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ABSTRACT

The main purpose of the base metal refinery (BMR) as operated by dtaim@in\Western
Platinum Ltd BMR, is to remove base méalsch as copper and nickelrom aplatinum

group metalRGM) containing matte. The leaching processes in which this is done pose several
challenges to the control of the proc&kg. most significant of these is the slow dynamics of

the process, due to large process units, as well as the continuouslyccinapgsitgpn of the

first stage leach residuéhich is not measured-lme This is aggravated by the fact that the
exact @éaching kinetics (and therefore the effect of the disturbances) are not understood well
fundamentallyThe slow process dynamics mimat controllers cannot be tuned aggressively,
resulting in slowontrol actio. The large residence times andiradf conposition analyses of

major controlled variables also meanttimteffects obperatorset pointchangesrevisible

onlythe following dayaften by a different shift of operators

Dorfling (2012) recently developed a fundameymamionodel of the mssure leach process

at Lonminds BMR. This dynamic model i ncorpor
energy balances, into a system of 217 differential equations. The model provides a simulation
framework within which improved control stragegan be investigated.

The primary aims of this study are twofold. The first is to validate the model for the purpose of
the investigation and development of control structure improvements. This is done by
comparing the model to plant data, and adaptihgetessary. The second aim to reconsider

the current control phil osophy to the extent

The current plant control philosopdiyns to maintain a PGM grade of 65%, while the copper in

the solids productsf the second and third leaching stages should be below 25% and 3.5% by
mass, respectively. Two areas of particular concern in this process that have been raised by
Lonmin are the control of the temperature of the first compartment and the addition of pure
sulphuric acid to control the acid concentration in the second stage leach.

Dynamic plant data were used to calibrate the model, wdscmigrated from its received
MATLAB platform to Simulink, to assist with control developrirémt rates were impode

from the data, with some data values adapted for this purpose, due to mass balance
inconsistencie$he outputs from the calibrated model were comparedomitsponding data
valuesThe model was found to baitabl€or the investigation and developitnef the control

structures of pressure, temperatures and inventories (termed basic regulatory control) and the
acid concentration and solids fraction in the preparation tanks (termed compositional regulatory
control). It was, however, found to ipadeqate for the investigation and development of
supervisory control, since it does not proac®irate compositional results. Tdaehing of



coppers especially undpredicted, with the predicted copper concentration in the second stage
product being appkimately 46% lower than data values.

The basic and compositional regulatory control structures were investigated. For each of these a
base case was developed which aimed to represent the relevant current contrpl structure
assuming optimal tuninghe vaiable pairingdr the basic regulatory control were reconsidered

using a method proposed by Luyben and Luyben ,(49@¢€)this part of the process does not

permit the generation of a relative gain array (RGA) for variable pairing. The resulting pairing
corresponds wi t h L o Considering thec temperataré contrel aot t i c €
compartment 1, it was found that the addition offi@@eard control to the feedback control

of the level of the flash tank improves the temperature control. More #igedticag an
evaluation where t he wuptnPethedAE ofrthe esipesitacf poi nt
compartment vas decreased with 7.5% from the base case, witattingthe flash tank.

The addition of feetbrward control allows for morapid control and more aggressive tuning

of this temperature, removing the current limit on ratio between the flash recycle stream and the
autoclave feed.

The compositional control was investigated for the second stage leach only, due to insufficient
flow rate and compositionalformation around thethird stagepreparation tankVariable

pairing showed that three additive streams are available for the preparation tanks of the second
and third stage leach to control the acid concentration and solids fradhose tanks.
Focussing on the second stage, the aim was to determine whether the acid concentration in the
flash tank can be successfully controlled without the addition of pure acid to the tank. With four
streams available around the second stagargtion tank to control its mass/level, the acid
concentration and solids fraction, three manipulated variables were derived from these streams.
The resulting pairings were affirmed by an RGA. Control loops for the control of acid
concentration and sadi fraction in the flash tank were added as cascade controllers, using the
preparation tanko6s contr ol as secondainy | oop
two tests. The first of these entailedatidingof typical disturbancebeing thdlash recycle

rate, the solids and water in the feed to the second stage preparation tank and the acid
concentration in copper spent electrolyte. In the second test the control system @s tested
tracking an acid concentration set point. It was foatdh cascade structure controls the acid
concentration in the flash tank less tightly than the base case (with an IAE that is 124% and
80.6% higher for the two tests), but that it decreases the variation of solids fraction (lowering the
IAE with 40.8% wth the first test) in the same tank and of the temperature in the first
compartment (lowering the IAE with 73.6% in the second test). It is recommended that the
relative effects of these thnemriableson leaching behaviour should be investigated with an
improved model that is proven to accurately predict leaching reactions in the autoclave.
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OPSOMMING

The hootloel van die basismeteafinadery (BMR)soos dit bestuur word deur Lonmin by

hulle Western Platinum Ltd BMR, is basismetalé soos koper en riklot e ver wyder u
mat wat platinum groep metale (PGM) bevat. Die logingsprosesse waarin dit gedoen word hou
talle uitdagings in vir die behean die proses. Die mees beduidende hiervan is die proses se
stadige dinamika, wat veroorsaak word deur groot proseseenhede, sowel as die deurlopend
veranderende samestelling van die eerste stadium residue (wat nie aanlyn gemeet word nie). Dit
word verergr deur die feit dat die presiese logingskinetika (en daarom ook die effek van
versteurings) nie fundamenteel goed verstaan word nie. Die stadige dinamika beteken dat die
beheerders die aggressief verstel kan word nie, en dit lei tot stadige belzierakoiats.

verblyftye en aflyn sastellingsanalises van die belangrikste beheexddevkkes beteken dat

die gevolggan6b n operateur se stelpunt verdakwklsr i nge
in die skof van 6n ander operateur.

Dorfling (202 ) het onl angs 6é6n fundamentel e, di nam
Lonmin se BMR ontwikkel. Hierdie dinamiese model inkorporeer 21 chemiese reaksies, sowel as
massaen ener gi ebal anse, in on stelsel &mn 21

simulasi#gaamwerk waarbinne verbeterde beheerstrategieé ondersoek kan word.

Die hoofdoévan hierdie studie is tweeledig. Die eerste hiervan is om die model te valideer vir
die ondersoek en ontwillkeg van behestruktuurverbeteringe. Dit is gedodeur die model

met aanlegdata te vergelyk en dit aan te pas, indien nodig. Die tweede doel is om die huidige
beheerfilosofiete er oor weeg tot op ©O6n punt wat toegel a
die model.

Die huidige beheerfilosefvan dieaml eg mi k om &6n gehalte van 6
koper in die vastestof produk van die tweede en derdedagiagsndeskeidelik onder 25%

en 3. btassa pasi® moet wees. Twee prolalesars, soos-@pper deur Lonmin, is die

beheer van diemperatuur in die eerste kompartement en die byvoeging van suiwer swaelsuur
om die suurkonsentrasie van die tweede stadium te beheer.

Dinamiese aanlegdata is gebruik om die model te kalibreer. Hierdie model is van die
oorspronklike MATLAB platform na Sinmkl gemigreer, ten einde beheerontWikgete
vergemakl!| i k. VIoeitempods is van die data af
wat aangepas is vanweé massabalans inkonsekwBigheette van die gekalibreerde model

is met die ooreetssnmende data waardes vergelglr & bevind dat deodelgeskik is vir die

ondersoek en ontwikkeg van die beheer van druk, temperature en tenks (basiese
reguleringseheer), sowel as deheer van suurkonsentrasies en vastestoffraksies in die
beredingstenksréguleringseheewvan die samestelljndaar is egter bevind dat die model nie

viii



geskik is vir die ondersoek en ontwikkelling van toesigbeheer nie, aangesien dit nie akkurate
samestellingsresultate genereer nie. Die voorspelde loging van koper is veral te laag, met die
model wat koperkonsentrasies vir die tweede stadium voorspefevateor6% laer is as
ooreenstemmende data waardes.

Die basiese en samesteltinggul eri ngsbeheer strukture i s or
ontwikkel wat poog om die huidige beheerstruktuur te verteenwoordig, met optimale verstellings
aanvaar. [@ paring van veranderlikes vir die basiese reguleringsbeheer is heroorweeg met deur
mi ddel van ©o6n metode wat deur Luyben en Luy
van die proses nie die oWMW virdie paungoelaabnieDig el at i
uiteindelike paring stem ooreen met Lonmin se huidige praktyk. Met die heroorweging van die
temperatuurbeheer van kompartement 1 is daar bevind that die byvoeging van vooruitvoer
beheer by die terugvoerbeheer van die flitstenk die tempgerheer verbeter. Meer spesifiek

het die IAE van hierdie temperatuur met 7.5% verlaag van die basisgeval af nadat die
tempeatuur se stelpunt tot met 1% ge#&ariisd sonder om die flitstenk te versteur. Die
byvoeging van vooruitvoer beheer laat \@nrigheer en meer aggressiewe verstellings van die
temperatuur toe, aangesien die huidige beperking op die verhouding tussen die flitsstroom en die
outoklaaf voer verwyder word.

Die samestellingsbeheer is slegs ondersoek in die geval van die tweden@sygevolg van
onvoldoende vioeitempen samestellingsinligting om die bereidingstenk van die derde stadium.
Die paring van veranderlikes het gewys dat drie voerstrome onderskeidelik beskikbaar is vir
beide die bereidingstenks van die tweede en skadia, om die suurkonsenstrasies en
vastestoffraksies in hierdie tenks te beheer. Met die fokus op die tweede stadium was die doel om
te bepaal of die suurkonsentrasie in die flitstenk suksesvol beheer kan word sonder dat suiwer
suur by hierdie tenk gegoword. Met vier strome beskikbaar rondom die bereidingstenk van

die tweede stadium om die massal/vlak, die suurkonsentrasie en die vastestoffraksie te beheer, is
drie manipuleerde veranderlikes vanuit hierdie strome Bigelgtieindelike paring is betig

deur on RWM. Beheerl usse i s i ngevoeg vVir
vastestoffraksie in die flitstenk, met die bereidingstenk se beheer wat dien as sekondére lusse in
kaskadebeheer. Die kaskadebeheer is geévalueer in twee toetsee Dieneerdbehels die

invoer van tipiese versteurings, soos die vloeitempo van die flitsstroom, die vastestof en water in
die voer na die tweede stadium se bereidingstenk en die suurkonsentrasie in die gebruikte
elektroliet. In die tweede toets is #erm@& van die beheersteleein  dunkonsentrasie

stelpunt te volgetoets. Daar is bevind dat die kaskadestruktuur die suurkonsentrasie minder
nougesebe heer as di elABbveasl2dogea 8086% hogrmsevir diedtwee toetse),

maar dat dit die vasie in die vastestoffraksiedieselfde tenk40.8% vermindering van die

IAE in die eerste toets) en in die temperatuur van die eerste komparted#Env¢rmindering

van die IAE in die tweede toets) beduidend verminder. Daar word aanbeveel davee rela
ix



effekte van hierdie dneranderlikesp logingsoptrede ondersoek moet word, met die gebruik
van O6n model wat | ogingsreaksies in die outo

Sleutelwoorde: Simulasie, Drukloog, Outoklaaf, Beheerstruktuur.
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NOMENCLATURE

Symbol Name More information
A Area The areais typically given in m?
Fim Heat capacity Energy required to increase thetemperature of a material with 1°C
J|'rz> « Covariance coefficient Indication of a time delay between variables
G Controller TF Transfer function of a controller in the Laplace domain
Gy Disturbance TF Transfer function of a disturbance in the Laplace domain
Gr Feedforward TF Transfer function of a feed-forward controller in the Laplace domain
Grs/Gs Feedback sensor TF  Transfer function of a feedback controller sensor in the Laplace
domain
G ProcessTF Transfer function of the process in the Laplace domain
G Valve TF Transfer function of a valve in the Laplace domain
K Controller gain Tuning parameter for the proportional function of a PID controller
Kij Steady- state gains The gain values in the gain matrix
Ky Process gain Steady- state change component of the process TF
L Length The length is typically given in meters
O Mass flow rate The mass flow rate of a stream, typically in kg/h
P Pressure The pressure is typically given in bar absolute
s Heat transfer rate Rate of heat addition or removal, typically in kd/h
R Gas constant Used in the ideal gas law: 8.314 J/mol.K
T/To Differential time Tuning parameter for the differential function of a PID controller
T Integral time Tuning parameter for the integral function of a PID controller
T Anti-reset windup time  Tuning parameter for the anti-reset windup in PI controllers
T Temperature The temperature is typically given in °C
V Volume The volume is typically given in m®
T Volumetric flow rate The volumetric flow rate of a stream, typically L/h
z Compressibility factor ~ Factor used in the ideal gas law to account for non-ideal behaviour
S Dead time Time delay due to flow in pipes
U Damping coefficient A parameter set for the tuning of mass or level controllers
Y] Relative gain Ratio between open and closed loop behaviour
[ Mean The average value of a data set
zZ Density The density is usually given in kg/L
A Standard deviation Statistic variable with the same units as the parameter in question
Z Time constant The time constant is a time parameter, given in hours for example
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INTRODUCTION
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1.1 BACKGROUND AND PROCESS DESCRIPTON

Platinum group metals (PGMa&e a group of precious metals thatudeplatinum, palladium,
rhodium, osmium, iridium and ruthenil®@®Msare in high demandue totheir valuable chemical

and thermal characteristi@gyiving them a premiummarket valueUsesrange frombeing raw
materials in theanufacturing industand cadlysts ira wide variety ahemicaprocesses temaller

products and tools. Platinand palladiurarealso used in jewellery applications, gikemgan elite
status(Platinum Group Metals, 200B) this flourishing markeincreased nese and recycling of

PGMs is putting pressure on the PGM refining industry. This is aggravated by the cost of deef
mining and the complex mineralogy of PGNEmanding continuous improvement in the efficiency

of the extraction and refinipgocesses. This translates to agang demand for better control in

the field.

PGM Refining Process

ThetypicalPGM refiningprocessan be divided into a numberpoincipalstages. These stages are
shown inFigure 1, with the typical intermed@ateducts:

Mined Ore (~0.0004% PGMs)
v
Comminution and Size
Classifjcation

A 4
Flotation
|
Flotation Concentrate
(0.01- 0.02% PGMs)

¥

Electric Smelting and Converting
1
Molten Converter Matte
(0.2-0.4% PGMs)
v

Matte and Residue Leaching

PGM Concentrate
(50-70% PGMs)

¥

Purification

|
High Purity PGMs (>99.9%)

|

Figure 1 Schematic representation of the PGM refining process sequencegwn from information by
Crundwell et al, 2011)

Figurel shows that mined omntersa process of size reduction and classificativereafter it
undergoes flotatiorwhere themore valuable metals are recovgrddhe resultingconcentrate is
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smelted and converted to-Glu matte, which is fed to the fisshge leach. The solids phase of the
third stage leach (with-30% PGMs) goes to the PGM refining area, where it is purified to
specification.

1.1.2The Base Metal Refinery

A base metal refinery (BMR) is an important component in the PGM refining industry. Its main
purpose is to remove base metals (copper, nickel and iron), as well as selenium;doonaiR{By

matte Below is the typical composition of the matte entémmdirst stage leagSteenekamp &
Mrubata, Control and Specifications of the BMR, 2013)

Table 1 Element-wise composition of molten converter matte at Western Platinum BMR

Element Composition (mass %)
Nickel 48

Copper 28

Sulphur 20

Iron 1

Cobalt 0.5

PGMb6 s 0.5-0.6

Designs of BMRs vary gldlgad mainly due to differences in the composition of the available ore.
The following is a representation of the layout of a typical South African BMR. Note that the diagram
i s based on t hWestdreRlatrm@BMRof Lonmi nds

Milled First S Second S Third S PGM
— Converter —> Leaching 2 > Leaching > > Leaching e r*
Matte Stage L Stage k Stage L Concentrate
»
L 4
Copper Spent Copper Copper
Electrolyte Electrowinning | Cathode
Nickel
> Sulphate p—— Nickel
Crystallizer Sulphate

Figure 2. Schematic representation of the stages at a base metal refin@mrawn from information by Crundwell
et al, 2011)

It can be seen that leaching makes up a large part of the BMR. The first stage leach is typically
atmospheripressurdeach, with the second and third leaching stages taking place at a high pressure
inside an autoclave. The reason for the separate stages is to improve the separation efficiency. E:
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leach stage takes the solids from the previous stage, since the pumifysthe PGMcontaining
solids as much as possible.

1.1.3Atmospheric andPressure Leach

While theobjectives of each leaching stagecareently rather well understoatie leaching
processeare complex in the sense tialy involvealarge numbeof reactionsThis is partly due to

the complex mineralogy of the malflereover, each of these elements/compounds can typically
react with the added reagents in a number ofdnagding to the complexity of the processe
AppendixD).

The first stagéeach is an atmosphepressureoxygeneach that takes place in 5 stirred tanks in
series. The main objective of this step is to remove most ofkiblgasovell as iron and cobalt)

from the matte, in order for it to be sent to the nickgdtallisersard to remove copper from
solution bymeans of cementation reacti@@8vier, 2012)The latter is done in order for the copper

to be leached out in the second and third leaching stabiekener is used tearate the effluent

slurry into a solid and liquid phase. The solid underflow is sent to the second leaching stage, with
certain fractiomecycledo the first stage. The reactions identified for the second and third leaching
stages are givenAppendk D.

The two pressure leach stages take place in one autoclave, with a dividing wall between the stac
The autoclavis fed withslurrythatis made up ofvetmatte(50 wt% waterto which copper spent
electrolyte and formic filtrate (or water) is atlllegecificationThe overarching aim of the control

on the plant (especially themactions taking place in both stageto maximise the leaching of
copper, whildmitingthe loss of PGMs to the liquid phase.

Note that a more detailed process descript@wes in sectiod.2.
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1.2 PROJECT DESCRIPTION

1.2.1 Background

Due to the variability of the composition of the entering matte and other process atickdines

low levels of PGMs in it, the control of thaching circuit is a very challenging task. This problem is
aggravated by the fact tBaintil recentl\ the complex leaching reactions taking place at the BMR
(and the reaction kinetiasg¢re not fundamentally understood very wedl.personnel at bomi n 0 s
BMR have determinglat the leaching circaitenoperatesutsideats desiredoundsMuch of the
plantis currently controlled using an iterative approach, basgge@iorexperiencé® making
changes to certavariablesn response to deviations of certain key variables from their set points.
Due to the fact that the control is not based on sound fundamental principles, it is very limited.

Such a fundamental model had recently been developed by worffiagsecond ahthird leaching
stages at (Doriting,iBradskaw,®MRdogan, Characterisation and dynamic modelling
of the behaviour of platinum group metals in high pressure sulphuric acid/oxygen leaching system:
2012) Thisdynanic model habeen created in MATLAB, taking reaction specifics and kinetics into
account, as well as mass and energy balances, heat transfer and local process limitations. It is covel
four compartments of the autoclave, as well as the tanks and fimgsure leach ardde model

creates thpossibility of developingimulating and evaluatingprovedcontrol structuresstrategies

for the BMR

1.2.2 Purpose of Project

Taking the aforementioned information into account, the main purpose ofofis pan be
summarised as follows:

1 To use plant data from Lonmindalibrate angalidate the model to the extent required by
the development of improved control structures/strategies.

