaviour is or-
ganised in accordance with the preceding Systems
Analysls stage.

Yerification: the’ model's responses are compared
with those which would be expected if the mogel's

struceure Was prepared as intended:

Calibration: the model parameters are adjustéd in

’ ordey -to produce an- output that is tlosé to the

actual observed output. -One or more sets of “input
and output data are.used.

yalidation: the responses from the verified and
calibrated model dré compared to corresponding.
observations of,- and measurements  from the actual
system. Data that are independent 6f the calibration
data are. used,

Documentation: flow diagrams; assumptions, limit-
ations, .instructions .etc., This dissertation serves

as an example of documentation.

Inferencei eXxperiments with and comparisons of
responses from, the verified and validated model;

this is the design stage.

These steps are often not taken systematically, which

can jeopardise the developmeént of the model. The fol=-

lowing typical questions should continually be asked

during the modelling process:
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just how complex should the model he?
should ‘more data be collected to improve the model?
is the model producing reasorable results?

i

i

are the correct processes inveolved?

5.2 SYSTEMS ANALYSIS OF THE PROTOTYPE SYSTEM

Meta -Systems Inc. (1978) describe  Systems- Analysis in
the context of simulation model biiilding as the pracess
vhereby the following itemns are obtained:

1) . system Components: Example: cascade dams, external
supply’ sources, discharge sinks, ‘réfrigeration
plant.

2) Reldtionships:

a):Operating Reélationships: rules whereby- thé
componénts are operated. Example:  pumps.’ are
switched on when the dam level reaches a tertain
point and the downstream dam is not full.

b) Internal consistency relationghips: .rules
which specify the physical realities of the
prototype. Exatiples: ' the law of continudity
which. states that the inflow rate minus the
outflow rate (of water voldme or :salt mass)
equals the change in storage

o) Evaluating relationships: rules which govern
the computation of response or measure the ful-
filment of the objective function. Example:
the abject of simulation may be to determine the
maximum salt concentration of water inm a ¢om-
ponent . when a desalination plant is incorpmora-
ted in the system. The salt concentration
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equals the mass of salts stored divided by the
volume of water ‘in the component.

3) Variables

a) . Independent variables or parameters: values
assigned to the constants .of the several re—
lationships which jointly define a particular
design or analysis experiment. Examples:
capacity flow rates of pumps; - on/off dam levels
for pumping;‘ salt concentration of the regional

water board; evaporation rates.

b

State variable: . representing the condition
of - the ‘comporients, genérally time vary..ig and
dependent on the model. ~Examples: ' the mass
of salts and volume of water in each storage
element.

c)}Internal variables: dependent variables denerated
by the system which affect the state of the
system and may be of interest as output.
Examples: make-up water inflow which may
depend- on the level of a dam.

d) Qutput variables ' : dependent values calculated
from the state variables specifically to enable
the response of the system to be evaluated and
to check the results against the objective
function, They do not affect the state of the
system. Examples: the salt cohcentrution of
flows and of water in storage components.

e

External variables: variables given independ-
ent” ' which act upon the system. Example: the
mine service water demand and the inflow

to the settlers at various times of a weekly
cycle.
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.3 SYNTHESIS OF THE MATHEMATICAL MODEL

At this stage the goals of the simulation model have
béen sut and Systems Analysis has identified the compo-
nents; variables, parameter and relationships of the
physical system. These four component elements must be
expréssed such that a model cah be .constructed that
realistically imitates the system being-studied.

Components are usually expressed quantitatively in
terms of their significant attributes. Some of the
componénts. of the mine water system models of Unisel
Gold Mine are each ‘described by one differential equa-
tion- £0¥ the rate of volume change and one for the rate
of change of salt mass (see chapters 2 and 3). Variables
are expressed within functional relationships. Para-
meters are expressed as constants that can bé changed
only at the command of the experimenter. Relationships
are expressed as mathematical and logical statements.
Collectively these éxpressions comprisé what is called
a ‘mathematical model of the system being investigated.

The model is an abstracticn of the physical system it
presumably represents. Mize (1968) sSummarises guidelines
for determining the proper degree of abstraction as fol-
lows: The model must be

1) simple enough for maripulation and understanding
by these who would use it

2] représentative enough in the total range of the.
implications it may have, and

33 complex enough’ to acclrately represent the system
under study.

This is a matter of “judgement and experience on the
part of the analyst or model buildex.
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8.3:1 Pirst-stage and Higher-Order Models

James (1878) recommends an orderly deévelopment from
a first stage model to higher-order models. The
simplified model { Unisel Gold Mine in chapt. x

6 is an example of a first. stage model . The model
treats the prototypé or raal system as a single
entity and can be used to check the reliability

of existing data. High-frequency processes such

as water volume fluctuations are filtered out.
Dominant processes Such as the leaching rate or
evaporation can be identified for elaboration in

the next stage of development and the system for
obtaining. datd can be modified at each.stage. -Data
collection .wcan be expensive and time corisuming

and aprovess of orderly model development will.also,
engura optimum -use of resources for data collection.
The detailed model of Unisel-Gold Mine in thapter

7 wua developed from a number of simpler models
which initially dealt with water quality and guantity
aspects separately but considered the components

of the prototype system individually.

Model develppment requires more-or-lass continuaous
gensitivity snalysis. The analysis proceeds by
holding all parameters constant but one and varying
that parameter within reasonable limits. - The variation
of the objsctive function (foxr example:measure of

fit between observed and valculated salt concentration)
is then observed. If a small variation in the para-
meter produces large changes in the objective function,
the system is said to be sensitive to that parameter
and vice wversa. If a parameter is extremely insensi-
tive then the parameter ahd its assodiated system

[ t may be =S nt and should be -deleted

from the next stage of development of the model.
Conversely, a component represented by a very sensitive
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variable may need to be described in greater detail in
the model. Of course the valués of other parameters
held constant may affect the sensitivity and so their
values should also be typical of the conditions model~
led.

The greater detail that generally results from each

stage. of model ‘development (disaggregation) often results
in greater data reguirements. In some instanceés there
may not be sufficlent resources availableg for data sol-+
lection {time, mMoney, pmople). The model goals may then
have to be changed. .

bue o repeated disaggregation at each stage, it may be
found that insufficient computer resources limit the
modelling process: For examjple, the detailed model of
Unisel Gold Mine in .chapter 7, when loaded together
with the simulation program on the Hewlett Pacikard HP8S
computex leaves only 1500.bytes of memory for any further
disaggregation. Figure' 5.2 below i35 an expansion of

£ig. 5.1 which includes the points discussed.

5.3.2 Deterministip and Stoghastic Models

A simulation model may be deterministic or stochastic,

depending on.the significance of randomness among input

events, outputs or relationships. If no random aspects

are involved the model is deterministic. The models of

Unisel Gold Mine are deterministic. Stochastie meteoro-

logicai phenomena such as humidity, temperature and pres-

sure, on the other hand, may significantly affect eva- ]
poration. The time variation n demand for mine searvice

water could also be evaluated statistically. Mine wacer

models can be operated in either or both types of mode.

Undoubtedly the most data-demanding model type .is
the- stochastic¢ or probabalistic model whaen compared
with its deterministic counterpart. Detefministic
models yield estimates of mean values of gquantity
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and guality constituents, whereas probablistic models
explicitly take into account the randomneéss or uncer-
tainty of various physical, biological or chemical
processes. - Validationh of stochastic models is especial-
1y difficult due to the quantity of prototype data
necessary to compare. probability distributions of
variablés rather than just their expected or mean
vaiues.

