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Abstract

Whenever there are substantial variations in quantity of demands withime&ropolitan water
network, it is necessary to assess the pipe network. Variations in demandeegigt timenew
industries orresidences are connected to the network. In cases where no analyses are done
prior to making new connections,unnecessarily hugegunds are incurred and use of
unreasonablhbiggerpipesis inevitable some of whichmay stay redundant. The presergtudy

aims at developing a user friendly numerical hydrautitodel for analysing compound pipe
networks: The case of Mbale School zone in Ugamtlamodel was developed using the-V
Model approach,written in visual basidanguage,to resolve the elementarypipe system
equations usingmproved Hardy Crosmethod. This program examines steady state flows

head losses, flow velocitieand pressures forsingle, two, three, and four loopwater
distribution network. The four loop example represents the entire network of the case study
area in considerationThe comparative study conducted on results from the program and
EPANET indicated consistency in tlesults ascoefficient of determinant,’Y hfor all the
computed variablesvasapproximatelyunity(1). The Root Mean Square Error (RMSE) and Mean
Bias Error (MBE) were found to be reasonably so small. Therefore, it can be concluded from the

statistical analysis that the model is reliable.



Résumeé

Chaque fois qu'il existe des variations substantielles de la quantité de demandes au sein d'un
réseau d'eau métropolitain, il est nécessaire d'évaluer le réseau de canalisations. Des variations
de la demande existent chaque fois que de nouvelles industtie®sidences sont connectées

au réseau. Dans les cas ou aucune analyse n'est effectuée avant d'établir de nouvelles
connexions, des fonds inutilement énormes sont engagés et l'utilisation de conduites
déraisonnablement plus grandes est inévitable, dataines peuvent rester redondantes. La
présente étude vise a développer un modéle hydraulique numérique convivial pour I'analyse
des réseaux de canalisations composites: le cas de la zone d'école de Mbale en Ouganda. Le
modéle a été développé a l'aide dlapproche WModel, écrite en langage visuel de base, afin

de résoudre les équations du systéme de conduite élémentaire a l'aide de la méthode
ameliorée de Hardy Cross. Ce programme examine les débits en régime permanent, les pertes
de charge, les vitessabécoulement et les pressions d'un réseau de distribution d'eau a une,
deux, trois et quatre boucles. L'exemple a quatre boucles représente I'ensemble du réseau de la
zone d'étude de cas considérée. L'étude comparative menée sur les résultats du progegamme
sur EPANET a montré que la cohérence des résultats était satisfaisante car le coefficient du
déterminant,’Y , pour toutes les variables calculées était approximativement égal a l'unité (1).
L'erreur quadratique moyenne (RMSE) et l'erreur de biais moge(MBE) se sont avérées
raisonnablement faibles. L'analyse statistique permet donc de conclure que le modéle est

fiable.
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Chapter 1 Introduction

1.0 Backgroundnformation

Worldwide, all language& | @S | ¢ 2 NRForfindthtced Swahils NXarnguage widely
spoken by the natives of East Afiica ¢ I (1 S NJ A & Ho@dvér ivéSsRy iudiatet iaiverg
essential resource for the existence of all life forms on e§8bnaje & Joshi, 2015} plays
voluminous central roles such as navigatiorigation, power productionyecreation,machine
cooling and raw material cleaning in factoresd receiving wastewatgAhmed, 1997)Today,

this resource is delivered to communities either through logpa@nchedor combinedpipe
networks which are one of the principal infrastructure assdtthe general publi¢Poulakis, et

al., 2003) These networks are interconnections of various components such as transmission
pipes, distribution pipes, service connection pipes, pumps, joints, valves, and fire hydrants
supplying water to consumers in raooended quantities with adequate pressure
(Esiefarienrhe & Effiong, 2014 study conducted by WHO/UNICH#ing Water Supply and
Sanitation Monitoring programme)n 2015 exposedhat the percentage of the woR Q &
population with access tdevelopeddrinking water sourcgropagatedfrom 76% to 91% from
1990 to 2015, and thpopulation sharewith access to piped water on thewildings grew from

44% to 58%.

Uganda has undergone policy reforms that have brought about increased investments and a
faster economic growth at an average annual GDP growth rate of 618%s. has led to
expansion of cities, industrial edneconomic developmeht Besides that, the population of
Uganda has continually enlarged at an average annual growth rate of 3.0 percentd-Bgami
2017, Ugada Bureau of Statistics (UBQB)jected the population to be 37,730,30@&ll these
factorshave imposed more pressure on the scarce fresh water resources in the country. In the
past few years, levels of access to piped water in urbaasatike Mbaledistrict in Eastern
Uganda have improved slightipom 69% in 2011/12 to 71% in 2016/IMWE, 2013) Mbale

being the main center of trade in Eastern Uganda hoaskeig) population that tends to outpace

benefits in infrastructure developmentherehas beeran influx of students in schools located