T To use the val i da evaldate comtblestructaesgainsd petfoamancé t o
measureand to sequentially develop improvements on it.

1.23 Project Methodology

Due to the multfacetted nature of this project, it is divided into a number of main phases that will
form the backbone of phatsegarephe fioewingt 6s pl anni ng.

91 Data acquisition, processing and anatpgigprocess of getting process data from Lonmin,
extracting from it what is useful and analysing theoddétermine its internal consistency
and usefulness
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1 Model migration to Simuknthe process of transcribing the dynamic model, from its current
MATLAB code format, to Simulinkds interfac

1 Model validation and adaptighe process of identifying key differences between the model
and Lonminds pl ant datodelaccardinly. maki ng change

1 Controldevelopment & evaluatiaime process of adding different kinds of control loops and
structures to the Simulink neddas well as evaluatihg ability of the different control
methods to nullify different process disturbanagstaosing the best thereof
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1.3 OBJECTIVES, SCOPEAND DELIVERABLES

1.31Aims and Objectives

The aims of this project comprise the following five points:

1. To identify possible control strategies for leaching circuits, as watir@ased control
techniques, from literature.

2. To validatehe pressure leach simulation model presented by Dorfling (2012) by means of
comparing the model with plant data and implementing the required improvements on the
model.

3. To implementan analoguef the current industrial contradtructureon the pressure stage
leach simulation model and the assessment of control performance.

4. To develop and implemeat control structure improvements the simulation model and
the assessment of control performance.

5. To evalute the performanag the different contrdtructures.

1.3.2 Hypothesis

Improved controktructurean bedeveloped or t he pressure | each at
outperform the current control techniguby improving the product quality, while ktitaintaining
the desired production rates and safety standards.

1.3.3 Scope

The scope of this projectsva conf i ned to the pressure | each
BMR. No control developmentss done on the actual plant. Instethe, pressureedch simulation
model presented by Dorfling (20023u s e d a s , fromevhiah pdnteoinas déveloped and

on which itwes tested. Note that no empirical modet developed, and that only the provided
fundamental simulatioves used.

134 ThesisOverview

This thesis composes of six chapters, of which the first is the introduction. In the second chapter the
pressure leach process is introduced, along with the current control. This serves both as a means
becoming familiar with the process, andlerftifying the scope for improvement. In chapter 3 the
model is introduced, along with the data used in this project. The main aim of chapter 3 is to validat
the model and to calibrate and adapt it in the means necessary. In chapters 4 and 5ftwo parts
regulatory control is considered, with a base case developed for each and improvements made a
evaluated. Note that the findings of each of these chapters are independent from one another and c:
be implemented either separately or together. EachlasttBechapters has its own conclusion, with

a summary of the conclusions, as well as recommendations given in chapter 6.
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2.1 CHAPTER INTRODUCTION

In order to be able to develop improvemefitthe manner in which a process is controlled, it is
important to get to know the process. Developing process control from a fundamental understanding
requires that the developer should become we
challenges and control. In this chapter the process is introduced and debotibédoadly and in

more detail. The focus then shifts to the current control of theddlaeusing both on the overall
strategy, as well as the specifics. This chaptdo araate a platform from which improvements to

the current process and its control can be developed.
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2.2 PROCESS DESCRIPION

2.2.1 Summary: First Stage

Becaus the first stagegrecedes the pressure leach,thiassource ofhe maindisturbance to the
pressure leach circuitis thereforamportant to understand (albeit briefly) the reactions taking place
in the atmospheric leach tanks. These reactions can typically be summarised by following ma
reactiongCrundwell et al041)
.B O ¢#3/ ANo¢. E3AN #38 O . ED
(1
.B O (3/ AN m/ co#86/ AN #030 (/1
[2
.EO (3/ AN md C¢o©o. &/ AN (/1]
3]
#B O (3/ AN m/ ¢Co#8/ AN #0D (/1
[4]
The mineralogy of the matte taking part in these reactions is give(Obelery 2012)Note that
additional copper sulphates enter the feed, along with acid, with the copper spent electrolyte.

Table 2. Mineralogy of the matteentering the first stage leach

Mineral Composition (%)
Heazlewoodite Ni3S» 51.88
Chalcocite Cu,S 32.11
Metal Alloy 14.11
Nickel Ni 10.01
Copper Cu 2.76
Iron Fe 1.02
Cobalt Co 0.32
Copper Selenide Cu,Se 0.11
Copper Telluride Cu,Te 0.03

2.2.2 Pressure Leach

As mentioned, the second and third leaching stages take place at a high pressure. AuPkeDt(with
control loops indicated) is sholalow, with a larger versiprovidedin Appendix A.
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Figure 3: Simplified schematic representation of th@ressureleach processat Lonmin, with basic control loops
and stream numbersgndicated.

The pressure leach will be explained next, with current contralibeilsged in sectiars.

The underflow of a thickener (3DH-300)d which is 50% solidsis added to 360K-100, where

copper spent electrolyte (spent) is added to decrease the density of the pulp. From here it is pumps
to a slurry preparation tanlQK-10), where sperpure sulphuric acid afatmic filtrate (or pure

water if the filtrate is depletets added to reach predefinedo solids and % spent specification.

The contents of 400K-10 arepumped along with pure sulphuric acidpithe fash recycle tank
(400TK-20), which receives a flash recycle stream, as well as a vapour bleed stream, from tt
autoclave. The contents of 400-20 are pumped into the autoclave.

The autoclave has four compartments, of which the first three makesegpotie: stage leach and

the last is used for the third stage leach. The slurry moves between the first three compartments |
means of overflow, while the contents of the third compartment are pumped out. Cooling in the first
compartment is done by meanglagh cooling, where part of the slurry is continuously flashed to a
lower pressure. Compartments 2 and 3 are cooled by means of cooling coils, through which coolin
water flows. The last autoclave compartment is heated by means of steam additionoXyofentha

is sparged into the last three compartments.

The contents of compartment 3 are pumped to a discharge tafiK{@40), which feeds a
thickener (460H-700) or centrifuge. The overflow of the thickener goes to filters, while the

underflow ispumped to the third stage slurry preparation tankT¢d@®0). Here, sulphuric acid,
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spent and water is added, to ensure the correct fraction of solatsdamtie contents of the
preparation tank are r et ur ne dhetethe gradwetisgpunipedc | a
to a discharge tank (40KI-70).
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23 CURRENT CONTROL PHILOSOPHY A ND VARIABLES

In this project, the control philosophy was determined primarily by communicating with process
experts (as opposed to using data as main sourfoernétion). This was done to get more generally
applicable knowledge of the process. The information prizdele med oOocurrent co
project.

2.3.1 Proces% Control Objectives

The unit downstream form the pressure leach process is a be¢sls, priich means that smooth
production is not as important as the production rate and product quality. While the production rate
is |Iimited by the processd design and has n
products have to adhere tcetliollowing specificationsSteenekamp & Mrubata, Control and
Specifications of the BMR, 2Q13)

1 A PGM grade of 65% needs to be maintained at the end of the pressure leach.

1 The copper in the second and third stage leach resthteto bdelowl8- 25 wit% and
below 3.5 wt%, respectively.

The process objectives directly influence the objectives for the control Sgstfit. process
knowledge is required to ensure that these objectives are met. More specifically, thetexdict eff
certain procesgariablessuch as pressure, temperatures and stream compositions, on the leaching
reactions that determine the product compositions need to be determined. The current aim at Lonmit
is to attempt to control the pressure, acid concentration and temperatures tightly, while the control o
densitie® for exampl@ is controlled much less tightly, if at all.

The role of a control system is to keep thasablest their respective set points, while rejecting the
disturbances that enter the process. This therefore emphasises the importance of the structural desi
and the tuning of the plantds control

2.3.2 Challenges to Control

The lack of measurement of keggesss variables means that they cannot be controlled directly, but
only inferentially. The inference is done by operator experience, rather than mathematically fron
fundamental principleBhe following are the main factors leading to the suboptimalaperat

1 The pressure leach process has large residendgluientslarge inventorieg)eaning that
the effect of any change made by the operator will only be seen after a significant time.
1 The process operators work in shifts. [Ahgetime constantsiean then, that some changes
made by the previous operator will have an effect on the @radeisst the new operator
may be unaware of what these changes entailed. This phenomenon is aggravated by tt
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tendency of these operators not to react to compeasitata analyses made in a shift prior
to their own(Steenekamp & Mrubata, Control and Specifications of the BMR, 2013)

1 The operators have no tdbatthey can use to anticipate the exact consequences of the made
changes. ey need to wait for key response variables to change, before reacting once more.

Most control loops are capable of operairggessfullynder acascadede. In many cases, these
loops need tbe overridden by the operator. The exact reason foruhisiswvn.

2.3.3Key Variables

One of the main reasons for the difficulty faced when controlling the pressure leach process is th
fact thatinferential control is mainly used, with no established relationship between the inferential anc
true variable$ aswell as a large amount of disturbances. Below is a list of the most important

variables:

Table 3: List of the process variables for which a set point is given during automatic operation, as well as
disturbance, manipulated andcontrolled variables.

Set Point Inputs

Disturbances

Manipulated Variables Controlled Variables

Autoclave Pressure
All tank levels

Autoclave compartment
temperatures

Pulp feed rate

(stream 5)

% Solids in preparation
tanks (400-TK-10 & -050)
% Spent entering
400-TK-10

% Acid in 400-TK-050

Spent composition &
density
Spent temperature

Acid concentration &
density

Formic composition
Matte composition

Oxygen temperature

Steam temperature
Any MV disruptions

Acid feed rate into preparation Autoclave pressure
tanks (streams 4, 23 & 20)

Cooling water flow rates All tank levels
(compartments 2 & 3)

Flash recycle flow rate Autoclave compartment
(stream 9) temperatures

Formic filtrate flow rate (stream Base metal, acid & PGM
3) concentrations in

compartments 3 & 4
Matte feed rate
(stream 1)
Oxygen feed rate/ratio (streams
10-12)
Pulp feed rate (stream 5)
Spent feed rate (streams 2 & 19)
Steam flow rate (stream 13)
Vapour bleed flow rate (stream
8)

2.3.4 Control Loops

The control of the different identifiedntrolled variable€¥9 will now be discussed separately.
Refer to thdollowingdiagran{or the larger version given in Appendix A) throughout this section:
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Figure 4: Simplified schematc representation of thepressureleach processat Lonmin, with basic control loops
and stream numbersndicated

Level Control

400TK-10: The level of this tank is controlled by manipul#tiedlow rate of the entering slurry
(400FIC-01®). The fact that theflow rates of spent and formic filtrate (or water)
depend on the composition and density
400TK-10 will never really be steddgwever, at the time of gathering data for this
project, the flow rateg these two streams were set to operate in a fixed ratio with the
slurry strear® meaning that the total entering flow rate served as MV for level control.
Note thatthe set point o##00FIC-0103is set constant, in order to ensure that the
flow enteringhe autoclave is as stable as possible.

400TK-20: The level of this tank is controlled by varying its outflowHDR204. The main
disturbance is the entering flash recycle stidamadvanced control is said to be
present, but the flow rate of thasth recycle stream is said to be limited to 95% of this
t ankads 400&1€C-22D49, wh order to ensure a net inflow into the autoclave
between these streams.

Autoclave: The levels of compartments 1 and 2 are automatemailptedy the overflow into
the next compartment. The level of compartment 3 is controlled by changil@r 400
0402 The level of the last compartment is controlled by the outflow from the
autoclave.
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400TK-040: The level of this tank is controlled by its owt{léd00FIC-0402).

400TH-700: The level of this thickener is not controlled directly. Its inflow is used to control the
level of 400rK-040, while the variable speed drive (M8@)e underflow pumgs
changed according to the level of-IKB050. Therds d therefored potential for
large improvements in the operation of this thickener (and the parallel centrifuge).
Note, however, that this process unit falls outside the scope of this project.

400TK-050: The VSD is operated manually to keep the 1e¥€I0dtK-050 constant. The addition
rate of acid, spent and watesagl to bechanged according to the acid concentration
and density of the tankds contents. Th
addition of the three flows via level contoal this is often overridden, because of the
VSD control. The outflow of the tank (4BIC-501) is changed manually and kept
constant over long periods. Keeping all these factors in mind, it is clearTiat 400
050 is controlled in a similar fashiod®@®TK-10.

Temperature Control

The only temperature control done in the pressure leach is in the autoclave. The first three
compartments are cooled, while the last compartment requires the addition of heat.

The first compartment is cooled by meandlash cooling. A feedback controller uses the
temperature (40DIC-2001) measurement and adjusts the flow rate of the flash recyclel@@eam (
FIC-200)). In this flash recycle streaamportion of the autoclave conteistdlashed continuously
from thepressused autoclavi® the flash tank, which is @mospheric pressure. This leads to the
cooling ofapart of the slurry. The flashed slurry is then returned to the autoclave #2000

As mentioned, a limit is placed on the flow rate of the flasle reicgam.

The second and third compartments are controlled by means of circulating cooling water througt
coils. One of these water coils is currently blocked, leading to temperatures being higher than s
point value¢Steenekamp Elrubata, Control and Specifications of the BMR, 2013)

The last compartment is heated by means of steam addition. Theoretidaly20030shoulde
automaticallgontrolled by00TIC-2005, but this valve is currently changed by (sdednekamp &
Mrubata, Control and Specifications of the BMR, 2013)

Pressure Control

All the tanks except for the autocladearekept at atmospheric presshyemeans of the necessary
ventilation. The autoclave, howewekept at pressures between 6 and @bdsamuteoy means of
oxygen addition. Oxygen is spargdd the last three compartments. The ratio between the
compartments is periodically reset by the operator, in respbosdysampledompositional data
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tha provides information on the extent of leaching taking place. Hosweeghe whole autoclave
shares one vapour space, the ratia hagligible effect dhe pressure.

The reading of 40BIC-2001 automatically adjusts the overall oxygen addioandh it operates
satisfactorily, according to process engi(®tsnekamp & Mrubata, Control and Specifications of
the BMR, 2013)

Control of Acid and Metal Concentrations

While the tank levels, temperatures and pressuréecaasily controlled, the control of the
concentrations of acid and metsaore difficult. The only automatic control of the latter group is at
tanks 400/K-10 and 400K-050. Here the acid concentration is controlled by changing the addition
rate ofspent formic filtrateandpureacid. At 400/K-10, the percentage that spent makes up of the
overall entering flow is sétis is also true for the formic filtrate. This means that the spent and
formic filtrate, in the absence of an acid stream, isltethtoy means of ratio contidbte that the

acid concentration cannot be controlled separately from the slurry density, since the three mentione
streams available for controlling acid concentration should be simultaneously used for density contro

In the case of 460K-050, the actual acid concentraticsaid to be usdd determine thaecessary
adjustments to thigow rates of acid and spent. Except for the automatic control, the plant operator
also examinesompositional data in order to chaige set pointsof the automatic contrar
manually change tHew ratef the fed pulp, acid, spent and/or water. Note that, again, the control
of acid concentration is done hamthand with the control of the pulp density,

The control ofmetal concerdtions in the processmainlydoneby the process operator, duas
mentionedd there isautomatic controbn the density in 400K-10 and 400TK50. The most
important control of metal concentrations is done by looking dbtdlemetalalues (sumfo
concentrations of base metalghe compositional data results, as well as the concentration of metals
like copperloneg(Lonmin, 2013)The operator responds to significant deviations from allgseble
definedranges by @mngingabovementionedprocess parameters, such as the underflow discharge
rate of the thickener 3a#-300.The following is an excerpt from the spreadsheet that the process
operator uses to control the plant.

Table 4: Allowable ranges used by process operator to control compositions

Compositional | ;44102 400 - VE - 300 2" Stage | 4007K150/400TK11
Ranges Compartment 3|Compartment 4| Residue

Acid (g/l) 20-25 10-20 25-30 35-45 | 30-35
Total Metals (g/l)] 100- 120f 135 - 145 <50 0
Copper (g/l) <30 <60
mvV 450 - 480 520 - 550
%Pt 12 -18
%Cu 18 - 25
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This is the part of control that needs the most input from the operator and is, therefore, an important
area of improvemenritlote that the manner in which these values are used to control the plant could

not be clearly defined by Lonmin and therefore cannot be quantifidtidaerehowever, be noted
that the acid concentration measurements are responded to by manipulatmgunheof acid

entering the autoclayBurchell, 2014)This refers the acid concentration in the feed entering the
autoclave. The total metals concentration readings are responded to changing the water and spe

flow rates ird the pressure lea(Burchell, 2014)

Summary

Table5 provides a brief summary of the current control mentioned.

Table 5: List of control loops that form part of the current control

cv MV Control Type Potential Disturbances

Level of 400-TK-10 400-FIG0106 Automated feedback Flow rate change: streams 15

Level of 400-TK-20 400-FIG2204 Automated feedback Flow rate change: streams 5, 79, 23

Level of Comp 3 400-FIG0402 Automated feedback Reactions change, flow rate change: streams 711

Level of 400- TK-040 400-FIG0401 Automated feedback Flow rate change: stream 14

Level of 400-TK-050 more than1  Unsure Flow rate change: streams 1721

Level of Comp 4 400-FIG2003 Automated feedback Reaction change, flow rate change: streams 12,
13, 21, 22

Temperature of Comp 1 400-FIG2203 Automated feedback Reaction change, upstream temperature change

Temperature of Comp 2 Cooling coils  Automated feedback Reaction change, upstream temperature change

Temperature of Comp 3 Cooling coils Automated feedback Reaction change, upstream temperature change

Temperature of Comp 4 400-TV-2005 Manual Reaction change, upstream temperatue change

Autoclave Pressure 400-FIG2001 Automated feedback Reaction change, flow rate change: streams 8,
10-13

%Solids in 400 TK-10 400-FIG 1102 Unsure Change in ratio between streams 1-4

%Spent in 400- TK-10 more than1  Unsure Change in ratio between streams 1-4

%Solids in 400 TK-040 morethan1  Unsure Change in ratio between streams 17-20

Acid conc in 400-TK-040 morethan1  Unsure Change in ratio between streams 17-20

2.3.5 Control Hierarchy

The control structure of a process can be divided into two different levels: regulatory and supervisor
control.

Regulatory control refers to the control level that regulates a process during normal operation. |
ensures that all controlled variableskep at their respective set points, and this is done by
manipulating one or more manipulated vari@lasg, 2011}or the sake of clarity in this project,
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regulatory control can be further divided into what will be calleddamd compositional regulatory
control in this project.

