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ABSTRACT

The objeciive of this study is to examine the performance of
the proposed au.omatic control system for the Camden - Kriel
section of the Usutu River Government Water Scheme, in the
Eastern Transvaal of South Africa, by extended period time
simulation of the hydraulic system and the logics of the
zontrol on a computer model.

The scheme comprises resexvoirs located at Rietspruit, Davel
and Kriel Power Statiow, two fixed speed electrically driven
pumps at Camde.. and motor operated flow control regulating
valves at Davel and Rriel. All of these are at remots, un~
attended statinons and connected by a single pipeline 104 km in
length,

The purpose of the control system is to regulate the flow of
water in the pipeline in order to satisfy the total demand by
controlling the position of the regulating valves snd by
automatically starting and stopping the pumps. The control is
nen-linear and is of the on-off or bang-bang type, The study
sets out to optimize the control system and to recommend re~
eurvoir level and valve posicion control parameters which avoid
unnecessary change of state of valves and pumps without restric~
ting the pipeline flow necessary to meet the demand,

The model of the hydraulic system was compiled from well known
hydraulic equations and design data supplemented and modified
by actual test information, as and when this became available.
The control strategy was derived from a ratienal approach to
the probleme involved, based on d and er erien~
al for

ce. Although the process will not be ati
some time to come and therefore confirmation of the results is
not possible at present, it can be confidently expected that

the predictions made will be borne out in practice.
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In all, more than forty five computer rums were carried out
over gimulated time periods varying from three and a half days

to eleven aud a half days for a variety of operating conditions,
The resultp showed that sati

can be achieved
by introducing additional reservoir level set-poimts. The
gystem was optimized for minimum energy censumption by restyic~
ting operation of the second pump to full flow conditions omly.
Values of control parametere were obtained which satisfy all

the major requirements of the control system.




(i)

ACKNOWLEDGMENTS

I wish to express wy thanks to the Electricity Supply Commission
and the Department of Water Affairs for permission to earry out
this study, to my collegues at Escom for their imvalusble help
and argistance and to the staff of the University of the

Wi for their and guid

In particular I wich to thank D,6. Hazelton of Escom for his
assistance with the hydraulice, and Professor J.0, Flower and
M.B. Dewe of the University.

—— —




tv)
CONTENTS PAGE
1. INTRODUCTTON susuurssasenssscnriossonasoesnssasacscosonusnnoneyel
1.1 Descripticn of the Scheme «iieovsesrirorasaisssssaninriaeys2
1.2 Description of CONLYOl SYSEEMm ¢uesevnuesesssns ]
1.2.1 Bagic Principles vivasssvsnsarvanarens seead
1.2,2 Rriel Valve Contzol .uveserssscssvesrans ceesb
1.2.3 Davel Valve Comtrol susesrssissseainsssscansonandd
1.2.4 Camden Pump Control .i.ev. sarreasd?
1.2.5 Set Points s.uaves .8
1.3 Functions of the Control System . 22
2.  PROJECY RESEARCH AND LITERATURE SURVEY suvecssrssecessaaseonsassiO
2.1 Background .ieseenvaveinanes
2,2 Defining the Water Scheme ,. wevas
2.3 Computer Programme .iiesseves sasvrieansy
2.4 Survey of Literature sicersrsesssrsvorarernonssrernesssnarsld
2.4,1 Water as a Compressiblc Fiuid vevivasnessaisnase,15
2.4.2 Water as ap Incompressiole Pluid -
Steady State Simulation of Water Distribution
Hetworks civessrcreiiriiaraassniennssssiaancnsesnd’
2.4.3 Dynsmic Simulation of Water Distribution
Vetworks vvevevsvrvscnsvsrsessrsres crssriannlb
2404 Total Water Supply Comtrol .,ye.s
2:4.5 Major Transportation SyStems ..vesvesssvesessersal?
24,6 Comments and ComparisBons veaversresasssrsrirersnsld
3.  THEORETICAL DESCRIPTION OF MODEL «1.0eavusns

3.1 Purpose of Model vivsreseeiass
3,2 Aesumptions Made v.useciaiae

3.3 Caleulation of Varishles vevesessveseuavevoearsonsnrsearad2d
3.3,1 Resarvoir Level ...

3.3.2 Single Pump Flow .
3.3.3 Dual Pump Flow ,.ues
3.3.4 Flow in a Gravity Pipeline s..issvesvscscsaensess29
3.3.5 Valve Opening sevsisnsaassansissarserssraaconsses30
3.4 Control System ......

ersetereriirrriravanarassinrasnsness3l

e




(vl

CONTENTS PAGE

6,

3.5 The Complete Simulatlon sevavineecrsvecsaranaersininaaneneddl

veeeadd
£e.33

VERIFICATION OF MODEL ...
4.1 Prefate sereeds
4.2 Adjustable ParsMerers usvssesvaseresssusissrrssenansssaessdl

423 Trial SimulatioR RUD .eveereseosserrranesnsessssiionsravecsds

verseseddl
PRrti]

CONTROL STRATEGIES vrsesvsenransuvea
5.1 Methods of Comtrol ..,..
5,1.1 Continuous Flow Control (Comstant Reservoir

Level) tiveiavarnrnaonny

5.1.2 /O£ Flow Control .
5.1.3 Combination Control ,

5.2 Definition of Objectives ssesss
5.3 Summary of Objectives uicseecsorssessissrvarrasrioornncesvashd

5.4 Control SEXALEZY «rvvvosarastnsrnsssvrastsenssssinenaarssssb
5.4.1 Kriel Reservoir - Rauge of Level Set Pointa «v...46
J.4,2 Camden Pue OPeration .eoveriessirsrcasasersassnshB
5.4,3 Rictspruit Reservoir - Range of Operating

B T T PN
Suhob Davel Resexvo y - Range of Operating Level ,.....53
54,5 Plow Settings ~ Yalve Pogition Parvameters ... 85

5.4.6 Computer T28o sus-oesvrrrrersrasnssssesnirnsedes7

APPLICATION OF CONTROL T2 MODEL AND RESULTS suuasrees sraneeadS9
6.1 Summary of Tests Performed , PETPRee.. 1]
6.2 Rietspruit Resexvoir Rate of Change Control ..vsevievvesss 60
6+3 Setting of Regulating VAIVES .isserorresesscrsanorcssanssssf3
FERRTN ]
200168

6.4 Reservoir Operating Range
6.5 Tests and Results ...

CONCLUSIONS AND FUTURE WORK suserrassavervoresnsannssovesrenrensdi
1eesB0
vee 80

741 ConcluBions .cievevvesrsasssivinians
.11 Achieverent of Objectives

7.1.2 Analysis of Results and 2-myarison with

ObJectivas Liviiiiiiiiviciiiaaaisisiciisseennnfl




{vil)

CONTENTS PAGE

7.1.3 Recommended Control System Seftings ............83
7,3.3.1  Valve Positions sovivaesersrasacersiaaiB3
7.1.3.2  Kriel Reservoir Level Set Points ,.....84
7.1.3.3  Devel Reservoir Level Set Points .v....85
7.1,3.4 Rietspruit Reservoir Level Set Points .86

Toleb Justification for Computor SEUAY «iesssvsrveverss86

7.

IS

Future Work severisvsrsrersrrinensscrsssnssasssirossasasnss86
7.2.1  Updating the System L0087
7.2.2 Frult Conditions

P T Y S -4

APPENDIX A ~ FLUID MECHANICS ..vsvsrsraanssssscsiocanenrnsnseeovssa B9
A.1 Headloss/Flow ~ Darcy Weisbach Foramula .. vaeedB9
A2 Floww and Varying Head .eseoss
A.3 Rising Main ...

APPENDIX B — PHYSICAL DATA ssosvinsavsnnsrrsacnarsnerssssasansneravasd?
B.1 Rietspruit Reservoir ......
B.2 Davel Reservoir suuiveneees

B.3 Kriel Reservoir ..

Bo4 PipeliBes seirveisciiniiaiisssanisiaiiisivasanersaissrrsonsaressd01

B.5 Pumpa/VELVEB «vsssriuursarasasstsirarsrassassnsocssnsinnannessssl02

APPENDIX C - PERMORMANCE TESTS 44sr0s
C,1 Camden Pump Set (Report ME R/47) . res
C.2 Rietspruit - Davel Pipeline (Report ME R/53) ...vvsverrivecsses, 109
©.3 Magnetic Flowmeter on Inlet to Kriel Reservoir (Addendum to
Report ME R/53) ssvsrssesnsosnssossanes sevesernsisaall

APPENDIX D - PUMPING HEAD, FLOW AND PUMP DISCHARGE VALVE POSITION .,.116
D.1 Newton ~ Raphson Iteration ..

D.2 Computer Programme eesssses
D3 ReBULtS saseasnsr resesnsnsn

eeerad122




="
(vidd)

CONTENTS PAGE
E.2 Initial Block . . . +ea123
E.3 Dynamic (and Derivative) BLocks ..vsees cavsnsniiaras eeana 125
B4 Terminal BLock voversssivesassnnsisacsorsansessanssssiarscsassssl26
E.5 Run Time Contrel Statements ,
£,6 Logic Flow Diagrams ..
8.7 Programe Listings .iseresess ceenrres 147

APPENDIX ¥ - COMPULER OUTPUT CURVES 44yonnnsvavennerasonsarrnrseessesl38

APPENDIN € - LIST OF FORMULAE .....

sr-aaa161

APPENDIX H ~ REFERENCES sevetsrssasnvorerinvaversersnanzcrsarssansess 163

|
|




x)

LIST OF FIGURES PAGE

Figure 1.1

Figure 1.2

Figure 1.3

Figure 5.1

Figure 5.2

Figure 5.3

Pigure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Usutu River Covernment Water Scheme : Schematic
of Camden - Kriel Section .iusuissrssrersrsssssannsoeensd

ernsriseriaiels

Simple Level Control .,u..

Regulating Valve Position Control .ivesvevesssacssoians?

Contiguous Flow Contrsl — based on Flow

Measuxement seriiensriusirnivasiasnsarisiossesanrsasnssél

Gontinuous Flow Control - based on Reservoir Water

Level Measurement .vesssvesvonssreseessanss caeraasbl

OnfOLE Flow CONEYOL tivsvrrrsvnssnsssisinnrnnnronscnnsshl
Krial Reservoir - Depth veraus Volume ,...vssvevessssesB?
Filling Rietspruit Reservoir for Zero OQutflow oues.vs .48

Effect of Rietspruit Reservoir Gperaking Range on Pump
Duty Gycles ..

48

Rietgpruit Reservos Pump Operation
Effect of Varying On.fiow on Pump Duty Cycle
{Combined Reservo!¢ Operation ~ Surface Avea
2 x 1870,3u%) ...

Rietspruit Resexrvoir = Dual Pump Operation
Effect of Rate of Change Parameter on Pump Duty

CYEle vecevrvcssssnsasrsrrsiosnns

Davel Reserviir - Changes in Level with Maximum

Continuous Tertnd at Kriel suvivovescrnavisassnnoviacsdd



i

(1x)

LIST OF FIGURFS PAGE
Figure 1.1 ~ Usutw River Government Water Schems : Schematic

of Camden ~ Kriel Section sesevarcaarvsvsorresasaonnessd
Figtre 1.2 ~ Simple Level Control .aeeverrscavsseces
Figure 1.3 - Regulating Valve Position Control ...civevsncasarrsaaedd
Figure 5.1 ~ Continuous Flow Contrel ~ based on Flow

Measurement «es .urssiaens RRRTT
Figure 5,2 - Continuous Flow Control ~ based on Reservoir Water

Level MeSSUTEMENt savvssrcasrsrensesavsnoonsssrasronsrssbl
Figure 5.3 - On/Off Flow Lomtrol . resas
Figure 5.4 - Kriel Reservoir ~ Depth versus Volume .eeeevscvsvissedd?
Figure 3.5 - Filling Rietspruit Reservoir for Zero Out.flow ,.eesvse 48
Figure 5.6 - Bffect of Rietspruit Reservoir Operating Range on Pump

DULY CYCLEB souvvassnrrsscasanrssnnrasransssrcnoncrsesidd
Figure 5.7 - Rietspruit Reservoir - Single Pump Operation

Effect of Varying Outflow on Pump Duty Cycle

(Combined Reservoir Operation - Surface Area

23X 1870,07) +iuvesiceiies e e 69
Figure 5.8 ~ Rietspruit Reservoir ~ Dual Pump Operation

Effect of Rate of Change Parameter on Pump Duty

[ D P T YT RPRRRTRL 1 §
Figure 5.9 ~ Davel Reservoir ~ Changes in Level with Maximum

Continuous Dewand at Kriel tsssivevsetierecasanissneny iS4




(=}

LIST OF FIGURES PAGE
Figure 6.1 ~ Test 3 - Variation of Pump Duty Cycle Time with Demend

at Kriei {One Imtermediate Velve Setting)

~ Single Pump Operabion «veessssssssivavares a0

Wigure 6.2 - Test 4 - Variation of Pump Duty Cycle Time with Demand
at Kriel (Thres Intermediate Valve Settings)
~ Single Pump Operation «.uvevecsessvrassssssd5

Figure 6,3 - Test 5 - Effect of Varying Operaring Range at Kriel
on Pump Duty Cycle TIME seienvaisnsicerssarases??

Figure 6,4 -~ Tests 6 Variation of Pump Duty Cycle Time with Demand
&7 ~ at Kriel ~ Dual Pump OperBtion .i.veseescoress?9

Figure A.1 - Flow and Varying Hesd ..eceorvesnsacsonnrosssssssncreas?
Fizure ¥,1 - Rietspr it Reservoir ~ Dimensfions ..esveeversaicsiovsnsdd7
Figure 5.2 = Lavel Resexvolr - Dimensions sesessnesvesvasrscrsrsvssad8
Figure B.3 - Kriel Reservoir = SHAPE sseversasnvvovsrrrossaronasrieed9
Flgure B.4 - Kriel Resqrvoir ~ Cross 5ection seveerisvessssnsrsiveodd9
Figure B.5 - Kriel Reservoir -~ Area of Centre Portion «v.esueessessal00
Figure B.6 - Cemden Pump Discharge Valve Characteristic Curve ......104

Figure B,7 - Flow Control {Regulating) Ring Needle Valve .
Gharacteristic Catve suveesssireraavsissisinrasarancses106
Figure C.) - Cemden ~ Wi it Pipeline - D4 ie
Arrangement of Pumps, Reservoize and Pipelinmes «v..vie.lll

casall2

Pigure C.2 ~ Camden Pump Characteristic ..



LA

{x1)

LIST OF FIGURES PAGE

Figure C.3 - Rietspruit — Davel Pipeline - Diagrammatic

Arrangement of Reservoirs and Pipelines .

Figure C.4 ~ Davel - Kriel Pipeline - Diagrammatic Arrengement

of Keservoirs and Pipelings ..useesssssvisessensssessesdls

Figure D.1 - for Pump Starting/ ping (| p!

TEACOELON) +iaanveaersanioarosnnaorrasrsssnersnrisseesslld

Figure D.2 - Computer Simulation for Starting First Pump at
Canden serovarraraas

Figure D.3 - Computex Simulztion for Starting Second Pump at

Camdent tiacanssorserrranisossassirirasarersrrransransesl?l

Figure ¥.1 - Computer Simulation for Opening Davel Regulating

VOIVE cuusvnninrrariiissnistniinerstaisasiricoassosansssls9

Figure F.2 ~ Computer Simulation for Opening Kriel Regulating

S T R TR




(xid)
LIST OF TABLES PAGE
Table 4.1 - Comparision of Pipeline Flow obtained from Computer
Simulation end Site Pexformance TeBES svssssvssrossess38
Table 5.1 - Approximate Relationship between Power Station
Eleotrical Output and Water Consumpbion seuessecesrsssS6
Table 6.1 - Test 1 - Without Rate of Change Contsol at
RECEBPTULE 4evasvussanssrrnsnnsaresssraacsssabl
Table 6.2 - Test 2 - With Rate of Change Control at
RICESPTULE avunrsenrisnroresvenrsirasonnnsssb?
Table 6.3 ~ Comparison of Yeste 1 and 2 ~ Showing Effect of Rate
of Change Control at Rietspruit ...... . 1062
Table 6.4 — Kriel Reservoir Set POinks ...eveecessessassroansseras66
Table 6.5 - Duvel Reservoir Sec Points . .67
Table 6.6 ~ Rietspruit Resexvolr Set Points ,uveissssacrsrsarssns B8
Table 6,7 - Valve Positions and Level Set POints sevsiveescssssessb9
Table 6.8 - Test 3 -~ Summary of Computer Rums for Different
Values of Demand at Kriel (below 1,61 malsec)
Seeeraniasesiiseiaiasaniatriasinsonianseredl2
Table 6.9 - Test 4 - Summary of Computer Rums for Different

Values of Demand at Keiel (below 1,61 u/sec)

T T T P T T PR T £




(xiid)

LIS. RS PAGE

Tab” « = Camden Pump Dischurge Valve Characeristic (VCITAR} ...105

Table B,2 ~ Davel Flow Control (Regulating) Valve Characteristic
(VDTAB) ovuevrarnnsrarsnnansssansennsraroncssniseinnnel0?

Table B.3 ~ Kriel Flow Control (Regulsting) Valve Cheracteristic
(VKTAB) woenisinnnnnsnnsannessisasssssssssorsnracessssi08

Table C.1 - Camden Pump Head versus Flow (PITAB, P2TAB) ,.,.......113

Table D.1 ~ Simulated Camden ~ Rietspruit Pipeline Flow ..uevee...118




(xiv)

LXST OF PRINCIPAL SYMBOLS AND DIMENSIONS

: 2
= Cross sectional area scevcssvsissssoiciarrosnissen sl

A

Ag = Reservoir surface areA iiseiiucessrerercesseionsnredd

D~ Diameter of PIPE siiirrerriiiiiricanriaiiesseiiiss B

g = Gravitational accelerstion rereeseeenannissse s confBECE

H -~ Head .eivsveriaseans ETERTRTRTIIR: |

l'Af - Friction headloss tersessracssel

K~ Constant . veo dimensionless
L - Length of pipeline . n

Q= FLOW OF WALST +vveervrensnencenaraeresnensresn onslf8eC

Tot = TIME suesrsqvrasasuanrssanrusasansecsaercoranncsssasSEC

V= Valve OPening eose-sescnosessonsrssoscosanrrsrasasrsh

v = Meen veloclty of WALeS siriseaseverrssrcarasiaenaasomfoec

WL - Water Level (Set Point} .... coresm

X - Pipeline frietion factor ..... raes dimensionless
r =~ Valve friction factor sueessesssrssesvans dimensionless
SUBSCRIPTS

1 ~ Camden Rietspruit Pipeline

2 - Rietspruit - Davel Pipeline

3 - Davel ~ Kriel Pipeline

¢ - Camden

9 = Davel

K~ Kriel

R~ Rietspruit

P ~ Pipeline

T « Throat (of valve)

Numerical subscripcs are also used to distinguivi between items
where there is move then one - e.g. pumpa and valves at Camden,
different set pointe ete.




1.