Unisel Gold Mine was seldcted because it is a simple
system compared with other gold mines investigated:
The mine has a sophisticated monitor and control
system from which useful data can be obtained for
similation studies. Even with such a simple system,
congideraple work has been dotie in bringing the
model to:its present form. Essentlal data is still
being:sought and little is known about the chemical
leaching processes invelved . The inclusion in

the Unisel model of detailed refinements such as
stochastic relationships at the present stage 6f
development would probably' not maké the model any
more valid or accurate.

5.3.3 .Time -Sequenced And Event-Sequenced Models

A simulation model may be time-sequerced- of event-
. In time Seguencing the computer examines

the state of the system (flows, Volumes, salt masses
etc.) at succassive time intervals. This hds the
disadvantage that evéents of interest may go unnoticed.
Consider, for example, & storage dam on surface
that receives make-up water du-ing a time intexval
and from which the same volume f£lows uhderground

to supply the mina with MS8W. At the end of the
interval.there is no evidence of éither events as
the volume has not changed. A furtheéxr 4:. advantage
of time-sequencing is .that pumps, for .example, can
only be switched cn (or off) at the end of a time
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interval. 1f the time interval is excessive then the

pump sump on dam.level may be unrealistically high (or

low) at the end of an iiterval. Conveérsely event se-

quenced simulations note the time wheriever an. event.of e

interest occurs.

The form in which water rescurce (and mine water) data
is available generally makes evént-seguiencing too: cum—
bersome for general use. The siffulation program used to
run the models is therefore tine~sequenced. The dis-
advantage of events of interest .golng unpcticed is ever-
come in-the example in chapter 7 by creating sutput
variatiles fox the events which ¢an then be monitored
during output. In Situvations where it is necessary to
reduce the time-step for reasons other than aceuracy,

a less accurate but faster solution algorithm can be
used: There is a choice of three algorithms to choose
from in the program; the Bulsr, Modified Euler and
Fourth-Order Runge~Kutta-methods.

5.4 VERIFICATION, CALIBRATION AND VALIDATION

The -experimenter or analyst should attempt to demon-
strate that the model which has been formulated
adequately represents the system that is being studied:
Mize (1968} feels that this process of validation
should be c¢arried out by performing manual caldulations
bafore a computer program is& constructed. The author
feels that this step is best performed using the
computer, It cannot be expected thdt the model

will be an exsct representation of the physical

system being studied. The analyst should however
satisfy himself that the more important character-
istics of the system are contained in the model

and that the mathematical and logical statements

of the relationships in the model adequately portray
the true behaviour of the system components:
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5.4.1 Model Verification

In the verification of a deterministic model. it

is imperative that some specific condition 'is used
from which the medel response could be éxactly predict-
ed if, indeed,.the model is structured as intended.
verification. tests are not conducted by comparisons

of model responses with those of the prototype system;
rathek, comparisons between model responses. and
theoretically anticipated results are made in as

many cases as possible for:which this is known (James
1978).. The model should respond. exactly accoiding

o the relationships used in the model. E.g: do’ the
plmps switch on and off at’ the correct switch levels?
Does the dam upstream of a pump start filling?

Does the salt concentration of the dam increase

or decrease. according to the cancentration of :ithe
inflows? -These are some of the questions which

can help to verify a model.

5.4.2. - :Model calibration

Model calibration is perfoimed using.one or more
obsexrved data sets of both inputs and outphis.

The model parameters and, indeed, the model itself

are adjusted or modified in order to produce s output
that is close to the actual observed water quality

and quantity as is possible. . The evaluation of

model parameters, usually a subjective trial-and-error
procedure, can be aided by least squares, quas:~
linearization and othér statistical methods . (Loucks

et al 19815, ’

The time interval is important = as it affects

the accuracy and duration of the simulation.. The
intervals should be .selected as large as possible
but still ensuring that the state variables change
50 little during the time interval that the initial
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values can Pe assumed to govern the trelationships
during the entire interval. This can be accomplished
by redicing the time step during vepeated simulaticns
until no sighificant @ifference ir the system response
is detected.

5.4.3 . .Model validation

Validation. implies the comparison of results of

field measurements to another model known to be

accurate, or to some other adequate criterion to

ensure that the w13l is producing accurate results.

Model verification requires & set of iaput and output

data which is cndependent of the data used to.calibrate
" the model.’ A model is verified if the model's pre-

dictions £or a range of conditions other than those

uged to. calibrate the model, compares favourably.

with observed field data. If these comparisons

indigate that ' the model results are not sufficiently

accurate, the modél is altered and the procedure

is repeateéd. The validation procedure,. as shown

in fig. 5.2, generally involves several iterations

of model changes and field measurements before a

satisfactory confidence level is -achieved.. Here

again ‘the criteria for deciding whether ox not

modél output and observed field data are essentially

the same, for the same input conditions, is largely

subjective. What constitutes a satisfactory compariscn

depends on the nature of the problem; the type of

model developed and its purpose, and the extent

and reliability of available input and Sutput data.

Technigues used in the vdlidation of an analytical
.model are listed inm James (1978):

1) Validation of parameters and results against
field observations.
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2) Cross-correlation 6f its results with those
of another proved model.

3)  Some combination of field observations and
modelling.

The most accurate. method of. validation of a model. is
the comparison of responses. from the {now. verified)
model with. corresponding field measurements. In.some
of the mine water systems examined to date, field
measurements are extremely. difficult because facili-
ties do hot exist for monitoring the performance of

the system (level recorders, flow meters, recorded times
of operations; etc.). Under conditions where proper
validation tests are not feasible, the analysi then
undertakes a greater risk in making inferences ‘from the
model responses. Under. these cdonditions it may be pre-
ferable to change the model goals or not to . simuldte
in the first place.

5.5 INFERENCE FROM THE MODEL

In the final stage experiments are conducted with the
verified;  calibrated and validated model. There aré a
number of catagories into which most analytical
modelling goals can be placed:

1) The dynamic behaviour of the model during' &
stipulated period of time, for example, the
salt mass build-up in the water system.

2} The determination of the relativé (or matginal)
effects of changes in some of the environmental
conditions on the model's expected response at the
end of a specified period of time. For example, the
effect on the equilibrium salt concentration of add-
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ing a desalination process at somé point in the
mine water system.

N The determihation of the particular environ-
mental specification at which the modells
expected response is optimised, for example the
minimum cost desalination plant to satisfy the
water-guality requirements of a demand point.

4) The determination of unknosin parameters. or rela-
tionships within the system by trial-and-error
until the model output £its the observed output

for the given input. For example it may be possible

to estimate parameters reguired for the relation-
ship deseribing the leaching of salts from ore,
by observing {in the prototype) the transient
changeé in salt. .concentratiohs with time as the
quality of make-up waveér is varied. The leaching
parameters can 'be determined by vainng them in
the model ‘until-the model  cutput fits the observed
data.

5.5.1 Simulapions Dealing With Skead-State and Transient

Conditions.

A dimulation may deal with steady-state {eguilibrium)
or transient. (unsteady) conditions, or both. The
study of a mine water system during a period after
which the system has been purged of polluted water
and replaced by good quality water from the regional
water board, lies in the area of transient analysis.
The mine Water guality cah be expected to deteriorate
in the period subsequent -to the purge. If. the en-
vironmental conditions of the mine water system
remain ¢onstant; the system will reach equilibrium
or steady state: after a certain period of time.
During this transient period, the mass rate of
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salt inflow to the system will exceed the ocutflow
rate. A zero net . inflow rate of salt mass signifies
steady-state or eguilibrium conditions regarding

the salts present in mine water system.