In this project, basic regulatory control refers to the control of temperature, pressure and inventory
levels in the pressure leach process, and will be dealt with in chapter 4. On the other hanc
compositional regulatory control refers to the control of density and acid concénastisrihe

case in tanks 400TK10 and 400TKO050. This will be the focus of chapter 5.

Supervisory control supervises the regulatory control by determining and teetes@gpoints

thereof. This is done in order to reach certain, predefined process performance objectives. A
Lonmin, this control level is currently done by the opéidttor it is possible to incorporate it into

an automated supervisory control styat8gpervisory control is also part of chapter 5.

2.3.6 Recommendations

From this chapter, the potential areas of interest can be identified.

Basic Regulatory Control

This part of the control is done the best of the control levels on the plant. Thiessinehgle the

control of pressure and the inventory control. The temperature control on the first compartment has
been identified by Lonmin as an area of concern, and therefore it will be an area of focus in this
project. The temperature of the secomdpartment is not controlled, due to the mentioned cooling
malfunction, but since this projémtuse®n control only, it will not be focussed on.

Compositional Regulatory Control

The procedures surrounding compositional control could not be clearty lmefimamin. In 400

TK-10 the ratio between the flow rates of spent/formic and stream 1 is kept constant to attempt to
keep the solids fraction and acid concentration in this tank constant. The manner in which thes
ratios are changed is unclear. Theestepart of compositional control is the fact that pure acid is
added to 400K-20 to control the acid concentration in this tank. However, it has been noted by
Lonmin that this stream is not desired. This will therefore also be an area of focusjetthis pr

The compositional control before the third stage leach is a weakness on the plant, partly due to th
fact that the solidgjuid separation phase between the second and third leaching stages is controllec
from a different control room. The compasitil control on 40TK-050 is therefore less clearly
defined than that of 40IK-10. While this is a significant weakness, it will not be an area of focus in
this project. The reason for this is that the problem is not yet well enough defined, with more
information required to be able to accurately simulate the process section. Given this fact, the
methodology developed for 4DR-10 should be helpful as a first approximation for future control
developments on 401K-050.
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Supervisory Control

The supervisgrcontrol on the plant is done by process operators, who follow rules that could not be
clearly stipulated for use in this project. Inferential variables (to be defined in chapter 4) are measure
and used to control the project. This is an area with oo ®r improvement, but it can only be
investigated in this project if the model is to be found valid for this control. This validity is
investigated in chapter 3.
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CHAPTER3

DATA PROCESSING &
MODEL VALIDATION
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3.1 CHAPTER INTRODUCTION

In order to use the model as a representative simulation of the pressure leach process, the extent
which the model matches the actual process needs to be determined. This should be done keeping
mind the fact that the match should be sufficient fomthestigation of current and improved of
control structures on the process. This is the central aim of this chapter.

The plant data from Lonminds BMR are first i
which it was acquired and processed, aasntdlpotential for use in this project. The mibuohethe

form it was received at the onset of this prdestthen introduced and discussed, after which its
migration from MATLAB to Simulink is explained. The validation, verification and adabti®n of
model are then done.

The findings of this chapter, speci fidalemy | y t
with the scope for control development that is allowed by the results.
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3.2 LITERATURE REVIEW

3.2.1Data Analysis and Processg

While it is essential to understand a plant in terms of fundamentals (e.g. reactions and kinetics), as w
as operating conditions and control, the dynamic behaviour of a plant can only truly be known by
examining data drawn from a number of imponantbles. Process data therefore have to be
accurate and adhere to a number of requirements before it can be used as a reliable source
information.

Data Requirements

The data gathered from a plant, before it is processed, are to adhere to a megudemoénts in

order for it to be deemed sufficient for doing model validation. The most important of these
requirements is that it has to give a good and complete representation of the relevant process and
should not contain any bad data. In ordeafdata set to be a good and complete representation of a
process, it firstly needs to consist of a sufficient number giaiiats Roffel and Betlem (2006)
recommend that the number of data points should be at lektties the number of model
paraneters (for a model with the complexity of the one at hand). It is also important for the data
points to span a sufficient range, contain a sufficient amountfoédoency information (slower
changes) and should be sampled at a high enough frequeokyufpas much as possible of the
dynamic process characteristics. o0o0Baddé dat a
be examined to determine whether the inputs and outputs of the process adhere to the law of mas
conservationRoffel & Betlem, 2006)

Detection and Removal of Bad Data

Bad data are defined as beiata that is incomplete or incorr@ihen, Kwon, Rice, Skabardonis, &
Varaiya, 2002pata can have the following poblestdeficiencigtjung, 1999)

1 Highfrequency disturbances (above frequencies of interest)
1 Occasional outliers, missing data or discontinuities in data records
1 Drift/offset and unexplainable lefrequency disturbances

The mos common method of removing such data from a data set is by graphical analysis. While
sufficient in most cases, other methods (such as principal component analysis) can help in identifyir
bad data that may not be directly visiRleffel & Betlem, 2006)

Data Filling

Roffel and Betlem (2006) propose three ways of filling empty zones in the data. The first of these is t
interpolate between data, either using splireximan, Grosse, & Stuetzle, 1382)imeseries
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modelling(Box, Jenkins, & Reinsel, 2008)the latter method a time series model is created and
then used to determine the unknown values. A second approach is to use linear interpolation betwet
the data points on the boundaries of the gap. While very simple, this often gives satisfectory res
(Roffel & Betlem, 2006finally, a matching pattern approach can be used. This means that a region
in the data is found which resembles the region with missingdidtshat the observed trend is
applied to fill theaps. Roffel and Betlem (2006) propose that the second approach is used.

It should be noted thal in the case of very small gaps in the ddtese methods may prove
unnecessarily complex. For such a case the most basic approach would be to hadshalpeev
for the duration of each gap, creating steps in the data.

Data Validation

Data that is appropriately gathered, filed and sufficient in number may still have internal
inconsistencies. Such inconsistencies typically refer to violations oflanass bad are often
caused by faulty sensor readings. It is therefore important to do mass balances on the process and
subsystems if not to change the data, then only to be able to comment on the quality of the data
that will be used for model dalfion.

Dead Time Identification

Time lags (dead time and time constants) are very important in the analysis of dynamic time seri
data. The time delay between an input change and a corresponding response in output variables c
be determined graphicatiiyby means the cressrrelation coefficients between input and outputs
(Roffel & Betlem, 2006for a given input series, (W, €.), anduoutput series,; (s, é), they

cross covariance coefficientg) (can be calcated with the following equati¢Roffel & Betlem,

2006)

(5]
In this equatiork is anintegerstarting from 0. Moreoves,andwrefer to the respective means and
N to the number of samples. While the calculation of cross correlation is a linear technique, it can als
be used to a certain extent with-hnear process¢Roffel & Betlem, 2006)

3.2.2 Model Validation & Verification

Modd validation is defined as the process of determining the degree to which a model is an accura
representation of the real world from the perspective of the intended use of ti{AlARAd&b98)

More directly (in terms ofighproject): it is the confirmation that a computerised model is sufficiently
accurate within a suitabl e r ange (Sehalsinger, ptalt, he
1979) From both these definitions, it can ds®n that the purpose of the model is key to its
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validation. This stems from the view that the philosophy of model validation in the field of system
dynamics correlates with the holistic or relativist field of séigrideh means that models cannot

be demed absolutely true or false, but rather has a certain degree of usefulness with respect to
predefined purpos@arlas, 1994his implies that the purpose of the model with regards to this
project has to be stated clearly before model validation can be done. This will be don8&.i®. 5ection
Note that model verification refers to the confirmation that the computerised snoaleéctly
implemented on a software platfd@argent, 2013)

Concepts & Process

Sargent2013) proposes that model validation and verification consists of three components that
need to be considered. These components,llagswbe links between them, are displayed in the
following figure:

Real Plant

Operational Conceptual

Validity \\ Model Validity
Analysis &
Modelling
/ Data ‘\
/ Validity \

Computer
= == = = Programming & = =— =
Implementation

Computerised
Model

Conceptual

Model

Computerised
Model
Verification

Figure 5: Simplified diagram of the model validation & verification process (redrawn from Sargent, 2013)

In this figure, it can be seen that a valid and azdatat set lies at the centre of model validation and
verification. This emphasises the importance of the data acquisition and processing step. Note that
the top there is the real plant, which the model looks to represent. By analysis and modelling,
conceptual model is developed. This is the mathematical representation of the real plant. From thi
model a computerised model is programmed and implemented on a relevant software package. |
experimentation, the computerised model and the real plampagezb

During conceptual model validation the assumptions and principles on which the conceptual model i
built are reconsidered and it is ensureddtathin the purpose of the modithe mathematical

expression of the process is correct to a sadisfaegre¢Sargent, 2013puring the computerised
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model verification stage, the implementation of the conceptual model in computerised form is
evaluated. During the oper at i ovanabdisarevcanpareddda i o n
that of the real pl ant and evalwuated within
and range of operation.

Conceptual Model Validation

According taSargent2013) this leg of model validation consists of two compotientssting of
the theories and assumptions that underlie the conceptual model and the evaluation of the model if
is reasonable for its intended purpose.

During this project, the reaction kinetics and its related parameters determined by D&Jlisg (201
not revisitedd and therefore idepth investigation into the derivation of these parameters from
experimental test work lies outside the scope of this project. This means that the first component o
conceptual model validation is limited to an awatuof the assumptions made in the setting up of

the conceptual modélas well as other discrepancies encountered during comparisons between the
true process and the rationale of the model
setion 3.6.1 the suitability of the structure of the model will be commenteSaoyent2013)
recommends that face validation should be used for these evaluations, which means that proce
experts (or people who are familiar with t
reasonableness of the modekeeping in mind its intended puspo Flow charts are typically
examined, along with model equations.

Computerised Model Verification

This is a very important step in the total model validation procedure, since in it the implementation of
the model in terms of computer programming igdiaeriErrors arising in this step are typically
independent of the conceptual model and pertain to the programming philosophy and structure usec
as well as the details in the programming text and blocks (in the case of a visual programmin
language suck &imulinkpo f t en r ef err ed t o Sagent2018)pmmsestivan t h
possible methods of testing for the compute
method, wherein the program is gone through systemétigdigally bywalking through it with

other knowledgeable people. The second method entails dynamic testing, where the model runs al
processpecific checks are done on the model. Checks can be built into the model to ensure tha
internal c onsi $vioktedd stopding timé modet witloam srroranressagé in the case

of such a violation. Note that the dynamic testing ties in with operational validation, which is
discussed next.

Operational Validation

Operational validation is the most important partazfahvalidation, since the majority of errors are
detectable in and has an influence on this s
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compared with that of the available data from the real plant. There are numerous ways in which thi
canbe done, and the lhesethods depend on whether it is possible to collect data on the operational
behaviour oimodel | ed system or not, and Sargenf20I8e nat
recommend using both a qualitative and quantitative methodpairsmn.

The qualitative method is the more important
(with regards to a specific purpose) is evaluated, and not an absolute measure @agemtacy.
(2013) recommend a graphical comparison betheenodel outputs and the data. In this method,

the two sets of values are plotted on the same graph, with comments mad&drgen{R013)

note that such comparisons should be made for variables that have relationships that are important
themo# | 6 s purpose. A consequence of this 1s th
procedure to go through the process sequentially (one process subsystem at a time) and comment
what can be observed. Since such a qualitative method ivsubjecimportant that it is done by
someone who is knowledgeable of the process and the plant.

Due to the fact that model validation of system dynamics is pdepeselent, hypothesis tests are

not included in the quantitative validation @gplas, 1994This consideration also has implications

for other statistical methods, such as confidence int@rwdieh are recommended Bwrgent

(2013). Instead, the differences between two time series data can be compzaerd bfywell
established statistical measures. An example of this is the root mean squared error (RMSE), which
defined as followEhai & Draxler, 2014)

'Yi)"Y'OéE 5 6

(6]
Here, A represents the values peggti/calculated by the model a@Bdepresents actual measured
valuesn is the number of data points in question. Such an RMSE value has the same units as th
variablegompared. It can also be normalised to become a dimensionless number, as follows:
YO YO
O aQe

€YD "YG
a
(7]
Here,Bis defined the same is in the previous equation.

A perfectquantitative matcbetween the model and the data would lead to an RMSE, and therefore
also an nRMSE, of zero. Less correlated model and datalgatito larger RMSE and nRMSE
values. While hypothesis tests are not relevant for this application, a reference RMSE or nRMS
value needs to be defined to enable sensible interpretations to be made.

The RMSE can be viewed as the standard deviatfmreditualbetween two data sé&chmee &

Opperlander, 20104 reference value for the RMSE can therefore be set as the standard deviations
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of the sets of model and data values. While an RMSE value smaller than thelsdestiatidas

would indicate a good correlation, larger RMSE values cannot be deemed as bad. A value of 30%
chosen as a crude baseline value for the normalised RMSE. These two interpretation methods will €
in the evaluation of the correlation betweedel and data sets.
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3.3 DATA GENERATION & PROCESSING

In order to be able to be able to evaluate and adapt the model in this project, a sufficient amount o
plant data is necessary. The data requirements listed in section 3.2.1 have an impact on both t
requirements for the conditions under which process data are generated and how it is processe
These two steps are now discussed separately.

3.3.1 Data Acquisition

General Information

In terms of acquiring plant data for this project, it is importanteta o gni se t he f act
BMR is a fully functioning, largeale production plant. This means that the manipulations of
different variables on the plant are limited, if not prohibited. It is for this reason that it was impossible
for the author tao the tests that would be necessary to ensure that there are sufficient low frequency
variations, with large enough amplitudes, to cause changes in intermediate and output variables st
that causal relationships can be verified beyond the uncertaingg dinstead, the data obtained for

this project were generated by external control consultants who focussed on a small part of th
second stage leach, namely the flash recycle ndniirsh autoclave compartmerRrocess
manipulations were thereforet rsufficient to be able to characterise the whole pressure leach
process. This means that that, while it was ensured that all necessary data tags were logged
acquired over a sufficiently long time period of 60 héutsere are some important limgas to

the data.

Data Generation Limitations

The first limitation on the data is caused by the fact that the people that made the process alteratior
and gathered the data at the plant did not have the same purpose for it as this project does. Th
meanghat data logging outside of their scépeat is, the part of the process beyond the second
stage leachis done much less frequently than is the case for the second stage leach. This also mea
that process alterations were made mainly to chardlceesseond stage leach.

The second I imitation is caused by the fact
time of the data acquisition. The fact that the exact specifications of the control on the plant are no
known means that muechncert ainty is introduced in ter m¢

Literature supports the fact that system identification is more difficult under closed loop conditions
(Bitmead & de Callafon, 2003)is is arguabWorsened by the fact that, instead of doing step tests,
the tests were done in the form of a pseaddom binary sequence, making it challenging to derive
low frequency information on process dynamics.
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3.32 Data Processing

The data received for thecend stage leach varied in terms of sampling/logging times and were
therefore not aligned to the same time intervals. This was addressed by creating an matrix with 1
second intervals. This interval size was chosen, as it represented the shortestel@ggamny the

data points. The data was fitted onto this matrix, with empty zones left among the values of the les
frequently logged variables. A suitable interpolation method had to be applied to fill the empty zones

As a first approach, the last layjgas held until the next one is reaéheating data that changes

in a stepwise fashion. From the matrix a smaller, complete data set for the second stage leach w
chosen for which the time range wherein there are values for all variables. Tangdimas
approxi mately 48 hours |l ong, which is suffici

The logged data received for the third stage leach were logged every 5 minutes, makaad) it less
than the second stage data in terms of dynamic an@lyisedata wasdated in a similar manner to
that of the second stage leach, with values held over the 5 minute intervals.

By inspection of graphs of the data it could be seen that some of the variables had outliers, which c:
be attributed to sensor or transmissiaft§aThese outliers were removed by setting it equal to the
last noroutlying value.

3.33 Data Summary & Completeness

The data provided by Lonmin, logged during the execution of parddm binary sequence tests,

can be split into two categories:ranineasurements and analysis data. The former is sampled several
times per hour (down to every 10 seconds), while the latter is available much less frequently. Befo
these categories are discussed, a summary of the dataldedw it corresponds to nedchame$

are given below.

Online Measurements

Most of the available data for the pressure leach process has been logged. As mentioned, the data t
around the second stage leach were logged at a higher frequency than that of the third stage lea
This includes volumetric flow rates, tank levels (percenitsg)e temperatures and pressures. The
available tags are given in the table below, with the two aligned data sets listed separately. Note t
the flow rates of streams 17, 21 and 22 (see thedignardibelowd which are importard are not
available.
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Table 6: Lists of data tags available (for the two aligned data sets), with corresponding locations (model stream
or tank) given.

Available )
Not available

10 seconds 5 minutes

Data Tag Location Data Tag Location Data Tag Location

400-FIG0103 Stream5  400-FIG0401 Stream 15  400-FIG2003 Stream 22

400-FIG0107 Stream4  400-FIG0504 Stream 20

400-FIG1102 Stream 3  400-LIG0501 400-TK-050

400-FIG2001B Stream 11 400-TIG2005 Comp 4

400-FIG2203 Stream 9

400-LIG0101 400-TK-10

400-LIG2201 400-TK-20

400-TIG2001 Comp1

400-TIG2003 Comp 3

The data tags provided in the above table can be seen in the following figure:
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Figure 6: Simplified schematic representation of th@ressureleach processt Lonmin, with basic control loops

and stream numbersndicated
Control Modes

The exact modes of the controllers were determined by inspecting the data. Process variables tf
made straight lines are in manual mode, while noisy process variables indicautbatatically
controlled. In a similar manner, variables with noisy set point values are in a cascade mode, with ¢
point values determined by another controller. The flow rates of streams 4 and 23 are found to be i
manual mode throughout time ofhe dat ads gathering. The foll

in and not in cascade mode:

Table 7: Second stage leach variables that are in cascade mode and not in it during the data gathering.

In cascade mode

Not in cascade mod e

400-FIG0106 400-FIG0104
400-FIG0101 400-LIG2201
400-FIG0402 400-TIG2001
400-FIG2009 400-TIG 2002
400-FIG2010 400-TIG 2003
400-FIG1102 400-LIG 2002
400-FIG2204 400-P1G2001

400-L1G 0101
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It should be noted that the control modesnily available for the second stage leach, since the third
stage leach data is not logged frequently enough to be able to comment on the control modes. Since
is a running plant, however, the third stage was indeed controlled.

The fow rate of streamss@ems to bswitched between cascade andaascade mode at the time

of the data gatherin@he reason for this is that, while the set point of the flow rate of stream 9 is
typically determined by the temperature controller of compartment 1, the sist teaiporarily
manually changed by the process operators.

Compositional Analysis Data

The available analysis data comprise of compositional data of the solids residues (mass fractions) ¢
liquid filtrates (concentration) for the second and third stagje This is also available for the first
stage leach residue and the formic filtrate. It is summarised in the following table, along with the rat
at which it is sampled.