INTRODUCTION

The Usutu River Government Water Scheme in the Eustern
Transvaal of South Afvica is a major project of the Depart-
ment of Water Affairs. The scheme is approximately 170
kilometres in length and will be capable of delivering
approximately 2,9 cumecs from dams in the East to the power
stations on the Highveld. The prineipal consumers are
Camden (1 600 MW) and Kriel (3 000 MW) Power Statione. The
scheme will alsc eupply some water to Matla Power Station as
wall as townships and other minor consumers along the
pipeline route,

The main scheme which comprises two parta;~

1. Jericho to Camden Pipeline
2,  Camden to Kriel Pipaline

will be automatically comtuvlled from a computer station via
a fixed link UWF radio network,

The main fumction of the Camden ~ Krisl Pipeline control
system will be to maintain the level of watexr at Kriel Power
Station storage reservoir within predetermined limits and
hence regulate the flow of water through different parts of
the nipeline by controlling valves and £ixed speed pumps
located at remote unattended statioms. Apart from physical
limitations, the system will be constrained by certain
interlocks in order to ensure the safe operation of the
water scheme,

In order to examine the performance of the proposed auto—
matic control system over extended periods of time it was
decided to simulate the scheme under varioue operating
conditions on a computer model, The study also sets out to
optimize the control system and to recommend reservoir



level and flow control valve position comtrol settings
which will satiefy the major requirements of the system.

Description of the Scheme

¥ig. 1.1 is a scnematic vepresentation of the Camden -
Krial part of the Uputu Scheme. This comprises thrae

sectiona:-

{a) A Rising Main 12,8 km in length vhich extends from a

(b

punp station Located at Camden Power Station to Riet-
spruit Reservoir.

Three fixed speed pumps driven by 2 875 kW, squirzel
cage induction motors are housed in the pump station.
Of these there are two eervive pumps and & standby,
The pumps operate in pavalle!, drewing water from
Camden Reservoir and delivering it vie a coumon 1,2
wetre diaweter pipeline to Rietspruit, en elevation
of almost 120 metres.

A wotor operated discharge valve is associated with
each pump, which ie closed when ito pump is stopped
or fully open when the pump ls ruaning, Intermediate
positions are not permissible, Only two basic values
to one

of fluw are poasibie,
or tue pump operation.

Water is delivered to Ristspruit via a stand pipe,
located in the reservoir, the height of which is

sbove the full supply lovel so that with the exception
of varfations in the suction head to the pumps, the
static haad between Rietepruit and the pumps will be
a fized value. As a result of thia, if fluctuations
1a pump are to be di d, the two
values of flow will be fixed.

A Gravity Main 36,7 km in leugth from Rietspruit to
Davel Reservoir,
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The flow in this section of the (1,3 m diameter)
pipeline is controlled by a motor operated regulating
valve at Davel which in addition to full closcd and
full open has three intermediate adjustable positions,

The statie head will vary between 53,8 m and 62,2 m
depending on the water level at Rietspruit, It will,
however, be unaffected by the level at Davel zince
water is discharged inte Davel via a stand pipe equal
in height to the maximum level.

. Flow berween Rietspruit and Davel will, therefore,
depend on the degree of opening of the valve at Davel

aud varistions in the static head.

(¢!

<

A Gravity Main 54,6 km in length from Davel to Kriel
Reaexvoir,

she flow in this section of the (1,3 m diameter) pipe~
line in comtrolled by a motor operated repulating valve
at Kriel which in addition to full closed and full open
hae three intermediate adjustable positions.

4 stand pipe exists inside the Kriel Reservoir but as
this will normally be below the water level, the etatic
head for this gection o7 the pipeline will be affected
by the water level at Kriel as well as the water level
at Davel (95,5 m ko 117,48 m),

The £low between Davel and Kriel will therafore be a
function of the degree of opening of the Kriel valve
and variations in the static head.

8ince the water lavel in each of the three reservoirs,
Rietspruit, Davel and Kriel is a function of the inflow and
outflow into each, the three sections of the scheme will
interact with each other and the vzlues of £low and reser-
vuir level in the different i will be i d




1.2.1

The outflow from Kriel Reservoir will be dependent on the
power generated by the atation and the quantity of watex

consumed by Matla Power Station.

The outflow from Rietspruit and Davel respectively, will alse
be affected by che minor off-takes to Ermelo and Davel

townships.
Description of Control System
Basic Principles

The problem of controlling the water level in e reservoir
between set valucy is a eimple problem when this involves
only one or two varisblea, Referring to Fig. 1.2, q, Tepre~
sents the outflow of watar from the reservoir which varies
with the demand at the point of consumption., The level in
the reservoir is allowed to vary between L and L + AL, so
that when the level reaches the low level represented by L,
the  alve Vi, controlling the inflow a5 i3 opened. Assuming
that the inflow i§ greater than the maximum value of 9, the
reservoir £ills and when the level reaches L + AL, the valve

is closed.

Fig. 1.2 - Simple Level Control




A refinement would be to provide a propertiongl controller so
28 to regulate the valve opening snd hence the flow ay in
eccordance with the outfiow, thereby minimizing the fluctua~
tion in level AL,

In the case of a reserveir supplying water to a power station
the average outflow of water over & 24 hour period will be
approximataly proportional to the electrical load on the
generators. The bull of the water will he consumed in the
power station cooling system and the rvemainder will be
accounted for by boiler feed water make-up, potable water,
water consumed by the mine which supplies the coal to the
gtatfon and in some cases for ash transportation.

For the scheme quegtion, Kriel Pover Station Reservoir
also supplies a ertain amount of water to Matla Power
Station.

Kriel Valve Control

For this scheme, it was decided, in oxder to avoid undue
movement of the flow control valve at Kriel, to restricet the
valve to four different openings, three of which are ad-
juatsble, These coxrespond to five set values of Kriel
Reservoir water level, Above the first set point (full
supply level), the valve will always be directed to fully
closed, below that set point, the valve will either be
closed or open one step depending on whether the water level
is £alling or rising (Fig. 1.3). and so on, wntil below the
Eifth set point the valve will always be directed fully open.

Davel Valve Control

The regulating valve at Davel {s also restricted to four
openings corrasponding to five level set poants in Davel
Reservoir. In additiom, the contrel system must protect
against the dangerous condition of Davel Resexvoir being



emptied completely in the event of the outfluw exceeding the
inflow for prolonged periods af time, Should such a sirua-
cion arise the Kriel valve must be throttled, regardless of
the level of water at Kriel, to such an extent that the

falling water level at Davel is halted, The constsaing

cannot be removed until the Davel level iz no longer danger-
ously low.
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¥lg. 1.3 -~ Regulating Valve Position Control

Canden Pump Control

The control of the pumps at Camden is based on a combipation
of absolute watex lsvel and ¥ate of citange of water level at

Rictspruit Reaervoir. The purpose of the rate of change

contzol is an attempt to anticipate the demand for water st
Kriel,



Should the rate of rise or fall mot exceed the rate of change
get points (indicating light demand}, absolute level set
points at the extremes of the operating range will initiate
pump operation.

As with Davel R ir, ion ie ired to override

the Davel level control and throttle off the Davel velve if
the Kietspruit levsl becomes dangerously low (e.g. due to
failure of a pump).

Since the reservoirs at Rietspruit and Davel are very much
smaller than the reservoir at Kriel, they will be required

to operate as balancing reservoirs and the water level allowed
to fluctuate over the meximum rafe operating range.

Set Points

In oxder to control the scheme eifsctively the following
parameters must be optimized :-

Kriel Reservolr -~ 4 levels (assuming full supply
level fixed)
Kriel Regulating Valve ~ 3 intermediate positions

Davel Reservoix - 4 levess (excluding full supply
level)

Davel Regulating Valve 3 intermediate positions

Rietspruit Reservoir - 2 Rate of Change and 2 absolute
levels

In addition to the above gince each of the resexvoirs consists
of two halves, either eme of which can be out of service for
maintenance purposes, the sontrol eystem must still operate
effectively for half reservoir operation,
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Tuncticns of the Control System
The main Functions of the control system are toi—

) supply suf{icient volume of water at Kriel to meat
the continuous reeds of the Power Station.

(i) optimize thioughput in order that the maximum
quantity of wates over and above the neels of Krisl
uway be traneported to Matla Power Station.

[¢EE] maintain e sinimom storage volume of water in Kriel
Poyer Station Reservoir sufficient for three days
operation at normal electrical load factor.

(iv) supply the vequirements of minor users such as
municipalities and other consumers along the
pipeline route.

(5] winimize punp starts/stops in order to avoid
unnecegsary atrain on mechanical and electrical
due to mechanical shock or heatd
{vi) econumize on valve movement to avoid uraecessary
wear.,
{vii) protact againet maloperation.

(viii) ensure gatisfactory operatfon with ome half of any
particular reservoir out of service.
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2. PROJECT RESBARCH AND LITERATURE SURVEY
2.1 Background

The project originated from a desire to provide effective
control for the Usutu River Scheme uming simple techniques
which had been previously employed on other Escom systems.
The backgrund to the control system is ae follows

(i} In the design of the Camden - Kriel pipeline certain
advantages were to be gained by locating intermediste
reservoirs at Dietspruit aad Davel. T

Ae a result of the decision to provide full supervisory
control the hydraulic engineers were able to specify
extremely small seservoire at Rietspruit and Davel
thexreby resulting in large savings in civil costs.
Davel, the smsller of the two is less than one thirtieth
of the size of Kx{el und with Full outflow and zero
inflow can be drained in approximately 2,3 hours or in
half this time for half reservoir opevation,

Rietspruit is appromimately 1,5 times the capaeity of
Davel, but still very much smaller than Kriel,

These xeservoirs were believed to be adequate becawse
they are intended primarily for operation as balancing
reservoirs, A small amount of storage baing required to
provide the needs of minor consumers.

Full supervisory control with adequate protection can
operate within emaller error margins, then is the case
with manual control, because of its ability te operats
quickly and to regulate the system automatically

t kote: Davel was imcluded as a break-pressure device thus avoiding

the neud to provide pipes at the Rriel and of the pipeline
capuable of withatanding the full static head from Rietspruit.




(i)

(iii)

(i)
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in order to aveid dangerous operating conditions.
Apert from the reduction in civil engineering
costs, sdditional bemefits likely to accrve from
incorporating supervisory comtrol are improved
performence and reduced maintenance costs.

Although the major purpose of the vater scheme is
to supply water to Kriel, minor consumers along
the route have to be aliowed for inm the overalil
control gcheme.

4 control system based on maintaining constant
level at Kriel would have required expensive
varisble speed pumps at Camden and proportional
contxol for the flow comtrol valve: As the power
station demand is likely to remsin ..ipstantially
constant for prolonged periods of time the cost of
providing variable speed pumps could mot be jugei-
fied and a proportional control scheme was deemed
te bo unnecessary. A much cheaper and simpler
aystem of stepped ccumtrol was therefore chosen,
based on level control, as described in (1.2), but
since this would involve a large number of ad-
justable parameters it was desirable to carry out
a study in order to obtain the optimum settings for
these parameters for a wide range of operating
conditions.

Bince it was dacided to provide only two large
fixed speed pumps at Camden, which are crpable of
supplying the meximum demend, it wes degirable that
the pumps should not ba operated for very light
demand unless the reservoir at Rietspruit reached a
low level. This ensures that once a pump is
started it will run for the maximum period of time
bafore being stopped.
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In order that a study could be carried out a certain amount
of rasearch had to be undertaken.

Defining the Water Scheme

In defining the water sheeme the following information was
obtained -

(a) All relevant design data such as -

[¢9] 8ize and shape of reservoirs, their elevation
above sea level, datails of inlets, outlers
and overspill weirs.

{id) Size, shape and length of pipelines, pipeline
leskage and friction.

(iid) Characteristics of pumps as obtained from
performance teats.

(iv) Manufacturers' data on pump discharge valves,
size, type and operating time.

) Manufacturara’ data on flow control valves,
aize, type and operating time.

Much of the above data is given om Fig. 1,1

{b} Data obtained from the following Escom test reports :-

{1 Report No. ME-R/47
"Ugutyu River Water Scheme, Camden Pumping
Station : Contract No. W5071, No. 1 Electric
Motor Driven Pump Set, Performance Tests".

(1) Report No. ME~R/S53
"Usutu River Water Scheme, (i) Rietsprule -
Davel Pipeline, (ii) Davel - Kriel Pipeline,
Performance Tests".

P N



"Ysuty River Water Scheme, Davel - Krial
pipeline, Performance Tests on 'Krohne'

Magnetic Flow Meter".

Details from theme reports are given in Appendix C.

(e) Derivation of varisbles uaing information from :~

(i)

*Ftuid Mechanice for Civil Engineers" by
N.B. Webber (publisher E. & F.N., Spon Ltd.
1965)

Chapters 1 =~ Properties of ¥luide
4 - Basic Conecepts of Fluid Motion
5 - Analysis of Pipe Flow
6 - Pipelines and Pipe Systems

"Fluid Mechanics' by V.L. Streeter (publisher
Megraw Hill, Kogakusha Sth Ed, 1971)

Chapter 10 - Closed Conduit Flow.
This book gives some examples of programming

in FORTRAN IV although these wers not found to
be relevant and were not used,

Refer to Appendix A,

Computer Frogramme

Three languages were available for programming, namely :-

(a)

()

TSMP - "System/360 Contintious Syatem Modeling Program”
on the IBM at the Uni ity of the Wi

rand.

FORTRAN - on either the IBM Computer at the University
of the Witwatersrand or the CDC CYBER (172 & 174)
Computer at Escom,
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(c) CSSL ~ “Continuous Systewm Simulation Language™ on the
Escom CDC Computer.

Ag it was more convenient to work at Escom it was decided to
use the CDC computar, It was slso decided to use a high
level lapguaze and CSSL was chosen since :-

() It involved less progremming effort. CB8SL state~
ments are compiled into FORTRAN automatically,

(ii) Unnecessary sxrors vould be avoided by using
tested Macro routines.

Whilst it is velatively easy for an untrained operator to
write progrowmes in CSSL it suffers from a certain amount of
inflexibility. In one instance a particular iteration
problem could not be solved wsing CSSL statements and it was
necessary to revert to FORTRAN, Nevarthelees, CSSL will
accept subroutines written in FORTRAN which thersfore adds
greatly to its flexibility.

The compilation time for this particular programme was mot
unusually long and was of the order of 6,5 seconds. One
difficulty expevienced was that of vaiting for drivers to
load GSSL from tape, especially during peak peviods,

The plotting of resulte Left much to be desired since these
were not plotted as smooth curves and are limited to the
£irst rhousend data points. The latter mesnt that in order

to obtain plots depicting seversl hours of simulated time,
o

had to be i d resulting in a
number of discontinuous graphs, moreover, the range of the
ordinate wes adjusted by the computer tu the range of the
plotted variable over that time segment. One compensation is
that the range of the abscissa could be specified so that if
desired a particular section could be magnified in time, for
inatance during valve opening or pump start up.
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Survey of Literature

Digital computers have been used to analyze and produce
mathematical models of water supply systems for more than a
decade. A luvge volume of literature has been written on
the subject, in techuical jourmals snd in texbooks. So much
@0 that time does not permit a complete ewrvey of them all.
It is intended therefore, to deal only with the salient
poiuts in 2 fev of the papers and then to outline certain
coumon areas batween them and this particular study, making
comparisons and observing trends that have taken place.

Water as a Compressible Fluid

Numerous papers have been written on this subject and
although certain of them' deal with steedy stete conditions,
by far the majority describe the simulation of transient
effects in pipelines and in particular, water bammerz.

Water as an Incompressible Fluid ~ Steady State Simulation
of Water Distribution Networks.

In the design and analysis of water distribution systems it
is traditionsl to calculate the flows and headloss in various
parts of the system by solving certain basic equations
(derived from the principles of continuity of flow and
pressure) uaing the (iterative) Hardy Cross or similar
wanual methods, Digital computer models, however, can
perforn many more iterations and hence produce a more
accurste solution in far less t:imnj. Furthermore, a com
puter model is much more flexible and cen be extended or
modified to provide alternate solutions which will assist
the hydraulics engineer to make basic design decisions or te
formulate operating strategy, The latter will aid the
choice of control syscem”.

The mest populax programmes appear to imvolve the Haxdy
Cross method for computing the head losazs and Flows
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and the Hazen - Williams formula for describing the headloss
v Elow xelationship®. Other methods include the finite
element method , the linear theory methed and the Newton -
Rephsen mel:hod7. The finite element method is designed to
vae either the Hazen - Willlaws or the Darcy - Weisbach
foxrmula for the flow-head loss relationship.

Dynemic Simulation of Water Dietribution Networks

Tt would appear that many of the moxe recent studies have
been based on the work of Gilmen, Goodman and De I'loye:z'B in
the field of extended period simulation.

De Mayer9 states, "Because interest is increasing in the
automatic control of water-distribution systems, it is
becoming more desirable to have a method for making rapid and
accurate simulations of mzjor system variables as a function
of time". De Moyer proposes a macroscopie solution which
deals only with major heads and flows associated with pumps
and tanks in o distribution network rather than calculate all
pressures and flows. He claims that the drawbacks associated
with a complete network analysis for the purpose of control
are that the solution time ia i certain i es

result from the fect that consumptions must of necessity be
concentrated into take-offs at the “nodes" of the simulated
network and that pipe flow coefficients wust be periodically
meapured or agssumed, The macroscopic model determines em—
pirical ralations between variables derived from a statis-
ticel analysis of actual operating data., A model validation
procedure is carried out in which tank flow is integrated to
obtain tank depth at half bourly (simelated time) intexvals
.nd the error between simulated and measured values cal-
culated. Optimization for least cost control can be carried
cut using dynamic programming techniques.

Kao and Bree' have produced a model for extended period
simulation of water systems over a peried of 24 hr - 48 hr
under changing demand petterns. Unlike De Moyer's




macroseopic model, this model can simulste a water dia~
tribution network of up to 1 500 modes. The paper describes
the application of efficient sparsity oriented programming
techniques to provide a static solution and an integration
echeme to link numerous static solutions to represent simu-
lation of a gystem over an extended period of time,

Total Water Supply Control
A further development has been described in a paper by
Hasegawa, Shimauchi snd others'!

for the water supply
gystem of Yokohama, The system includes @

(8) A model for predicting daily inflow of yaw water into
the system depending on daily end geasonal rainfall.

[

A modsl for predicting the demand from the system.
{e) A wodel for operating the weter supply system in
accordance with the predicted water demand and the
water available.

Major Water Transportation Syotems

Unlike distri for ieipal water supply

schemes there appear to be very few papers on water trans-
portation systems. The probable reascn for this is two—
f£old :

(4) The atesdy state maximum flow conditions of such
systems can be designed with a veasonable degree of
accuracy, directly, without resorting to tedious
iteration xoutines,

Becauge there ars fewer unknowns, design errors are
less likely to oceur (e.g. oversizing pipes, etc,)
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(b) The demand is normally reasonably steady since trans~
portation is from a large dam or Lake to a large resar-

voir.

As a xesult of the above, it would seem reasoneble that the
need for computer simulation is mot as great as with dis-
txibution networka.

However, because of the advantages of automatic control
systems in obtaining improved performance at less cost,
computar analysis of such systems is likely to he more
common in the future, Furthermore, cowpuier models can ba
used to determine more efficient uvperating sonditions by
optimizing for such values as

1) Muximizing performance - hence reducing the desire
to oversize pumps and other equipment thereby
making most efficient use of the plant.