Models ¢dn deal with multiple states simultaneousl
deépending ovn what.is being modelled. = The modél

of Unisel. Gold Mine in .chapter 7 deals with water
quality and guantity aspects which can both be

either in & steady- or unsteady-state at the san
times. Por example, there-may be a zero net -1, 7
of water into the system (steady-state), yet the

salt concentration in the system is in a transient
state. . The Unisel model responds to weekday and
weekend demands for mine service water, which varies
throughout the.day. Water entering or leaving compo-
nents,and the system as. & whole, is never constant.
Since the water guality and quantity is constantly
changing ih each.systeém comporient and the system

as a whole, it can be concluded that the system

is never in: eguiliprium or steady-state in the trug
sense of the word.  If, however; the system response
is compared. for successive weeks it can be seen
whether the internal and external cycles of watex
goality and quantity are heing repeated or not.

In  this case it may- be convenient to define steady-
state conditions as those which produce weekly
guality and/6r guantity responses which are identical.

Starting conditions are important when simulating.

The systam, (or model} is rormally allowed to attain
equilibrium before thé system performance is recorded,
in which case two alternatives are open; ighore

data generated during some intial 'warming up' period
or choose starting conditions the. approximate the
steady~gtate condition of the system. Owing to

the unfortunate fact that accurate starting conditions
canpot generally be specified for all variables
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a combination of the alternatives is usually necessary.
A practiecal way to approach the problem of ‘starting
cohditions 1is to use the best estimates of starting
conditions and then to- simulate sufficient cyclés {weeks
in the Unisel example above) until equilibrium is attain-
#d. The final wvalues obtained are then used as the
starting values for subsequent simolations.

§.5.2 gampling ang Search Procedures for Model Develop-
ment and Optimisation.

One of the major problems inherent in simulédtion model-
ling is the determination of the number of sets of
design. and operating policy vdlues (decision variables)
that need to be simulated. During model development
such” procedures may be employed in the wverification and
calibration stages to find certain parametérs and re-
lationships. Having noted that simulation is a trial-
and-error technique rathe: than a deterministic analytic
process which is used to find unknowns, it is useful to
ask how the analyst proceeds from trial to tzial and
how réliable are khe results after a given number of
trials. In other words, should thé work contifde at all
dand, if so, what should the next trial be. This is the
general question’ of sampling and seareh procedures.

Simulation is often emplayed‘ in design probléms to
sptiinise the performance of a system. For examplé,
finding the minimum cost of supplying water from
different sources ko demand points in & mine,

subject to quality and guantity constraints: An
optimisation would involve simulations with different
combinations of the decision vaviables. Bach simu-
lation will result in a description of the system's
performance as measured by the ohjective function
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{a cost value in”the example). . Many such performance
pictures (or cost values), each one corresponding
to-a set of decision variables,. define. an imaginary
response surface. The optimisation problem is
analogous to f£inding the highest (maximisation)

or lowest (minimisation) point on the earth's surface.
The highest point on the surface in a maximisation
problem corresponds to -the global optimum and any
other peak corresponds to a local optimum,

The uniform grid sampling approach consists-of an

examination of -specific uniformly spaced values

of the decision variables. Tn large problems with

many decision variables, an evaluaticén of the response
surface on even a coarse grid reguires a very :large
number of simulaticns. 'A coarse mesh would be ‘suitible
for certain insensitive variables while others.would
necessarily hdve to be subdivided on 'a finer grid.

For example, 1f there are only Four decision variables
and each is assigrheqd five possible values, t?e number
of dombinations or possible simulations is 4 or

1024, . A finer grid ¢ould result in. combinations

that require vyears of simulation on high speed
computers. Consequently, except in the most simple
situations, uniform grid sampling is highly inef-
ficlent.

The random sampling approach corsists of randomly
selecting different désigns, that is feasible sets

of decision variables . Quantitative statemehts

about the relliability of the results cah be made.
Consider, for example, the results of 30 simulations
of 30 {(n=30) sets or combinations of decision variables
(Ry+ Xy === Xj4) The simulations result in 30 ‘values
of the objective function B{Xi)(i.e.,30 points

on the response surface). Assume that the probability
that all 30 values of B(X) are less than some walue
Bp is 0,9 {p=0,9). The probability that each B(Xi)

is less than Bp is also 0,9 or p. Hence the pro-
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bability that all 30 objective function values (Bxl)_
BiXn) afe less than 0,9 is 0,9°° or p'. Thus the
probability that at least one of the 30 B(Xi) exceeds

Bp s 1-0,9°7{15p™), 6r 0,957. ‘In other words, the
Probability that the best of the cbjective function
valnegs (the least ¢ost for example) falls in the upper
10% (10Dp%)of all the values ylelded by. all possible
sets of decision variables is approximately $6%
(100(1~p") )., While the probability that the best of

30 trial. designs.is in the upper 30% .of all designs is
96%, one doe&s. not Know how large the absolute difference
bétween .the optimum value of B and the best of those
observed may be.

The nature of the results {i.eé.; the shapé of the
response surface) is a useful indicator of how many
samples should be taken. Fewer samples are required
£0r response surtaces which are relatively fldt and
smooth near the optimum.

Sequential search procedures btilise previous results
to talculate what adjustments might result in 'better’'
performance with respect to thé objective Lurction.
Loucks et. al {1£81) states that the most freguently
used sequential search procedure in water rescurces
analysis is trial and error. This is used bécause it
is simple and becaust the problems are too large to
be helped much by formal sequential sedrch procedures.
The trial-and-errov method moves in the direction the
user 'feeld’ will result in the greatest change in

the performaﬂce. This depends very much on the user's
understanding of the system being simulated.

Another seguential search approach is to use the

partial derivatives of the objective function to
identify the direction in which to change the decision
variables in ordsr to maximise the rave of change of the
objective, 1% each design or set of decision vectors
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consists of k decision variszbles X, X,; ---= %, theh
each vdriable can be marginally adjusted and the model
can be run. The difference 4B in the ohjective function
B for the marginal change 48X, in x, can.-be uséd as an
approximation to the partial derivative so tuat

3B =aB §= 1,2, ek

axj xj«(xj— axj)

This approach is explained in greateér detail in Meta
Systems Inc. (1875). Stark-et,al. (1972) give useful
examples on steepest gradient search technigues.

Each of the search and sampling methods. has its own
advantages. It follows that the most used proceduré
often involves a combination of all these methods: This
hybrid sampling approach could make use of random .oy
grid sampling to locate initial 'interesting' regions
of the response surface followed by a directed steepest
gradient search to locate the optimum..There is no
guarantee that the global optimum will.'be found in-any
of these or more.sophisticated procedures unless the
problem satisfies a number of veéry restrictive math-
ematical conditions.

If a response surface appears smooth and devéid of
abrupt discontinuities then fewexr samplé points are
indicated. The identification of the exact optimal
solution may not even be worth the cost of investi-
gation. Conversely, if the response surface.is charac=
terised by abrupt i--8ks with near vertical walls, the
sampling procedure must be more refined (and consés
quéntly more expensive) in order- to-be sure that thé
tiighest pedk is not overlooked. Rll theése approaches
must be augmented by sound engineering judgement as
there is no easy rule for judging the adequacy of &
particular alternative chosen for simulation.




83

CHAPTER SIX

i) A SIMPLIFIED MODEL OF THE WATER RETICULATION SYSTEM
IN UNISEL GOLD MINE

The simplified model of the water reticulation system in
Unisel Gold Mine is shown in ¥ig. &.1.  Use of water for
the various mining activities continuously .circulated in
the mine. is described in ¢hapter two. At various points
in the cycle water leaves Lhe mine in the following ways:
by windage and evaporation from surface cooling. towers and
spray ponds; ~with the ore mined; : with mud pumped out; by
evaporation from within the mine and by periodis overflow!:
of the surface dams.