Table 8: Lists of compositional data available aroungressure leach process

Compositional Data

Once a shift Daily Process Unit

1st stage residue

2nd stage residue Compartment 3
2nd stage filtrate Compartment 3
3rd stage residue Compartment 4
3rd stage filtrate Compartment 4

Formic filtrate Formic Leach

Other data that is more directly used by plant operators to control the process are available for th
process units around the pressure leach process. These include density, redox potential and differ
component concentration measuremdis.table below summarises it, along with the frequency at
which the information is available.
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Table 9: More frequently available process stream information of different process units in and around the
pressure leach process

~ Density Concentration (g/L) Redox
Process Unit

(kg/L) Acid Copper Total metals potential (mV)
300-TK-100 hourly

400-TK-10 hourly  2/shift 2/shift
400-TK-20 hourly  hourly hourly
Comp 3 1/shift  1/shift 1/shift hourly
Comp 4 1/shift  1/shift 1/shift hourly
400-TK-050 hourly  hourly hourly

3.34 Internal Consistency

In order to be able to confidently use the data as bench mark for model validation, its internal
consistency needs to be verified. This is typically done by means diadamassbut the setting

up of a mass balance for the data proved to be difficult. This can be attributed to the following
factors:

1 An operator shift is typically 7 hours long. The instantaneous compositional analysis data tha
are used to set up a comennbalance could therefore have been sampled at any time during
such a shift.

1 A mass balance cannot be done throughout a transient process at one time step. While a ma
balance can be done over a unit during a period in the data where there is lati@ecamu
the unit, it cannot be done for the process as a whole. For the larger process, dead times ar
time constants need to be taken into account to attempt to follow the same portion of
contents throughout the process. While the typical valuessertithes can be calculated
using typical or mean flow rates, the variability in these flow rates cause a large (especial
cumulative) uncertainty in the times throughout the process at which data should be choser
for comparison.

With the two sources ohaoertainty just mentioned, it is clear that the setting up of a complete mass
balance is limited, if not impossible. Due to its importance the mass balances that have been doi
are, however, shown in this section.

Mass Balances

The flow rates around 40®-10 are inspected at a stage where the tank level is reasonably stable,
since this indicates a period of no accumulation. In the following plot of the level k{1400t

can be seen that this stable region lies betwesedr@l intervals 4000 and B0866.7 and 1000
minutes).
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Figure 7: Plot of the level of 400/K-10 over the total data range (in 10 second intervals)

For this range, the mass flow rates to and froATKEI0 should be the same, as can be seen in the
following equation:

%‘Eb” Ooq Ogoo
Qo

(8l

In this equation, th@ terms refer to mass flow rates. In order to test whether the difference between
these variables are indeed zero, the respective mass flow rates need to be determined. The follow
densities are available:

Table 1Q Table of densites for stream around 400K-10

Stream Density (kg/L) Assumed Data

1 1.5 X
2 1.15 X
3 1.15 X
4 1.836 X
5 1.18 X

The densities for stream 1 and 5 are available in the compositional data. These values are taken a:
average of the chosen datlage. The densities of streams 2 and 4 are typical values given in literature
for the respective streafBorfling, Bradshaw, & Akdogan, Characterisation and dynamic modelling
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of the behaviour of platinum group metals in higrspresulphuric acid/oxygen leaching systems,
2012) The density of the formic filtrate is approximated as being similar to that of copper spent
electrolyte.

The following equation is used to determine the values plotted in the figure below:

[
Here,w refers to the volumetric flow rates as they are given in the data and the delta term is the mas
balance error, also called the net mass flow rate (in kg/h). These errors are plotted in the followin
figure:

Mass balance error (kg/h) vs time(min)
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Figure 8: Plot of the mass balance error around 40K-10 for a region of minimal level change

From this figure it can be seen that there is generally a net flow out of the tank (with a mean value ¢
897 kg/h). This mean value is 10.86% of stre
throughput), which is very large for a valuestiatld be zero. The logged density values provided

by Lonmin vary with less than 2%, which means that either the assumed densities are very far frol
correct or the data provided is incorrect to the extent that the mass balance around the tank ir
guestion des not hold.

The same can be done for the flash tankTKERO, as can be seen in the equation below:
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It should be noted that the case of this tank is more complex thanTét-400since strearisand

8 are vapour streams, of which the densities are unknown. Moreover, there is evaporation an
condensation taking place in -4B80320, which means that a constant level does not necessarily
indicate a tank with no accumulation.

From the following ploit can be seen that a stable region lies between tHeaB80D400 10-
second intervals (1150 and 1233.3 minutes, respectively):

Tank lewvel as a percentage of full capacity
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Figure 9: Plot of the level of 400K-20 over the total data range (in 10 second intervals)

In the identified region, the tank level staysdeetthe bounds of 54.8% and 55.7%

The streams relevant to this comparison are streams 5 to 9. Streams 6 and 8 are the vapour strec
that exit and enter the tank, respectively. Similarly, streams 7 ahe @@reapour streams that

exit and enter the tank. It should be noted ribédher flow nor density data aneailable for the

vapour streams and that a mass balance aroum& 4€WDis limited by this fact. The slurry stream
densities are given below:
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Table 11 Table of densities for stream around 460K-10

Stream Density (kg/lL) Assumed Data

5 1.21 X
6 -

7 1.27 X
8 -

9 1.2 X

As with the previous mass balance, the density valiesherelata araveraged over the chosen
time range. The flash recycle strdansity of 1.2 kg/lis predicted byhe modelwhen theinputs
that Dorfling (2012)sedare entered into the model.

Mass balance error (kg/h) vs time(min)
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Figure 1Q Plot of massbalance errorinto 406 TK-20 for a region of minimal level change
It can be seen from this figure that there is a net flow into the flash tank (with a mean value of 3865.
kg/ h). This is 9.(0r% prfe sd mrteiamg 7tidhes timeaamde Gtss t teh r
clear that the vapour flow rates are important and that clear conclusions cannot be drawn from thi:
mass balance.

The methds used to do the mass balanté#ss section cannot be applied be tsecond stage leach
as a whole. The reason for this is thatre¢laetions taking place consummgnown amounts of
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oxygen, while steam is also added into the system. While such a mass balance could be set up wi
sufficient amount of assumptions, its isdimited and the fact that thea ar@ot complete enough
to formally checlwhether its mass balances hotdtbde accepted.

Goal Driven Data Validation

The fact that the data are not sufficient for checking whether the mass balances in¢heguiessur
process hold means that the validation of the data has to be evaluated by other means. Ljung (19¢
mentions that a model can be validated by using it for its intended purpose and evaluating it:
performance.

The purpose of this project is to desagd evaluate control structures for the BMR pressure leach.
This means that the model must be sufficient to enable the design and evaluation of control structure
on it. Continuing this goal driven approach, the data in this project, in turn, haugftoidma for

enabling the development or verification of the mentioned model. The requirements for data
validation are therefore determined by the requirements of model validation, and therefore dat:
validation will be continued as part of the modelat@ih procedure in this project.
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3.4 DYNAMIC MODEL DE SCRIPTION

3.4.1 Original Purpose

The dynamic model received at the onset of this project was developed by Dorfling (2012) in
MATLAB, in order to present the results from experimental batch tesiomerkThe model was
therefore created as a supplementary project to a largedmejaaneans of incorporating reaction
kinetic findings into a structure that to a large degree resembles that of the real pressure leach proce
The manner in which thmodel reacts to disturbances was evaluated qualitatively by Dorfling, in
order to show that that the results obtained correlate well with the trends that can be expected fron
process knowledge. With this in mind, it is therefore important to recogritse tihadel delivered

at the onset of this project is by no means an exact (or quantitatively verified) simulation of the
pressure leach process at Lonmin.

3.42 Form and Working
The MATLAB model consists of the followinfj&s

Table 12 List of files that make up the received model, along with the purpose of each

Model file name Purpose of file
autoclave_model Calls other functions and plots required outputs
input_data Sets predetermined parameter values (e.g. flow rates, temperatures,

pressure, compositions, process component sizes and other constants)
calculate_steady_state operatior Calculates all unspecified steadystate conditions (e.g. temperatures, flow

rates and compositions)

calculate_oxygen_solubility Calculates the oxygen solubility in the leach solution

calculate_reaction_rates Calculates the reaction rate constants

calculate_autoclave_odes Contains the model 6s or dfmssrayd emkigy
balances

calculate_dynamic_behaviour Determines all time domain profiles

The manner in which these files connect, and the order in which they execute, is displayed in th
following flow chart. A more detailed list of their functions is given in more digipiivaix B.
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It can be seen in this figure how ithfgut datgcontaining the necessary physical and numerical data)
are used to calculates tteadystate values. These values, along with the input data and the time
range over which the process runs, are used to solve the ODEs. The results frorssthleed, s

well as the steadyate values and input data are used to calculate the remasstéidw rates,
leaching results and metal concentrations.

3.4.3 Previously Added Control

The possibility of adding control to the dynamic model in the-asnt®ned form has been
researched by the auti&inoblauch & BradshawQ22) Pl control loops were added to provide
dynamic control of the following variables (see AppArfdixa flow sheet of the process):

1 Temperature in the first (400C-2001) and (460IC-2005) last autoclave compartments
1 Mass control of 460K-10, 400TK-20, 400TK-040 and 4G60K-050

Tuning was done by means of tuning correlations proposed by Marlin & Ciancone (Marlin, 2000)
using process curve derived information. The details of this tuning method are providedsin section
4.2 and 4.3The contrd proved to be successful at rejecting different disturbances (both in the form
of stepwise and sinusoidal inputs). However, the added control was limited to being preliminary tes
work by the following two facts:

1 Control was added and tuned without thesicieration/inclusion of dead time in the model
o which is important in the process of control implementation.
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1 The added control is far too limited in its scope to accurately represent the pressure leacl
process at Lonmin.

3.44 Differential Equation Soher Used

MATLAB and Simulink provide a number of ordinary differential equation (ODE) solvers which can
be used in models such as the one in this project. Dorfling (2012) used ODE15s, which can solve sti
ODEds and uses a (Mataworkg2014¢ or der met hod

The size of the model, along with the different dynamics in it (with some variables changing more
rapidly than others, makes it important to consider system stiffness in the selection of an ODE solver
While system shifess is a complex principle to define briefly, a very slow execution speed (using a
non-stiff solver) often indicates stiffness in a simuléktmer, 2004)One source notes that a
system that has time constants which varificagtly in magnitude is prone to stiffngdexim,

2014) This is the case with the model used in this project. According to Mathworks (2014) ODE45
should be the first ODE solver attempted, and if the system is stiff, OBdlld be used.
ODE15s ran the model in a significantly shorter time, and therefore it is used.
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3.5 MODEL MIGRATION & VERIFICATION

3.5.1 Model Migration to Simulink

The dynamic model received at the start of this project was developed by(Baitflargl changed
by the authofKnoblauch & Bradshaw, 201Bdr its working, sesection3.4.2 Due to the fact that

MATLABO®s Simulink platform provides more comj
development and irtgmentation, it has been decided that the model would be migrated from its
received MATLAB code for mat to Simulink. Not

published form, and that sanity checks are done in section 3.7 to compare theé thegitaulink
model with the received model.

The following table summarises the interconnection between the resulting Simulink blockis, along w
the function of each block.

Table 13 Simulink block numbers, with input and outputlinks, as well as the parameters calculated in each.

Block # Input Links Output Links ~ Variables/parameters calculated
A K B,C,E, H Flow rates to 400-TK-10
B A J, K Flow rates to 400- TK-050
C K, A FI, K Oxygen & heat transfer in autoclave
D K E, K Heat capacities & mass fractions in various streams
E A, D J, K Energy removal & water evaporation in flash recycle stream
I A C J, K Reactions in autoclave compartment 1-4
J B, E, F K Outstanding variables
B,C,D,E,#J AC,D Solving of differential equations

Once the model was migrated, the control mentioned in section 2.3 was added to it. The controller
in question are PI controllers having the same format. The controller for the temperature of the first
autoclave compartmegdQGTIC-2001) is shown below:
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Figure 12 The setup of the PI controller of 400'IC -2001 in Simulink

In this diagram it can be seen that the current and set point values ofdlie B case the
temperature in compartmen¥{73)0d are entered into the control block. Note that the CV values at
steadystate are chosen to be the set point values during the simulations. The difference between th
two values makes up the error, which is sent to the proportional (bottom) gmatbmgsiddle)

routes. This generates the required change in the position of the relevan) valvs!(v value is

added to the initial valve position to give the new position. Before translating this valve position to &
flow rate, it is limited to@edetermined range, with asithdup added. The correlation between the

flow rate and the valve position is assumed to be linear and is calculated by dividingsthgesteady
value of the MV by the initial valve position. This value is multipliedngytihalve position to give

the iterationds new flow rate.

3.5.2 Computer Model Verification

As mentioned in the literature section, there are two methods of doing model verification: static anc
dynamic. While sectidocussed walthroughs through the meldhave been done with researchers
knowledgeable in the area of programming and modelling, no single, thoretingluglalkvhich is

an important part of static verification) was done by a third party. For this reason, dynamic
verification will be the mameans of verifying the computer model.

The dynamic part of the computer model verification is lumped in with the operational validation

section, since this serves as the single, rigorous testing of the model. Note that Dorfling (2012) adde
tests in the wdel for reactions proceeding past their stoichiometric limitations, while tests have been
added in this project for checking for tanks running dry and the pressure moving outside its allowabl
range.
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3.6 CONCEPTUAL MODEL VALIDATION

3.6.1 Model Purpose &equired Accuracy

The aim of this project, as stated, is to investigate and develop improvements on the control structur
of the pressure leach process. This means that the purpose of the model is to serve as a pla
simulation that adheres to the follayveniteria:

1. It should be set up in such a way that control can be successfully implemented and tested o
it.

2. It should be sufficiently similar to the real plant that conclusions and developments made in
terms of control structure should apply to the taat.p

Such a model would enable the testing of control structures for the pressure leach process.

It is important to note that the required accuracy of the model depends on the nature of the control
development. However, the control that can be devawpiedted by the accuracy of the model.

With this dilemma in mind, it makes sense that Barlas (1994) states that model validity is achieved
means of a oconversational ¢, instead of a ¢
unceasingly attgating to eliminate errors between the model and the real plant, model validation as a
whole in this project entails a process wherein the following two questions are asked continuousl
(and in a sense iteratively):

1 Is the model similar to the real prodesthe sense and to the extent that control can be
developed on the model?

1 How does the current model validity limit the control that can be developed, and is it
sufficient for this project?

The result of this process is given in this document.

3.6.2 Appicability of Conceptual Model to Purpose

Preliminarytest work done by Dorfling (2012) suggested and work by the @utbblauch &
Bradshaw, 2012)howed t hat the model 6s overall struc
evaluation of controModel validation for the investigation of control structures is sufficient for the
purpose of this project, but it must be noted that a more rigamoosptual model validatidn
including the reconsideration of how reaction kinetics were derived and of the manner in which
reaction rates are calculaedould be necessary for a detailed design of control for the process. The
difference between the sttural and a detailed design of control lies therein that the latter requires
accurate tuning that can be applied to the real plant, and this in turn requires a model tha
guantitatively provides a near exact match of plant performance.
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3.6.3 ConceptuaModel Changes

In the process of migrating the model to Simulink, it was found that a number of the assumptions
made both by Dorflin@Dorfling, Bradshaw, & Akdogan, Characterisation and dynamic modelling of
the behaviour of platinu group metals in high pressure sulphuric acid/oxygen leaching systems,
2012)and the authofKnoblauch & Bradshaw, 2012Yhe development of the controlled model are

not justifiable. This called for some changes toade to the model, which will now be discussed
separately.

The following assumptions made by Dorfling (2012) still hold for this project:

1 All mixed tanks and autoclave compartments are perfectly mixed.
1 There are no reactions taking place outside the e@tocla
1 The flash recycle stream has the same composition as the contents of compartment 1.

The following table summarises the conceptual model changes in this section:

Table 14 Conceptual model changes, with a summary of the reasorr feach

Conceptual Model Changes Reason for change

Addition of cooling of compartments 2 and 3  The temperature of compartments 1 to 3 are not the same

Addition of level control in the autoclave Compartment levels do not stay constant

Change of the level control of 400-TK-050 Implementation in model did not correlate with statements
Addition of pressure control Pressure is incorrectly assumed to be constant

Addition of dead time Delays due to piping were not accounted for in model
Addition of stream 23 Acid stream was not in previous models

Addition of non -leaching components The omission of Pt and Pd is incorrect

Addition of water to stream 1 Solids are fed at a solids fraction of 0.5.

Addition of formic filtrate Stream 3 was assumed to be water, butis not

Changed oxygen feed fractions Data and stoichiometry requirements do not correlate well
Correction of compartment 1 calculations This was not done correctly

Correction of inventory sizes All inventories were assumed to be 1 m®

Each of thesehanges will now be discussed separately. Note that the following flow diagram can be
used as reference for the discussion of the changes made:
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Figure 13 Diagram of the pressure leach process, with the relevant process varidhgs added.
Addition of Cooling of Compartments 2 & 3

Il n previous work on the MATLAB model , it was

second and third compartments do not have the capacity to sufficiently cool these compartment:
down to sepoint valuegKnoblauch & Bradshaw, 201Buring an inspection of the autoclave on

the plant, it was found that this was not the case, and that the cooling in the second compartment w:
not operationad leading to the overh@®y of the second stage leach. Taking into account for the
existing cooling coilsd capacity to bring th
were added along with the control of the flow of cooling wé&eenekamp & Mrubata, Control

and Specifications of the BMR, 2013)

Assuming perfect mixing and heat transfer, the following equation is used to determine the hea
removed by the cooling coils in each compartf@enigel & Ghay, 2010)

0 a o6y Y Y

[11]
In this equation, thé term refers to the mass flow rate of cooling water through the cooling coils,
theC,val ues is the waterds heat capacity and t}
compartment and of the cooling water, respectivédyassumed that the flow rafethe cooling

waterwill be high enougthat the temperature increase @bemwill be small enough that its heat
capacityemains approximately constant.
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It should be noted that the manner in which the temperature of the second and third compartments
are calculated was changed with the addition of the cooling coils. Detftimgdas his model that,

at steadgtate, these two temperatures would be the same as that of compa(Daefing,
Bradshaw, & Akdogan, Characterisation and dynamic modelling of the behaviour of platinum groug
metals in high pssure sulphuric acid/oxygen leaching systems, Zf0d2an inspection of the data

from Lonmin this assumption is found to be unjustified. For the -staséel\ycondition, an energy
balance is solved for each autoclave compartment, as can bewdendmmpartment 3:

. 0 0 a O0p a % ¢uv 0 ;5 O i BD
Y ¢uvu — - -
O Q v (OrS
(12
Here,P, .. /S the energy added by the agit@qd s t he rate of heat | oss

wall, stream AC2 is the flow into the compartn@pijs the rate of heat loss through evaporation,
Q.movd$ the rate of heat removal by the cooling coils ai@ theerm is in kg/h.