(i) infmizi ing costs - by op ing the
plant in such & way as t- maintain the supply with
least expenditure of energy ~ Alternatlvely,
replenishing reservoirs at off pesk periods when
electricity tarriffs ave low {not applicable in

South Africal.

(iii) Maximizing plant life - reduclag “wear and tear"
on aquipment in order to postpone replacement of
plant and reduce maintenance.

In addition to the above, large water tramsportation pipe~
lines are often the major "artery" to cities and industrial

centres. Continuity of supply is thexefore of great importance

8o that conetralnts may be imposed on the cptimum solution
because of the need for adequate protection of the water
scheme and a high degree of reliability for the comtrol
system,
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A paper on the Natienal Water Carrier of ILsrael by Shamir
and Damelin}?, describes an optimum policy for operating
that scheme. Pumping operations are restricted to certain
hours each day by the electricity supply authority and
additional constraints are imposed by safety consideratvions.
The simulation of th. scleme is achieved by collecting
statistical daia of actual flows snd levels in the system.
The syctem comprises pipes, camala, recesvoirs and pumping

stations,
Comments and Comparisons

In this study water has been regarded as an incompressible
fluid. As mentioned, studies which consider water as a
comprasgible fluid are outaide the scope of this project.
Studies of water hammerz were included in the design of

the Usutu water acheme in order to ensure that the pipeline
could withstand the maximum pressure likely to be encountered
in praetice. Such transient effects however are not
relevant to this particular project because they would

not be observable on the time scale considered here,

Papers on water distribution networks are only relevant
to this study where the machematics is also applicable to
single pipeline installations. The most widely used
equation to describe the £low vs headloss ralationship

. for distribution networks is the Hazen - Williams formula.

Q = 0,845, an0»63 5754

crevrarareareseaesaeassan{2,1)

in vhich Cy is the Hazen - Williame roughness coefficlent,
§ is the slope of the energy line hf/L, R ig the hydraulic
radiug, Gy can be obtained fox a pipe of a particular
material from tables.

According to Jeppenn7 the most fundementally sound method
for computing the friction headlosses is by means of the
Darcy ~ We bach formula
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2
b e A e (2,2)

£ uon
in which A, is a dimensionless friction factor and is
conatant if turbulent flow is assumed, D is the pipe dia-
metex, L is the length of the pipe, v is the average vela-
city of flow and g ia the acceleration of gravity. For
Usutu a value of A, (vhich aleo included minor losses)
was calculaked from actual performance tests.

The New.on - Raphson iteration technique is considered to

be superior to the Hardy - Cross merhod for computer
epplications. Jeppscn7 states ",.,. if quadratic convergence
occurs, fewer iterations are needed to obtain a solution
with a given precision". For the Usutu model the Newton -
Raphson method was only used to obtain the relationship
bet-.en purp £low and discharge val. opening (or closing}
under varying pumping head during pump starting and stopping
operations.

The papers which describe time simulated molels moscly use
statistical nctihods. Chunges in flow due to pump operation
are simulatud by dimerete changes. The Usutu model on the
other hand eveiuates s continuous relationghip between
time dependent variables and pump and valve operations are
simulated as closely as possible so that the flow changes
gradually, thereby giving a truer resemblence to the
actual system.

AT . -
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THEQRETICAL DESCRIPTION OF MODEL

Purpose of Medel

The purpose of this particulex work is to produce a computer

wodel which i~

[¢5]

Giv)

Simulates the Camden ~ Kriel part of the Usutu
River Water Scheme by using known physical data
and the laws of fluid mechanics to derive mathe-
matically, varisble quantities such as the flows
in different pipeline gections and the levels at
various reservoirs for different operating cordi-
tione at any particular instant in time.

Simulates the automatic control system by means of
a geries of logical statements, so that from a
knowledge of the simulated flows and Jevels de—
cisions can be made such as whether to start or
stop pumps, open or close flow control valves {and
by how much).

Operates over & desired period of simuluted time
such as sn hour, a day, a week, etc., so that the
performance of the control system can be assessed,

Whilae it is difficult to predict the demand for
water over a short period of times (such as one
hour), the average demand over & longer period
(such as one day) can be predicted with a fair
degree of accuraey and therefore valuable opera~
ting date cen be obtained.

Enables adjustable parameters to be set at their
optimum values in order to minimize the number of
pump starts/stops whilst maintaining the water
level at Kriel Reservoir within predetermined
limitg.
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The model could be used to optimize other operating con-
ditione or to predict the operating costs of the system
although that ia not included in the scope of this project.

Assumptions Made

In order to simplify the mathematics the following assump~
tions have heen made :-

(1) Water is ar incompreseible fluid, This aswumes that
the water columm in the pipeline behaves as a rigid
rod so that any chaage brought about at one end of
the pipeline is immediately felt at the othexr to the
same extent., i actual fa-! water is elastic (as is
the pipeline) snd any sudden changes in preseure at
one end of the pipeline will not immediately be felt
at the other due to the time constants of the system,
It can be shown, however, that if the acceleration
and deceleration of the water column is at a uniform
rate whick is lees than a certain critical value the
surge pressure is very small a4 may be neglected
(Ref. 13 pages 132 - 134).

In designing the scheme, the hydraulic emrineers
specified the following:-

(a) Valve 1. ‘m operating times so that the rate
of change ok velocity of water is less than the

eritical value,

(b

Although pump motors are direct-on-line started,
they are started against closed discharge valves,
The valve is then opened gradually when the pump
is operating at full pressure (head).

(c} When a pump is stopped, its discharge valve is
first elused before the motor is stopped.

{The above features have heen incorporated im the
computer model).
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Certain conditions can oceur, such as electric power
failure which can give rise to surging, Extensive
studies were conducted by the hydraulic engineers in
the design of the system to ensure that the installatiom
would be sufficientiy protected to withstand such

pressure surges.

! (2} Any transients which do occur may be neglected. This
! is justified since such effects will affect the
results by a negligible amount over the time periods

cansidared,

(3) Climatic veriatione have been neglected - L.e. the

f change ir volume of a reservoir due to evaporation ox
due to rainfall ig negligible in comparison with the
change in volume due to operating flow values.

(4) Control valves move linearly from their initial
position to final position and veturn via the same
path, This is justified since the valves aze of a
high quality and the hysteresis in the links is

minimal.

j

(5) Pipeliue leakage is negligible in comparison to the
normal flow through the pipeline. This has been
borne out by tests conducted ox the pipeline,

(6) since transport dolays have been assumed to be zero
it follows that inertial effects may be neglected.

S

(7) Turbulent flow hag been assumed throughout. Hemce
the frietion facter, A, for a particular pipeline is
constant, () will actually vary (See Table 4.1) but
this variation is small and can be meglected).

3.3 Caleulation of Variables

An examination of Fig. 1.1 will show that the principal
variables involved in the analysis are ;-
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Q1 - the flow in the Camden - Rietspruit pipeline
HR - the water level of Rietspruit Reservoir

G - the flow in the Rietapruit - Davel pipeline
- the watzr level at Davel

Q; - the flov in the Davel - Kriel pipeline

By - the water level ot Kriel

The flow QK £rom Kriel Reservoir, which represents the
demand, is obviously fundamental but cannot be controlled by
the system, Similarly the flows QR and QD’ from Rietspruit
to Exmelo township and Davel to Davel township respectively,
which axe of minor significance camnot be controlled.

As gtated previously the controlled variasblee are inter~
dependent,

Revervoir level

The change AH.R in water level HR over a period of time At
at Rietspruit is a function of the inflow, Ql’ and the
outflow, Q, and Gy, from Rietspruit,

Hence, AHy = f(Ql, Qs Q) A& cieveiuirnininind (3D

Neglecting minor effects (see Assumptions Made) the change
in water level, AHR’ at Rietspruit over a period of time
from ¢, to & (Appendix A) is =
£y
By = U 79t %) g 3D

A,
£ SR
@

where ASR ig the surface area of water iu Rietspruit Resexvoir.
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Similar expressions can be obtalued for the change in
water level at Davel and Kriel :~

t.
Aty T TGt @) e (33

A
D
:O

and

A
£
:0

oty “rl 97 %t vrveeneenrienneeniennnn (310)

where ASD and ASK represent the surface ares of vater
in Davel Reservoir and Kriel Reservoiy respectively.

Since Kriel Reservoir is not eylindrical in shape, ASK

is not a conatankt value and vavies with the depth of
water in the reservoir. Anm eupression for Aﬁl{ is
dexived in Appendix B.

The above expression for equation (3.2) ia writtes in
C8SL language as -

HRDOT = (Q) ~ Qy = Qp)/ASR
HR = INTEG (HRDOT, HRO)
where HRO is the initial value of HR at time T = £ .

Similar expressions have been derived for the level Hy
at Davel and Hy at Kriel,

Single pump £low
As stared in 1.1(a) nbove the inflow, Q; to Rietsprait

can be either of two values, the flow produced by one
Camden pump operating Qpps OF two pumps Qg + ch).
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The flow is dependent on the pumping head, the friction
of the Camden - Rietspruit pipeline and the static
head between Rietapruit and Camlen Reservoivs (See Fig. 1.1).

A characteristic of head versua flow for the Camden
pumps was obtained from pump performance tests and is
given in Appendix C.

This characteristic was included in the computer pro-
gramme as a table, P1TAB.

From the laws of £luid mechanics (Appendix A) an ex-
pression can be obtained for the pipeline friction

‘head.
2 2
o A Iy W LV
hfl 11 CRE + T
2g DPl 2g

11- the pipeline friction factor was calculated £rom
actual pump performance tests and the valve friction
factor, &, was obtained from manufacturer's curves
(Appendix B ). The valve friction factor is a function
of the degree of opening of the valve. The va.ve
characteristic was fed iuto the computer as a table,
V1iTAB,

Becauge of the stend pipe inlet to Rietspruit Reservoir,
the static head between Rietspruit and Camden is de-
pendent only upon variations in water level at Camden
Resexvoir. As computation of the watex level at

famden is beyond the scope of this study and since it
is likely to be small, a fixed value for atatic head
was used, This was ohtained from site performance
tests (Repoxt ME ~ R/47 ~ Appendix ©).

When a pump is started, full pumping head is developaed
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against a closed discharge valve. Th- discharge valve is
then opened slowly at a steady vate. Ag the valve opens the
valve friction factor steadily decreases from an infinite
value with the valve fully closed, Water beging to flow and

increases 88 the valve frviction is reduced.

Whilst the flow increases, the pumping head ia raduced until
an equilibrium is reached, known as the pump duty point. At
this point the difference between the pumping head and the
static head is just sufficient to sustain the flow and is
equal to the friction head,

If the pumping head is denoted by Hey and the gtatic head by

Hy .

Hoy = B = by F P TP PN £ X )

and substituting for the expression above, (3.5), for hfl

2 2
- o Ay LW Lo
HCl Hl 1.2 PLo+ LTI PPPPNOP PN ¢ )]
28 Dpy 2

Substituting for the pipelime velocity Vpy end the valve
throat veloeity Ve this can be written ag:-

4
A\ L 5 D, 2
H,-H = 16 1 P 3Q,
et T 1 g o i SRRV 2]
2 oyt by Dy

o 2
CRp * BB 90 e 30D

e s rerereeraae e (308)

e (3.9)
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and X, = lo cviieresrsaesisarsarsarieeeras{3,10}
1.2 ——T
2g7’ DT
Thus, since the static head, Hl is comstant, the f£low Q1 is a
function of the pumping head snd the valve opening. Note
that HCl in turn is a functiop of ‘)1.

The probiem was aolved on the computer by iterating for Q
using the Newton - Raphson method, from an imitial value for

Q; of zero (Appendix D).
Dual Pump i

To simulste the flow from two pumps, two more tables P2TAR
and V2TAB, were added to the computer programme, the charae~
teristics of the second pump and itz dischsrge valve.

When a serond pump is started and its flow ch. gradually
increases, the pipeline friction head will increase. As a
result of this, the balance between the head generated hy the
first pump and its flow will be disturbed, ceusing the head
of that pump to increase ard ite contribution to the total
£low to decrease slightly.

This trend will continue until the discharge valve of the
second pump is fully open and the first pump will be opera~
ting at a new duty point.

Again the Newton - Rephson iteration method was use., CSSL
way found to be inadeguate for this caleulation and the
problem was golved by programming in FORTRAN (using nested DU
leops) .

As a fixad value was used for the static head and therefore
the flow was not dependent on other variabled in the system,
oxcept the arbitrary set poimts of Rietepruit level HR and
HRDOT used in the control system, the results of this part of
the study were usad in tabulated form in the main programme
in order to economize on computer time. Thus VCITAB and




4o -

3.3.4

28

VC2TAB weve compiled to plot valve cpening versus flow.
VCITAB represents valve 1 plus valve 2 position in oxder to
effect the changes in pump L flow, Qq» when pump 2 is

operating.
Flow in a gravity pipeline

¥or a gravity pipeline, ficw takes place by virtue of the
potential energy of the water in the reservoir at the higher
elevation (and hence its static head). The flow is contvolled
by #the pipeline friction vwhich is vegulated by th:. degree of

opening cf the control valve. The static head is not constant

and varies with the level of water in the higher reservoix.

The friction bead ia the same as the expression (3.4,4) uged

previousty for a rieing mein, ‘Thue for tue Rietspruit -

Davel pipaline

2 2
B, o= 2PEEE 4 B VI seeiereenieinneiinnenee (301D

£2
zgnm 2g

and is equal to the static head

Hz * H‘R = hf2 Sraerersuesrsarsesaaasarianrasnsessssrrens(3.12)

As previously, an expression can be obtained for Q2:~

9 =/ Bt %H
PREL RS

b

vherae

o 16, L,
K1 22 rnereneeiessansd (3.14)
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and

K2 7 el e e (3018)

0
261" D)

This has been written into CSSL as !~

NOM2 = ZETADR & (H2 + HR)
DENZ = (K2l % ZETADR) + K22
Q2 = SQRT (NUM2/DEN2)

ZETADR is the reciprocal of che friction factor, , for
the Divel valve. The reciprocal was used since the
computer cannot accept an infinite value of seta.

ZETADR is obtained .vom the charscteristic for the Davel
valve and is written in the programme as i~

ZETADR = VYDTAB (VD)
where VD is the percentage opening of the valve,

4 similar expression to the above was used to obtain f£low
in the Davel - Kriel pipeline.

Valve Opening

Valve movement was simulzted by a positive or negative
ramp which can be halted at the desived progition.

Initially, verious CSSL functions were tried unsuccessfully

to vbtain the desired results, Eveantually the best

results were obtuined by using a straight integrator with

a +1.0, 0.0, ~1,0 direction multiplier to obtain valve

opening movement, halt and valve closiug movement reapectively,

To test if the valve had reached its desired position,
conditional statements were used to set the value of the
muitipiier. As the computer could not caleulate exactly
the desired position a tolerance hand was set. Thus if UBD

O N



is the desired opening for the Davel valve und # 0,003% the

tolerance:~
UBDM = UBD  ~0,03
usn? = UBD  +0.005

¥ ((VDACTL.GE UBDM) and (VDACTL,LE.UBDE}) DIRD = 0.0
IF (VDACTL.IZ.UBDM) DIRD = 1,0

IF (VDACTE,.CT.UBDE) DIRD = -1.0

VODOT = DIRD 4 VDV

¥p = INTEG (VDOT, V0O)

Vhere VDACIL represents actual valve p-sition

R " valve velocity
mo “« valve initial position

Logic operaturs are def.ned ae

LT less than

JLE. less than or equal to
«GT, grearer than

WGE, greatar than or equal to

Therefore if the desired velve opeming is, for exawple, 25%,
UBD is set to 25% and the valve will then open or close
until it reaches the 25% position,

Goutrol Systam
As explained in 1.2 above, the control scheme meassures the
watex level in a particular raserveir ond compares the value
obtained with tha ~wpropriate set points, If a set paint
hae heen exceeded ositively or pagatively) it will then

take appropriate action.

The control system is { in the
by & nemb.r of conditional statemento,
computed water level and then allocate 8 nwmber to it which
correaponds to & level band between two set polats, This
nuwber is aleo equivalest (in the case of the gravity
pipalines) to = particular desired valve opening, It da

decremented by one for a falling warer level.

These test the
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The control statements for the Camden pumps, Daval and Krial

valves ave given in Appendix E.

3.5 The Complete Simulation
The programme comprises the following structure statements i~

INITIAL = Defines a block of statements that are to be
exacuted on'y at the begimning of a simula*ion
wun - these supply the cowplete data; pavamaters,
congtants and initial conditions required by
the dynanic bloclk,

DYNAMEG - d specifying
condition,
DERIVATIVE - Defines those statements which describe the

dynamic system for each of the thrre pipeline
sections.

TERMINAL -~ Not used.
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VERIFICATION OF MODEL
Preface
In describing the modal, expressions vere derived for:

- the variation in reserveir water level over & period of
time evaluated from the change in voluwe of the particular
reservolr (obtained from infiow and outflow).

~ the flow in a section of the pipeline from the statie
Tead, pipeline friction and valve opening (or pumps opera-
ting).

The hydrauiic model is built up from these expreasions, For
convenience the medel is divided into three parts correspon—
ding toi~

{a) Camden ~ Rietspruit pipeline
(b} Rietspruit - Davel pipeline
(e} Davel ~ Kriel pipeline

The control eystem model is designed to take the fallowing
action.

(a. i) Qompare the simulated level and rate of change of
level at Riotspruit apainat chosen set peints and
evaluate how many pumps shoui. be operating at
Gamden.

{a.ii) Compare the wernal nuaber of pumps operating at
Camden with the desived number and, if thege are
not the came, ctart or stop pwmps to achic  “he
desired result and howee vegulate the flow in the
Camden = Rietsprult pipeline,




D

[C M Compare the simulated level at Davel against
chogen get pointe and evaluate the desired position
of the Davel vegulating valve.

(b.ii)  Compare the actual and desired posi: .m of the
Davel valve and command the valve to open or close
to the desired position and hence regulate the
£loy in the Rietspruit - Davel pipeline.

(e.i) Compare the simulate) ievel st Kriel against
chogen set points and evaluate the desived pesition
of the Kriel regulating valve,

(e.ii) Compare the actual and desired position of the
Rriel valve and command the valve to open or
clogse to the desired position and hence regulate
the flow in the Davel ~ Kriel pipeline,

The control system will thecefore act to replenish Lhe water
removed from & perticular reservoir by regulating the valves
and pumps undex ite command. If the outflow is high it is
required to increase the inflow, or if the outflow is low to
curtail the inflow, The manner in which this is carried out
will be discussed in the following chapter on control
strategios,

In practice, action will be initiated by the demand at Kriel
end Matla power statinns, the outflow from Kriel Reservoir
will be compensated Wy upcaing the inlet valve to Kriel and
this in turn will cause the resulting inflow to Xriel to
drav down the level at Daval. To counteract this, the Davel
valve will be opened and wuter will flow intoe Davel from
Rietspruit which will in turn cause o water level at
Ristspruit to be reduced and eventually one or two pumps at
Camden to be started.

In ovder o verify the model, it will only be necessary to
show weat the simel “od flow rates from the model are tha
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same a8 those of the actual installation for different
valve and pump configurations. This follows because the
simulated flow (for a particular valve opening or number
of pumps ruoning) is caleculated from the characteristics
of the scheme - that is, all the values contained in
equations (3.8) and (3.13) must be correct.