Ir the simplified model, water lost is assumed to be répla éed
by make up water from the nearby surface supply dam-and/or
from the Regional Water Board. . The volume of water-in the
simplified model is therefore assumed to be constant.

During evaporation, pure water is removed and any inoxrganic
salts which were présent in the water are left behind in

the gystem. Make up water added to ‘replace the evaporation
lass contalns more salts and results in an increase in the
mass of salts in the system. During circulation, water
comes in contact with the ore being mined and salts are
leached from the ore, further increasing the mass of salts
in the water:. If no water other than by evaporation were
removed then the concentration of salts in the system wouid
theoretically inerease indefinitely. In practice, the dis-
solved salts are removed from:the system with the non-
evaporative water losses from the systam, described. above,
(overfiow, mud, ore and windage). . Whatevexr the initial salt
concentration of the water in the system, the concentration
will eventually reach. an equilibrium value. At that stage
the mass flow rate of salts leaving the system will equal the
inflow rate.
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g_bti = (m'c)make-up * L"Emlasses'céys {6-1)
therefore
Coys =1 an .
at v dt
= Kym Ky Gy (6-2)
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The various concentrating and diluting . effects of water
flows into and out of the system aré described in detail
in chapter two. ‘

The way in which the average salt concentration of the

system changes with time from some initidl value to some

other value and eventually to a constant eguilibrium value

is predicted. ising the simple model ‘shown. The model is
mathematically described by a single firstrorder differential
equation, which, due to its simplicity, is solved analytically
to give relationships which are used to check the numerical
solution of the differential equation in the similation
program:

6.1 THE. MATHEMATICAL- MODEL

The following symbols are used:

t time

M Mass of salts.in the system at time .

v Constant volume of water in the system.

c Concentration of salts (s&lt mass pér unit volume).

Co Initial eoncentration of $alts in the system at timé to,
Cf .. Pinal concentration at time tf.

The average salt concentration of the system.

Mass of salts leached per unit time.

Q Flowrate.

The differential eguation
The wate of increase of salt mass in the system egquals the
salt mass inflow rate minus the salt mass outflow rate, i.e.




(£9.C) 4+ 0
Ky = ma}\(fe-ug

(z9)

Ky = losses (6-3}
v

are both.constants in the model.

6.2 - ANALYTICAL SOLUTION: OF THE MODEL

Rearranging equation {6-2). and integrating as follows:

CF j8Ceys =8 g
Co K K, O, °

341

1580 4
1, In (K, ~X;C._ ) = {6-
{:— R, 102 sst o
The following relationships are obtained £rom eguation
(6-4):

a) Time for the average salt concentration of the system
Csys to change from Co to Cf is

(6+5)

R i
+ K SRTEE

b}

The final system salt concentration after a time lapsé of t

and an initial salt concentration of Co is
L KoK oK, Loy e TRt
X,

Cf {6-6)

a) The equilibrium salt concentration of -the system
after an infinite time of operation is
5o {6-7)
Xy
It should be noted that the final concentration Cf is inde-
pendent of the initial salt concgntration Co and dépends only
on Ky and K,.

Cf =

Example
The .&bove equations are valid for any System of consistent
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units. ‘In this example, volume, mass and time are .
measurad in megalitres (ME), kilograms (kg) and days (d)
. respectively. Concentration is:often expressed in units
of milligrams per litre (mg/2), which 1is namerically the
same as in kg/ML units. Following is a list of basic
input = assumptions for this example.

Average Flow (M£/d) Concentration (kg/M2)
Make up Water

Supply. dam 1.5 10 000Q
Rand Water Board 10 500
2,5
Water losses
overflow 0,2 )
Hud pumped 0,8 )
Ore’ loss 0,3 1} Csys {variable)
Windage 6,3 )
Evaporation 9.9 0
2,5

The average volume of water in the system is estimated to be
13,2 ML and about 3000 kg.of salts ig leached per day by
water which comes lnto contact with the ore and remains in
the system.

The constants; K1 and K, above are <¢alculated as. follows:
{1,5:10000 + 1,0.500)+3000
13,2

1

= 1401,52 Kg/ME/a (6-8)
L 10,2+0,8+0,3+0,3)
K2 [E P A—

= 0,121212/d {6-9)

Equation {6-6} is dUsed to £ind the system salt concen-
tration after 20 days, assuming an initial salt concen-
gration of 500 kg/ML {or mg/l}.
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g 1A01,52-(1491,50,1212, 500y 1A1212-20
A 0, Z
= 10583 kg/ML
Similarly -Cr = 11562,5 kg/M¢ after 100 days
i s
Using eguation {6-7), the eguilibrium salt concentxation is
c, = 1401,52

£ g
= 11562,5 kg/Me .
which agrees to within one decimal place with the-concentra-
tion calculated above after 100 days.

6.3 NUMERICAL SOLUTION OF THE MODEL

The single différential eguation, (6-1) above, is solved
numerically using the simulation program, .The equation
is written as a function of thé variables; A{1), A{2),~-=
A(11), even though somé of the valués are parameters of the
system and do not.changs with time, for example the volume
6f water in the systém. Expressing (6-1) ito. varlables
fauilitates changing any parameter or ‘variable by simply
keying in a.new value bafore or during an interrupted
simulation, without having to modify the model equation(s).
Equation :{6-2),

dcsys = K1-K2.Csys,

at
is written in BASIC as

F(1} = K1-K2*a(1) K (6-10)

and K1 and K., caleulated in the example above -(se¢ §-8
and "$-9); apbear as

K1 = (A{4)+A(S)*A(3}+A{10)/A(11) {6-11)
and
K2 = (QU+A(8)}+A{7) +A{8))/A(11). {&-12)

Only variables {or parameters) in the form A{i), where
1% 1,2,3 --~~, can be changed or displayed as . output by
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the simulation program. Q.and C, in the list of gymbols
below, denote flow and salt concentrations respectively.

Program Description Value
Variable

A(1) ¢ system - $00 kg/ME*
a2y ¢ supply dam 10000 "
A3} CRWB 500 "
A4y QO supply dam 1,5 Me/4
A(5} Coun 1,0
Al6) Q mud pumpad G,8 «
A(n Q ore loss 0,3 "
A(8) Q windage. 0,3 "
A(9) Q evaporation q,9 v
a{10) Mass of salts leached 3000 kg/d
Al11) System water volume 13,2 ML

Q1 overfiow 5 0;2 MjaE*

* C system is the only value which changes during the
simulation.

** .01 is a variable not recogniséd by the program and can
only be defined, changed or displayed as & result of
statements written by the user in the modulés MODEL,
INITIAL and FINAL.

63.1 Entexing the Model and any Pre- and Post- Simulation
Instrr . cions!

The tape cartiidge is inserted inte the Hewlett-Packard
HP-85 computer and the simulation program is Loaded fzom
tape into memory with the command

LOAD "MASTER".

The modules INITIAL, MODEL and FINAL when listed with. the
command

LIST 4630,
contain no model and user” instructions and should therefore
result.in the following listing:
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RETURN
@ |
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REH HMALN SUBR TU CRLP Fein,
K<L, 2)FOR ALL. I AHD =221:2,3

FDR J=1 TO
&CJ;ZJ H*F(J) P Z=1. 2, 30R4

BR T PERFORN RNY USER-
DSFIHED OFERATIONS AFTER A

RETURN

The above statements, written in BASIC, are essential and
must not be changed by the user when entering the medel and

instructions.

Onge thé simulation progranm has been loaded from tape into
memory the model statements and any pre=- and post-simulation
ingtructions can be entered into the modules MODEL, INITIAL
and FINAL respectively.