Addition of Level Control in the Autoclave

At the onset of this project, no level control has yet been added to the tHikC{2002) and
fourth (406LIC-2003) autoclave compartments in the niédkile it is present at the Lonmin plant.
The reason for this ifdt it was wrongly assumed that the masses of these compartments remain
constant, while the respective outflows vary to maintain this condition. This was corrected by
changing the two compartments in the model in such a way that with each time stépkira Simu
new compartment content mass is calculated for a given instantaneous outflow, in the form of &
differential equation. The equation for compartment 3 is given below:
[0
Qo

a a 0 00

[13}
In this equatiom,., andm, refer to the mass flow rate of the streams flowing in from compartment
2 and out of compartment 3, respectively. MoreoveD, tredH,O terms refer to the rate at which
oxygen is taken up into the tank contents (by reactions) and wateseoinde the contents (which
can also be a negative term). The resulting compartment contents mass is then used in the calculat
of the reactions in each compartment.

A Pl mass controller was then added, which operates in the same manner as tlyose alrea
implemented, with the effluent flow rate being the manipulated variable in each case. The tuning c
these controllers is discussed in more detail in se@tion

Change of Level Control of 400K -050
While it was known that the level of 4B0050 is cotrolled by varying the flow rate of the entering
acid, water and spent, this was not yet implemented on theKmaddhuch & Bradshaw, 2012)

88



This problem was rectified by c¢hangutflong(40® he M
FIC-501) tothe sum of the three added streams-f40@504,-0505 and0501, also called streams

18 to 20). The flow rate of the outflow was then changeel tonstand making the operation of
400TK-050 more similar to that of 408-10.

Addition of Pressure Control

An important assumption made by Dorfling was that the pressure in the autoclave remains constar
(Dorfling, Bradsha, & Akdogan, Characterisation and dynamic modelling of the behaviour of
platinum group metals in high pressure sulphuric acid/oxygen leaching systenbeZig)rate

of the vapour bleed was calculated to be the net sum of the vapour flétwmatke autoclave
compartments, thus varying as is required to maintain a constant pressure. In practice, the vapo
bl eed streambs flow rate is more (Steenekamp &t t |
Mrubata, Control an8pecifications of the BMR, 201Bje pressure in the autoclave does change
and is controlled on the plant by varying the total flow rate of the sparged oxygen into the last three
compartments. It is important that this is included in the modeb thes fact that fluctuations in
pressure influence a number of factors, such as reaction kinetics. The addition of pressure as
variable therefore introduces to the autocl ¢
interaction.

The first stp in adding pressure variation and control was to decide on a manner in which the
pressure would be calculated from known process parameters. A correlation between the temperatu
volume, mass of components and pressure of the vapour phase in the avdasateeded. While

there are a number of comprehensive correlations available in literature, it should be noted that th
low level of precision of the known parameters mean that a crude, approximated correlation is
sufficient. With this in mind, the idgals law with a compressibility factor is deemed sufficient for
this purpose. The adapted ideal gas law of a mixture is give(FbElew& Rousseau, Elementary
Principles of Chemical Processes, 2005)

. , . a a YY

[14]
Here, V,, is the total space in the autoclave available for filing with vapourz,yhile¢he
compressibility factor of the mixture. At the provided typical autoclave conditions, thestioifitpr
factor of water is approximately 0(8dndler, 2006),,,is set to be a 1), which is a reasonable
representation of the autoclaveds vapour sp
temperature of thautoclave contents and tank whllrder to simplify the process of determining
the total amount of moles in the vapour space, the adapted ideal gas law is used irstiie steady
calculations to determine the total mass in the vapour space dicgospesuire. Since the vapour
phase is assumed to be a saturated mixture between water and oxygen, the molar mass of the mixt
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is set to be a weighted average of the molar masses of these two components.-Jtae steady
pressure is set to the typiaagsure in the data.

Dorfling (2012) assumed that the flow rate o
of the vapour streams from each autoclave compartment However, the introduction of pressure
control necessitates the occurrence ofradation in the vapour space. The first approach to this
problem would be to assume a constant bleed rate. However, correspondence with Lonmin personn
revealed that the bleed stream flows through a valve that opens and closes at a set frequen
(Burchell, 2014)his frequency is not available, but is said to be very high. Noting that each time the
valve opens the flow through it is a function of the pressure difference over it, along with assuming
that the opeitlose frequenag very high, the bleed flow rate can be assumed to change linearly with
autoclave pressure. The following equation describes how the bleed stream is calculated:at time stej

Q

0

Q

¢
Cllcz

18]
Here, the ratio between the current and imtedsure is multiplied by the initial mass flow rate
through the bleed stream to calculate the current flow rate thereof.

A new differential equation is also added to the model,

[0
Qo
[16]
Here,m,,is thetotal vapour given off by the four compartments, whiie the mass flow rate of
the bleed stream. The resulting vapour space mass is then used to determine the pressure for e:

iteration.

A PI controller is added which uses this pressure as C\the/hdeal oxygen flow rate is the MV.
This control is discussed later in more detail.

Addition of dead time

The addition of dead time in the model is an important step in the refining of the dynamic model, due
to its potentially significant influence ontaaler design. This was done by calculating it from plant

specifications. Pipe lengths and diameters were provided by Lonmin, allowing the calculation of th
pi pesd® approximate vol umes. Using the wikan v
the pipe volumes, the following equation is used to determine the typical dead time values. Th
calculated values are called typical values, since flow rate variations will let the exact dead times var

|
ele

(17



It is important to note that, i@ the model has to be compared with the data, the positions of the
sensors are important. This meansdla&ing with the dead times between ténke dead times of

the pipe sections before sensors are also important. The dead time calculatiorpifoe &ach
therefore separated irtieforendaftethe sensing point. Dead times are calculated from-statedy
values, since small changes are not important. Dead time values for typical input data are shov

below:
Table 15 Summary of typical dead times in the piping of the pressure leach

Tank Before| Tank After FIowSensorR(EIatlon ] . (s)
Sensor

400-TK-10| 400-TK-20400-FIC-01¢—2core | <0.00

After <0.001

400-TK-20 | Autoclave c|400-Fic-22q—Before | 3.6C

After 22.64

Autoclave C| 400-TK-20 |400-Fic-22q—2efore | 30.96

After 5.0

Autoclave C| 400-TK-40 |400-Fic-0ad—Before | 28.8¢

After 5.4(

400-TK-40| 400-TH-700{400-FIC-040—28fore | 6.48

After 6.48

400-TH-700{ 400-TK-150| (stream 17)—2orore | 21.60

After 53.64

| Before 6.48

400-TK-15 | Autoclave Cf 400-FIC-501— = ——1—="1

It can be seen that not one of the dead times are in excess of 2 minutes, which is magnitudes smal
than the large time constants noted by Lor8teenekamp & Mbata, Control and Specifications
of the BMR, 2013)

The dead times are added into the continuous Simulink model by mMeanspafrt Delalpcks. A

first set of delays are made which represent the dead times in the pipe sections before the sens
positions. After this first set, all controllers receive its necessary infodraatioould be done by

the sensors in the plant. Note that this does not include flow sensors, since incompressible flow i
assume@d meaning that there will be no delayow fate changes in the pipes.

Thereafter, a second set of delays are made, which represent the pipe sections from the sensors to
next tank. After this second del ay, the resp
differential equatnsd before the next iteration receives its same delays.

Addition of Stream 23

The received model does not contain a pure acid stream entefikg200Qvhile acid is in fact
added at this point. A pure sulphuric acid stream is therefore added tarthe wiyydel and named
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stream 23. On the real plant, this stream serves as a manipulated variable with which the ac
concentration in 400K-20 is controlled. Its measurements are available in the data, so its flow rate
can be simulated realistically.

Addition of Non-leaching Components

The received model contains only Ir, Rh and Ru as PGMs. The reason for this is that is that platinun
and palladium is assumed not to leach in the autoclave. These two species were added to the moc
assuming that it does @l not react. This is done to provide a more realistic representation of
stream compositions.

Addition of Water to Stream 1

The received model assumes that the first stage leach residue enters the second stage area as a
mass. Lonmin, however, notédt this stream is 50% sol{@&eenekamp & Mrubata, Control and
Specifications of the BMR, 2013) Wat er i s therefore added to t|
rate that matches that of the total entering solids.

Addition of Formic Filtrate

The model in its received form does not have a formic filtrate stream flowing -fko-1400
Instead, it approximates it as being 100% water. With compositional data of formic filtrate being
availabl e, thi s ertectesl,aasoarsbe seenhelaws i t i on was ¢

Table 16 Sample composition of formic filtrate

Element Concentration

Cu 0.024 g/L
Ni 2.239 g/L
Fe 4.56 g/L
Co ~0 g/L
Te ~0 g/L
Pt ~0 g/L
Pd ~0 g/L
Au ~0 g/L
Rh 1.802 ppm
Ru 166.108 ppm
Ir 323.455 ppm
Se ~0 g/L
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Changed Oxygen Feed Fractions

The total flow rate values of oxygen into the autoclave in the data are much lower than the
stoichiometrically required amount, as calculated by simulating the process with inputs tha
correspond withthose of the data. Since only the flow rate of the oxygen into the second
compartment is available in the data, it is assumed that the low oxygen flow rate in the data is caus
by a small fraction of the total oxygen fed going to compartment 2. Thighmeanly 20% of the

total oxygen goes into the second compartment. In this manner, a compromise is found betweel
adhering to the input data and |l etting the m

Correction of Compartment 1 Calculations

An error was picked up in the manner in which the reactions in (and flow from) compartment 1 are
calculated in the received model. It was assumed, in the calculation of the reactions in the
compartment, that the products leave the compartment onlyflaahhecycle stream, where in fact

it also exits via the overflow to compartment 2. Correcting this error introduced the nesdeor a
loop, since the flow rate of the overflow stream (and therefore also the reaction rates) has to b
determined iterately. This method was correctly present in the calculations of compartment 2.

Discrete Controllers Considered

The PI controllers implemented on the moeletives set point and CV values continuously, and the
resulting MV change is also applied continuoltsk istypicallynot ideal, since controllers on a

plant are generally discrdtemeaning that it receives values sampled at certain time steps and also
executes at certain tim&aown as the controller execution.r@ygical values for this controller
execution rate were received from Lonmin, showing that it is typically in the order of 100 millisecond:
(Burchell, 2014) I n the | ight of the fact treeetbeltwhle Si
second, it can be confirmed that the controllers can be approximated as being continuous.

Inventory Sizes

The sizes of the inventories surrounding the autoclave assumed by Dorfling (2012) were found to b
incoherent with the true sizes thie plant. After a plant visit these sizes were updated to be the
following(Steenekamp & Mrubata, Control and Specifications of the BMR, 2013)
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Table 17 Inventory volumes, as provided by Lonmin

Inventory Name ~ Dorfling (2012) (m %) Vran (M®)  Normal Level (%)  Viiguia (M°)

Compartment 1 14.00 18.67 75 14.00
Compartment 2 4.67 6.23 75 4.67
Compartment 3 4.67 6.23 75 4.67
Compartment 4 4.67 6.23 75 4.67
400-TK-10 1 15.00 60 9.00
400-TK-20 1 35.00 55 19.25
400-TK-040 1 15.70 40 6.28
400-TK-050 1 8.30 60 4.98

In addition to the above volumes, the model requires additional information in terms of the
autocl aveds di mensions. 't i s assumeTheseédreat t
given belowSteenekamp & Mrubata, Control and Specifications of the BMR, 2013)

Table 18 Autoclave dimensions as required by the model

Compartment Length (m) Outer Diameter (m)
1 55 2.5
2 1.8 2.5
3 1.8 2.5
4 1.8 2.5

3.64 Validation Input Conditions

In order for the model to operate in the same operational ranges as the real plant did at the time ¢
the gathering of the data, the inputs of the model need to be matched with thddtaf Ti@s has

to be done by setting up mass balances, since much of the required flow rate and composition:
information is missing in the data. This is first done for the second stage leach and thereafter the thir
stage. A number of assumptions aressacg to be able to do the balance, and these include the
following:

1 The solid and liquid phases mix in an ideal fashion-irK40Q0
1 The densities of formic filtrate and copper spent electrolyte are both 1.15 kg/L

1 The solids phase has a density of 4.4& K@orfling, Bradshaw, & Akdogan,
Characterisation and dynamic modelling of the behaviour of platinum group metals in high
pressure sulphuric acid/oxygen leaching systems, 2012)

Due to the fact that the composition of theteats of stream 1 is unknown, the first step is to
determine it from the data. The balance set up arould4DD can be seen below:
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Table 19 Flow rates and densities for streams 1 to 5, and its phases.

Phase Stream 1 2 3 4 5
Mass Flow (kg/h) 947.5 2390 3841 0 7178
Liquid Density (kg/L) 1.1 1.15 1.15 - 1.143
Volume Flow (L/h) 861.3 2078 3340 0 6279
Mass Flow (kg/h) 521 0 0 0 521
Solid Density (kg/L) 4.45 - - - 4.45
Volume Flow (L/h) 117.0787 0 0 0 117.0787
Mass Flow (kg/h) 1468.5 2389.7 3841 0 8498.36
Total Density (kg/L) 1.5 1.321006  1.15 - 1.18
Volume Flow (L/h) 979 1809 3340 0 7202

The values used in this balance are means of the first range identified in section 3.3.4. The soli
fraction of stream was chosensuch a way that the mass balance in stream 1 is satisfied under
perfect mixing conditions. It can, however, be calculated that the total mass flow rates across th
table (streams 1 to 4) add up to 7699.2 kg/h, which gives a 9.4% error. Thiseeoan &caused

by mistakes in either flow measurements ornyleeasdings, as mentioned in section 3.3.4.

With the phase fractions of stream 1 determined, and the element composition of the respective
phases sdi it is important to note that the compdsnin which the element occur in the solids
remains to be determined. Due to uncertainties about additional compounds that may be present i
the first stage leach residue, a component balance on the solids compositional data is not sufficient
determinethe exact component fractions. Instead, a mass balance is used, in which the following
assumption is made:

The base metal reactions in the second stage leach can be approximated by the following fo
(Dorfling, Akdogan, Bradshaw Eksteen, Determination of the relative leaching kinetics of Cu, Rh,
Ru and Ir during the sulphuric acid pressure leaching of leach residue derive@@raonierter

matte enriched in platinum group metals, 2010)

NiS +20:¢  Rri+ SO

2NisSi + 2H:0 + 150, 62N+ 4H+ + 8SQ2
CuS+ 8H* + 20,4 4 €45CuS + 4HO
CuUS+2Q¢ G+ SO

P w DN PE

Using the entering flow rates and compositions as were specified for the previous table, the followin
table was set up:
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Table 20 Flow rates and densities for streams from the second stage leach, and its phases.

Phase Stream 1 2 3 4 5 14
Mass Flow (kg/h) 947.5 2389 3841 0 71775 7903.547
Liquid Density (kg/L) 1.070 1.150 1.150 1.840 1.139 1.200
Volume Flow (L/h) 890 2080 3340 0 6300 6586
Mass Flow (kg/h) 521 0 0 0 521 6.54
Solid Density (kg/L) 4450 - - - 4450 4450
Volume Flow (L/h) 0.1170787 0 0 0 0.117079 0.00147
Mass Flow (kg/h) 1468.5 2389 3841 0 7698.5 7910.089
Total Density (kg/L) 1500 1150 1150 - 1199.146 1200.725
Volume Flow (L/h) 0.98 2.08 3.34 0.00 6.42 6.59
Cu 306.42 0.00 0.00 0.00 306.42 1.59
Ni 64.97 0.00 0.00 0.00 64.97 0.00
H2S04 0.00 0.00 0.00 0.00 0.00 0.00
Element H20 0.00 0.00 0.00 0.00 0.00 0.00
Mass 02 0.00 0.00 0.00 0.00 0.00 0.00
Flow Fe 1.21 0.00 0.00 0.00 1.21 1.21
Rates Pt 1.71 0.00 0.00 0.00 1.71 1.71
(kg/h) Pd 0.84 0.00 0.00 0.00 0.84 0.84
Rh 0.30 0.00 0.00 0.00 0.30 0.30
Ru 0.69 0.00 0.00 0.00 0.69 0.69
Ir 0.19 0.00 0.00 0.00 0.19 0.19
S 127.85 0.00 0.00 0.00 127.85 0.00

The fraction of copper as &u(rest is CuS) and of nickel as NiS (rest,8) W assumed and the

extent of each of the assumed reactions is set to 100%. The latter is done for the following reason: ft
t he ¢ or ©Bdisregardingthe PGB sompourdsuch complete reactions would ensure that

no sul phur is left in the solids phase. Wi t F
solver function, setting the sulphur in the solids phase as the end ottibe teazero. The
following values result from this, with PGM values still being at ties pabvided by Dorfling

(2012):
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Table 21 Compounds in which metallic elements occur in the first stage leach residue

Element Major Fraction Rest
Compound
Cu CwS 0.914 CusS
Ni NiS 0.903 Ni3S,
Rh RhS; 0.5 Rh
Ru RuS 0.7 Ru
Ir Ir,S; 0.6 Ir

With stream 1 characterised, a numbeacéblesieed to be set from the data in order to have a
completely specified system. Two sumtiablesare the flow rate and ratio of oxygen into the
autoclave, and the manner in which the thickener/centrifuge split the contents of stream 15 into 1€
and 17. Dorfling (2012) recommends that oxygen is fed at a rate that is 20% more than what i
requred stoichiometrically. Data are only available for the oxygen flow rate into compartments 2 anc
3. As mentioned, if the flow rate into compartment 4 would be the same as that of the other two, the
total oxygen flow rate would be much too low, if compathdhe amount calculated by the model.
There are three possible explanations for this situation:

1. The model wrongly predicts the amount of oxygen that is necessary

2. The real plant does not sparge enough oxygen

3. The total oxygen flow rate is split in suetag that the majority of it (approximately 60%)
goes to the last compartment

Scenariobds 1 and 2 are outside the scope of
true as the only possibility for this project. The recommendationseethatios 1 and 2 should be
investigated in future work.

Due to the shortage of data for the third leaching stage leach (more specifically, the lack of data fc
the effluent stream of 40K-050), the composition of the underflow of the thickener/ceggrifu
(stream 17) cannot be determined with a mass balance. Sincelitipigdghkgaration step is outside

the scope of this project, the operation of this step is assumed to be perfect, and that the contents
stream 17 is the solids in stream 15. &me sissumption is made by Dorfling (2012).
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3.7 SANITY CHECKS

Before commencing with operational validation, it is important to ensure that in principle the model
performs as is expected. This can be done by doing sanity checks in the form af Gtefhéest
model, noting the effect it has on several key madablesin this comparison the results of tests

done by Dorfling (2012) are used as the expected respamsetherefore the tests done in this
section (along with the step sizes of eathare made similar to those by Dorfling. It is important to
note here that, due to the complexity of the model, no other expected responses can be given as
third option. A thorough comparison of the model responses with experimental knowledge has beer
done by Dorfling (2012), and therefore those results are expected to be matched in this section.