Trial simulation yuns ware conducted to check the validity
of the mathematics used in the model. The results were
ther compared with actual values obtained Jrom site
performance tests.

Adjustable Parameters

Initially values were used for the adjustable set points
which could be regarded only as “intelligent guesses”,

The intevmediate values for the valves at Davel and Xriel
were given arbitvary values of 25%, 50% and 75% opening.

The xeservoir level settings were those which it was
intended to use for the purpose of commissioning and
testing the auto control seftware for the actual control
system. As a result these values tended to be conservative.

Before attempting to undertake any optimization of thesce
settings it was necessary to check that the computer
model was a true simulation of the actual system,

Trial Simulation Run

In the first successful rum, the Kriel reservoir level
was set low (1,5 m) in order to call for a fully open
valve at Kriel and hence actuate the entire system. At
the start both Davel and Kriel valves were fully clomed,
Rietspruit and Davel reservoirs were set to fall level
and the number of pumps running wae set to zero. The
tun was carried out over a simulated time of 30 0UO
geconds ~ {,e. approximntely 8 hours 20 minutes.
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In the simulation the following sequence of events occurreds-—

1st 10 000 Seconds (2 hours 47 minutes)

&3]

(i)

(iv)

W

with a low water level at Kriel, the Kriel flow
control (regulating) valve was called upon to open
fully.

With a fully open valve at Kriel, the flow between

Davel and Kriel increesed to its maximum value,

Since the Davel valve was closed and the output
from Davel was the maximum, the water level at
Davel dropped rapidly. As the water level fell
below the various set points, the Davel valve was
openad progressively in steps until it was fully
open.

Maximum flow was established between Rietapruit
and Davel.

The Rietapruit reservoir level dropped rapidly and
two pumps were started at Camden on reaching the
low set point (Rate of change control mot set).

At this stage (10 000 seconds) there was waximum flow in all

three pipelines, the Kriel reservoir was filling up, the

level at Davel was still dropping slowly and the level at

Rietapruit was rising.

2nd 10 000 Seconds (5 hours 33 minutes)

(vi)

(vii)

The rising level at Kriel caused the valve to
close to 75% then 50% and 25% rrogressively as the
water level xose above the set points.

As the flow from Davel to Kriel dacreased, the
water level at Davel started to rise and the Davel
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valie closed progressively to 75%, 50% and 25%
open.

A a result of throttling the Davel valve, the
Rietspruit ~Davel flow decreased and caused the
water level at Rietspruit to rise at an even
fagter yate. This caused first one and then two
Camden pumps to be stopped.

With no inflow to Rietspruit and the Davel valve
still 25% open the water level at Rietspruit
started falling.

At the end of 20 000 seconds the flow in tha Rietepruit ~

Davel - Kriel pipelines had fallen to approxinately “quarter
of the full value" and the flow from Camden to Rietspruit

was zere.

Kriel resexvoir was still £illing slowly as was

Davel, and Rietspruit level was dropping clowly,

3rd 10 000 Seconds (8 hours 20 mirutes)

x)

(xi)

{xii)

(xiii)

Davel water level reached full supply and closed
the Davel valve completely.

With no flow from Rietsprua Dewal, the Riet-
opruit water level stopped falling and held at a
steady value.

As the Kriel valve was otill 25% open the Davel
water level started to fall,

Kriel reservoir attained full level, the Kriel
valve was fully closed end the Davel level hel’
steady.

After 8 haurs 20 minutes, Kriel reservoir was full, Riet-
spruit and Davel were below full level (but mot low enough

te initiste action) and the system had attained equilibrium,
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The values of £iow obtained from the computer 7sve given in
table 4.1, below.

Table 4.1

Comparison of Pipeline Flow obtained from
Computer Simulation and Site rerformance Tests

Pégaline Tump/ | Shaslated Toee Values gfs
Votve | Plow 83/s [ycioueed | Corructeg

Canden - Rioteprafs | 1 fump | 1,61 168 Lt
Casdon ~ Riatspruit | 2 Pumps 2,60 - ™
Riccopruts - Davel | 1008 2,00 1,9 2,00
Riorspruit - Doval 5% 1,69 -

Riotopruit ~ Davel 50% 1,35 -

Rigtopr sit ~ Davel 5% 0,69 -

Davel = Kriel 1002 2,17 2,16 217
Daval ~ Kriel 5% 1,61 3,62

Daro) = Reled s0% 1,09 1,07

Dava) « Keiel 287 0,56 0,34

As can be seen the maximum flow values are identical to those
obtained from volumstric teste (corrected). This is hardly
surprising since the value of friction foct~r for sach pipe-
line section, which was used im the compu rogramma was
caleulated from tegt results, The actual : «8 measured on
test were corrected for differences in head. The large
crrrection for the Camden pumps was due to the fact that at
the time of the teats, the Camden Reservoir was not in
service and the pump suction was from Camden Power Station
Regervoir, This accounted for a difference in static head of

bout 3,3 metres. The correction in the Rietspruit - Davel
ilow was necessary because the spare valve was installed at
lavel at the time of the tests and thiz valve had a slightly
higher value of friction factor than the correct valve. The
digerepancy in the Davel - Kriel flow is accounted For

because of different values for reservoir water level,
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The values of flow with the Kriel valve partially open show
reasonable agreement with the simulsted values from the
computer. Corrected figures were not evaluated aince the
readings for these partial valve positions from performance
tests were not considered to be sufficieatly accurate, 4
small percencage error in valve positien at small openings
will have 2 significant effect on the valve friction factor
and this predominates ac low values of flow. The errer,
however, remains small, indicating that there is no transi~
rion from turbulent to laminar £low. The decision to assume
turbulent flow throughout is therefore justified. In ad-
dition the decision te use a constan® value of friction
factor, » , on the assumption of turbulent f£low can also be
coneidered justified, thexeby providing some verification of

the Darcy-Weisbach formula.

In general, therefore, from the trial run uescribed above,
the model behaved in a manner which could be expected of the
gctual inetallation and gave results which, where these could
be checked, closely agreed with the real values obtained.
The mathematical expressions derived in Chapter 3, have been

proved o be correct.
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The values of flow with the Kriel wvalve partislly open show
reasonable agreement with the simulated values from the
computer. Corrected fijures were mot evaluated simce the
readings for these partial valve positions from performance
tests were not considered to be sufficiently accurate: A
small percentage error im valve position at small openings
will have & significant effect on the valve friction factor
and thie predominates at low values of £low, The error,
however, remains small, indicaving that there is no tramsi-
tion from turbulent to laminar flow, The decision to assuwe
bul flow is justified, In ad-
dition the decision to use a constant value of friction

factor, ) , on the assumption of turbulent €low can also be
considered justified, thereby providing some verification of
the Darcy~Weisbach formula.

In general, thevefore, from the trial run deseribed above,
the medel behaved in a manner which could be expected of the
actual installation and gave results which, where these could
be checked, closely agreed with the real values obtained.
The mathematical expressions dexived in Chapter 3, have been
proved to be correct.
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CONTROL STATEGIES

Methoda of Control

There are three basic methods which can be wmployed to
control a water gystem :-

1) Continuous Flow Control
2) On/0ff Flow Comtrol
(&) 4 combination of (1) and (2)

Continuous Flow Control (Constant Reservoir Level)

This type of control involves regulating reservoir inflow sa
that it approximates to the outflow. Whilet this has the
advantage of maintaining the reservoeir level substantially
constant and hence ninimizes reaervoir size it involves
expensive equipment such as variable speed pumps (aince to
vary the f£low by throttling the pump discharge valves is
wasteful of energy) and flow meters at the inlet and outlet
of pach reservoir (Fig 5.1). In addition a propotticual
controller is required to continucusly regulate the inflow as
the outflow varies.

NLET
e

FLOW
MESER

T

Fig. 5.1 - Continuous Flow Contrel - based on
Flow Measurament
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A cheapar alternative is to monitor reserveir level rather
than £low (Fig. 5.2). Whilst less accurate than the above
wethod it less requires a ionat troller and

variable speed pumps,

FErERCECovEnRon oxstRoLLCR INLET
e ——(8 VALVE
S o ACTUATOR

LEVEL) ]

-1 (MEASURED
HESERYOIR

Fig. 5.2 - Continuous Flow Control - baged
Reservoir Water Level Measurement

4part from the need to provide varisble speed pumps a farther
disadva.tage of this type of control is that is is likely to
incur almost contimuous valve movement. A factor which would
contribute to greater wear of the moving parte of the valve,
As there is no requirement to keep the reservoir levels
constant for Usutu this method has not been pursued.

On/O£f Flow Control (Fig. 5.3)

In thic case wide f£luctuations in resexvoir level are per-
mitted to take place within the phyasical limitations of the
size of the reservoir. A low set level set point is used to
initiate the inlat valve full open and a high level set point
is used to initiate valve closad. The average inlet flow
ovar a prolonged period equals the average ourflow over the
same peried, Any imbalance in the actual values of inflow
and outflow is taken up by the resexvoir.

Whilst this system is a cheaper form of contrcl, and involves
less valve movement than (5.1.1) it results in inefficient
use ¢f expensive resarvoirs, which would, for effective
control, probably meed to be larger than would otherwise be
the case. If not correctly set, it could lead te unnecessary
sitehing of pumps,

B ar
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WATER LEVELm

FLOwmS

g
¥
H

Fig, 5.3 - On/Off Flow Control

Combination Control

A compromise which males better use o; ‘eservoirs and does
not invoive either the expense of cantinuoug £low adjustment

or 1y large and ive ¥ and

pump operation is to empley a combination of the kwo methods
of control, Such a method is deseribed in 1.2 as applied to
the Usutu Scheme. The problem now becomes one of satting

the system to give the

Definition of Objectivas

Whilst the primary objsctive is to provide an adequite
supply of water at Kriel to meat the demand the Following
congiderations must be borne in mind i~

(a) Kriel Reservoir

) The purpose of Xriel Reservoir is to provide
4 sufficient store of water to maintain the
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power stauson operating for three days at a
normal load factor (85%) when there s no
inflow of raw water into the reservoir. That
is, it acts as an insurance against failure of
the water supply. Three days is considered
ample time to overcome the worst problems that
can occur,

The water leval in the reservoir should
therefors be msintained reasonably constant at
its full valve,

(ii) The power atation at Keiel is at a slightly
higher elevation than the reservoir. When the
water in the reservoir is at a high
level (above 1,5 m below full level) water
will flow by gravity into the station.
However, if the reservoir water level is low,
water has to ke pumped up to the station.

Keeping the veserveir reasonably full will
thus conserve emergy {and cost) by avoiding
utnecrssary pumping.

(iii) A pipeline connects Kriel Reservoir to Matla
Power Statien Reservoir so that any water in
awcess of Kricl's requirements can be pumped
to Matla, To safeguard Kriel Power Statiom,
howerar, these pumps can only be operated if
the water Tavel in the Kriel Reservoir ie
above a certain level (suggested level 1 625 m —
i.es 1,5 metres below Kriel full level).

Canden Pumpe

The squirrel cage motors which drive the Camden pump

seta have been apecified for mot move then six #vect-
on-line starts in any 24 hour period, However im order
to ensure longer life, greater relisbility and reduced
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maintenance, the number of starts must be kept to a
minimum and vnnecessary otarts avoided.

Ri it and Davel

‘Therw is ne requiremen. to keep the reservoirs at
Rietspruit and Davel full or even at constant level. To
do so would in any caee, mean limiting the flow of water
to Kriel, This is because both Rietapruit and Davel
hold only 2 fraction of the water contaimed in Kriel
reservoix and therefore could not sustain the flow to
Kriel by themselves, Evan a relatively small change
{approximately 250 mm) in the level at Kriel Reservoir
{at full supply level) represents a volume of water
which is comparable to the ertire capacity of Davel
Reservoir, Hence, whilst the main purpose of Rietspruit
and Davel veservoirs is to provide mino: supplies to
townships, and relieve the pipelina pressure, an fm
portant fupetiou im ©0 % :ance the through £low.

The water lavel at each ghould thavef e be allowsd ‘o
vary over the widest poasible range covsisze - wiri tate
operation.

Operating limits are dictated by i~

) The reservoirs should not overflow since
olthough this is not partieularly dangerous,
it is wasteful of water and emergy.

i) The reservoirs should not be emptied. Thia
would lead to air being drawn {nto the outlet
pipes and could cause extensive damage, oven
rupture of the pipeline. To protect against
this, the water level must at all times be
maintained above the level of the outiet pipe,
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{d) Control Valves

Although the control valves will adjust to different
positions, excessive movemeut should be avoided in order
to minimize wear of the moving parts.

A constraint is that the Krial valve should not operate
for prolonged periods in the region of 90 - 5% opening
but should be opened fully for valueg approaching full
£low.

{e) Mainteuance

tihilst norwal operation of the system is with both
halves of the reservoirs at Rietspruit, Davel and Kriel
in oparation, from time to time it will be necessary to
remove from service half of any of the reservoirs for
repairs and routine maintenance. Whilst this may occur
when one of the turbo-alternators is being serviced, the
water scheme must still be cepable of Lransporting the
maximum quantity of water without affecting the safety
of operation.

Sumary of Objestives

(1) The normal operating range of water lavel at Kriel
Reservoir should be as smwall as practicable.

(2) Once a pump i@ started it should be run for the meximum
poseible period of time and once stopped should vemain
in that conditicn for as long as possible.

(3) The norwal operating range of water level at Rietapruit

and Davel should be as large as practicable.

(4) An attempt should be made to ecomomize on movement of
flow control valves.

(5) The eystem must be constrained by safety interlocls at
Rietspruit and Davel which if necessary will override
all other comtrols,

e
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{6) The system ghould be tested for half reserveir operation.

Control Stratepy

In deeiling on a conkrol strategy to achieve the objectives
stated iu {(5.3) sbove it was decided that a solution could be
found through reasoned srgument and computer simulation,
wWhilst there are well known techniques for optimizing control
systems end it would have been an intexesting exercise to
employ ona of them to solve this paxticular problem, the
additional tiwe involved was comsidared to ne a major obstesle
especially since resuits are required urgently to set up the

actual system.

Consideration will firut be given to boundary conditions
(i.e. opersting vange of water level) and then to inter-
mediate settings withiu those boundaries.

Xriel Reservoir ~ Range of Level t.t Poinug

In accordance with (5.3) above the operating range of level
which is monitored for control purpases shall comprise not
greater than, 10%, say, of the total velume of Kriel Reser~
voir end be preferably in the region of 5%,

The upper operating limit shall be defined as the Full Supply
Level (FSL) corresponding to inlet (regulsting) valve fully
closed (VK = 0%) snd the lower operating limit ehall be
defined as the Low Supply Level (LSL) corresponding to imlet

valve fully open (VK = 100%),

From figure 5.4, vhich depicts the relationship betweer
percentage volume and Llevel (metres depth), Full Supply Level

is shown ss 13,78 metres. 5% and 10% Volume chunges re~

preseat an operating rouge of 0,44 metres and 0,9 metres

respectively belc.” FSL. Thus if equal steps are employed

(since level ve volume is spproxime oly Llinear over a small
ravge) for the four values of inlei valve opening this would

mean level settings at approximately 100 mm intervals for a
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Fig, 5.4 - Kriel Reservoir — Depth versus Volume
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5% range and 200 mm steps £or & 10% range. The minimum size
step that is practicable is considered to be 50 mm. Any
sattings smaller that this ave likely to cause maloperation
due to wave action in the stilling chamber

Camden Pump Operation

(a} Single Pump Operation - the shortest period of time
that one pump will be required to operate is in filling
Rietspruit Remervoir from an initfally low level when
there is no outflow from Rietspruit (Pig, 5.5}, The

3
o]
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p— e

Fig. 5,5 - Filling Rietspruit Reaerveilr fur Zerxo Outflow

operating range of level at Rietspruit must therefors be
aé large ag possible so that when the demand at Kriel is
Iess than one pump flow, the maximum time is taken to
draw down the level to the low operating setpaint at
which the pump ig started and the maximum possible time
is required to replanish the reservoir (Fig. 5.6).
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®ig, 5.6 - Effect of Rietspruit Reservoir Operating
Rauge on Pump Duty Cycles

Under normsl cperating conditions there will always be

a demand at Kriel ond punp operativn and standstill tiwe
will be greater than the minimum. Tuhe longest operating
time will be when the flow in the Rietspruit ~Davel and
Davel - ¥riel pipelines is equivalent to that of one
pump (Fig. 5.7 vii) and the longest stondatill time
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will ba when the £low is zevo and Rietspruit Reserveir
is full (Pig. 5.7 i). Figure 5.7 (iv) illustrates that
the minumur 3 utp eyclic time (pump running and stopped
time) occurs when the pipeline £1w out of Rietepruit is
equivalent to half of one pump flew.

&

Dual Pump Operation - From Table 4.1 the maximum pos—
sible flow into Kriel Resexvoir is 2,17 cumecs. Whilst
this exceeds the flow from ome Cemden pump (1,61 cumeca)
it is conaiderably less tham the 2,60 cumece, for dual
pump operation. With two pumps operating there will
always be a met gain of weter at Rietspruit repardless
of the demard. The second pump should therefore only
operate when Rietepruit Reservoir level is 1low and the
flow out of Kriel Reservoir emceeds that which can be
supplied by a single pump. It should only be stopped
when either Rietspruit is full or when the Rietspruit -
Davel flow drops below 1,61 cumecs (eingle pump flow).

It would appear that the running time of the second pump
could be prolonged by extending the operating range of
water level at Kriel. This would serve lictle purposs,
hovever, since th: Limiting factor is the £low in the
Rietspruit - Davel pipeline which has a maximum value of
only 2,00 cumecs, that ia, providing the volume of water
between the lowest and second lowest setpoint at Kriel
is not less than the volume of water withir the op~
exrating range at Davel.

50403 Rietspruit Reserveir - Range of Operating lavel

{8} The operating range et Rietapruit should ba as large as
possible not only so that Rietspruit con perform as an
efficient balancing reservoir but as etated above in
order to minimize pump starts and stops. The operating
timits ghall be defined us the Full Supply Tevel (FSL)
and the Low Supply Level (LSL) corresponding to both
Comden pumps stopped (P = 0, Vo, ° OF, Vg, = 07) and at

least one pump operating (P = 1, vcl = 1004, respectively.

Setpoints based on rate of fall and rate of rise of
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water level within the operating renge will, if ex—
ceeded, initiate pump start up or shut down in order to
respond moxe quickly to large changes in demand, Once a
pump has started this will have the effect of slowing
down the rate of change and holding the level within the
operating range. Figure 5.8 (i) and (ii) illustrates
this,

Safety Limits
(1) #igh limit

The overapill level at Rietspruit is 8,4
metres from the bottom of the reservoir
{Appendix 8.1). The high level setpoint
{WLRE) which will sound an zlarm and stop both
Camden pumps should be pat just below this
level at approximately 8,2 metres. The full
supply level should be set below this again by
a sufficient margin to allow one pump to be
stopped before the water level rises to 8,2 metres.
If 5 mins. is allowed to stop a pump, this
representa & depth of approxisately 125 mm for
a rate of rise of 25,7 mm/min. (or 250 mm at a
rate of 51,3 mm/min, for half reservoir opera—
tion).