1) The model in this example simply consists of the single
differential equation {6-10) and ig entered as shown
below on Liines 4650, 4660 and 4670.

4
REN HATN SUER TG CHLC Fuiy,

K<i, zdFOR ALL & AND =z=1,223
K1=CHC4)*ﬂ(2)+HC5)*H(3>+R<l
BY5/RC1
K2=CQUIACBY+FRLPYHRLSI JrALLL
A

Fﬁié =R~ KE*H(!) | dTswgrdt=
X 2k

FOR J=l TO Na

KO, ZI=HEFOAY ¢ =1, 8, 30R4
HEWT 4

RETURN
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Models are ‘entered using any. line numbers between
4670 and 7960.

INITIAL is & moduls which-is called just before simu-
lation begins. The listing of INITIAL shown below
illustrates how this module is used to print headings
and the initial values and parameters used in the Simu-
lation. - The variable Q1( daily overflow ) calculated
on line 8180 egquals the total inflow less the remaining
outflows. Q1 is a parameter {a conStant) and is used
on line 4660 tin MODEL.

The lines 8800 to 8970 are a permanent part of INITIAL
and must_not be removed by the user. ' Thelr purpose,
when used, is to ¢reate a permanent record of unit values

and parameters which ¢an be read repeatedly from data
statements &veéry time the program is used: " This facility
is used in the example in chapter 7 , but not in this one,

B 1
gata 1
D

2639 stp TSINPLIFIED MINE SYSTE
Bods pigk FETEADY FLOW, WARTHBLE
A58 DIBP Mmoo

_______ o

G068 DISP "UNITS'NI;\‘L kg HOTE-ke

"SHLT ROUMCENTRATIONS "
5089 DI%P “ SYSTEM"; TRECL16)IACLY
3090 aISP #OGURPLY ORM™:TRBL1G)
5199 DISP RNE"I"F{BéiS)JH(3)

'

3119 QISP YFLOWS(M
8120 IFJIISP ¥ OBUPPLY DAM“:TABCLGE) ¢

43
8138 Q18P RNB"JTF!B(,\&),-R(ED
2140 DISP “ AR 6)iA

[1-3)
8158 ?IQP v DRE LOSS“,TRB(lb):ﬂ(
7
@160 DISF " WIND LOSS":TRABILE):R

5)
8178 DISP " EVAPORATION";TABC1S)
B180 ﬁé?g§4)+ﬂt5)-H(5)—H(?)—H(S)
2139 DISF " QUERFLONY I TABS16) 01
Se30 DISF "LERCHED ksrd"sTASC1S)
3210 §1§§1;§vswsn VOLUME = TABCIE
5398 1 DATA FOR 1)INIT VALS

585@ | DATA FOR 4>PRT LIST

8679 | OATA FOR 3PLOT INPT

g9m@ | ORTA FOR 1@)TABLES

%378 | DATA FOR 11)BUEES

8399 RETURN
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33 FINAL u5 & module called after the simulation is
conmplete, . The listing below illustrates how the
module. is used fo display the time step and the

solution algerithm useﬂ
QUBA | o=
2918 ) .8SUBR TO PERFORN HNY USEF—
OEFINED OPERATIONS AFTER

RUN
S820 DISP YTIME STEP='Y;H;"DAYS®
GB25 DIAP YALGORITHM Yy
9AZQ - IF- F2=1 THEH DISP “EULER"
9948 IF F2=2 THEN DISF “MO0.EULE
R®
BpSe IF F2=3Z THEN DISP “41th ORDE
R R=KUTTH"
2998 RETURM
The variables H and F2 are variables uséd by the
simulation program and are explained in 'appendix D.

63,2 Running the Similation Program
Ly After the model has been entexed as shown above, the

RUN-key .is pressed. After a few segonds delay, the
gquestion is asked whether the heading and notes must

be pr.nted or  displayed. Typing P for printing re-
sults in the following:

“DNTINUOUS SIMULRTIDN DF

SYSTEM DESCRIBED BY U NBRV

DIFFEPEHTXRL EﬂUHTIDNb WITH
MITIAL BOUNDARY CUNDITIONS

MO HOLTOR-WITS UNIVERSITY,
E¥REkELE

NOTE
1oPress key k1 MHILE ENEZUTING
to 9t bazk into input aade
2¥8pace is pravided inFUK far ue
to 28 differential eauationg
" Tygrave 1z provided dn A, RORE
tor ur- to 185 wariables in the

. Bran
S i 438pace is provided in Al for
- nrxntina up to 5@ variables ay
gach. 8
SXFile wPﬁce provided ford=4008
P araeh POxnte M hag spame for
IS =204 rarh
EJSPacn is Provxded in DL for
=18 tablss and in OSLO3 for a
tatal of<=1B80stort timss and
(=1p@data puints
?iGpace iz provided in E14ES{or
i=2@ausues and a toval of 189

values
b5 Kk
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Note one above reminds the user that key k1l can be
pressed during simulation if the cutput indicates
the ondet of instability or if, for some redson, it
is desired to change the input data and begin simu-
lating again. Notes two to seven -give the dimenaiems
of arrays and matrices in the program. The dimen-
sions may be changed to. suit ths requirements of the
models and the memoxy space available, (see lines
110 to 150 in appengdix C).

2) * In the model there is one differential equaktion,F{1)
and eleven variables,A(l) o A{11)
CIFFERENTIAL EQUATIOHSHVARIABLES

?B(J)/dT=FiJ),J=1 to%

ErJy=func(T,R(LD..AC 1 ¥ ALHLY)
EXTRA VARIAELES BRE A¢ 83 . ACNIY
éfF M EXTRAR, ENTER Hi= 1) MHi=®

i1
3} The initjal va.ues of the eleven variables are re-

faC 1 r7
S
S RgL B %
37
37
2

ti4
27
kad
2%
@ 37
ABC 11
138

@
=
~.
®
oA N oy MR

It should be noted that all the input data is re-
quested by displaying a’ statement on the screen,
followed by two guestions. The following top- . ig
what appeared on the screeén and preceded the above




4}

5)

paper printout of initial-values.
EHTER THE IHITIAL YALUE FOR ERCH
13Usg FREDEFIHED DATA
ZIKEYBOAKD IMFY
£10r2)?
ERINT OF RISPLAY(PorO}

P

The same guestions are asked with each of .the data
inputs below but are excluded from. the discussion
below.

Only thé value of variable A(l}.,i.e.C will be
printed as output during simalation as it is the
only variable which varies with time. The other
variables A{2) and A({ll) are actually constant

paramétérs which ‘are stored as variables so that

they can easily be changed in between simulation
runs.

HOW MANY YARIABLE
ﬂdi) LALLIHUST BE PRINTER

ENTER THE 1 HUMBERCSY BETWEEN
1. 8ND 11 ANY DRDER,

HOL 1 )?
1

When the simulation time équals 0 days: the program
will cor to print the value of variable A(L)
and will continue to do so until the simulation time
equals 100 days. The velue will only be printed af-
ter every 10 simulation time-steps. If, for example,
the time-step H equals 0,5 days then the value of
A{l) will be printed.20 times.