Note that the input conditions of the model are set to match those of Dorfling (2012) for this
comparison. Each effect is only noted as an increase orejécreasfy that the model responds as
expected. It should be noted that sanity checks are not limited to this section, and that throughout th
use of the modéd whether during model validation or controller tudinige manner in which
outputvariablesespond to different input changes are continually considered in the light of process
knowledge.

In this section, steadyate tests are done, which means that the noted responses refer to the change:
in steadystate ranges of operation. The resultbeaeen below:

Table 22 Stepped input variables, with step sizes given, along with the responses of several output variables
by Dorfling (2012) and in this project.

Step Size Dorfling (2012) Response Current Response
T]_ T3 CU3 CU4 Rh3 Rh4 T]_ T3 CU3 CU4 Rh3 Rh4

S +6.7% A a a A a A A a a A a A
mg +25% - a a A a A - a a A A
mg -40% A a a A a A A a a A a A
P +6.7% A a A - A a A a A - a

In this table $m, and m refer to the solids flow rate in stream 1, and the mass flow rates of stream 4
and 9, respectively. The response variables are the temperatures of compartments 1 and 3, the cop
concentration in compartments 3 and 4, and the rhodium concentratiomgartroents 3 and 4.

It can be seen that all the given response vardabiesach of the rund change in the same

direction as has been found by Dorfling (2012). This shows that the model used in this project

performs in a manner that is in line witheeixpental knowledge. One exception is the fact that the

rhodium concentration in the third autoclave compartment does not change in response to the aci

feed change, while it is expected to decreas#in@@2012) mentions that the rate of rhodium

leachng does not depend directly on the acid concentration, but rather on the dissolved oxygen
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concentration. Therefore, while the responses do not correlate well (due to one or more of the
changes made in section 3.6.3), the current response is in lingevwitiestal knowledge.
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3.8 OPERATIONAL VALI DATION

The purpose of this section, as was discussed in the literature review, is to evaluate the performar
of the modelby comparing it to the data. The aim is not to achieve an exact quantitative match
betwea the model and the data, but to systematically demonstrate how suitable the model is to it
intended purpose.

3.8.1 Adaptions to Model for Validation

The dynamic model was adjusted in a number of ways in order to facilitate the comparison with the
data.

Differences between the model and data can be due to the following factors:

1. Differences in plant specifications and reaction kinetics (collectively referred to as model
errors).
2. Differences in controller performance (including setup and tuning).

In orderto minimise the effect of point 2, the decision was made to bypass the effect of control by
importing actual MV values into the model as inputs. During this process, the fact that the mass
balances in the data do not hold was encountered again. Far tferssds conservation, therefore,

some flow rate values are calculated instead of being imported, in order to ensure that all releva
flow rates balance. The variables imported are listed below:

Table 23 Table of data arrays impded into the model for validation

Variable Stream Number  Manner in which imported

400-FIG-0101 2 Directly

400-FIC-1102 3 Directly

400-FIG-0107 4 Directly

400-FIC-0103 5 Adapted: outliers removed & moving average of 1 minute taken
400-FICG-2204 7 Adapted: data values for 400-FIG 2203 multiplied by 1.18
400-FIC-2203 9 Adapted: data values divided by 1.1

400-FIC-0505 18 Adapted: data values multiplied by 0.85 to aid mass balance
400-FIC-0504 20 Directly

400-FIC-2202 23 Directly

Note that thereasoning behind the given factors with which some of the data values have been
multiplied, are given below:

1 The flow rate of stream 7 is imported as 1.18 times the data values of the flash recycle strear
This is due to the fact that a large enoughlvatiween the flow rates has to be kept at all
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times in order to ensure that the net effect of these two streams is an inflow into the
autoclave. The value of 1.18 is chosen, since multiplying it with the flash recycle stream value
produced flow rates ofrem 7 that best approximated the data values for this stream.

1 The flow rate of the flash recycle stream is divided by 1.1 in order to aid in ensuring that the
ratio between this stream and stream 7 is large enough (see previous point) without resultin
in a stream 7 flow rate that is too large.

1 The data values of stream 18 are multiplied by 0.85 to minimise the times where a negativ
flow rate of stream 19 is required to prevent accumulatior TiK 4TED.

Some variables could not be imported and rhtdeto be set as an MV by a control loop. The
following values are determined in this manner:

Table 24 Control loops added to the validation model, with reasons therefor

MV Ccv Reason for control addition
400-FIG-0103 Mass in 400-TK-10 Mass balance around tank
400-FIG-2001(A-C) Autoclave pressure Pressure control needed to run model
m 3 (Steam) 400-TIG 2005 MV flow rate not in data
400-FIC-0402 Mass in compartment 3  Compartment mass should drive outflow (response
variable)
400-FIC-0401 Mass in 400- TK-040 Mass throughput more important than exact flow
400-FIC-0501 Mass in 400- TK-050 Mass balance around tank
400-FIC-2003 Mass in compartment4 MV flow rate not in data
Water in coils (comp 3) 400-TIG 2003 MV flow rate not in data

The added controllers were tuned andtfined in the manner describedeéction 4.3Examples of
such a tuning procedure are shown in Appendix F. The following tuning parameters are used:

Table 25 Tuning parameters usedn validation model

Ccv K¢ T,
Mass in 400-TK-10 N/A  N/A
Autoclave pressure 18.75 0.9
400-TIC-2005 2 5
Mass in compartment 3 -0.12 0.3
Mass in 400-TK-040 -0.027 0.7
Mass in 400 -TK-050 N/A N/A
Mass in compartment 4 -0.005 0.3
400-TIC-2003 -6 0.1
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Note thatd for the model validation phadéhe mass controllers of 408-10 and 400K-050 are

replaced by manual calculations. This means that the MV values are calculated such that there i
mi ni mal change i n the malK40 teefmadss flows rate afrstke@ns1l i o n
calculated as follows:

18]
Note that the mass flow rates of streams 2, 3 and 5 are imported from the data. In the ease of 40(
TK-050, stream 19 is chosen to be the stream that will be calculat#aidromported values. The
following equation shows how this is done:

a a a a a

[19]
The compositions of the streams entering the pressure leach process are sampled too infrequently
be able to continuously import these compositions into the simulation. With this in mind, the
compositions of formic filtrate, copper spent and first ltage residue are taken to be the average
of the sampled values over the timespan of the data gathered. The flow rates entered for th
calculation of initial values (under stestale assumptions) are taken to be the mean of the first few
hour s 6 the dataget.s i n

Note again that the data are provided for a period stretching from 11:38 on 22 April to 12:09 on 24
April 2013. For the generation of the validation plots that is to be discussed, the model was run for 2.
hours simulation time, from therstaf the data sefA script file was written to automatically import

the input data, run the steadgte model, import the variables to be added as flow rates into the
model, run thelynamianodel using th8imfunction, import the data values and gletrmodel and

data values below one another.

3.8.2 Validation Overview

Due to the large number of variables to be compared for this validation, the operational model
validation is done in Appendix, with a summary of the statistics and the resulting findings
presented in this section.

The following diagram can be referred to throughout the operational validation section:
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Figure 14 Simplified schematic representation oftte pressureleach processat Lonmin, with basic control loops
and stream numbersndicated

Table26 contains the key variables for the comparison of flow rates, temperatures, pressure and tan
levels:
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Table 26. Variables for which a comparison is done between model and data values, with units, means and
absolute error alues are given, along with the ordinary and normalised root mean square error (RMSE) values
and an indication of the trend match.

Tag Stream / ) Mean Standard Dev. Error Trend
Unit RMSE nRMSE

(400-) Tank Data Model Data Model Min Max match
FIG-0106 Stream 1 L/h  1143.8 2641.1 778.53 1613.4 0.403 6961.0 2674.5 40.94% Fair
FIC-0101 Stream 2 L/h  2357.3 2357.2 1720.5 17205 O 80.530 2.2250 0.02%  Match
FIG-1102 Stream 3 L/h 28924 2893.3 1872.7 18726 O 663.61 21.235 0.22%  Match
LIC-0101 400-Tk-10  %full 65.372 65.846 6.6322 12.311 0.0246 38.95 13.063 23.02%  Bad
FIG-0103 Stream 5 L/h 74452 7453.7 482.14 421.68 O 6322.3 25419 3.40%  Match
FIG2202 Stream?23 L/h  42.072 42.136 64.028 64.009 O 46.24  1.7227 0.73%  Match

LIC-2201 400-TK-20  %full 58.904 60.831 4.3599 8.9655 0.0024 27.395 11.799 57.37% Bad
FIG-2204 Stream 7 L/h 28352 31355 42969 3854.8 3.0906 162530 42996 2.64% Good
FIG-2203 Stream 9 L/h 26548 24120 3424.1 2964.7 1.8385 16720 2764.0 9.97% Match

TIC-2001 Comp 1 °c 136.34 106.44 1.8437 2.2718 23.603 39.460 30.055 269.1% Bad
TIC-2002 Comp 2 °c 141.62 124.25 1.5410 4.0681 9.029 27.133 17.824 245.4% Bad
TIC-2003 Comp 3 °c 125.17 124.93 2.8060 3.2923 0.0033 18.697 2.980 23.01% Good
LIC-2002 Comp 3 %full 65.241 65.367 2.1939 0.7708 0.0008 23.893 2425 8.38% Bad

FIC-0402 Stream 14 L/h 79545 7502.0 2084.9 888.47 0.9173 7123.3 2518.5 23.42% Bad
LIC-0401 400-TK-040 %full 49.654 49.654 6.1035 1.5988 0.0139 22.823 6.329 15.23% Bad
FIC-0401 Stream 15 L/h  7346.1 7720.3 2335.8 875.90 0.0987 7349.3 2741.6 21.53% Bad
LIC-151 400-TK-050 %full 72.28 72.28 10.614 13.314 0.0013 44.525 20.654 39.33% Bad
FIC-0505 Stream 18 L/h 1095.2 932.13 48.181 42.910 48.401 180.99 164.24 95.98% Good

FIC-0501 Stream 19 L/h 107.16 66.88 343.95 119.71 O 15955 382.73 23.99% Bad
FIC-0504 Stream 20 L'h O 0 0 0 0 0 0 N/A N/A
TIC-2005 Comp 4 °c 139.97 139.71 2.9852 2.9018 0.0073 17.543 4.820 30.71% Fair
LIC-2003 Comp 4 %full 66.385 61.331 15.455 1.2170 0.0089 43.667 15.364 28.93% Bad

PIC-2001 Autoclave bar  650.00 646.29 6.5036 8.3318 0.0027 63.996 11.363 11.72% Bad
FIG2009 Stream10 kg/h 88.127 85.574 6.4333 7.2751 0.0081 34.349 9.2935 19.29% Bad

From this table it can be seen thatsome of the variables there is a good correlation between
model and data values, while large errors are evident for others. This is discussed D Apitiendix
the findings of the analysis given in the next section.

A summary of the acid concentrationkey process inventories are gimérable27, both for data
and model values.
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Table 27 A summary of the data and model values for acwbncentrations in 5 process inventories.

Data Values (g/L) Model Values (g/L)

Inventory - -
Min Mean Max Min Mean Max

[Acid] s0.7ci0  31.0 415 559 242 326 419
[Acid] 400720 13.0 19.2 324 233 284 357
[ACId] comp 3 9.0 19.6 39.0 136 173 211
[Acid] s00.7k0s0 36.9 422 491 765 895 98.3
[ACId] comp 4 304 358 440 515 56.8 60.1

It is evident that the acid concentration ranges overlap for the second stage leach inventories, but n
for those of the third stage. For the analysis of these results, see Appendix

Lastly, the solids and liquid compositional values for the secathitcasthge leach products are
given in the two tables below:

Table 28 Minimum, mean and maximum values for the fractions different metal components make up of the
second and third stage residue from 22 to 24 April 2013, with cepending model values given.

Data Values Model Values
%Cu %N %Fe %PGMs|%Cu %Ni %Fe %PGMs
Min 450 554 434 28.07 |27.55 6.64 0.004 490
2" Stage Mean | 10.27 7.35 570 36.27 |59.93 10.53 0.010 5.53
Max |14.41 952 7.14 4282 |65.13 32.18 0.037 9.83
Min 147 5.46 8.39 48.07 2951 4.64 10E4 7.19
3“ Stage Mean | 1.89 580 848 4833 |51.63 1259 5.8E4 9.05
Max 231 6.15 8.57 48.59 65.36 26.40 1.6E3 13.21

Table 29 Minimum, mean and maximum values for theeoncentrations of metal components of the second and
third stage residue from 22 to 24 April 2013, with corresponding model values given.

Data Values (g/L) Model Values (g/L)
[Cu] [Ni] [Fe] [PGMs] | [Cu] [Ni] [Fe] [PGMs]
Min 83.19 38.35 047 0.22 |50.62 19.39 2.11 4.5E3
2" Stage Mean | 97.32 43.15 0.57 0.23 52.76 25.30 2.34 0.04
Max | 153.03 52.25 0.66 0.25 |57.39 28.28 2.72 0.19
Min 2536 11.49 0.18 0.07 28.26 31.75 0.68 0.04
3" Stage Mean | 63.62 33.88 0.48 0.23 56.76 41.14 0.78 0.61
Max 78.33 42.28 0.61 0.29 76.56 51.27 0.88 1.73
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From the solids table it can be clearly seen that there are significant differences between the data ¢
model values, with only the percentage ranges of nickel that overlap. In the case of the liqui
compositions, the third stage values compare bettethtie®e of the second stage. The results are
discussed in more depth in Apperijpof which the findings are given below:

3.8.3 Operational Validation Findings

Data Comments

While working with the data, it was clear that the mass balances over ces&saqutions do not

hold. While such mass balance errors have specifically been found Ked@@hd 400K-20 in

section 3.3.4, due to an incomplete data set it could not be confirmed to be as a result of faulty dat
This model validation step, haee affirms the internal inconsistency of the data in terms of mass
balances. In response to this, adaptions were made to several flow rates in the data before importing
into the model. This was done to ensure that mass balance errors in the moideftelitere with

the model validation procedure by wrongly causing inventories to run dry or overflow.

It would be more ideal if the compositional data was available more frequently than once a shift (o
once a day, in some cases), so that trendsbmgbmpared along with value ranges. The lack of
flow data for streams 8, 12, 13, 17, 21 and 22 anfteuggéncy compositional data (especially
densities) for streams 1, 3, 7, 9, 14, 17, 21 and 22 prevents the setting up of a complete mass balal
Other important information that is lacking is the compounds that are present in the first to third
stage solid residue. It is recommendeddtfatfuture projectd this information is retrieved from
Lonmin before commencing a more rigorous data and vatidation.

Model Comments

During the setup of the model validation plots, it became very clear that the model does not execut
for certain combinations of input data. Due to the long execution time of both thstateaatyd
dynamic models, it was naisgible to determine the exact combinations or code structures (as set up
by Dorfling (2012)) that cause these failures. It is recommended that the tsteadye mo d e
programming structure be reviewed in order to find the root of this problem. Matemver,
recommended that the dynamic model is migrated from its curredtifo8mulink, with function

blocksd into a Simulirdonly form. This would ensure that the model runs more quickly and perhaps
more accurately.

Validation Plot Findings

The perfomance of the model, as evaluated from comparisons with plant data, can be divided into
two sections. The first section deals with the responses of pesasssuch as temperature and
calculated flow rates to the variables added from the data (@inettigror after being altered) and
those controlled to approximate the corresponding variables in the data. The temperatures of th

106



autoclave compartments 1 and 2, as well as the flow rate of stream 10 and 14, are the most importe
ones to consider this first section. While these temperatures displayed a clear offset between model
and data values and trends were not foll owed
in the light of this project. It was mentioned that the main cause differences could either be
differences between the compositions of the autoclave contents (which, in turn, would be caused b
inaccurate stream compositions) or by an inaccurate correlation in the model between the flow rate «
the flash recycle streamd the resulting energy loss in compartment 1. Differences between model
and data values for stream 14 showed that what happens in the autoclave differ to a significant exte
but that this too can be attributed to compositional (as well as tempdifégteages. Trends were,
however, followed to satisfactiwith the omission of noise in the model.

This first section impacts a division of control that is called regulatory control. It is the control of
inventories, temperatures and pressure (terbeedbasiagegulatory control) as well as of acid
concentrations and densities (to be terrnetpostioregulatory control). Note that the latter is not
called supervisory control, since the aim of this control is to eventually be employed under anothe
supervisory control level. For the sake of model validation, however, and in the light of the
aforementioned definitions, it can be said that for the purpose of investigating and improving the
control structure of basic regulatory control, this mosigffisientfor the following reasons:

1 The flow rates of the streams around each inventory influence the contents of these
inventories in a correct manner, showing that mass control can be implemented on the model

T While not matchi nsg, tthhee dnaa daedlsd st etnmepnepr eart autr uer
by flow rates (most notably those of the flash recycle stream, cooling coils and steam addition
and other processriablessuch as stream compositions. The model therefore allows for the
structural comol of temperatures. The sources of temperature errors identified in this section
need to be resolved before the model can be used for the detailed design of temperature
control on the model.

1 The pressure responds as expected to changes in oxygen féeeietordd as with
temperaturé allows for a structural control investigation.

Moreover, in terms of compositional regulatory control, it can be se@wthdat | e t he mode
values do not correlate well with data values (due to incorrect assufhptiaates and/or model
kinetics)d it is clear that the entering flow rates lead to sensible acid concentrations in the mixing
tanks and that these concentrations have a notable impact of the acid concentrations in the autoclay
This observatiod albng with the fact that solids compositions are calculated by means of mixing
rulesd deems the model appropriate for the investigation of advanced regulatory control.

The second section of the datadel comparisons pertain to the leaching reactionseares$diting
solid and liquid compositions. Since leaching is the main purpose of the autoclave, and the
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compositional information is the best source of information on leaching performance, the accuracy o
the model 8ds <cal cul at rked toctleentp wsability forathe slevedopneent dfi r e
supervisory control. Due to the observation that the leaching perfodreapeeially in terms of the
underprediction of copper leachiidgis not well simulated, it is preliminarily recommended that
contrd structure investigation and development be limited to regulatory control. In order to confirm
this, sensitivity analyses are done in the next section.

3.8.4 Sensitivity Analysis

Introduction & Preparation

In order to see which variables can be changedvith simultaneously increase the leaching of
copper and nickel, a steatiyte sensitivity analysis is done. The purpose of this sensitivity analysis is
not to find exact mathematical correlations for different sensitivities, but to determine wia@ther ce
particular changes leadl&mgeenough changes in key outpatiabledor these changes to be
considered as possible solutions for fixing model errors. For this reasoma seesitivity analysis

is done(Clemen & Reill2004) specifically in the direction which is expected to improve the base
metal leaching, in this case. Moreover, onlatiableshat are examined for improved responses to

the changes are added in this section as response variables. These include the fraction of base me
and PGMs in the solid products of the second and third stage leach.