(id) Low Limit

In oxder to prevent the reservoir .rom draia-
ing in the event of failure to szar“ the
pumps, the outflew from the reservoir must be
rveduced 1f neceasary to z<rw. Setpoints will
- required to initiate progressive closure of
& Davel regulating valve as the water level
talls below the operating ran:e,

A low level alarm (WLRL) ac*s as backup
protection and will unitiai i rmergency
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routine of stoppirz the pumps and clozing all
valvas. ‘th an outflow of 2,0 cumees, sud qo
inflow, under the worst conditions, Rietspruit
weter level will fall at 64,16 mm/min. (half !
reoervoir operation) and allowing 16 minutes !
for the Davei valve to ¢lose plus 2 mins. J
reaction time this represents = depth of t
approximately 1 000 wm., As this is an emer~

gency level there should be at least 1,0 metre )
of water left in the reservoir when the flow i
hag reduced to zero, hence the low alarm level
ghould be set at approximately 2,0 metres.

From the computer the rate of fall with Davel
valve 25% open is 1,1 mm/min. and again
allowing the valve time to close from this
position this represents a depth of 110 mm ~
i.e, the next setpoint should be set at least
150 mn above the alarm level (250 mm including I
safety margin), WKach level setpoint can ba

calculated in this manner and the low supply

level established. (Actual test set-points are

shown in Table 6,6},

Davel Reservoir - Range of Operating Level

{a) The operating range st Davel should be as large as
possible so that Davel can perform as an efficient

balarring reservoir,

With peximm outflow from Davel (2,17 u’/e) and meximum
inflow (2,00 mjls) to Davel, the Davel level will
always fall, thexe appears thexefore to he a strong case
for control on rate of change of level as at Rietspruit.
This would allow the Davel valve to open to its meximum
position whilst the xesexvoir is still reletively full
and hence allow the magimum cime of opexation with full
inflow and full outflow before the low operating iimit
is reached. In thia case the low operating limit must

— — Mares o gnw e
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be rezirded as the level at whish the kri. velve must

be thrortled bach.

The actusl controls, howevar, have been based on ab
solnte level netpoints at Davel. The level et which the
Davel valve is commanded fully open must therefore be as
high in the veservoir as possible, although sufficient

waxgin st be allowed batwcen it and the tull level to
enable steady operation at intermediate valve positions.

At Davel then, the operating limits shall be defined as
¥ull Supply lLevel {FSL) and Low Supply Level (LSL)
coxyesponding to the Davel valve fully closed (VD
and the Davel valve fully open and Kriel valve throttled
one yosition (VD = 100%, VK = 75%) see Fig., 5.9.

= 0%)

Fig. 5.9 illustrates the changes in Davel water lavel
with continuous maximum demand at Kriel. The sketch is
greatly exaggerated since the difference between full
outflow and full inflow is only 0,17 m'/e ~ i.e. it
would take approximately 780 minutes to compls e (I) and

approximately 340 minutes to comslete (II)

2

DAVEN  VAWVE
OPENS 100", -

KRIEL WALVE
GPENS 100%s

WATER LRVEL
.

TPERRING

ZRREL VAWVE
THOOTTLED

TIME o

Pig, 5.9 - Davel Reeervoir - Changes in Level with
Maximum Continuous Demand at Kriel

(if the Kriel valve is throttled to the 75% position) -
a total tiwe of approximarely eighteen and » half
hours. This assumes an operating range of 4 metres as
at Rietopruit. However, the top metre is allowed for
intermediate positions of the Davel valve and the
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v¢ -aining three wetres for the Davel valve fully open
and the Kriel valve fully open. Under these conditions
thera is a net loss of water from Davel and the level

drifts slowly down until at the limit of the range the

Kriel valve is throttled back one step.

Although rate of change of level control would have the
advantage of a slightly deeper operating range undex
maximum flow cunditione, absolute Jevel nontrol tends to
keep Davel rezeansbly full for light dewand.

(b) The safety limit settii-s are based on similar srguments
to thoass for Rietspru. @ (Test values are given in Table

6.5).
Flow Settings ~ Valve Position Parameters

As the flow in the Camden - Rietspruit pipeline can only have
two values ~ viz. one o two pump operation, optimum pump
cyclic times can only be achieved by manipulation of the

inte and by controlling the

R3. t level
values of outflow frow Rietspruit. Figure 5.7 {llustrates
the effect of flow in the Rietspruit - Davel pipeline on the
single pump operation duty cycle time,

At first, it would appear that t+“e beet operating conditions
can be achieved by allowing caly ome intermediate valve
position at Davel and Kriel - that corresponding %o single
pump flow, aand eliminating the other two settings. (Never-
theless, there is porhaps a case for an intermediate setting
between that of single pump operation and valve full open.
This would have the effect of reducing the rate of fall at
Rietapruit when the demand is greater tham that of single
puzp £low and thereby extend the cyclic time for dual pump
operation).

The above argument, however, ignores the values of outflow
from Kriel Reservoir and assumes that the reservoir is an
enormovs "buffer” with no relationehip between the outflow
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from Kriel and the inflow from the Usutu Water Scheme.
Kriel Reservoir may be large but it is not of infinite size,
moreover in order te keep Kriel spproximstely full, the
level setpoints must, of necessity, be set close together.

Thus, although figure 5.7 (vii) predicts an infinite pump
eyclic time when the Davel and Kriel valves are set to an
opening vhich permits the equivalent of ome pump flow, if
thiz value ia much greater than the outflow from Kriel

Reservoir, the reservoir will £ill relatively gnickly and
close the regulating valve at Kriel. Tha whole purpose of

providing three ad, for the twe

regulating valves was an attempt to crudely approximate the
inflow to the outflow from Kriel Reservoir.

No. of M/cs No. of M/cs Demand

on load at on load at £from Kriel Reservoir

Kriel B.S. Matla P.S. |n3/s
1 0 n,27
2 0 0,55
3 ¢ q,82
4 0 1,09
3 (] 1,35
6 ] 1,62
1] 1 1,95
6 2 2,28
6 3 2,61

Table 5.1

Approximate Relationship between Power Station Electrical
Qutput and Water Comsumption
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The argument also 3seumes that it is physically possible to
set the valve positions exactly and that the flow will remain
constant under v ying head conditions, Neither of which is
true,

Table 5.1 give. edicted values of demand at Kriel and Matla
Power 7tations. From this it will be seen that the demand is
approximately 0,27 cumecs, for ecach of the six turbo-alter~
nators at Kriel and 0,33 cumecs, for those at Matla. The
rate of fall (in the top part of the resexvoir) in water
level is in the region of 0,2 mm/min. per Kriel machine on
load, Thie meens that if the level setpoints are 100 mm
apart it will teke 500 mims. (8,3 hrs.; to fall from one
setpoint to another with one machine operating, 250 mins. for
two machines and so on. If on veaching the setpoint, the
regulating valve opens to a position such that the inflow is
approximately equal to the cutflow, the level will ateady
both at Kriel and Davel and the pump eyelic time will become
a function of that particular £low,

An obvious valve secting to be avoided is that which is
equivalent to half pump flow., Values which ave lese than ome
quarter or greater than three quarters of pump flow may in
fact give good results whilst keeping Kriel and Davel reser—
voirs full, It must be acknowledged, however, that a demand
of less than 1,0 cumec will not normally be encountered
except during commisaioning of the power statiom.

One defini of ing all the i fate
valve positions is in being sble to throttle the valves
gradually when the level at Rietspruit and Davel veservoirs
bhecomes dangerously low., This is preferable to a sudden cut—
off in flow and provides some back-up protectior.

Computer Tests

Based on the foregoing, there ure two possibilities of
controlling the system :~
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(i) Attempt to equate the flow in the three pipeline
sactions to thai of pump flow.

(ii) Approximate the pipeline flow to that of the
demand.,

In either case the operating range of Kriel Reservoir muat
be vrelatively smaell and those of Rietspruit and Davel as
lecge as possible consistent with safe operation.

The minor demands at Rietspruit and Davel have been ignored
in this discussion since these are only 0,08 m3/s £rom
Rletspruif to Ermmelo Mumicipality (by 1995) and 0,05 n(s
£rom Davel Reservoir (by 1995),
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6.

6.1

APPLICATION OF CONTROL YO MODEL AND RESULTS
Summary of Tepts Performed

Once the basic model has been proved (Chapter 4) to be a
true replice of the actual water scheme, the next step is to
manipulate the model in order to obtain the best control
possible in terme of the stated ohjectives.

The discussion in Chapter 5 on coatrol strategies provides a
logical basis for the initial choice of control parameters.
A series of tests can then be conducted to check whether
thowe parameters do in facu fulfill all the control re-
quirements and if not what modifications are necessary to
achieve the desived results,

The tests chosen for this study were ag follows i~

- Tests 1 & 2 To set the correct vaiues for the
Rietspruit Reservoir rate of change of
level control set points and to as-
certain if these asrist in providing
better control by comparing the system
performance with and without these
parameters set.

- Tests 3 & 4 Compare the merite of matching the
pipeline flow throughout to -

(1) pump £low

{ti) outflow from Kriel Reservoir for
power station demsnd up to 1,61 malsec.

~  Test S Compare the effect of varying the inter-
vul between water level set points at
Rriel Reservoir.
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Teats 6 & 7 Repeat of tests 3 and 4 for demands in
excess of 1,61 u?/sec.

Rietspruit Reservoir Rate of Change Control

The first parameters to be set were the rate of change
control at Rietspruit ROF and ROR.

ROF is the rate of fall of ter level setpoint and was set
at ~0,00045 mfs (27 mo/min) ~ i.e. just in excess of the rate
of £all of level for the equivalent of single pump flow out
of the resexvoir with mo inflow. If it was set less tham
this value, a pump could be started (under cextain condi~
tions) and then stopped quickly afterwards as the level at
Riatepruit reached the full value, The purpese of this
setpoint is to extend the time that the level is falling,
thereby delaying the starting of che second pump and hence
extending the pump duty cycle time.

ROR ::.n the rate of rise of water level setpoint and was set
at 0,00028 w/s (16,80 mw/min) - i.e. just in exceas of the
rate of rise of level produced by the difference between
single and dual pump flow, the level will continue to rise
with only ome pemp operating but at a slower rate.

These settings were tested by repeating the vun referred to
in Chapter 4.

In this test, the system was given a etep input, by eetting

the initial level of Kriel lew, and checking the response.

The full water level of Kriel, Davel and Rietspruit reser~
voirs was set conservatively at 13,20, 6,75, 6,50 metres
respectively and the low operating limit at 13,00, 4,25 and
4,50 matres corresponding to operating ramges of 200 mm
(Rriel), 2,50 m (Davel) and 2,00 m {(Rietopruit). Initially,
Davel and Rietsprait were set at full level, the Davel aund
Kriel regulating valves were set to fully closed and both
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pumps off. The demand at rxiel was set to zero and the water

level at Kriel was set to am initizl value of 12,80 m ~ i.e,
& step input of 400 mm.

Two tests wewe conducted, one without the rate of change
parameters and one with the parameters set. In the first
test it took 23 700 seconds (Shvs. 35 minutes) for the
aystem to reach a state or equilibrium and in the second test
(6hre. 33 mins,). Results were printed every minute, the
caleulation being carried out by means of variable step
routine {(Rung /Moulton) with caleulation

interval of not less than 15 ceconds,

Initially the Kriel valve went to full opem, drawing water
from Davel. As the Davel level dropped, the Davel valve was
opened progressively as each set pouint was exceeded, to 25Z,
50%, 73% and finally full open, The pump(s) were started at
Cander: to replenish Rietspruit and as the veservoire filled
up, the valves at Davel and Kriel closed in steps, Finally
the system cawe to rest with Kriel Reservoir full, both Kriel
and Davel valves fully closed and both Camden pumps stopped,

The pump eyclic times are given below :-

Tabla 6.1
Test 1 - Without Rute of Change Control at Ristspruit,

P v 2| Pop 2
T * vy 1§ Pawp 2 | lun T
Soconto | Hotean T Tima
Sova Soco
o, 6,50 Stogped | Stopped
5540 o0 stact 1220
6540 b Sears 10120
16860 6,50 Stap 7
e 6,50 Stop

Nota Pump 1 will alyeys otart firet and ntop last,

+ The Computor way be required to perform moxe then one caleulation
avery 15 seconds dopondont on whother the tolerance requiremanto
are satisfiad,

|
|
!
[
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In this test the pump interval timer was set to 10 wins.
betwean pump starts and S mine. between pump stops. Pump
1 ran for 3 hrs, 7 mina. and pump 2, 2 hrs. 52 mina,

Table 6.2
Test 2 ~ With Rate of Change Control af Rietspruit
ROF = ~0,00045 m/s; ROR = (,00028 m/s.

y vup 1 | Fum 2
T Panp 4 | Pum 2 Bun Tun
Saconds | Yorres fime Tse
o 6,50 stoppud | Stopped o,
200 5,80 seart 20160
22460 5,50 stop

In this test, pump 1 started on rate of change control with
Rietspruit Reservoir still velatively full at 5,80 m and ran
for L hrs, 36 mins.

A comparision of the two tests will show the value of the
rate of change control:

Table 6.3
Comparison of Tests 1 and 2 - Showing Effect of Rate of
Change Control at Rietspruit,

pasp L { Pusp 2 [mndtdal | Eina) [itnimm | inal | Minim | Fiest
Bun R Rriol | Krdol | Davel | Davel | Bles- Rt~
Time 3ar | Loval |1evel | tevel | Lovel | eprudt | spruic
' I3 v
TEST 1| Sor Tmin | Zhr 52 minf12,80m | 13,20u } 4,90 | 6,56 | 4,42 .46
TEST 2§ Bx Mmdn] O, e | 13,2mi 4,52 | 6,5 | 4,80 656

Both tests achieved the same result - i.e. filled Kriel ko
its full setting of 13,20 m., With the rate of change control
in operation, pump starts/stops were minimized since not enly
wag pump 2 not started but the running time of puwp 1 was
extended. In addition both Davel and Rietspruit had a
higher f£inal lavel even though the total pumping time was
lesg (this is attributed to the greater afficiency of
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single pump operation since the headloss is veduced). As the

minimum values of level at Davel and Rietspruit were also
higher for tast 2 the change of level was reduced. The
minimum value reached for Rietspruit was 4,80 metres - only
300 vm sbove the set point for svitching pump 2, so that a
larger step input at Kriel would undoubtedly have caused
pumgp 2 to start, Nevertheless, the rate of change control
does appear to be advantageous and could help to eliminate

unnecessary starts under actual operating conditions (it must

also be noted tha* u the above test, the operating range at
Rietspiuit was enly . wetres),

The reasop the Riatspru.. level ended at a lower value in the

£irst test .s becsuse on attairing full level at Rietspruit
both pumps were stopped but since the Davel valve was atill
artially open water continued to £low out of Rietspruit
until Davel attained ics full level, A similar argument

applies to the final level at Davel since the Kriel valve was

still partially open when the Davel valve was closed.

Setting of Regulating Valves

{a) TFrom the discussion on control etrategics in 5.4.6,
clearly, one setting for eaci. of the regulating valves
is that which permits a flow equivalent to that of one

pump ~ f.e. 1,61 mals.

Table 4.1 shows that the flow from Davel to Kriel is

1,61 /s with Kriel valve 75% open. It also shows that

the flow for a 75% open valve ai Davel is 1,69 m”/a.

An ivitiel run was tried with the 25% and 50% valve
poaitions set to zero ond the demand at Kriel, Qe equal
to 1,61 mgla. The valves at Kriel and Davel were set to
75% and 707 rospectively. By a process of successive
approximation the £low was matched with the Kriel
regulating valve at 74,79% and the Davel regulating

e



valve at 70,68% The flous vere matched within 0,001 n'/s
with Rietspruit level, Hes 2% 4,48 m, Davel level, HD'
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at 5,35 m, and Kriel at 13,04 m.

Subgequently, the operating ranges were modified and
the variation in flow with level was observed as

follows =

Rietaps -, - Davel Flow, Q; + From 1,65 a'/s to 1,59 n°/s
(range of level at Ristspruit

4,5 m). i
" 3 !

Approximately 1,61 w"/¢ '

to 1,62 m*/a (range of

level at Davel for this

valve position 250 nm

falling water level;

750 mn rising water
level ~ i.e. a total of

Davel - Kriel Flow, Q.,, 3

1,0 m and variation at
Kriel 400 om).

From 5,4.6 it was decided to conduct two serias of

tests -

) Match the flow in esch section of the pipa-
line to that of pump £low only.

{11) Approsimate the pipeline flow to that of the

demand.

In the latter case it was necessary tu set the nominal

257 and 507 valve positionn.
These were set as follows i~

Corresponding to a demand from Kriel Reesrvoir of
1,08 mB/u for 4 machines on load at the powar station
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Daval valve 42,637
Kriel valve 49,77%

Corresponding to a demand from Kriel Reservoir of

0,81 w/s for 3 machines on lead at the power station :

Davel valve 29,427
Kuiel valve 35,927

It is interesting to compare the computed flow versus
valye position curves given in Appendix F for although
the flow for a fully or-1 Rriel Valve (2,17 m'/s) is
higher than that for o  lly open Davel valve (2,00 m°/s)
tha values of £low for ivt.rmediate valve positions is
higher in every case for che Davel valve. This i due
to the diffevencs in frictional characteristics of the
two valves.

The above settings are, of course, theoretical since in
practice the valve set points can only be set to an
aceuracy of between 1% - 2% of the full range.

6.4 Reservoir Operating Range
(a) Kriel Reservoin

[¢3] The critical level at which water no longer
gravitates into the power station from Kriel
Reservoir ie 1,5 metres below full level
(12,28 m), Simce it is intended to control
the level at Kriel to within 90% or 952 of
full volume this will not be restrictive, as
the lavels for 90% and 957 volume arve ap-
proximately 1,0 metre snd 0,5 metrs below full
level (13,78), respectively.

(i) Iatermediate lavels - initially the operating
range was set at ¢,5 metres with intermediste
levels set as given in table 6.4 :~
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Table 6.4
Kriel Reservoir Set-Pointa

for: Levol % Vaive ¥ipeiine
Faing ¥y Metvos Opening o
Ve Y wfe
i 1,2 0,0 0,0
VKL 13,58 35,92 9,51
A2 13,48 9,77 1,00
K3 1,38 7,79 1,61
{ e 23,9 20,0 2,17

WLKO ~ Full Suppiy Levelj WLK4 -~ Low Supply
Level; WLK3 and WLK4 were set close togather
8o that Camden pump 1 would start on rate of
change control for a heavy demand et Kriel,

WLK4 wes gsat just sbove 13,28 m in ovder thes
the level be held within the 0,5 m operating
rangs.

(b} Davel Reaervoizx

[¢9]

It was decided to set the high water alaxm at
8,00 mstres (200 mm below the overspill
level) and the full supply level at 7,50
metres, This permitted an operating wange of
4,5 metres down te 3,00 metres at which level
it was dered 'y to throttle the

Kriel valve back one positien.

Intermediate levels were set in accordance
with table 6.5.
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Table 6.5
Davel Reservoir Ser-Points

g0t Lovel Tvslve | X Velva | Inejow
voiat | H, Morvos | Opontag | Opowing | Qy w/a
. k.
[ 7,50 0,0 0,0
ot 7,28 29,42 o1
Wz 7,00 42,63 1,08
[ 6,75 10,86 1,60
D4 8,50 100,0 2,00
W 3,00 1400,0 {14,139
wo§ 275 100,0 149,77
oy 2,5 100,0 25,92
s 2,25 100,0 t 0,0
oL 2,00 Low Level Alora - Glonea all
valvas; atopo puups

Operating Range WLDO - WLDS

It was decided tu set the high level alarm at
8,00 metres (400 mm below the overspill) and
the full supply level at 7,50 metres, This
permitted an operating range of 4,50 metres
dowm to a level of 3,0 matres. Below this
lavel are the set points which caused the
Davel regulating valva to be restricted.