PRINT OUTPUT FROM T=T2 TO T
EVERY S8 TIME STEPS
LTE, T, 8827

G, 108,18
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(3] A graph of the value of A(1) versus time is required.
Data points requiréd for plotting are stored on &
tape. file which has.space for 2000 points (see note
5'in 1} above}.  The unit spacing -of 10 days along the
time - &xis ‘and 1000 kg/ML along the variable A(1}-axis,
refers’ to the. tic-marks on the graph. plotted. ' If any of
the values plotted are outside the range of 0 to:1300Q
kg/ME. (MN ta MX) then the program will. automatically
increase M¥ or decrease MN accordingly, and enlarge. the
scale of the graph.

l;lCI‘PLOT‘S:NHX MO PTE, (582 hote 52

1.2000

UHIT GPRCIHG ALONG T-AXISS

FDR _EACH VARIBELE TN BE PLOITED
E TER:

L‘H}\lﬁELE ND S TH=MIN, YALUE , MK~
MBX WAL UHIT SPACING RLONG
UHRIFIEL:
('«‘.-MN;NX:U)“
1.9, 13699, 16852

R o

7 Variable {1} will be plotted for time hetween .0 and
100 days. A check is performed to ensure.that the time
interval lie$ within ‘the time range, specified.in 8),
for the simulation. . A maximum of 50 ‘points will be storsd
for plotting A{1). Depending on the time-step size and
the time interval for plotting, the program will
automatically select data points for plotting at
suitable time intervals to ensure that 1o more than. 50
points will be plottad. - If there are only 10 points
available during simulation, for example, then only 10
points will be plotted.

PLOT SPEEIFIEE\ YARIRBLES FRON
T=T3 TO T4,USING ABOUT OB PTS.
573,748,089

108, 59

The graph on the screen and that copied onto paper has
4 length along the time axis of 250 dots. WNo benefit
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9)

10)

96:

can. therefore be gained by specifying a number greater
than 250 for C8 above. The larger the value of C8 and
the number of graphs to be plotted, the longér the
simulation ‘run will take.

The simulation is t¢ be carried out from 0 to 100 days

using a time increment step size of onhe.day.: In this
example the cutput, plotting  and execution time range

is the same, but this is not necessary as it may be
desirablé, in Some instances, to have a 'warm up’ period
only after which output ‘is printed .and/or plotted.

ERECUTE FROM T=TE T T2 MHITH TIM
E ST

(T8, TRHR
180, 1

The' Fourth-Order Runge-Rutta algorithm is selected.

EULER. MDD EULER DR «)TH UROER
R NGE-KUTTRCL . E0r332

Tables and gueues are used -4nd explained. in the
example in chapter 7.

'U-'SE TRELES vorH»2
H

;JSE RUEUES(YarN?
¢l

The above input data is entered before the first
simulation run. After this initial dnput and. after
any simulation run, the following list of options is
displayed on the screen so that any changes or
corrections can be made bafore the next run.
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CHAHWGE HLL EINIT.. HWALDES

FRE-USE IMIT.YARIABLERKQUELES
CHAMGE SOME VWARIABLE YALUES
CHAMGE PRINT LIST
€
©

THAHGE TINEo FDR PLDTTINE
DHHNEE ECUT%H TIMES
bt

No changes are required After checking the input in steps
1} to 10} above, and option 12 is selected:

The following output results from the instructions coded
into INITIAL.

SIMPLIFIER MIME: SYSTEM
STERDY ‘FLOM. VARIRRLE -SRLTS

UHITS 81 d ks NOTE- koM l=marl
SRLT RCUNCENTRATIQHS:
a

SYSTEN B1)
SUPPLY DRM 19099
S6g
FLONS (M1 7dDy
SUPPLY OAM

—-
o

QUERFLDMK
LEHCHED kersd
BYSTEN VOLUME

gl

<

E)

]

o

=

=3

3

=

(=2

=
CIDA0 b Y o

hetigs
C @
(253

The average salt concentration of the system waker Csys
%s printed out every ten days, i.e. every 10 tike steps of
1 day, as shown in fig,&2 below.




97.

L ¥OHRNGE CRLL IHIT. WALUES
2IRE-IJSE INIT VARIABLESZMVEVES
FICHANGE SOME VARIRBLE WALUES
4ILHRHGE PRINT L

SYCHANGE FRINT TINES

EYCHANGE PLOTTING TH

INES FOR PLDTTINF

ZICHANGE T

£2CHANGE EXECUTI M TINES
93CHANGE 8LE K

12 YCHANGE FUNETIDN TABLES
11)CHANGE - QUEUE PARAMETERS
L2YEXECUTE PRUSRHN

(LHST QPTION

TER HEW DPT’BN 110 127

No changes are required after checking the input in steps
1} to 10) above,; &nd option 12 is selected. ’

The following outpub results from the instructions coded
into. INITIAL.

SIMPLIFIED MIHE SYSTEN
STERDY FLODM.VRRIABLE SALTE

UHITS ML, d, ke, NDTE-haotil=tias].
bHLT CGHEENTRHTX%SS

YETEM 4
SUPPLY DAM jaenn

S
FLUM SMYsdye
SUPPLY DAM 1.8
RpB 1
MU 8
DRE LO3S ]
WIND LS8 P
EUAPORATION .9
QUERFLON L&
LERCHED Rwsd 300D
SYBTEN VOLUME 13,2

The average salt congentration of the system watér Csys
is. printed cut every ten days, i.e. every 10 time stéps of
1 day, as shown in £iy.62 below.
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INITIAL WALLECBY:T= @
(L1 Sas
8 1 )= 3276 67479853

BC 1 0= 18582 ISdReER
HO L o= 1{R2V(. 9233587

= 4

B¢ 1 3= 11478, 7ER42EF
= 5B

BCT o= LiS36. 6915253
= BB

A 1 )= 115548281233
= 7B

B3 de 14369 midrass
= Lt

BO 1 a5 115618199908
Ts 8§

AC-1 9m 11562 2976494
T

Y= T1562,4327874
FERER R R RRER RN R B R AR R R

Fig. 62 Balt Concehtration (Rungé-Kubta using 1. day
Time-Steps)
“At the end of the simulation the graphs are plotted by

reading the recorded data from the data tape file. Fiy.

&3 shows. the yraph of salt concentration versus time
plotted sideways with the spec.fied scale: information
printed at the bottom of the graph; the minimum and
maximun T {time) and varisble axes Values and the unit
ti¢ mark spacing . Fifty points were plotted from an
available 101 points {0 to 100 with a step of i).

The following output results frem the ingtructions

voded invo FINAL:

TIME STEP= 4 DAYS
LGORITHM:4th URQER R-KUTTA




AL} Salt Concentration {1000 mg/e}
e

Time {10 -days)

ELOTTED

UHIT 18

Fig, 63 Salt Concentration Versus time (Runga=-Kutta

_..bsing 1 day time-steps)

1f another run is reguested then the same list of options

58 POIHT:

ghown earlier is again displayed on the screan as shown

in fig.64.
AROTHER RUHCYOrH?

10CHAHGE RLL IWIT  VALLES
2ORE~-USE INIT.VARIABLFOLRUEUES
3ITHANGE bgHE UHRIHBLE YALYES

S2CHANGE PRINT TIM $
£CHAMGE PLOTTIHG DATA
7oCHRHGE T1HMES FOR PLOTTINE

o
b
o
x
&
T
5
b
i

82CHANGE E%EBUTIDH TIMES
Sy CHANGE ORITHN
1GJCHHNhE FUNDTIDN TRBLES
T1YCHANGE ®UEUE PHRHHETER°
12XEXECUTE PROGRAN

CLARST OPYVION 12 >

ENTEP HEW OPRTION 170 127

Fig. 64
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In the ‘nekt runh {£ig.65); the time-step was changed to
10 days. and output printed every time-step. Option 2
was ‘chosen- (fig:64) to reset the variables A(l} to
A(11l) to the initial values originally specified. This
has the effect of changing only the current value of
variable A(l), 11562,5 kg/M#, Pback to 500 since the
values of A{2} to A(ll) were not changed during simu-
lation. If option 2 had been excluded simulation would
have continued for a further 100 days using 11562,5 as
the - starting value of A{1l). It can be .seen from the
graph (fig. 63) that this would have resulted in.a
negligible change in the -salt ¢oncentration. The
initial snd current values of some or all of the
variables can be changed by selecting options 3. or

1 yespectively. The output for the second run is
shown - in flq« 6.