The decision of the percentages witlthvbach variable is changed is influenced by the amount with
which this variable typically varies in the data. Run 2 is an exception to this, since mineralogical datz
not available. The fraction used by Dorfling is therefore chosen as a reasorabe test

Table 30 List of variables changed for each sensitivity analysis run, with initial and final values displayed

Run Run Tested Variable Unit  Initial Test % Change
Nr  Name Value  Value
1 cm Flash recycle stream (400FIG2203) kg/h 27000 20000 -25.9
2 ¢ Ciln Fraction Cu as CyS; (rest as CuS) - 0.914 0.85 -7
3 ¢ Cane Percentage Cuin ' Stage Residue % 59.31 50 -15.7
4 ¢ Sp el Spentin stream 1 L/h  421.95 500 18.5
5 C M3 Acid addition to 400 -TK-20 (400-FIG2202) kg/h 46.24 50 8.13
6 ¢ P Pressure kPa 660 700 6.06

In each of these tests all other variables are kept at their respective base case values, with only the
in question changed.
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Table31contains responses to the tests that best dispfaytilec e s s & sensi ti vity

Table 31 Selected list of responses to each of the test runs done.

Run Base ¢m ¢Ciln GCha ¢CSpercgms ¢P
400-TIC-2001 (°C) 104.3 105.4 1056 104.0 104.2 104.5 104.8
[Acid] in 400 -TK-20 (g/L) 20.09 21.25 20.45 20.01 20.44 20.66 19.77
% Cu (comp 3) 2755 31.39 11.60 6.145 21.18 20.29 20.55
% Ni (comp 3) 32.19 29.43 4244  48.33 36.45 36.90 35.29
% Fe (comp 3) 0.037 0.032 0.044 0.054 0.041 0.040 0.048
% PGM (comp 3) 9.826 9.427 12.00 11.20 10.83 11.12 12.58
% Cu (comp 4) 26.40 2422 3422 4071 30.20 30.74 29.73
% Ni (comp 4) 9.82 9.19 1230 13.75 11.06 11.32 12.36
% Fe (comp 4) 0.001 0.001 0.001 0.002 0.001 0.001 0.001
% PGM (comp 4) 29.57 3248 1898 10.72 24.39 23.58 23.88

The results of each of these tests are now discussed separately.

Sensitivity to Flash Recycle Rate

In the first test the effect of the temperaturtheffirst autoclave compartment is tested by changing

the flash recycle flow rate. The latter is decreased with 25.9% (in terms of mass flow), which results
a 1.0%C change in temperature. This, in turn, leads to an increase in copper % in theagecond st
residue from 27.6% to 31.4%, while the nickel percentage decreases. The sum of copper and nickel
the second and third leaching stages change frof%58nd 36.23%, to 60.82% and 33,41
respectively. This means that the effect of the change ¢ettadutest run 1 does not have the
potential of improving the leaching kinetics.

Sensitivity to Copper Mineralogy

In this test the fraction of copper that that is prevalent in the residue of the first stage Ig&ch as Cu
(with the rest as CuS) is charfgeish 0.914 to 0.85 (a 7% change). This leads to a significant change
in copper fraction (from 27.6% to 11.6%). Meanwhile, nickel increases from 32% to 42%. However
the sum of copper and nickel for the second stage leach decrease from 58.74% toshawiB4g o

that the mineralogy of the pressure leach process feed is of great importance, and that mor
information regarding it is required for more accurate model validation. Note that the change made i
this test has a more significant impact on the tampemf compartment 1 than the flash recycle

flow has.
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Sensitivity to Copper in Solid Feed

In this test the percentage copper in the solids feed to the pressure leach process is changed frc
59.31% to 50%. This led to an 11.6% decrease in the stdichiorygen requirement. Moreover,

this caused the copper percentage to change from 27.6% to 6.15% for the second stage leach, wi
nickel changed from 32% to 48%. This means an overall decrease of the percentage made up
copper and nickel, allowing &M fraction to climb to 11.2%. While the change is significant, it is
small relative to the input change during thig fasicating that the leaching is not very sensitive to

the copper fraction in the solids feed.

Sensitivity to Spent Addition beforeésecond Stage

For this test an 18.5% increase was made in the flow rate of spent in stream 1. Looking at the resul
it can be seen that the impact of this change on the sum of copper and nickel in the second stac
leach (from 59.74% to 57.63%) is nédgigi

Sensitivity to Pure Acid Addition

This test entailed increasing the mass flow rate of pure sulphuric acitkie2@GBom 46.24 to 50

kg/h. It can be seen that, although it has only a slightly more significant impact than that of test run 4
thechange in this case was due to an 8% change (instead of 18.5%). This means that the leachinc
the process is very sensitive to the acid addition rateT& 40

Sensitivity to Autoclave Pressure

In this test the pressure inside the autoclave is dHamge660 to 700 kPa. This is a 6.1% change,
which leads to the PGM fraction changing from 9.8% to 12.6% in the second stage leach, bu
decreases it from 29.6% to 23.9% in the third stage. This result indicates that the process reactions
sensitive téhe pressure in the autoclave, and can be explained by the importance of dissolved oxyge
in the system and the direct link between pressure and oxygen solubility.

Sensitivity Analysis Findings

It is clear from these analyses that the acid additiondgimaess pressure, as well as the first stage

|l each residueds mineralogy, are factors to wl
0 such as the flash recycle rate seems to have a small impact. Due to the fact that none of the te:
give a solution to the problem of the difference between the product solids compositions in the
model and data, the last finding of section 3.7.7 has to be accepted: the current model, with proce
inputs resembling that of the data, wmiledicts the lehing of copper and nickel in the prodess

and thereby deems the model in its current form not suitable to be used for the investigation anc
design of supervisory control strategi es. Th

investigatingnd designing regulatory control structure improvements.
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3.8.5 Copper Reaction Rate Adaption

Whil e good conclusions have been made thus f
purpose in this projedtcovering a host of variables analititeractions between thérhere is one

issue that has yet to be addressed. That is the fact that in the operational validation thus far, tf
temperatures calculated by the model for the autoclave could not come near the temperatures in tt
data. Therés always a constant offset that is unaccounted for. During this project it was proposed by
the model 6s @axponendal factohfar the realtien rgge censtants for reactions 4 and 5
(see Appendif) are too low and the reaction rate cardpested by merely increasing these factors
(Dorfling, Bradshaw, & Akdogan, Characterisation and dynamic modelling of the behaviour of
platinum group metals in high pressure sulphuric acid/oxygen leaching systeifise 2@ for

this stems from the fact the reaction kinetic parameters used in the model were determined by doir
batch experiments, while the actual plant is a continuous process. Due to this difference, it is probab
that the dissolved oxygen concentratiothé autoclave is higher than it would be in the batch
experiments. The copper leaching reactions are assumed to be mass transfer dependent and the rat
which they proceed is limited by the amount of dissolved oxygen available.

Due to the fact that thsteadystate model with the current inputs does not converge to reach its
predefined tolerances when these factors are increased, another set of inputs are used to demonsti
the effect such an increase would have. These inputs can be seen in Bmgemdich an excerpt

is given below:
Table 32 Flow rates added into the model

Stream Units Value
Solids in stream 1 kg/h 1400
Water in stream 1 L/h 1400

Spent in stream 1 L/h 730
Stream 2 L/h 3600
Stream 3 L/h 900
Stream 4 L/h 0
Stream 23 L/h 46.24
Stream 9 kg/h 27000
Stream 18 L/h 88.5
Stream 19 L/h 6
Stream 20 L/h 0

It is important to remember that, due to the change in input conditions, the results obtained in this
test are not comparable to the data, but only serves to investigate the effect of the proposed chan
on key processriablesFirst a test is done witie same kinetic parameters, but with the new input

conditions, for the sake of a local base case. The second run is then done by multiplying each pr
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exponential factor with a factor that leads to the best approximation of the temperatures in the
secondtage leach. After varying this factor between its initial value of 1 and a very high value of 20,
factor of 9 gave the best results. It should be noted here that the exact value is not of importance
since this rate adaption is merely done to crudeigt adg model for this project, and the
improvements of reaction kinetics for this project lies outside its time frame. The effects of the
change on kexariablesire given below:

Table 33 Responses in key variables to the two stay-state model runs done, with the old and new pre
exponential factors.

Variable Old Factors New Factors Data Range
400-FIC-2203 21552 22316 7500-32000
400-PIC-2001 660.000 660.000 600-690
400-TIC-2001 107.573 130.456 132-145
400-TIC-2002 127.414 146.009 137-146
400-TIC-2003 116.953 132.675 119-131
[Acid] in 400 -TK-20 34.544 22.924 23-36

% Cu (comp 3) 64.431 49.839 45144
% Ni (comp 3) 7.898 20.057 5595
% Fe (comp 3) 0.002 0.010 4.37.1
% PGM (comp 3) 1.569 3.575 28.1-42.8
% Cu (comp 4) 4.291 18.833 1423
% Ni (comp 4) 1.762 6.230  5.4-6.2
% Fe (comp 4) 0.000 0.001 8.4-8.6
% PGM (comp 4) 67.982 47782 48.0-48.6

FromTable33it can be seen that the changes in thexpenential factors clearly lead to an increase

in steadhstate temperatures, moving it into the ranges seen in the data. The change leads to motr
complete leaching reactions, as can be seen from the acid concentration differehie2i. 40

sum of copper and nickel for the second and third leaching stages change from 72.329% and 6.053
to 69.896% and 25.063%, respectively. This improvenrenffigient to overturn the conclusion

that the model in its current form is not suitable for investigating supervisory control. However, the
change does improve the response of the variables that have an influence on the regulatory contr
system. Henceéhe model is adapted at this point, for the sake of this project, with the
recommendation that the reaction kinetic parameters that form the backbone of the model be
reconsidered for the sake of model accuracy.
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3.9SECTION CONCLUSIONS

In this chapter # manner in which plant data are gathered and processed is discussed, as well as |
completeness and internal consistency. Due to the fact thati&elesind values are missing from

the dataand that compositional data is not available at a higjhefireguencyg completg@rocess

mass balance is not possible. Data validation is theref@elylumped with model validation.

After the datads discussion, t he model used
form and adaptions of it, after which its migration from the normal MATLAB workspace to Simulink
is discussed. This follows into the validation of the mudeth is done in 3 stefs as
recommended bgargent2013): computer model verification, conceptual model validation and
operational validation.

As part of the conceptual validation stageeral changes are made to the mblese include the
additon of cooling for compartment 2 and 3, level control in the autoclave, pressure control, dead
time, stream 23, ndeaching components, formic filtrate to stream 3 and water to stream 1, as well
as calculation corrections and the correction of inverzesyltswas noted in this stage that the
oxygen flow rate in the data is much lower than what is required stoichiometrically, as calculated t
the model. This can be the result of a wrong calculation in the model of the amount of oxygen
required, the spang of an insufficient amount of oxygen on the plant or the oxygen flow rate into
the autoclave is split in such a way thae than 50% of it is sparged into the last compartment.
After conceptual validation sanity checks are done, which serves igastigeqo@inparison with
experiment al knowl edge, as presented by Dorf
correspond well with what is expected.

A sensitivity analysis is done in order to determine which changes have the potential of solving th
copper and nickel dissolution inconsistency. None of the tested changes have this potential, but th
acid addition rate, pressure and the first st
the process. The effect of a recommendedt@éjots to the copper leaching reaction kinetics
presents a solution to the temperature bias found in the validation plots, but should not be usec
outside this project.

During operational validation, certain input flow rates were imported from data mtml¢hein
order to bypass the control system as much ¢
dynamic process inputs. Due to inconsistent data, some flow rates had to be dadstiated
explicitly or by a controller. Model outputs and \d&tees were compared to each other, noting the
errors qualitatively and quantitatively. The propagation of trends through thé bgptkein the

case of the data and model outpare investigated and discussed. A number of conclusions were
made fromhese comparisons, and they include the following:
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1 Data values around 4U8-10 and 400K-20 do not balance.

T The model 6s current structure (with functd.i
data combinations, due to values not converging.rédcommendedhat the model is
migrated to a Simulisdaly platform with its structure reconsidered

1 There is anearconstant temperature oftsbetween model and data values, due to
compositional differences in the autoclave or an inaccurate corneltite model between
the flow rate of the flash recycle stream and the resulting energy lesorinendethat
this is examined in a future project.

Moreover, the model is validated for the investigation and improvement of the structure of basic
regulatory control, due to the following observations:

1 The inventory contents change in a correct manner in response to adjacent flow rate changes
T The model 6s t e nualkativajasuexpeded (theugipwith an offset) to the
flow rates of théash recycle stream, the water in the cooling coils and the steam into the last
compartment, as well as to compositional changes.
1 The autoclave pressure changes as expected to changes in the oxygen sparging rate.

It is noted that the quantitative disemspes between the model and data values need to be resolved
before a detailed design of the basic regulatory control structure can be done. Until then the model
validated for structural research only.

The model is validated for the investigation ampdoiwament of the structure of compositional
control. This is due to the observation that flow rate changes in the model lead to sensible changes
the acid concentration and solids fraction, despite offsets between model and data values. The moc
is, hovever, not validated for the development of improved supervisory control structures. This is
due to the fact that the leaching behaviour of the plant is not well predicted by the model, with the
copper leaching especially being upalicted The meancorcentration of copper in the second

stage leach product is approximately 46% less than in timeaafar exampldt is recommended

that the reaction kinetics of the model be improved in a Hgtoproject before investigating
supervisory control. Uhtihen the model is only valid for structure investigations on regulatory
control. For such an investigation it is recommended that more complete data is made available (i
terms of variables measured/logged and the frequency at which it is doneg tio ettt validate

the data and model for this purpose.
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CHAPTER4

REGULATORY CONTROL
DEVELOPMENT &
EVALUATION
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4.1 CHAPTER INTRODUCTION

In this project the control on the pressure leach process has been divided into two levels: superviso
and regulatory control. In chapter 3 it has been found that the model is sufficient for use in the
investigation and development of control structnrbeilatter. Regulatory control has been defined

as consisting of basic regulatory control (referring to the control of temperatures, pressure anc
inventories) and compositional control.

In this chapter the structure of the basic regulatory contiosleemsidered. This is done by first
creating a base case, which has control that is structurally equivalent to that of the currently employe
basic regulatory control. Hereafter a series of steps are followed to reconsider several aspects of t
strudure. This involves reconsidering the variable pairings, as well as the control of areas of interes
All recommended improvements are evaluated against the base case in order to comment on i
success.
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4.2LITERATURE REVIEW

4.2.1 Control Objectives

Marlin (2000) notes several objectives that a control system should aim to ensure. These are discus:
separately, with the relevance of each to the project noted.

Safeoperation

It is important that the process is always controlled in such a manner thatsadif fask to
personnel amminimised. The autoclagethe part of the pressure leach procespdbas thbiggest

threat in terms of safety. In order to ensure that the autoclave operates within safe limits, the
temperature and pressure inside itldhoot exceed5B°C and 10 bar, respectivEBteenekamp &
Mrubata, Control and Specifications of the BMR, 20b8¢over, tank levels should not rise above a
safe maximum height, in order to prevent spillages in the form of an overflow.

Emergency control procedures need to be developed to ensure that the correct/necessary valve
close/open, or that the whole plamuts downf neededMore specifically, Marlin notes that there
are five o0layerso6 in a control sy st e(darlinyh e n
2000)

Basic Process Control System
Alarms (high, medium atwv)
Safety Interlock System
Safety Valves

Containment

a ks~ e

Note that only layeffalls into the scope of this project.

Environmental protection

Compoundsuch as concentrated sulphuric acid, which pose a threat to the environment, are used i
large quantitiest the base metal refinery. This mean®thdt ong wi t h car ef ul 0 S
of the plan®© startup, shuiddown and cleaning procedures should proceed in such a way as to ensure
that process fluids are correctly disposethds.is very impoant to a designed control system, but

lies outside the scope of this project.

Equipment protection

Process equipment need to be protected for economic, as well as safety and environmental reaso
The process fluid in the leaching circuit is very actlis particulate in naturevhich makes for a
veryerosive andorrosive environmernluid densities are also high, putting high loads on piping
and pumpsFor this reason it is important to kebp timitations of the materials used for specific
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sectiongn mind when controlling the plant. The control of pumps and feed flows should prevent
pumps from running dry and pipes from clogging. As mentioned, the stated maximum temperature
and pressure of the autoclave should not be exceeded, in order to prteviadiseal failure. Last

the action of the controlleshould not be too erratic; otherwise the generated stresses may cause
additional damage.

Smooth operation and production rate

As notel, the actions of the controlEnould be executed smoothly in order to minimise the stress
on valves, pipes and pumps. Because ebliaks contendf the process fluid, it is prone to settling.
Since settling in a pipe may cause blockagesh may lead to plant stdawnd it is aitical that all

flow should be kept above its critical settling velblotg. that these velocities are unknown in this
project, and therefore it cannot be included. Wworth noting that the pressure leach process forms
part of the larger base metdinery, with the efficiency of downstream processes directly depending
on production by the leaching circuit.

Profit

Because of the fact that the operation of the BMR is economically driven, it is important that the
plant is operated and controlled iohsa way thahe BMR as a whole is profitabl@is means that

0 for exampled as little PGMs as possible should be leached from the solid phase, and that the
separation of additional valuable metals should be as close to complete as possible. Lastly, t
production rate should not be limited by the leaching circuit. Rather, the production rate should be a
high as the rate at which the provided ore is milled.

Monitoring and diagnostics

Sensors and final control elements need to be positioned in a manmakes the monitoring of

key variables and the identification of faults a relatively easy task. The processes in the BMR are prc
to pipe blockage$which is a fault that would need to be quickly picked up by the control system.
Note that this is outde the scope of this project.

Additional Note: Simplicity

In the process of designing a control system to meet thenadavened objectives, Luyben and
Luyben(1997) mention tha& on an industrial scalethe simplest control system that achieves the
desired aims is the best.
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4.22 Challenges to Controin the Chemical Process Industry

The chemical process industry poses unique challenges to processvhmfitrolill have to be
considered and overcome in this project.

Non-Linear Processes

The first of these is the fact tisahilarprocesses are typically rather congpbehaving nofinearly
(Rhinehart, Darby, & Wade, 20I1his means thahe control of these processes should be more
advanced and capable of handlinglimearities.

Non-Stationary Processes

Chemical processes never really reach a steady state, because of the fact that the entering rea
grade (or solidesidue, in this case) typically keeps changing wittRtimehart, Darby, & Wade,

2011) Fouling or blockages can also occur, leading to process disruptions. On a less regular bas
there may also be planned changes to dicegs (in terms of piping, tank/pump bypassing or unit
switching). The control of the plant should be able to take care of the regular disturbances and shou
not be rendered ineffective in the case of process changes.

Challenging Dynamics

The large tankizes and long pipes on industrial scale processes typically lead to largeaedidence
dead timegRhinehart, Darby, & Wade, 20TT)ese times make it difficult to successfully implement
feedback control. This is typicallgmmeome by introducing cascade,-fesslard or other advanced
control.