Tntermediate levels werse get in accordance
with table 6.6.
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Table 6.6

Rietapruit Resexrvoir Set-Points

3ot Level Camdon Fvalva | Jeflgw
Point Wy Hovraa Purps OCperdng 4 wfa
Y,
)
L2 8,00 | Wigh lovel larn o0
Stop buek pumps
a0 730 ) Stop onc pusp 00
o
(33) Step 2nd pump if 1,61
HREOT > 0,0
ROR 1E EIDOT > 0,00028 ntop
punp 2 onty
oy S WOOT < - 0,00045 1,61
starc yap 1 oaly
{1y Stare one pump 1,60
{11} Start 2nd punp 1f
WKL 2,00 ¥, commanded full 2,60
offen by Kedel
Reacrepir zonrrole
2 2,80 )
a3 2,60 + 42,61
(23 2,40 (R0
HLRS 2,20 1 00
[ 2,00. | Low lovel alarw
Cloae 411 valvea otop o1} pupy

(Opexating Range WLRO - WLR1)

Tests end Resulte

In carrying out the two seriaes of testa runs were carvied out

as followa =

Test 3 3

Flow in each section of pipeline matched to single pump flow
for demand at Kriel lasa than or equal ko 1,61 mjls.

68
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Table 6.7
Test 3 - Valve Positions and Level Set Points

paval Valve | % Valve | level | Kelol Valve | % Valve | tLovel
Sat Points | Oponing | Set Point | Sob Poiuts | Opening | Sor Polne
v, Hotres v,
) x
0,9 o0 VK cush 9,0 WLKO
o oL - 7,50 = 13,78
0,0 Wby VKL 0,0 WLR]
ks - 7,50 - 13,78
0,0 uLp2 iz 9,0 WLEZ
kd 7,50 =17
) 0,68 | w03 s 7,19 W
w 6,75 = 13,38
190,08 WLDG VK OPEN 100,00 WLRA
N P oFE " 6,50 = 13,23
Test 4

Flow in each section .. pipeline approximately matched to
demand at Kriw..

All intermediate valve positions, as detailed adove im 6.3
aud 6.4, operational.

For gach of rhe testa, cemputer ruas were carried out with
different values of demand, QK corresponding te 1, 2, 3, 4,
3 and & machines on load at Kriel Power Station. The resulto
were plotted and are given in figures 6.1 and 6.2, (Note:
tho additional points were plotted at Qg = 0,12 u°/s end

QK = 1,49 m3/s for completeness).

(a) Test 3

Figure 6.1 shows that with the set point for vaive
position, VK3, set at a depth of 400 mm, the most
frequent starting of pump 1 will occur with a demand

from Keiel of 0,81 m’/s (one half of yump flow). This
will vesult in the pump starting at {ntervais of 23,5 hirs.
At this flow the ratio of time that the pump is running

PSS
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to stopped is 1:1, At other values of flow from Kriel
Reservoir the mean time between pump starts is greater,
rising to very high values for flows approaching zero or
1,61 /s {pump flow). TFor instance at a continuous
outflow of 0,12 u'/s the pump would ouly be called upon
to start once every 85 hra. - l.c. approximetely twice

per week.

Curves of pump running time and pump stopped have also
been plotted. These curves do rot pass through the
ordinate at zero hours for flows of zero and pump flow
as might be expected. This is because once a pump has
etarted, it must run until Rietspruit Reservoir is
completely full before it can be stopped and likewise,
if a pump is stopped, the water lavel at Xriel must draw
down to the point at vhich the Xriel valve is opened
(aud hemce Rietspruit ultimately drawn down to a low
level) before the pump will be started again, From
figure 6,1, this time is 5,80 hrs, which corresponds to
the time taken to £ill Kriel Reservoir up to full
supply level from a depth of 400 mm, with an inflow of
1,61 m3/s and no outflow., It also corresponds to the
time taken to draw the level down by 400 mm with an
outflow of 1,61 n°/s and no inflow.

It is interesting to note that in this test (with the
£lows matched) the cyclic time for Xriel valve open/close;
Davel valve open/close and pump on/off were the same.

The Davel valve had additional eycling between 70,68%

and 100%, This was due to the following i

(1) The two level set paints were set close
together.
i) Once the set: point WLD3 is exceeded, the level

contimues to fall during the time tha valve ie
opening, o that by tle time it has stoppad
moving tne level has almost reached the next
level (WLD4).
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There was a slight mis~match of the flow

resulting in a slow fall of level at Davel.

This additional eycling of the Davel valve is not a
serious problem and can be corrected on site by setting

a larger margin between these two levels.
depends on the levels in other parts of the system.

Table 6.8

Test 3 ~ Summary of the Computer Runs for
Dilferent Values of Demand at Kriel. Only

One Intermediate Valve Settimg at Davel
and Kriel : Range at Kriel Reservoir 1J0 mm.

The frequency

intervala,

Demand Kriel Valve Davel Panp 1 Pump 1 Pump 1
et Kriel | Oyclic Time | Valve Cvelic |Run Time| Stopped Cyelic
/e Hrs Time~Hrs Hours Time-Hra | Time-Hrs
0,12 85,75 85,75 6,25 79,50 85,75
0,27 42,50 42,50 7,25 35,25 42,50
0,55 26,25 26,25 8,92 17,38 23,30
0,81 23,50 23,50 11,25 12,38 23,63
1,09 27,00 27,00 18,38 8,63 27,01
1,35 43,00 43,00 36,00 7,00 43,00
1,49 3,00 83,00 77,00 6,25 83,25
Note 1: As the Davel valve opening was slightly
inaccurate, there was additional cycling
of the Davel valve between 70,68% and
100% once per cycle,
Fote 2: Results output from the computer at 15 min.
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(&) Test 4

Figure 6.2 depicts similar curves for Test 4 - approxi-
mating the valve settings at Kriel and Davel to the
demand £xom Kriel Reservoir.

It will be observed that most frequent pump operations
again occur at an equivalent flow of helf pump f£low but
with a maximum safe operating range at Rietspruit of 4,5
wmetres the periodic time is only 11,5 hre - i.e. approx~
mately half of that which can be achieved with a 400 mm
change of level at Kriel. This is to be expected since
the volume of a 400 mm span of water at Kriel Reservoir
is greater than the entire volume of Rietspruit.

Unlike Test 3 which displayed a constant frequeucy of
valve movement and pump operation for a particular
demand, Test 4 resulted in general in fawer valve
cycles (especially where the valve setting was exactly
metched to the demand) and more pump operations., The
pump cyclie time also varied, depending on the various
reservoir levels at the commencement of a cyele, whereas
in Test 3 the levels always start at the same values,

The curves of pump running and stopped time croas the
"y" axis at 1y 4 hours il ing that the
pump operating time is no lenger dependent entirely om
the operating depth at Kriel but is more dependent on
the depth at Rietgpruit.
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Table 6.9
Test 4 = Summary of Computer Runs for
Different Values of Demand at iirlel.
Three intermediate Valve Settings at
Davel and Kriel.
Range at Xriel Reservoir 400 mm.
Ronge at Rietspruit keservoir 4,5 m.
Demand Kriel Valve Davel Pump 1 Pump 1 Pump 1
at Kriel | Oyclic Time {Valve Oyclic {Run Time | Stopped| Cyulic
s/ Hrs Time-fira Houra Time-Brs | Time~Hrs|
0,27 26,38 26,38 4,33 22,00 22,33
0,55 26,50 26,50 4,50 9,00 13,50
0,81 infinita 13 5,88 5,79 11,67
1,09 infinite infinite 8,90 4,35 13,25
1,35 17,75 18,004 18,00 4,13 22,13
1,61 infinite * {afinite

Note 1: Infinite valve cyclic times coxrespond to
wmatched flows 2t Kriel valve openings
(ice. Kriel inlet matched to outlet Q)

Note 2: % indicates additional cycling of Daval
valve due to pipeline flows not being

exactly matched.

Wote 3: Repults output from computer st 15 min.
intervals.

(e} Test 5

45 better vesults were obtained from Test 3 than Test 4
a further series of tests were conducted with the
valves matched to the pump £low to determine the effect,
on the pump and valve cyclic time, of varying operating
depth at Kriel.
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The vesults are plotted on figure 6.3.

As might be expected, there is a almost linear xelation-
ship between depth and cyclic time (especially at the
minimum value). Thus increasing the depth Erom 400 mm
to 800 mm results in the minimum cyelic time being
increased from 23,3 hrs, to 46,5 hrs. - a factor of 1:2.
On the other hand reducing the range to 200 mm results
in a eyclic time of 12,2 houra. (The effect of the
shape of sriel Reservoir does not sppear to be sig-
nificant over such a small range of depth).

The cuxrve for a depth of 100 mm is imteresting since the
pump cyclic time suddenly jumps from approximately 6
bra, at 0,81 n'/s to 12 hwa. for values of flow less
than or greater than thie.

The vesson for this is that at 0,81 n /s the pump
eyclic time is the same as that for the Kriel valve
although lagging behind by approximately 15 minutes. At
£lows below 0,7 w'/s aad above 0,95 w’/s, the Kriel
valve frequency of operation is twice that of the pump.
Thie is attributable to the fact that the volume of a
100 mm operating range at Kriel is approwimately half of
that of Rietspruit and the control shifts from control
on Kriel level to control on Rietapruit level.

Tests 6 and 7

With the same valve and level settings as for Tests 3
and 4 the Kriel demand was increased beyond that of
one puwp £low. Apart from a difference in time, the
results were the same and ave plotted on figure 6.4,

The reasan the results of the two tests are the same is
that the pipeline flows are no longer matched to the
pumps since the £low for a fully open valva at Kriel is
2,17 u/s., for o fully open Davel valve 2,00 u’/s and
for two pumps 2,60 mgls. Whereas, for Test 3 for a
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range of depth at Kriel preatar them 300 wm, the control
is independent of level scttings at Davel and Rietspruit
and dependent only en Kriel (providing the pipeline
flows are correctly matched), for Tests 6 and 7, the
converse ig true.

For demands in excess of 2,00 ms/s., the Davel valve
will remain fully open and the pump cyclic time depenis
only on the operating range nt Rietspruit., There is a
cut-off point at this value and from the curve this is
at a cyelic time of 20,0 hrs for a range of 4,5 metres
at Rietspruit, For domands in excess of 2,00 m°/a the
Kriel lavel will fall steadily until the flow to Matla
is inhibited at 12,28 m.

It will be observed that the points no longer lie on the
curve. This is because the cyclic time varies alightly
with the various reservoir levels and these do not rise
and fall in eynchronism due to the aon-uniform pipeline

£lows.
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CONCLUSION AND FUTURE WORK
Conelusions
Achievement of Objectives

As the purpos. of the study was to evaluate the sutomatic
control system for part of the Usutu River Scheme within the
context of certain stated chbjectives (refex to 1.3), a
comparison of results with objectives is piven below.

The results have shown that these objectives can be achisved

effectively by a control system vhick is both simple and
from

ical. Sufficient has been
the study to enable the coutrol system parameters to be set
on site to optimum values. A better underatanding has been
gained of the significance of these parameters and their

effect on the control system.

‘The following conclusions and recommendarions can be made
from the study:~

1. Values for valve position and reservoir level vontrol
parameters which sa.isfy all the requirements of the

system.

A An interlock was found to be necessary which restricts
operation of the second mump to full flow conditions
only, thereby optimizing the system for minimum evergy

congumption.

3. Additional low level set-pointa are required at Riet-
spruit and Davel Resetveirs which ensure safs operatiom
of tie system in the event of either of thess reservoirs
weaching a dangerously low level (for any veason but
poseibly due to failure of a pump or valve to respomd to

a contro. command,




7.1.2 Analysis of Reaults and Comparison with Objectives

(a) The water requirements of Kriel Power Station cam be
patisfied by one operating pump at Camden, As each pump
operates at a fixed speed, the total demand at Kriel ean
be met by one pump cperating continuously with unimpeded :
£lov of water through the pipeline., Partial demand can
be met by one pump operating in and on/off mode, the
level setting(s) at Kriel datermining the on/off time or
mark/space relationship.

[¢)

The maximum piseline throughput is determined by the
Rietspruit - Davel pipeline end the regulating valve at
Duvel since this imposes a restriction on the iotal
flow. The control must nmot impede the flow below this
value. The maximum amount of water available for
transportation to Matle Power Station can tharefoxe be
achieved by operating a second Camden pump in an on/off
mode. The on/off time of the second pump is determined
primarily by the levsl set points at Ristspruit. +

(e

The minimum water storage requirement at Kriel can be
met by selecting 2 narrow operating ramge of level
control at Kriel Resexvoir,

(d) The amount of water consumed by minor user. w1l upset
the balance of f£low through the system by . ,.all
amount. Whils¢ water drawn from the system ac Riet—
epruit will not sffect the maximum throughput, draw-offs
downstream of Rietspruit will have a alight effect on
the water availeble at Krial.

(e) Pump starts/stops can be minimized without affecting the
total flow as follows:~

+ TT‘ds is becsuse the scheme no longer operates as a single con-
tinuous pipeline, The flow in the different sections wil not
be the same and the maximum flow will be in the Camden - Rietspruit
gection.




(1) Single Pump Operation (up to 1,61 m*/ace)

The regulating valves at Davel and Kriel must have
only one intermediate position each set tc the

! output of a single pump so that the fiow is matched
throughout each section of the entire pipeline.

! The frequemcy of pump starts/stops is then deter-
mined by the level set points at Kriel Reservoir.
The minumum cyclic time can be varied from less
then 10 hours to more than 50 hours.

Dual Pump Operation (1,61 malaec to Z,Oqus/aec)

=
=

f Vith twe purps operating at Camden and both re-
gulating vaives (at Davel and Kriel) fully open the

! flov in each pipeline section will be different.
The frequency of starts/etops for the second pump
is then datermined by the level set points at
Rietspruit Reservoir., The minimm cyclic time lor
the second pump cannot be greater then 20 hours
(for a safe operating range of 4,5 metres at Riet~
spruit) and will be reduced as the operating range
at Rietspruit is reduced,

(£} Minimum regulating valve movement occurs for watched
€low et different values of demand. Less valve cycling
therefore takes place if the additional intermediate
regulating valve postion settings ere retained, un~
fortunately this results jn additional starting

s and stopping of pumps,

The valve cyclie times with a single intermediate
poaition of the regulating valves are noi excessive
{See Table 6.8).

+ Total flov value



7.1.3

7.2.3.1

{g) In order to protact Riet it an¢ Davel
from draining in the event of failure of pumps and/ox
valves it was found necessary to introduce additional
low level aet points at Davel and Rietspruit, to throttle
the outflow from those Reservoirs, which ewert overriding
Control when the water level becomss dangerously luw.

(h) Under matched £low conditions, the overall flow could
‘be maintained with ome half of any reservoir out of

comniasion.
Recommended Control System Settings
Velve Positions

The regulating valves at Davel and Kriel should be set to
operate betueen fully closed (V, = 0%, V= 0%), an incer~
wmediate position coxresponding to the output of one pump
(1,61 n/eac), and fully open (v, = 1003, V, = 100%).

The intermediate valve positions are:~

Davel valve VD = 70,682

Kriel valve Vx = 74,792

As it will not be posaible to set the valves to this degree
aof in i it way be 'y to utilize one
of the redundant valve settings so as to provide an upper
and a lower boundary with the desired valve powition as the
mean value, Whilst this will result in greater valve
movement, it will not result in increased pump starts snd

atops.

The extent of this mdditionsal valve cycling can be controlled
by the difference in value of the corresponding Kriel and
Davel level set polats,




7.1.3.2

a4

‘The idesl difference between the upper and lower valve
position settings at Davel should correspond to a flow which
is equivalent to the minor draw-offs along the Rietspruit -
Davel pipeline (including the draw-off to the township from
Davel Reservoir).

Kriel Reservoir Level Set Peints,

These will command the Kriel regulating valve to the desired
positon and for flows up to and including 1,61 malsec., the
difference in depth between the full supply level set point
and the next lower set point will determine the frequency of
pump starts. The lowest set point corresponding to valve
£ull open should be set in reasonable proximity to the
intermediate setting since:-

~ providing the difference between the two settings is
greater than a critical value (corresponding to a
volume of water equal to that contained within the
operating range at Rietspruit Reservoir) it will mot
affect the duty cycle of the second pump. If the
difference ie less than the eritical value it will cause
more frequent pupp starts,

- providing the difference is not less than the criticel
value, the closer the levels are wet to each other, the
better the response of the rate of change control at
Rietspruit Reservoir,



RA

7.1.3.3

85
The recommended settinge are:-
Level
st Poiat Depth of Water % Valve Opening, Vy
Above Full Falling Riging
Supply Level Level Level
0% 0z
WLKO 13, 780
Range
=800mn 07z 14,797
WLKL)
WLK2) =12, 98ur
WLK3)
Range .
=200mm 74,79% 1002
WLK4 meeul2, 780
Below lowest 1007 1007
Set Point
Should an additional i iate int be i this

should be set as follows:-~

WLKI at 12,78m
VLK2 at 12,96m

snd valve positions

VKL = 70,02
VK2 5 75,07

Davel Reservoir Level Set Poiamts,

These will command the Davel regulating valve to the desired
position, The significant factor in selecting these values
18 that the Lavel valve should not impede the through flow of
water to Kriel (that is for flows less tham the lindting
value of 2,00 cunecs as alveady discussed).
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The recommended settings are thode given inm Table 6.5 and
Table 6.7,

Should an additional intermediate set-point be required this
should be set as follows:—

WLD1 = WLD2 at 7,00m
WLD3 at 6,75m

and valve positions

Vbl = VD2 = 67,0%
VD3 = 72,03

Rietapruit Reservoir Level Set Pointe.

These wil'. command the pumps at Camden to start or stop as
required. Whilst the frequency of operation of the first
pump is determined by the level setting at Krilel, the fre-
quency of operation of the second pump {for reasoms dis~
cussed) is dependent on the level settings at Rietspruit.
These aue given in Table 6,6.

Justification for Computer Study,

Although the basic philosophy of the control system could
have been i by it would have been
difficult to assess the overall control and set optimum
valuee for the control parameters without the aid of the
computar. Thie is largely due to the iterative nature of the
problen gince the f£lows and reservoir levels are all in-

i the model will serve as a

valuable tool in any future work which is carried out noc
only on the Usutu River beheme but also on any similar future
projects.

Future Worlk
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Updating the System

Once the process computar is operational it will be desirable
to check the results obtained from the actual system and
cowpare with those obtained from the study. Any discrepencies
can be used to improve and update the computer model.

In addition the following are aleo possible a'eas for future

works=

(i) The pover station water domand will not remain constant
for long periods as simulated but will be stoichastiec in
could th be
modified to include this feature. This, however, cen
only be achieved once it iz possible to monitor the

nature, The

power station congumption,

(ii) Should the actual system be modified at some future date
(for imstance to increase the flow through Davel Reservoir),
the computer model can be updated to account for thia.