UHRIRBLES SET TD INITIAL YALUES:,

EhECUTE FROM T=TB TG T9% WITH TIM
E_STEP H

(Tﬁ:TQ»H)?
%,189,18

BRINT . OUTFUT FRON T=T2 TO T8
EVERY Sga INE STEPS

Fig., €5

SINPLIFIED MIHE SYSTEM
STERDY FLOW, VRARIRBLE SALTS

UNITS Hiods ke HOTE-kesMlwnees] .
HLT EONDENTRHTIGN%

Sa
3UPPLY <20 1agus
Sen
FLUNS(HI#H)*
BUPPLY. DRM 1.5
RHB
il g
ORE LDSE 2
WIKD LUSs a
EVAPORATION a
LDN 2
ACHED Jpam
sVSTEM VDLUHE 12

o




10L.

INITIAL VALLECE) (Tw &
84 e 508
= i@
BC L * me7R 39583477
T= 28
A § o= lousp. dssaers
A¢ ie)= 11214, £85RE5S
AC 1 9% {1458.7144617
7= 59
AC L g= 1152F.edsRLe
86§ )= 11551,5631801
= 7
Bg 1= 11957 94peszs
AC1vT 11ssLsiedarss
AC.1 )= 1156%.1861177
T

A¢ 1 = 11562,3914618
S S AP T A S AT P P e A T 22+

Fig. 67 galt Concentration (Runge-Kutta using 10
day time-skeps)

Fig. 67 consists of printed output.of Csys svery

10 days as in fig.62 but using a 10 day instead of
& 1 day time-step. Fairly large- discrepancigs eist
between this and the previous run at T -equalg 40
days for exampie‘ After T equals 100 days the value
of A{l) agrees to 1 decimal place for the twe simu-
lations and shows that the final or gquilibrium salb
concentration is independent of the time-step size.
The graph (fig. 88) for this run is similar to the
first graph (fig.63) but the straight-line-segment
affect in £ig.68 of only having 11 points to plot
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instgad of 50 is apparent.

=

<

5

F |

= \

9 L

= it i

o I ha

o e @ [

8 =) i

5 / foy-) i

| B @
gk

5 o

b=t / @l

a 1l 2 5.

o ¥ T

3 EES

g . Surs
m. aotir

- ul <+

= 2% 9 "

Al &= ELE

@ @ 1 EEE
E B L Hee

+ A e [T
=~ L

pony : e

= WENe ] NED

= G |
LEERT ~E

Time {10 days)

Pig. 68 Salt Concentration Versus Time (Runge-rusta
using 10 day time-step ).

The Euler algorithm is used in the third run with the
same 10 day step size as above. The printed and graphical
results are showh in figures 68 and 610. A comparison

of the last two graphs (figures 68 anc. 69) gives an in-
dication of the aceuraty of the more powerful Fourth-
Order Runge-Kutis methed whén tompared with the

Buler method.
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T r s peds s bEsivrres IS r v e esy
INITIAL WALUE(E):T= 8
A 1 b= 588

= 18
BCCL 0= 13308 @sRIER
AU T M= 11664, 7EER9R!
T= 36
B¢ 1 9=-t16¢5.0858159
=4
A L= 13942.1036086
=g
a1 am 11567 250877
At 1,7 11981 492383
CBC1 o= 11562.7137877
T &0
B Loom 11562, 4546554
T= 58
Ai1 3= 11562,5096186
T= 106
AC 1 )= 118624979598

Pig, 69 8alt Conventration (Simple . Euler using 1¢

trie

.
52
)
m&
R
=]
e
o
|ad=1:1
[T
. PRy )
w [F9g o=
uf ul.
¥ (LR
o [
o =
WG | e b
Pl AR = ]
= SN2
o we
%:«%m M‘ZS
Py P DI ] e
Time {10 days) WEED 1 =

A
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After 100 days the walwe of A{1) in fig., &2 has con-
verged to an equilibrium value which differs by only
0,05 mg/& dnd indicates that the eguilibrium salt
concentration is independent of both the time step size

and the method used. The salt concentration.during the
unsteady stage,.before eguiiibrium,is dependent on the
method used and the time step size. Generally thé swaller
the step size and the moré efficient the-algorithm
selected, tha more adcurate the results,

The £irst two runs, [ figs. 62 and 67), using the Runge~-
Kutta method, were made using time stéps of 1 and 710 days
{1 and h2). At 20 days the two answers are 10582 and
1046C nmg/2 (A1 and A2) respectively. . It can be estimated
using t:he' results of the above two simulations what, for
example, the maximam time step must ke which will produce
a result at 20 days, accurate to 3 decimal places.
Létting the new. error E3 egual * 0,0005 mg/&, the new
step size h3 is estimated using eguation (3-11) derived
in section 3.5. The Runge-Rutta is a fourth order method
iie. Oth)=d L

new step size h3=h,‘|E3 €1-hy /b, oy (B,-ay )Fm
= 1].0005 1-10/1)%/ (10460-10582) |14

= - ¢,45 say ¢,5 days.

Fig. 611 below lists the resilts of another run using a
time step of 0,5 days and the Runge Xutta method.
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‘éﬁ%ﬁ*hﬁXX-K‘i*‘K*****KXX*****#*****‘%
1 #

TTIAL YALUE

AC 1 3=, 588

T= 18

AC { 3= 9278.68217843
= 26

B0 L oe 1ossz 55875
<3

Re i se 11271 oas3aee
= 4

AL 1 5= 11475.7672099
= sp

2 15= 11536 esisim
= ¢

¢ 1 3= 11554.820227% .
T= 7@

i¢ 1 3w 1i9A6, 2147553
7= 85

me1 5= 11581.9199932
(- Ga

G¢ 1 va 11862, 2975537
= 1%

1 3= {13cz 4757838
x:&**xx*x**xxrzt*xxﬂ~::?ax#xzxx*

TIME &TEP= ,5 DAY
ALGORITHN < dth GRUER F-RUTTH

Fig. 611 Salt Concentration (Runge-Kutta upsing 0.5
day time-steps)

Comparing the results in f£ig.610 with the exact analyti-~
cal results in Table 612 it .can be. seen that the
numerically:caleulated. value at 20 days is coxrect to

3 decimal places as predicted.

Table 6i2- Exact analytical values

Time (days) System concentration {(mg/f!}

0 [}
10 270,683
20 10582,969
30 11271,025
40 . 11475,767
50 11536,691
60 11554,820
70 11560,215
80 11561,820
90 11562, 298
100 11562, 440
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From a practical point of view, it would be desirable

to use the Jargest time-step size (hj) which would result

in an angwer accurate to z 200 mg/e (Es) Comparing

figures 6.7 and 811, using step sizes 10 and 0,5 daye.{hl S
and h2) regpectively, the maximum discrepancy occurs at

T equals 10 days (Al = 8071 and A2 = 8270). 7The desired

step mize h3 is calculated as before.

1

1/4

by ='10)200. (10, 5/10" A8270-8071)

= 8,5 say 10 days.

This confirms the fact that ' the 10 day’ step: size used for
fig. ‘811 would result’ in:&d maximum exror .or * 200 mg/e
(compare fig. 6.7 with table 61l:at 10-days):

63.4. $imulating in the Reverse "“pime Direction

The following xun was made starting with the .result at

the end of the last run (fig::6.llabove), ‘i.e., option 2
was. not selected to re-initialise the: variable values.