Multiple Variables

Chemical processes tend to have a large amount of MVs that affect and interact with several C\
(Rhinehart, Darby, & Wade, 20I1his maks control much more complex than the case where a
process has clear M3X pairs without interaction. It is also improbable that the amount of MVs and
CVs are the same. If the former is more than the latter, the controller has extra degrees of freedon
which requires additional decisinaking or calculations in order to use the MVs optimally. On the
other hand, if there are more CVs than MVs, a compromise on one or more of the CVs will have to
be made. This is often the case in industry, and a develupaldsgetem should be able to do this.

Constraints

There are numerous constraints on both the process and the product. The whole process is design
to reach a certain product specification. This aim needs to be upheld atc@akxoeps perhaps
duringstartup and shutlown periods. Process constraints include the follgRimigehart, Darby,

& Wade, 2011)

121



1 Operational limits on equipment (e.g. vibrations, valve positions, temperatures and pressures)
1 Tank sizes/levels
1 Occumtional health and safety considerations

Such constraints influence control by settini
steer clear, as well as ohardo6é6 | imits, which
Unigueness

Each industrial processunique in a number of ways. This leads to the situation where a different
control system needs to be developed for each process. The fact that this project focusses o
Lonminds BMR is a clear example of this chall

Disturbances

Disturbances in pléin the chemical process industry (CPI) can be very complicated id nature
partly due to the fact that there is a large amount of important variables. There is a wide variety c
possible forms that disturbances can come in. These include the f@Rtwviebart, Darby, &

Wade, 2011)

1 Disruptions or errors due to human actions
1 Equipment failures or fouling
1 Environmental upsets

1 Changes to upstream processes

Each of these disturbance types will affect one or more CVsedfatitaill need to be nullified (or
minimised) by the control system.

Noise

Noise is a nearly unavoidable challenge on industrial scale processes. It can be divided into two typ
process noise and measurement noise. The latter is introduced by \ahslender,former can be

due to vibrations, flow turbulence, etc. Note that high frequency disturbances may also be picked u
as nois€éRhinehart, Darby, & Wade, 2011)

Cost Involved

Any change to control on the plant should be economically justifiable, since the making of a profit is
arguably the main reason for the plantds exi
that will control the process close to perfediidnut the sensors and other equipment needed to
implement it may be expensive. While the aim of this project is not to create an economical APC, bt
merely recommend structural control improvements, it should be kept in mind that the current
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sensors and MVshould be used as much as possible. In other words, the theoretical cost of any
proposed process changes should be kept in mind.

4.23 Process Control Development

Marlin (2000) proposes an integrated control design procedure, which combines impoptsnt conce
like sequence, hierarchy and design decisions. It will be discussed briefly in this section.

At the onset of the project it is important to acquire information about the process. This pertains to
process equipment, flow structure, sensor locatioragparating conditions. It is also important to
understand the aims of the process and the desired product quality. Hereafter, the feasibility of th
proposed project needs to be determined. This is done by means of a degrees of freedom (DOF
analysis, as Was evaluating the controllability of the plant. In the case of this project, the BMR is
already being controlled in a certain manner. The controllability of different subsectiongtef it

way that is desirédwill be discussed in the sectionsrevtige relevant control is dealt with.

Next, it is important to develop an understanding of the process as a whole, to be able to mak
Obigger pictured decisions. The following nec¢

Key production rate variables

Inventories for control

Openloop unstable processes

Any complex dynamics (e.g. long delays, strong interactions, etc.)
Key product qualities

Key constraints

= =4 4 A4 A5 A -

Key disturbances

Hereafter, the actual design of the control strateggnenced.uyben and Luyben (1997) present a
more pratical sequence of this process control developmbat.following five steps are
recommended:

1. Count the number of available control valves. This is the number of control degrees of
freedom.

2. Determine which valve will be used to set the production tkdtey tato account the
availability of different feed streams and limitations on production rate by downstream
processes.

3. Select the MVs which can most tightly control important process variables influencing the
product quality and plant safety.

4. Determinghe valves for inventory control.

5. Assign other control valves with component balances and other optimisation criteria.
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Note that this designed control structure applies to-sipglesingleoutput control methods, but
can also serve as foundation for more advanced control.

4.24 Control Selection

Advanced process control (APC) is an umbrella term for a wide varietthadsnto control
processes. It generally refers to control methods that are more complex than the more classical PIL
based methodbut often also include methaish as gain scheduling, raimcascade controh |

the chemical process industry (CRPC typically refers to model predictive control (MPC), but the
field is much broader and the control options more numerous(Ridaghart, Darby, & Wade,

2011)

A guideline is given in literature for the selecti@ordfol in the CP(Rhinehart, Darby, & Wade,
2011) A clear distinction is made betwsiagle input single ¢8i8@) andnultiple input multiple output
(MIMO) processes. While the pressure leach process to be consaditidQsprocess, there are
subprocesses that can be considered as SISO processes within the larger framework.

SISO Control

For a linear SISO system with dynamics that ibavalled (having small dead times relative to other
time constants and opkop stability, for example) and well understood, Eddtrol is
recommendedThis is the simplest and most often used method, and should be used as first
approachlf the process is linear, but havéhaved dynamics, one is to use internal model control
(IMC) 6 a simple version of MP@\. the case of a ndmear process with wekhaved dynamics, it

is recommended that a gain scheduled PI(D) controller is used. Fiineanqrocess thatonly
gualitatively understood, but adequately understoodrfaahecantrol, it is recommended that fuzzy
logic control (FLC) is usd@Rhinehart, Darby, & Wade, 2011)

MIMO Control

For a linear MIMO process, which is interactive and subject to simple constraints (and that has les
than 4 Ws), it is recommended that advanced regulatory control (Rhsedhart, Darby, & Wade,

2011) This includes cascade, fémuvard and ratio controFor a linear process with Rpero

degrees of freedom, a large number o$,NdOps that switch between manual andratitwand

similar dynamics for all CVs, one should use MPC. If the dynamics of the CVs are dissimilar, ¢
hierarcital control structure should be used.

In the case of a process that is interactive, subjectstoagus and nelinear/nonstationary, it is
recommended that one considers nonlinear MPC or a heatastrhcture.
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Control Shortlisting

As mentioned, control in large scale chemical process plants should be as simple(hsyt@ssible

& Luyben, 1997)With available control methods becoming increasingly complex, this fact is often
disregarded. With this in mind, the first approach to control would be SISO control. For processes
showing linear behaviour, PID controlletd be used as first approach. Other methods will be
considered if the SISO dynamics abeilaved and PID controllers are unable to achieve satisfactory
performance.

Process subsystems that can be well defined as a MIMO system, and that canrmdiedenadintr
when subdivided into SISO systems, will be provided with MIMO control. Depending on the nature
of such a subsystem, one of the recommended MIMO control methods will be used.

4.25 Feedback Control Structure & Tuning
Definition
Feedback contras ithe most widely used online control method used in the industry. In its simplest

form, a control variable (CV) is compared to an entered set point (S®pfaloieh the difference
(E) is sent to a controlleggf. The general block diagram is shoslovia

CV(S)
—

CVn(S)

Kl —

Figure 15 Block diagram of a feedback control system (Redrawn from Marlin, 2000)

Here,D andG; refer to the disturbance and disturbance transfer function, resp&;taredys, are
the transfer functions of the valve and the process. The sensor also has its transfer function, denote
asG,

PID Control: Introduction & Open Loop Tuning

The most common feedback controller is a PID controller, \Wwasgcla proportional, integiaid
derivative function. The general Laptimreain transfer function for a PID controller is as follows
(Marlin, 2000)
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Note that there are three parameters that need to be deteknifehd T, This is done by means
of controller tuning. These parameters are typically employed as shown in the figure below:

3
A

CV,,(5)

SP(s) —>

o o

Figure 16 Block diagram of a PIDcontrol system, as typically implemented in Simulink.

—> MV(s)

In this figureCV ,is the measured CV, while the saturation block is a feature that will be discussed at
the end of this subsection. Thie term is an integrator, while thierm refers to a derivati block.
The information in the figure is based on information provided by Marlin (2000).

There is a wide variety of tuning methods available in literature. The method most applicable tc
industrial chemical processes with significant dead times, adookdamn (2000) is the use of
tuning correlations that are based on generated process reaction curves. TNehbhéyHN)
tuning method (or adaptions thereof) is considered to be the benchmark for such tuning correlation:
and is often used in insty (Shamsuzzoha, 2013). One improvement onkhieiZing method is
the tuning method developed by Marlin and Ciancone, which typically leads to more robust
performance with model errors (Marlin, 2008)s method determines suitable tuning constants
from the procebBlsdand mdeaodnsimat (G) . T hoedsre c ar
systems, butigher order processes need to be approximated by a first order system with dead time
before the Ciancone correlations are usefuh firstorder system with dead time, the time constant
and dead time of a process is related to the process transfer function by the following equatior
(Marlin, 2000)

0 Q

0 i :
! tip

[21]
From this equation it can be seen @ahould be a first order transfer function (with dead time).

The aforementioned approximation can be done in two ways: mathematically or graphically. The
mathematical method consists of linearizing the diffeemigtion(s) that describe the-puiress

in question. Due to the large number of differential equations in the model received at the onset o
this project, the graphical method is preferred.
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The graphical method is typically employed by making a sige ichikne manipulated variable (MV)
and noting the dynamic response of the controlled variableB@N)variables are plotted as
functions of time. The following three values can be determined from the&éapliots2000)

300

30 W

[22]
T p®0 p, 0
[23]
[13]
Here,K, is the ratio between the CV and MV changes, usingsttgadyalue3he twot values in

these equations are the times the CV takes to teach 28% and 63% of its final value. With these tw
factors known, the Ciancone tuning correlation charts given in literature can be used to determine th
PID controller tuning constants. Note ttis goals of these tuning correlations are to minimise the
IAE of the CV, to be robust to model errors and to prevent unnecessarily large MV variations.

For these correlations to produce usable tuning parameters, two assumptions need to be met (Marli
20):
1. The controlled variable in question must have a response to a MV step that at least resemble
a first order (plus dead time) response.
2. All control loops in the process must be open during the step test. This means that no control
should be present.

In the figure depicting a PID controller, a saturation block could be seen. The purpose of this
saturation block iIs to prevent reset windup
bounded to a certain range. The reset RBieh@t is returned tthe integral path of the controller
is calculated as follows:

YV 0w 0w

[24]

Here,MV,,r ef ers to the MV that is | imited MV the
refers to the MV without limits applied. This reset value is added to the integrator path before beinc
multiplied by the reciprocal of the integral time. This is done since the reset time$at antidup
by back calculation is often approximatdxbing the same as that of the integral(Nfiseoli, 2006)

PID Level & Mass Control/

It is important to note that the inventories are integrators and do not adhere to the aforementioned
assumptions. Any flow rate change ithafpstream from an inventory will cause the inventory in
guestion to either overflow or run dry after a certain amount of time, without propagating the flow
change to the rest of the process. A consequence of this is that open loop tests will totlee able
used for process characterisation. An alternative tuning method is recommended for inventories

where the maximum variations in tank level and flow rate determine the necessary parameters.
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For level control, Marlin (2000) recommends the follownimggtequations:

™ 0 @O
30
[25]

T 0

0
[26]

Here, the damping coefficieQtié normally set to one, while A is the area of the liquid surface.

These methods are adjusted to apply to a mass (instead of level) comredies lof the following
equations are relevant:

3V M_

[27]

a "0
(28]

30 0 G0 J0
[29]
34 OO
[30]
This leads to a new equation for the mass controller gain:

. - ql‘) »io ,\d o}
0 op—— O~
Y ou a

[31]
Here, varrefers to the maximum variation. The areas in these equations are approximated by
assuming that the tank height is equal to 1.5 times its diameter for all tanks, except the autocla
compartments. Compartments 3 and 4 are appregimatbeing perfect cub&he rest of the
symbols are defined in the nomenclature section.

Note that the above equations apply to mass controllers of which the MV is the flow rate out of the
tank. If the MV were to be an inlet of the tank, the negajivefsequatio®1would fall away, with
the T, value remaining a positive value.

Closed Loop PID Controller Tuning

In the tuning of PID controllers, there might be a-ingantory case where process characteristics
make it impossible to derive process reaction curves under open loop conditions. A method propose
to overcome this challenge has recently been develdeahiiguzzoha (2013). This is a closgxd

tuning method, which means that all other available controllers need to be in operation as this proce
characterisation and tuning method takes place. The method will now be discussed in more detalil.
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With all dher control loops closed, the PID controller to be tuned is changed into a proportional
only controller. This is done by setting tHg ahdT, values to zero. The controller gain is chosen so
that a step change in the set point of the controlled gdrrailys about an overshoot between 10%

and 60% (with 30% being ideal). This overshoot is defined as follows:

30 30
3w
[32]
Here!yref ers to the difference between the
I'y, refers to thelifference between the new steady state CV value and the initial value.

When achieved, the tuning parameters are determined as follows:

O 0O pPp&ULVOY CPLOY pHFU
[33]
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(34]

Y T
(35]

Here,A is the ratio betwedf andK andt, is the time to the peak of the overshoot. @halue is

defined as follows:
.  3W
w —_—
3W
[36]

Note that! y.is defined as the difference between the final and initial set point values.

Controller Fine Tuning

N

The uning parameters determined during one of the aforementioned tuning methods serve only a
initial values, and should be adjusted to give the required controller performance. This is done b

means of fine tuning, which entails the adjustment of the tanmgpmet er s based
initial dynamic responses. It is recommended that the controller tetbediheshould be set in its

automatic mode and a set point change be made. The main reason for a set point change is that,

the case of a Plontroller, the effects of the proportional and integral modes can be split and

examined separatgMarlin, 2000)

The fine tuning of the proportional mode is aided by the fact that the immediate change in the MV

(MV,,,) results due to the following equaiidtarlin, 2000)

30 0300 U 3Y00
[37]

This immediate change is usually 50% to 150% of the finalstt¢@adyVV change. The integral time

is reconsidered if a controllethna suitable gain leads to unsatisfactory performance.
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Note that, while this method should lead to suitable results, the objectives for the controller in
guestion need to be taken into account to ensure that CV or MV limits are not breached, for example

4.26 Variable Pairing & Controllability

Variable Pairing

The advanced regulatory control methods discussed in the previous section are ways of improving
basic, existing feedback control structure. It is important to note that any advanced regulatory
methods applied to a control system with undesirabl€\Wpairings will not be able to make for
good control . Luyben and Luybends (19972 appl
The following method is more rigorous and is advisabke uedd if allowed by the nature of the
model.

This method employs the relative gain array
relative gains (RG). The latter is defined as the ratio between tltop@en closetbop gains. It
isdefined as follow@®arlin, 2000)

1 @ )

) - T 0w
= 1 @ T @

7 Uw 7 LW

fi
(38]

From this equation it can be seen that a relative gain of 1 will mean that the process gain is nc
affected by the other control loops and that no interaction is therefore prevalent. Deviation from
unity means that there is process interagtiom extent to which is indicated by the value of the RG.

Using the above equation directly, doing-ogreeh closedbop tests for all variable parings can be a
tedious processespecially if there are more than 3 MVs (or CVs) to be tested. This iteaco@dab

to the fact that the RGA can be calculated by usingagetests onlyMarlin, 2000)This is done

as follows, where the second equation indicates an element by element multiplication, called tf
Hadamard product:

&

(39]

[40]
The K-matrix in these equations is called the gain @athich should be set up first. Before using
this matrix to calculate the gain array, the condition numbeth@&f is first calculated. This is
done in order to determine whether the process can be decoupled. A CN below 50 is regarded as
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good indication of decouplabilftyarey, van Kuiken, Longcore, & Yeung, 2008 RGA canhien
be determined from the gain matrix.

In the case where the process in question contains an integrator, suchsafrequdating tank,
the gain matrix is replaced by a transfer matrix. This matrix contains the transfer functions betwee
each MV ancCV in a similar manner as a gain matrix. From this transfer matrix, the RGA can be
determined as followu, Cai, & Xiao, 2010)

i 200 i s

[41]

Here theG(s)values represent the respedtiaesfer functions. The RGA is calculated in terrgs of
which is in the Laplace domain, andstieems in the solution are then multiplied by zero.

Loop pairings are done in response tothe RGACMV pai rings that resul't
consdlered. The closer the RG value is to 1, the better, since this indicates little transmissior
interaction(Marlin, 2000)

Process Controllability

Marlin (2000) mentions the importance of ensuring that a process is contfdahabtzmntrolled
variables of a process can be kept at its respective set points unetatgeammditions, even with
disturbances entering the system, it is deemed controllable. In other terms a system is said to |
controllable if its gain matrinvertiblgMarlin, 2000)

4.27 Enhancements to Feedback Control

Cascade Control

In cascade control two or more feedback control loops are used in a hierarchal fashion. It is ofter
used when a second MV is available thataidan improving contrd especially in processes with

slow dynamics (caused by significant dead times, for example). The second variable should ha
qguicker dynamics than the primary variable, since the main aim of cascade control is to detect ar
nuliify errors faster than single loop feedback contr¢Matin, 2000)A block diagram of a typical
cascade block diagram is shown below:
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Figure 17 Block diagram of acascadecontrol system (Redrawn from Marlin, 2000)

It can be seen that cascade control is a combination of two feedback control systems. The primat
controllerds output is the set point for the
a simila fashion to a normal feedback controller, with the only detail to be noted being that the
secondary controller should be tuned first. This control loop should then be closed while tuning the
primary, outer control loop.

Feedforward Control & Decoupling

Feedforward control uses the measurement of a disturbance to adjust an MV. The main purpose o
this control method is therefore to aid in rejecting disturbances. It is may be necessary when feedba
control is not satisfactodyand when an additional M¥ availabléMarlin, 2000)The appeal of
feedforward control is that it can decrease the time a process takes to respond to and rectify
disturbancénduced error. The following block diagram displays the control structure:
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Figure 18 Block diagram of afeedback control system with feedorward control (Redrawn from Marlin, 2000)

It is clear how the feddrward transfer functiorGf) is added between the measured disturbance
(D,) andthe measuredariabled thereby aiding the feedback control system by contributing to it as
the disturbance influences the controlled variable.

Note thatthefeel or war d contr ol |l erds tr @arnf2800) f uncti o

[42]
Marlin (2000) lays out a design criteria that have to be met before implemeifinvgaiekecontrol:

1 The identified feetbrward variable must detect and clearly indicate the occurrence of an
important process disturbance.

1 There should not be a causal link between the MV ardrfeadd variable.

1 The dynamics between the MV and the output variable should not be significantly slower than
the disturbance dynamics in the presence of feedback control.

In the light of these ceitia, feedorward control is implemented by the following procedure:

1. Identify disturbances in the plant which the current control system does not successfully
reject.

2. ldentify potential feefbrward variables and apply the design criteria to determimesthe
one.

3. Design and tune the fetmtward controller.
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