Fault Conditions

The computer model could be used to simulate fault conditions
on the system and check the respomse, Some of the possibilitles

aret-
(i) Failure of a punp to start ox stop.
(ii) Failure of a valve to operate correctly.

[£238] Burst or leaking pipe.
(iv) Reservoir water level too high or two low.

(v} 4n obatruction in the pipe.
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There are, of course, many other possibilities, including
lose of electrical supply or loss of a flow or level
transducer, limited only by the imagination. Such studies,
in vhich the computer model would prove to be an invaluable
tool, could graatly assist in the operation of the aystem

and in future desigm.
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APPENDIX A
FLUTD MECHANICS
Al Headloss/Flow - Darcy Weisbach Formula

Newton's laws of motion wxe applicable to fluid flowing in a
pipetirc, In order for flow to take place & force nust be
applied which is sufficient to overcome resistance to wotion,
This resistance can be expressed as an opposing force which
18 a combiuation of pressure and friction. For a rising main
the opposing pressure is due to gravitatiopal forces acting
on the coltmn of water in the pipelime. ior & gravity main
she frrce of gravity is itself the driving force.

Friction always opposes the motion and vesults in an energy
toss which is caused by the motion of the fluid against the
sides of the pipe end againat itself and is therefore a
function of the pipe roughness and the viscosity of the
£iuid. Darey ~ Weisbach deduced a formmla for pipe friction
loes expresged ag i~

2
Be = M V5 reerreererie e s (A1)

2 1,

where by is the friction headloss
A is a dimepsionless coefficient called friction
factor
1 is the length of the pipeline
v is the velocity of the f£luid
DP ia the pipe diameter

g is the acceleration due vo gravity
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Since the flow Q » Ay vy Where A, ip the crose sectional
area of tbe pipe

Be " A i (A2
8 o,
_— 2 2
or Subatituting forA? u(wnl‘ )2
4
AL R e ennrrereee e (A3)
2gn2DP5

The above formula assumes s pipeline of uniform cross—
section, If a constriction is introduced into the pipeline
such as  ‘alve, this will introduce additional losses.

Thus for a pipeline vith a flow control valve the equation
10w becomas -

Be = AL et ot RV reereeeeereend (M)

where £ is the friction factor for the valve and is a
function of the valve opening see (Appendix B).

vq is the velacity of the £luid through the throat of the
valve,

Since the flow can be a'sumed to be the same in the valve as
in the pipeline

Q= Apevp ® Avp e (A8)
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where A, is the crosg-sectional area of the valve throat.
Hence

crerense(4i6)

s
Ve

e
!
I

i.e.

desvsussvoreressteseraasea(AiB)

. 2 24
b MY * 5 D e A9
P 2% D,
Q=4, v, = w}?
] B v crrenneenieeininenen s (A10)
4
v a LS TP UPIRPRN ¢ ¥ 15
—3
nDP

o L T Y, T
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and

P = 16 0 e (A012)
e

Substituting equation (4,12) for vy’ into equation (A.9)
aud pimplifying:~

£~ (At LB d aa
5 4
DP DT

For a given pipeline DP' Dy and L are known, ) can be cal-
culated and ¢ can be obtsined from the valve characteristic.

Tlow #1d Varying Head

Figure a,l deplcts two reservoirs comnected by a pipeline of
uniform cross section.

EnERoY omacs e
x 1/8 T ivoauic ammos s

o
A S e

ahy

Pigure A1 - Flow and Varying tead
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According to Bernoulli's principle, the total energy at any
point in & pipeline is the sum of the elevation, pressure and
velocity heads,
e (16

E=z-(.§+,zg

where z is the elevation head (potential emergy)
% is the pressure head {w = unit weight of fluid)

2
‘7’75 is the valocity head (kinetic emergy)

The equation is graphically vepresented by the emerpy grade
line in £ig, A1,

At Reservoir X amd Reservoir ¥, equation (A.)4) can be

written as:

? v 2
E o= oz 4+ ‘x + x
» % - i vaeaerenenaresnenaee s (A,15)

and

o~

E o=z, o+ Py o+ N (R 1)
w

b
oy

But as the velocity of the water at Resarvoir X is zero and
as the kinetic energy of the water on entry to Reservoir 7
ean be assumed to be dissipated since motion ccases and
the, ~fore the velocity at Reservoir Y may alsc be regarded as
zero, ti 2 texms can be ignored,

i
As the pressure head 2t th surface of cach veservoir is
zero, the% term in dquatfonn (4.15) and (A.16) may also

be ignovad. .
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Subtracting (A.16) from (A.15)

P TR € S X}

x Y £ ¥

Ex ~ E_, the loss of energy is due to friction and can be
expressed as the friction headloss hf.

z, = 2, the differesce in elevation is the static head, Hg.

Hence

he = B T PP PP I 9% 1:)]

‘The static head Hg #ill oot be constant but will vary as the
water level in Reservoir X and Reservoir ¥ varies.

Suppose the inflow to Regservoir X is QA and the outfluw QB
then during an interval of time At the quantity of water

added to Reserveir X is

Q ¢ AE e ees e (4419)

and the quantity of water removed in the same interval of

time is

0 (4,20)

Qp« 4t .

The met gain or loss in volume of Reservoir X is

+(4.21)

Ay o Bgy .

Where AHy is the change in levei during interval At and Agy
is the surface area of X,

Equating (A.19), (A.20) and (A.21)

““x“‘sx = QA‘ At~ QB‘ BE easarerena(A,22)

Tl




T

= (QA » Q) At .
The change in level is

e = BT s (820)
A

in the limit At + O

a m QT W de e (829)

Thus the depth can be obtained by integrating the net £low.

T
- Q) = %) | gt crvrrirnnineeerenns (A26)

Ay

By = % . (e - ) + constanc....a2D)

HD 8X
If dnitially £, = Oend By = R
Conatant = Hp, = the initial velue of the water level

At instant of time ty the level will be Hyy and the change
in level By = By

Similarly the change in level for Reserwoir Y can be obtained
by integration.

The static head HS can now be obtained for any inatant of
time and is

Bo = < Hp (€) = By {6) venviinninininncennnno(A28)
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From (A.18)

By = K FE P P PP PP PREY (-0

£

4nd substituting for h from (4.13)

Hy = 36 (AL * ceernena(AL30)

L F,
T

2

2gm Dy Dy
Reyriting and substituting for H, from (4.28)

Hem ) - () = (K o+ K g} ...

where ) and K, are constants

JEBOTND e )
DR

Ris‘ug Main

Q

The expresaion (A.13) relating flow and headloss can be used

for a vising main although in this case the headloss h£ is
the difference between the pumping head and the static head.

he = Hp = Hg eevniiniiiiiiaiiiiiinneenn (8.33)

where “p id the pumping head,

The pumping head is a function o° the flow and is obtained
from the pump characteristic,

aad
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APPENDIX B

PHYSICAL DATA

{Note: a considerable amount of physical data is given on flgure 1.1)

B,1 Rietepruit Reservoir

Rietspreit Reservoir comprises two cylindrical halves each as
iliustrated i

e TOP OF WALL (1792,0)

Figure B.1l - Rietspruit Reservoir =~ Dimensions

Surface area of each half reservoir

. o x 8,®% = 1870, of

Total surface area

A = 2310870,38 b
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Total capacity of vombined reservoir

= 2x1 870,38 x 8,4 i
= 31 422,38 o

= 31,52 megalitres

3.2 Dawsl Reservoir

Davel Reservoir cowprises two cylindrical halves each as illus~

trated =~

ey =100 OF WALL [1720,8)
- OVERSPILL & INGET
17332)

Figure B.2 ~ Davel Resexvoir - Dimencions

Burface ares of each half reservoir

= n oz @an? e 131,232
4

Total svrface ared
Ay * 213w’
Totel capacity of combined veservoix
SEEERCRIPYRIY

= 21 832,10 o
o 21,83 megalitrey
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B.3 Kriel Reserveir

The shape of Kriel Redervoir is basically that of a truncated
cone with a dividing embankment through the middle.

Figure B,3 - Kriel Reservoir - Shape

In order to obtain an equation for the surface area at varying
depths, the selution is performed inm two parts t~

i) An equation is obtained for the srea of the undivided
reservoir.

(ii) An equation is derived for the area of the dividing
portion.

(iid) The actual area is obtained by subtracting (ii) from
)

s,

RADRIS 165,75 m
WATER LEVEL
of

e N e N e e e gy
g =3 A A
« &
v
T
~ [ 7
~ nows efam ) sam ! §
N ’ &
~ . 4
N I
N
LU 3

Figure B.4 - Kriel Reservoir - Cross Section

o




Hx = depth of water in reservoir

1)

(i)

Avea of Undivided Reservoir A,
Avea of undivided reserveir at depth By,

- ol

o m(126,425 + B tan0)® ueivnrienreensee (BD)

.« (B.2)

Now tan 8 = 2R3 . 905 ...
14,00

Hence substituting (B.2) in (B.1)

A m o T(124,63 + 6.2,95)7 .
Area of Central Portionm, AZ

2x167,23m

| zaussn 85.65m

FPigure B.5 - Kriel Reservoir ~ Ares of Central Portion

Area of earth evbaukment, Ay 8t depth H’K of water

= length x width = 1 xw

100

o {2 x (124,43 + H tand b x {2 x (14,5-0) tana}

vor (B4
where tan 8§ @ 2,95 from equation (B,2 above)

and tan o = 2285 Lp05 ..., 05)
2% 14,5




Substituting for tan® and Zan o in (B.4)
Az @ 2 x (124,43 + 2,95 HK) x 2 (M,S-HK) 2,95 ,.(B.6)

(iii) Surface ares, ASK’ of Water im Kriel Reservoir at
Varying Depth HK

hge = A,

-4y R PR ¢ 1 )

1
Pipelines

The diameter, and lengths of all three pir<lines are given on
figure 1.1

The values of friction factor, A , were obtained from information
given in the reports of tests (see dix €) uwaing
tha Darcy - Weisbach formula, The valuas of friction factor thus
obtained include minor losses.

Example : Camden - Rietpruit Pipeiine

From Report ME R/47 (4pril 1976)

Static head Camden - Rietspruit, Hl = 116,21 m

Yumping head (one pump), ‘EIP 140,02 m

Friction ‘ieadloss, h, = 140,02 - 116,21 m

= 23,8l m

Length of pipeline, L, = 12 805 m

Diamater of pipelins, D, = L2 m. ®p = 2,483 o)

Dianater of valve throac, Dy = 0,6 » o - 0,126 ) -
Full £low from pump, Ql = 1,634 m /sec. (Q1 = 2,6700 (m”/8)
For fully open pump discharge valve £ = 1,2

£

From Appendis At Darey ~ Weisbach forumla,

S VPSP PRI
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Re-arranging

where K= _16 _ = 0,0826
2g ¥

Subatituting the above values

2,4883

23,81 1,2
= e lvekwwr - odwe!

= 0,0182

In a similar menner the values of A, and A, vere cbtained faz
the Rietspruit = vavel and Daval- Kriel pipelines respectively.
These vere found to be A, = 0,01728 and A, = 0,01700,

Pumps /Valves

(i)

(ii)

[€WES]

The data for the Camden pumps is given in Appendix C,1.

The Camden pump discharge valves cheracteristic is
given in Fig. B.6 and table B.l. Each valve is assumed
to have an identical characteristic, The valves are
motor uperated and ecach is driven by a constant speed
squirrel cage induction motor giving a total travel
time from fully closed to fully open (and vice versa)
of 3,0 minutes.

The Davel flo control valve characteristic is given in
Fig, B.7 (curve 95.5) table B.2. The third colum in
table B.2 is reciproeal of valve friction factor and is
the information uaed in the computer table YDTAB,

The valve travels at uniform velocity and the total




(iv)

103

travel time fi.'y closed to fully cpen (and vice versa)
is 16,00 minutes.

The Rriel flow control valve chaxacteristic is also
given in Fig. B.7 (curve 97,5) and table B.3. The
reciprocal of valve friction factor is used in the
computer table VKTAB.

The travel time ia the same as the Davel valve.
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Fig. B.6 Camden Pump Discharge Valve Characteristic Curve
Friction Factor, g versus Valve Opening V %

L4118



Tabls B. - Capden Juop Mocharge
Valve Churaceeristic

Valvo Yalve Reciproc
opentng Friction actor of FricLion Factor
3 % LERCIX (or ZRICIRY
0,0 Intlaity X
%S 0,200 & 10° 0,00005
5,0 0,420 % 10 0,00024
58 6,202 x 10° 0,00050
10,0 o021 x 10* 0,00083
12,3 0,70 x 10 0,00128
13,0 0,540 x 107 0,00185
17,3 0,380 x 107 0,00263
20,0 0,287 x 10° 0,038
22,3 6,228 3 1% 0,00438
25,0 0,175 16 2,005
7,3 0,132 x 167 0,00758
20,0 2,110 % 10° 0,00908
32,3 0,850 x 10? 0,017
3,0 0,670 x 106* 0,00493
s 9,520 « 10 0,61921
0,0 6,395  10° 06,0253
2,5 0,286 x 10° 0,03097
45,0 0,28 x 16 0,04587
5 0,170 % 16? 0,05002
50,0 0,131 x 10 ,07634
52,8 2,108 5 30% 0,09259
55,0 0,890 x 10 031236
57,4 6,760 ¥ 10 013514
0,0 0,625 x 10 0,16000
2,3 0,50 x 10 0,151
Ws,0 0,460 % 10 0,17
1,3 0,400 % 10 0,25000
70,0 0,352 x 10 0,2a409
7,3 0,37 x 10 0,32873
3,0 6,270 x 30 0,37097
ms 0,23 2 10 0,420
50,0 2,208 % 10 0,48077
82,3 9,190 x 10 0,52632
85,0 0,172 x 10 0,58140
s 9,158 x 10 0,600
9,0 0,148 ¥ 10 0,67568
9,5 0,136 x 10 0,72464
95,0 0,3t x 10 0,76336
a8 0,23 x 10 0,81301
100,0 10 0,69313
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Fig B.7 - Flow Control (I gulating) Ring Needle Valve
Characteristic Curve
Friection Factor, § versus Valve Opening V %
Kriel Valve § 97.5 - N 150
Daval Valve 5 95,0 -~ N 150
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Table 8,2 = Davel Flow Contrwl Valvo

Gharacteristic (5 95)

Vatve Tatvo Reciprora)
apentay ¥riceion Factor of Friciim Factor
H AETABR
0,0 nfinity 0.6
2,5 0,285 x 10° 350 % 167
0,160 x W° 5,28 %107
o201 % 10° 9,50 x 107
0,710 x 10* w0
0,510 x 10° 1,96 x 1074
6,360 x 10 2,60 x 1067
0,200 5 10 3,57 % 167
0,200 x 10" 455 w107t
0,070 % 10° 5,80 % 207
6,13 & 10* 70 % 1078
0,300 % 10* 3,37 x 1074
0,900 x 207 30 %102
0,760 x 10° 1,02 x 07
0,650 » 10 15 x 1073
0,570 5 107 1,75 % 1073
2,02 % 107
2,3 % 107
2,63 x 107
2,54 x 107
50,0 3,45 x 107
52,8 3,77 x 107
55,0 4,95 % 107
s 5000 5 1072
0,0 5,56 % 10
82,5 6,37 x 107
65,0 708 5107
X3 8,76 x 107
.0 926 x 1672
72,5 1,05 x 107
5,0 119 x 1673
™S 1,35 x 1077
10,0 1,56 % 107
2,5 ISt
5,0 2,08 107
61,5 2043 % 307
90,0 3,00 x 107
52,5 ? 3,27 w207
2,0 4 5,13 x 107
s 6,045 % 107 6,30 x 107
100,0 0,100 & 10* 1,00 x 107

Note: Valvs openi

o S L prograied ag YDIAY

L




Table W3 ~ ¥ricl View Control Valve

Chseartersatie (8 17,51

Valve Vatur Reriprocn
Oponing ¥riction Tactor of Frivtion Factor
3 N e
0,0 Intinity 0,0
2,5 0,050 % w° 1,50 % 107
5,0 8,503 x 16° &t x 1070
7,5 0,253 x 10° 3,95 x 107
10,0 0k0 » 10° 5,56 % 107
12,5 0,16 x 107 7,16 x 167
15,0 0,10 % 10° 1,00 x 107
17,5 0,770 x 10° 1,30 x 107
20,0 8,590 % 16° 169 x 167
2,5 0,475 x 10" 2,0 x 107
25,0 0,31 x 10 2,20 x W™
2,5 0,200 x 104 3,9 % 107
30,0 0,265 x 10 4,08 % 307
3,5 6,208 x 0* 4,88 % 307
35,0 0,175 % 10° 5,7t % 1070
s 0,150 x 10 6,67 x 107"
0,0 0,150 x 20° 7,69 x 107
2,5 0,115 x 10* 8,70 x 107
43,0 ¢,201 5 10° 9,90 x 207
a7,8 0,8% x 167 112 % 1073
0,0 0,780 x 1% 1,28 x 107
52,5 0,600 x 10* 1,45 x 1072
35,0 0,610 x 107 1,66 x 107
EX 0,800 x 10 1,65 x 1070
0,0 8,690 x 103 2,13 x 3072
62,3 0,415 x 10° 2,41 % 107
5,0 0,365 x 107 2,76 % 107
61,5 0,320 « 10° 4131070
7,0 5,785 » 107 Tt
7,5 253 x 107 3,95 x 107
75,0 0,222 » 10° 4,50 % 107
ms 0,293 x 10} 5,08 x 107
6,0 0,165 x 107 6,9 x 107
82,5 9,143 x 107 6,99 % 1073
85,0 0,119 x 10 5,40 % 107
87,8 0,95 x 102 1,08 % 072
9,0 12 x 10° 1,9 %107
2,5 0,00 x 107 1,82 x 107
%,0 0,30 x 18° 2,61 % w2
95 0,20 x 107 4 x 1072
100,0 B0 x 310 2,35 % 1077

1o e ZFISKN i5 programed o5 VKIAS
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APRENTY O

PERFORMANCE TESTS

C.1 Camden Pump Set (Report Mi~R/47)

Tests were carried out on pump set uno., 1, only, pumps 2 snd 3
were assumed to be idemtisal,

In this test the pumping head waz measured for varicus settings
of the yipeline imolating valve, The flow was determined for

each of the different valve positions by using one half of the

Riet t i¢ as a tank, Changes in volume

vere obtained by measurements taken, over a period of time,
from three U-tubes connectad by syphon at Rietspruit reservoir.

The test comnections are fhown in tiguve C.1 and the test
results on figure C.2. Table C.1 gives the actual values of
pump head versus £low as used in the computer prograame P1TAB.

The table P2TAB used for the second pump is identical to PLTAB.

The maximum £low obteiued from the test results for single pump
operation is 1,634 cumecs.

G.2 Rietspruit - Davel Pipeline and Davel - Kriel Pipeline
{(Report ME-R/53)

Tests were carried out on the gravity pipelines from Rietspruit
to Davel and Davel to Kriel. In order to determine the pipe-

line istics

bourd, teot gauges and
mexcury U-tubes were used, The reservoirs at Rietspruit and
Davel were used as volumetric tanks to determinme pipeline
flows. Volume changes were sccurately determined by means of
float gauges.



T

The test connections are shown in figures G.3 and C.4.