The  print-out time, the execution time and time-step

were reversed as shawh in f£ig. 612. .1t should be noted:
that the error im &(1) after the forward and backward
simulation (at T=D) in £ig. 613 is only-03;02 mg/2. This. . .
can bé& ‘used as an indication of.the accuracy-and +
stability of the calculation.

PRINT OUTFUT FRDM T=T2 TD TS
EVERY &0 I 3

CT2 T8,58)

1BE, B, 2

EXRECUTE FROM T=T2 TQ TH MITH TIN
€ 57 R
CTE, T HYY

188,8,-.

Fig. 612.
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glNPLIF!ED MINE SYETEM
ATEADY FLOH. VARIABLE 3ALTS

UHIYS:Mlad: ke, NQTE kactti=masl.

QRLY CONBENTRATTON:

! 1z ¢2 4337a8E
SUPPLY DAM 1660
RUE 58

FLOWS ML dy s
SPRLY GRM 1.8
RKB i
Hu -]
ORE LOSS Z
WING LOSS 3
EVAFORATION 9
GYERFLOMW i2
LERCHED kard ZBBE

BYSTEM YOLUME 17.2
**t*******x*x*?*#**#*****#**X***
CINITIAL WALUECS) 7=

AC'L 2= 11582, 4397883

= 28

B¢ 1 3= L1562 2974538
H? ?a)= 11561.21992%43
R? §EJ= 11568.2147694
ﬂ? ?B)= 11554 geaadal
Hf ?B)= 11936 5313651
ﬁf ?g)= 11475 . 76726487
%T ?D?= 11271 .92586
H? ?G>= 19582.3704833
H? §B>= 8379 . 6873933
H? ? 3= uEB QISUU 135
HERRRRR LR & 2+ EESEE £t )
TINE STEP=-

ALEORITHM: 4th URDER R-KUTTA

Eig. 613 Salt Concentration during a reverse simulation

The results of an identical forwards and backwards simu-
lation, but conducted with the least accurate Euler ali-
gorithm are givep in figures 614 and 6l5. The starting
value after the simulation contains an error of 5760.mg/¢.
The values at other times during the simulation. can be
compared with the exact answers in Table 612. The accu-
racy of results using the Modified Buler algorithm could




108 .

be expected to be somewhere between those of the Fourth-
Ordex Runge-Kutta and the Euler methods.
FRppRRdegrkkirk xz*ximmxxx*

INITIAL WALLESS)
AC 1 »= 398

RO 1.9= 33343308346

< 20
A{ 1 3= 104551738207
= 3w
BC 1= 11302 652513
BCLoa= 11433, 4587521
= 5@
AC T )= 115411877886
T= ge
He 3= 11556, 3964328
s 78
Fi¢ 1= 11568, 7528189 .
< an
AC T o= 11561.8553566
Te 95

HC L s= X1562.3466331

203
H{ 1 = 11582, 458!
X&##X%’#é**‘#tk*k«**#**##«k**x#**l*

£
ALGORITHM: EULER
Fig. 6l Salt Concentration during forward simulatien

(Buler method using 0,5 day time-steps)

;?ITLHL VALLE(S) T= 1BB

5,07 11862, 4585414

g { 3= 11562.3658056
A 1,07 11562 6e79i6s
AC 1-3= 11561.8583173
Te 56
ft 1 y= 11557952928
T= 50
At 1 v= 115477492567
T= 48 :
A¢ 1 )= L1514.6484518
T= 38 B
AC T 3= 114872891387
= 28

Bg 1 5= 11058, 9296242
i
A0 L 0= 393891382251
7=
AL I 3= 8263 12686653

TIHE o\'EF‘ —-.5_0RYS
ALGORLTHH: EULER

Fig, 615_8alt Concentrations during reverse simulation

{Euleyr method using 0,5 day time-steps)




" ‘therefore pt ate but, -nonetheless, based on the

CHAPTER SEVEN

7. DETAILED MODEL OF UNISEL GOLD MINE WATER
RETICULATION SYSTEM
7.1 ;ETRODUCTION

The simple modél discussed in chapter 6 -dssumes steady
ox average flow ' and a uniform salt concentration at any
time-for all the water in -a  single copstant volume
element representing the’ system. The model presented
in this section was evolved from a number. of simpler
models which initially dealt with water guality and
guantity aspects separately but considered the elénénts
6f the real water system individually. ~Fig. 71 .(the
sdme as £ig. 2.1) shows the physival layout-and the 'in-
dividual elements of Unigel Gold Mine. .RAs a greater
understanding of the water system was gained, ‘and as
more information became available from. mine visits,
communication: with mining personnel and chemical résults
from sampling, so the model has developed to the stage
that it is presented: in -here. :

Complete data concerhing flows dnd opérating relation-
ships at theé miné as well as the chemical results-from ;
leaching tests conducted at the University were not ‘
available . Certain data used in this siodel are

best availabile data. It should in any rase be recognised
that such models are always $n a state of evolution
because of the very nature of a gold mine. Physical
changes due to excavation, policy changeé resulting in
different eqizipment,and changes in operation’ conditions
as a result of larger pumps, different valves etc.,

are examples of changing factors which affect the model.
With this. thought in mind, the model has been written in
as general a form as possible to enable any parameter -ox
variable to ké changed during simulation by using the
facilities of the simulation program.
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Tie model is divided into two sections which deal

11k

separately with the unsteady ‘flow and unsteady salt
masses in each of the B storage elements of ‘the system.
The model can be used to simulate either water quantity
or both guantity &nd guality variations. Water
guantity rafers to. volumes of water -in storage
elements, cumilative flows, flows betves: system elements
2nd extérnal flows into and out of the system.  Water
quality refers to the mass of salts in storage volumes)
the cumeldtive mass of salts and@ the concentration of
salts ih flows. . Whén only water guantity is simulated
then' salt mass and concentration is excluded from thé
model an& the simulation is Facilitated.

The water reticulation system in this model (see fig.
71) consists of 8 water storage elements: underground
settlers; main pump station sump; intermediate pump
station sump;-surface sedimentation tank; hotwell; cold—
well; underground storage dam; the cascade dams, The
volume of water stored in all.elements chahges .signifi-
cantly Wwith time .except that of the inderground settlers
which is considered constant. The differentiil equations
F{1) to ¥{7} describe . the water volume changas in the
elements. - The change with time pf the total mass of
salts in each of the 8.eleménts is described by the: §
differential eguations F(g) to ¥ (15). The simulation
program numerically solves the 15 differential eguations
simultanecusly for each time lncrement to obtain the 7
water volumes A(lL) to A(7) and 8 salt masses A(8) to
A(15). These values are usad to calculate other useful
information. The variation with time- of only oné
particular type of ss” be studied using this model.
Repeated gimulatis : ‘e made Lor different dissolved saltsy
or the model could : ... . ded to involve more salts and
any chemical relation.: ,.s between them. In this model
total dissolved salts dre simulated (considerad as

a single salt}.




112

A number of features of the simulation program; not
shown in ‘the previous example (chapter 6 ), are illus-
tiated in .this example: the use of tables f£o describe
relatisnships; the use of queues for the sffects. of time
lag; the'use of data statements for large’ amounts of
input data. ‘How to. lLoadd the simuldtion prégram and how
to énter the model and any pre-and post-simulation in-
structions into MODEL, INITIAL and PINAL, ig discuSsed
in’ chapter § and is not répeated hexra. The three
nser-defined modules MODEL, INITIAL and FINAL - are
1listed together with a list of program symbols and their
" meahing. Each slement in the modal is then discussed
and the governing equations for each are. derived. . The
resulté of & few simulation run§ are presented and dis-
cussed in chapher B. '
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