The report states that :he maximum £low for the Rietspruie -
Davel pipeline be taken as 1,983 cumecs and that for the
Pavel ~ Kriel pipeline as 2,156 cumecs.

Magnetic Flowmater on Tulet to Kriel Reservoivw
(Addendum to Report ME-R/53)

This test was carried out in 4 similar manner to those under
€.2 above, The Davel reserveirs were used as voiumetric tanks
and volume changes in both weservoirs were ancura';ely deter—
mined by the level change in tha srilling chamber using a float
gauge. Reservoir volume changes were read at conatant inm—
tervals of time over a eet period to determine the flows with
the flow control valve get at openings of 257, 50%, 75% and
full open.

The results of the tests are given im table C.2.
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b. D'SCHARGE HEAD TEST & DEADWRIGHT PRESSURE GAUGES. i REFLUX VALVES
< VENTURl TUBE. S ¢4 VALVES SHUT
d NEEDLE VALVE Fo. {3 VAIVES FULL OPEN
v 15t AR VAWE
t.2nd AR VALVE
g DISCHARGE VALVE USED FOR THROTTLING

Fig. .1 = Camden - Rietspruit Pipeline :
Pumps, Reservoirs and Pipelines

Diagrasmatic Arrangement of
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Table €,1 « Caules bump Yead
Vorsus ¥lew Characteristic

Puap Flow Punp toad
Whuwe = Vg
0,00 230
9,05 229
0,10 26
0,15 227
0,20 226
0.2 24
0,30 FrH
0,35 222
0,40 220
45 18
0,50 17
0,55 n6
0,60 214
0,65 uz
0,70 210
0,15 208
0,80 205
0,85 203
0,50 200
0,85 138
1,00 196
1,05 393
L 190
1,18 187
1,20 184
1,25 180
1,3 16
13 m
540 167
1,45 162
1,30 156
1,55 150
1,60 144
1,65 137
fR7 130
1,75 122
1,80 13
1,85 pi)
1,9 2
1,95 7
2,00 59

Pragrocmed ao TAB, FITAD




RIETSPRUIT_RESERVORS

@ —F5L 179%4m

= —1781,8m PIPE CENTAE UNE

FRawm
CAMIEN

st N LINE VALVE

&, 157,
=29

%

S

~—-1781.8m PPE CENTRE LINE 20 IN LINE VAWVE

LAST AR VALVE
1927 m

B2, L gy GINE VALVE WeTH AR RELEASE VAVES ETHER SIDE

Y

7EST PRESSURE GAUGES AT AR VALVES

o
b

mEN .. MERCURY U-TUBE AT AR VAWVE

& TEST LEVEL GAUGES AT RESERVOIRS PIPE CENTRE LIKE 17204m— —!

Fig. C.3 - Rietspruit - Davel Pipeline : Disgrammatic Arrangement of

Reservoirs sad Pipelines
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DAVEL RESERVOIRS

ERam (" —17204m PIPE CENTRE LINE
RETSPAUIT

15t IN LINE VALVE
Q.. i5€82m

2nd N LINE VALVE
@, 16652m

KAIEL RESERVCIAS

7,
. —i7204m PPE CENTRE LiNE 0ny

Ird 8 LNE VAR
9, 6u9m

4th I LINE VALVE
FEXLE

N LINE VAVE WITH AR RECEASE VALVES EITHER SDE

YEST FAESSURE GAUGTS AT AR VALVES
MERCURY U-TUBE AT AIR VAVE

& TEST LEVEL GAUGES AT RESERVOIS

Fig. C.4 - Davel - Kriel Pipeline : Diagranmatic Arrangement of

Reservoirs and Pipelines
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APPENDIX D
PUMPING HEAD, FLOW AND PUMP DISCHARGE VALVE POSITION
Although a pump "Head vs Flow" otic had been ined from

tests performed on gite (Fig. C,2) it was necessary to run a computrer
sub-routine to obtain the relationship between pump flov and discharge
valve position. The fiow is dependent on the pumping head, the static
heed and valve position. If the static head is assumed to be constant
{for reasons stated earlier ~ see 3.3.2) then for a particular valve
opening (i.e. value of friction) the Flow iz determined by the pumping
head which itself is a function of the flow. It was necessary, theve-
fore to obtain the flow by iteratiom,

D.1 Newton - Raphson Tteration

CSSL containe an implicit iterative operation for solution of
aquations of the form :-

B L ¢ 3 TP

cesverieniaane{DL1)

From an initial guesa for Y, the iterative process calculates Y
such that the relstionship ¥ = £ (Y) ic s~ ‘afied In addition to
the initial value for ¥, the numbes ot ~a, to be performed
the rolerance and the inerements in Y a ed,

The iterative method used fs the Newton - Raptaon methed,

Yn +1 = (F“ - C“ Yn)/(l - Cn) [TTTTTITTYITORPINL ¢ B3]

Gy =g = (5 = DM, = () = Dheverniinnn )

where £ 2 £ (Y] cecriniicreinariinnrsieiaennn (04)
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D.2 Computer Prograume

B.3

Whilst the CSSL function could be used to obtain single pump flow,
it was not suitable for two pump operations. The problem was
solved using nested DO loops in Fovtran. Tie sub-routine is listed
in this Appendix,

The reciprocal of valve friction factor was obtained from tables,
i.e, ZETCIR = VCLTAB (V1); ZETC2R = VC2TAB (V2).

The values were incremented by QLN, Q2N (chosen ar¢ 0,001} each
aaleulation.

The function "f (y)" was danoted by QF1, QFZ (this is the Darcy-
Weisbach formula used to obtain the flow for varying headloss).
Results

The results plotted by the computer are included as part of ihis
appendix,

As the static head was assumed to be constant these results were
then ineluded 1n the main program in tabular form, discharge valve
position versus flow ~ Y'CLTAB and VC2TAB - Table D.1.



Tabls .1+ Cawdon Fump ¢ Flow
& Cunden Pusp 2 Flow f1vw Camputor
Stonlation (3148, VCRTAD)

biachurge | Diaelurge | Powp 1 | bisctacge| Giacharge | rum 1] rune 2
Valve 1 | Valw 2 | flow | Yalve 1 Flow | Flow
ZOpen | % Open Zupen | K Open
0,0 o 0,00 10,0 08 1,60 | 00
2,5 0,0 0,09 169,0 25 160 | 0,08
50 . 020 | wen 50 1,5 | 0,18
5 0,0 0,20 0,0 s 1,57 | 0,2
10,0 00 o6 | no 100 18 | oon
12,5 0,0 0,44 00,0 12,5 15 |0
15,0 LX3 2,32 w0 ) 15,0 1,51 | 0.
17,5 2,0 0,61 w0 | 17,8 1| e
20,0 00 068 | 10,0 | 20,0 1,50 | 0,57
2,5 0,0 075 | wmo | 22 1,40 | 0,62
25,0 0,0 0,8 | w00 | 23,0 1,48 | 0,68
22,5 00 0,92 w0 | o 1,46 | 0,75
20,0 0,0 oo | w0 | w0 148 | o9
2,5 0,0 107 | 10,0 32,5 143 | 0,85
35,0 0,0 L | 10,0 | 30 142 | 09
a3 00 w2 W00 § s 140 | 6,97
0,0 0,0 10 | oo | 400 13 | 1,0
EX 0,0 137 | wo0 | e n317 | 10
45,0 0,0 1,42 w0 | 45,0 13 | L0
s [ X3 106 [ 0,0 | ans 53| 3
50,0 0,0 149w | 0,0 1, 20
32,8 0,0 1,51 00,0 1 55,5 L1 | yn
55,0 0,0 FICI BT R [T [R¥2)
7,5 00 Lst [ teo0 | o35 132 | 12
60,0 0,0 1,8 w00 | 60,0 13 | 1,2
52,5 0,0 1,356 | iov0 | 625 L
65,0 0,0 1,57 we,0 | 63,0 n3 | L
ong 00 3,50 | mor | oens La ] ue
0,0 0,0 15 | w00 | 70,0 | e
72,5 2,0 L | owee | o FEIR )
30 00 1,59 00,0 1 80 i | Lz
”5 0,0 Lo | 100 | o7 [N
0,0 00 160 | ome0 | 00 1% | 1,2
2,5 0,0 1,60 | 0,0 | ez L | 1
85,0 00 60 | wae | o850 10 [ 12
o, 9,0 ne | owen | ans 10| 1,2
20,0 00 nee | w0 | %00 1% { 1,3
92,5 00 1,60 we,0 | 92,8 1.0 | 1
95,0 0,0 1,84 00,0 § 95,0 1% | 10
[IN 00 1,6 [ X 130§ 10
100, 0,0 1,60 00,0 {500,0 L | L0
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LOOP_FOR PUMP 2 FLOW

PROCEDURLL

972000

nG €11 g=lak

OF P=SIRT (ZETE2RS L] 140N}
1€ 1285 (02-0F Z) JLE., (FRROA9$102) 1160 TO €12

1FLINE L1765 O £10

17 47.£8.9. 81 02%02N

60 To €11
€104.92702 (IF2-GLODFZ) / (G2-0L032)
NEWtioS [OF 2-8207902) 7 (1, 0=02CH)
aytasap
93 Ena2
OLruFPRaF2
+CONTINUE
FL=c,
a5 Ta €13
C12,.FLe1,0
[

125R7 (ZETCIRG [ {PITAB (01 ) oC) =X22 {2,0001902+4020924 1) /DEN1}
Fiaosta)ar 1oLty (ERReADS (o153 700 To 36
IF(1.5€,1360 TO C14
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APPENDTY, B
PROGRAMME LISTINGS
E.1 Explanatory Notes
As montioned in b 3.6 the was d in blocks

as follows i~

PROGRAM  (NAME)

DERIVATIVE (NAME)
END

END

TERMINAL

END



E.2 Initial Block

Thie defines a block of statements which are uged only at the
beginning of a simulation run and comprises the following

headings -

1)

Basic Inputs

These are inpute which are used to "start” the system
from a state of equilibrium. ZThey are values which
are not influenced by the simulation such as the
demand, Qg, at Kriel and the demands, Qp, Q at
Rietspruit and Davel. Fixed quantities have been
used for these values for a particular simulation

run,

Initializacion of Controlled Variables
These include initial values of -

Reservoir levels (HRO, HDO, HKO)
Valve positions (Vi0, V20, VB0, VKO)
Pumps operating (P}

Thege values can also be used to "start” the system.
Bquilibrium is with all reservoirs at £ull supply
level (F.8.L.), all valves fully closed and both

pumps stopped.
Control Parsmeters

These are adjuatable control pavameters which can be
varied to give optimum performanze and include :-

Reservoir level absolute and rate of change set

poiata.
Flow control valve intermediate opening eet points.
Number of xeservoirs in gervice - i.e. full or half

reservoir operation.
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Timers for setting permissible time interval between
pump starts (or stops) for dual pump operation.

Data and Constants

This comprises all fixed unaltersble physical data

such as 3~
Tables

PLTAB, P2TAB for Camden pumps 1 and 2 Head (m.W.G.)
vs Flow (mz/s) chavacteristic.

YCITAB, VC2TAB for Camden pump discharge valves ! and
2, Valve opening (%) vs Pump flow (u/s) (derived by

iteration - Appendix D)

VDTAB for Davel £low control valve, Valve opening (%)
vs Reciprocal of friction factor, characteristic,

VKTAB for Kriel flow control valve, Valve opening {(Z)
v8 Reciprocal of friction factor, characteristic,

Data

Pipeline friction factor N, lpy Ay (FRCINL, FRCTNZ,
FRCING)

Resarvoir surface areas (Agp, Agy)

Pipoline diameter (DP1, DPZ, DP3)

Pipeline constants (Kil, K12, K21, K22, K31, K32)
Valve throat diameter (pT1, DI2, DT3)

Stetic head (H1, H2STAT, H3STAT)

Valve full open and full closed settings (V1L OPEN, V1
CLSD ote)




Valve travel tme (VIT, V2T, VDT, VKT)
Valve velocity (VIV, V2V, VDV, VKV)
Flags, (FCh, FC2 otc)

For all ¢hree pipeline sections.

E.,3 Dynamic (and Derivative) Blocks

This is arranged as follows.

€3]

(iid)

Camden Pump/Discharge Valve Configuration

A series of logic statements check the value of wacer
lavel, HR,’ for Rietspruit reservoir and decide how
many pumps showld be ruaning. If there is any dis~
ctrepancy pumps are started or stopped to give the
correct conditions.

The pumping head and £low in the Camden - Rietspruit
pipeline and the water level at Rietspruit, HR is
then derdived.

Davel Velve Position, V0

A series of logic (or conditionsl) statements test
the value of Davel water level sgainst the set points
and open or close Davel flow control valve to the

correct position,

From tite values of head and valve opening the Flow in
the Rietspruit - Davel pipeline is calculated and the
vater level, HD at Davel obtained.

Kriel Valve Positiom, VK

In a similar manner to ({i} above for Davel, the
Kriel valve position, Davel - Kriel pipeline flow
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E.4

and vatex level, HK' at Kriel is determined.

The calculation for Ag, the Kriel Reservoir surface
zrea is included in this section since it varies with

HK.
Terminal Block

This block is not used in this simulation.

Run Time Control Statements

These ave used to output results and plot them,
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PROGIAM USUTU=- CAMDEN PUMP AUTO CONTROL ROUTIIE (1of &)
(EMLIGENCY SHUT 0OWN ROUTINE}
(conen
4
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ser
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PROGRAM USUTU- CAMDEN PUMP AUTO CONTROL ROUTINE  (2of 4)
INORMAL SHUT DOWN =~ AGSOLUTE LEVEL)

eTsoRIT e sERYD
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stop
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PROGRAM USUTU—~ CAMUEN PUMP AUTO CONTROL ROUTINE (3usl 41

{RATE OF CHANGE OF SEYSPRUIT LEVLL SET FIOINTS)
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PROGRAM USUTU~ CAMDEN PUMP AUTO CONTROL ROUTINE (4 of 4}
(NORMAL START UP ~ ABSOLUTE LEVEL}
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PROGRAM USUTU -CAMDEN PUMP STOP( START ROUTINE () of 1)

set
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B U

PROGRAM USUTY ~CAMDEN PUMP DISCHARGE VALVE ROUTINE (1ot )
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Fiols LESIRED

FosITION
ol Lo -t

I

ot wve
vELOCITY i
iyl

oeen wve GLOSE
Tz 47 OPEN or CuLO3E? IR

=
s BN
vis fow ws fey

{ ]

&xir

CYZR IS IDENTICAL TO CVIR




FROGRAM USUTU~ CAMOEN-RIETSFRUT PIPELINE SIMULATION ’ (ioft)
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PROGRAM  USUTU ~ DAVEL VALVE AUTO CONTROL ROUTINE (1 of 3}
(NORMAL AN EMERGENCY VALYF PULL CLOSE AOUTINE)
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PROGRAM USUTU - DWVEL VALVE AUTO CONTROL ROUTINE {2 of 3}
{DECIOE DESHED YALYE QPENING AS DEVERMINED &Y
QAVEL' RESEWVIIT LEVEL}
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PROGRAM USUTU — DAVEL VALVE ROUTINE (f of I}
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PROGRAM USUTY - RIETSPRUIT-DAVEL PIPELINE SIMUILATION (3of 3}
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PROGRAM USUTU ~ KRIEL VALVE AUTO CONTROL ROUTINE (1ol )
{NORMAL AND EMERGENCY VALVE FULL CLOSED ROUTINE)
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PROGRAM USUTL = RRICL VALVE AUTO CONTROL ROUTINE (2 of 3}
[DECIDE DESIRED VALVE OPEMING AS CETEAMINED BY
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PROGRAM USUTU~ KRIEL VALVE AUTO CONTROL ROUTINE (3ot 3)
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PROGRAM USUTU ~ DAVEL - KRIEL PIPELINE SIMULATION
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APPENDIX ¥

COMPUTER OUTPUT CURVES

The following outputs from the computer are given in this Appendix.

Figure F.1 Computer Simulatien for vpening Davel Regulating Valve,

Figure F.2 Computer Simulation for opening Kruzl Regulsting Valve,
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APPENDIX G
LIST OF FORMULAFE

Listed below are all the major equations given in this study with
appropriate vefarencesi=

Equation (2.1) Hazen ~ Williams Formula

Q= 0,849 ¢ 4063 055

(not: used in this study)

tievasrsiertireserssaensenes(2.1)

Bquatiens (2.2 and A.1) Darey ~ Weisbach Formula

By = ALYY e (202)
2g b

modified in equ. (A.4) to include for a £low control (regulating)

valve

R 2
by = Ly, e (A8

£

% 0, 2

aqu, (A.8) expresses Vo in terms of Vp

equ. (A.9) is derived from (A.4) and (A.8)

. 2 2
he AL vp" vy

2g D,

creierrienenenens i (A9)
0,

equ, {A.13) gives Darcy-Weisbach formula as used in computer
programme




91

182

saeae(8,13)

2

h, = 16 AL ¢ 2300 s

3 ;___Z_ {_5 ._TY
gn Dy D,

Equation (A.14) Benoulli's Principle

2
E=z+{,— ¢ ¥ O PPN ¢ 1))

Flow and Varying Head
Headloss, static head and pumping head:
gravity main,

hy = Hg ceresseraitaracsairisrerarsressseassd(A18)

rising main,

By @ Hy = Hy corcsesiiesniiennens (433)

Fquation (4.25) derivation of reservoir level

L N ¢ -1 ]

Equation (A.32) derivation of pipeline flow from Darcy - Weisbach

Formula

g =/BrB W HE A
K rE

Above equatione as applied to Usutu River Scheme

Canden - Rietspruit Pipeline eadloss

A 2 2
b o= MM T e TG

£1 B TR

% D, 2




Rietspruit ~ Davel Pipeline Headloss
2 2
by = 2222 v B YWl 3D
2g DPZ 2g
Davel - Kriel Pipeline Headloss
2 2
by = 2377 ¢ IR e @)
2g DPz 2
(not included in text)
Change in Level at Rietspruit Reservoir
1 g ~(q, + Q)
sy = L7 SR e i 00
Ay
tO
Change in Lavel at Davel Reservoir
1 q, -(a, + Q)
oy, = 2 "3 * Wl de e (303)
Asp
cD
Change in Level at Xriel Reservoir
"1 g, - g
M o= [P BT R e (36
Ask
to
Flow in Camden - Rictapruit Pipeline
yaesesaren «(3.8)
¥low in Bietspruit - Navel Pipeline
P T, S e (313)

BatRadh




Flow in Davel ~ Kriel Pipeline
oo/ B T H e @D
Batha &

(not given in text)

Surface Ares, Ag,, of Kriel Reservoir

ASK HAl-Az..

+(B.7)

A= w(2h, 425 % B tane ) Leeeininieninnn (B

where £an8 = 2,95 . ariirecinraraninnnsssesarese(Bi2)

Ay =42 x (124,43 + Hy tand )} x {2 x (14,5 - He) tana}
sae (B4

where tana = 2,95 Lieeaiiiisasniiannarainnens

cread(Bu5)

Newton - Raphson Tteration

R T 44 4 T R TP R P PP T PP ¢ 1§

Y k1= (Fn- e Yy /a- C) wevens

cenieena(D,2)

c, = (En- €, - E537) “n- ¥, - LI} crvrvvennnannns(B3)

B = £ crrvenieniii i D44

164
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