1Uganda National Water Development Repa2005



in Mbale School Zone. This has led to growth in the number of schools (nursery, primary,
secondary and higher institution) withitne area As more schools are being constructed, the
number of service connections shoots up due to high demand for portable water. Service
connection tasks in populated urban areas require prior accurate calculation of required flow
rates and pressures needed tteliver sufficient quantity of water. Thigntreats unrivalled
opportunities for both engineers and scientists in Mbale National Water and Sewerage
Cooperation (NWSE&Jjo put their knowledge and skills to effectively design, rehabilitate and
expand the exting pipelines with the capacity to provide water to consumers with adequate
quantity at sufficient pressurgHarry, 2008) However, the designers involved in design,
construction and maintenance of public water distribution systems have been faced with a
great trial when it comes to calculation of flows apissurelosses in @ompositenetwork. It

is highly recommended for designers to maximizater supply of satisfactory quantity while
minimizing pressure drops along the pipe network. Pressure dampgenerally a result of two
mechanisms, (a) friction along the pipe walls and (b) the turbulence due to sudden pipe
expansion and contraction, bend in pipe, and pipe fittings causing changes in streamlines.
Pressurdossesdue to frictionare commonly reérred to as majolosses, while losses due to
turbulence are known asminor losses(Elojali, 2011) Assessment opressure dropdue to
friction is very paramount in hydraulic study pipe networks.

The development of adequate engineering decision suppodis such as a reliable user
friendly water network model can help engineers and scientists quantify the head losses and
flow in the water distribution systemA number of algorithms have been established in past
few eras since the inventive work of HgreCross, a structural engineering professor at the
University of lllinois (Cross, 1936) The three(3) widely used methods in solving water
distribution networks are; NewtoRaphson(Shamir & Howard, 1968)inear TheoryWood &
Charles, 1972and HardyCross(Cross, 1936)Thesemethodsrequire initialzation offlow rates

(Lee, 1983)for all pipes that satisfy flow continuitfollowed by a precise stepy-step
compuational procedureto yield an output value in a finite number of stephe drudgery of

manual iterative computation associated with these algorithms is time consuming.

2 National Water and Sewerage cooperation (NWStgibody responsible for service connections in Large towns
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Therefore,development ofa complex pipe networkstandalone user friendly hydraulic model
for the efficient calculationof steady state flows, pressuresd network pipecosts with great
precision while shortening iterative processcan be veryuseful for both academic and

operationalpurposes.

ProblemStatement

Despite the fact thatpiped water supply is regularly regarded as ttr@erion of improved
water supply(Erickson, 2016)its reliability isat the mercy ofpressure needed to provids
sufficient quantityof water to the end usersAccording to UBGSMbale district population
census in 2002 was estimated 282,571persons with the population projection figures o
568,800 in 2019The ever increasing population has kedperpetual growth in water demanc
and low pressures in pipe network&s more people get connected to the network, the wa
authorities are tasked to transit from branchingarrangement with dead ends to gric
configurationwith loopsto increasethe pressureheadsin quotasof a municipality (including
institutional, industrial, business and commercial areashis invokes rigorous anpgrecise
analysis of the required flow rates and sustainable pressures to deliver adequate quan
water at lower costSimple branched networfgroblems can be resolved by hand calculatit
Converselycompoundnetworks with multipart loops need additional effort even for steady
state flow situations(Lansey & Mays, 1999Today, reliable commercial hydraulic netwc
software suites available are unaffordable particularlyuimder develoged countries such as
Uganda. Besides,their usagehas been a real test as italls for cutting-edge computer
knowledge and skills or acquaintance wéhparticularsoftware packagéTigkas, et al., 2015
For the past few years, Engineers engrossed in software development have focused m
the numerical ode (the computation engine), ignoring the ease of use of the final pro:
(Khezzar, et al., 2000Jonsequently most firms involved in design, construction and operati
of water distibution networksresort to manual calculatioManual calculation isusceptible to
mistakes andis time wasting Using a computer model to calculate amdalysehydraulic

networks will help save much time. Inatculation process, computers are less vulnerable

3 https://www.ubos.org
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errors (Kurniawan, 2009)Therefore, this study aims todevelop a user friendly numerici

hydraulicsmodel to efficiently analyzandevaluate thecostof pipes incomplexnetwork.

1.1 General Objective

Todesign and implemera user friendly numerical hydraulimodel forcomplexpipe networks.

1.2 SpecificObjectives

1) To develop a complepipe network model for solving up to a maximum fafur (4)
closed loops.

2) Tocheck pipelineflow rates, velocities,head lossesand node pressure headsf the
loopednetwork.

3) Toevaluate thecostof pipes inclosed loometworks.

4) To test and validate the model.

1.3 Significance of the Study

Analysis of complex netwosks obligatory to the water utilities to supply satisfactory quantity

of water to customers at adequate pressure and reduced doskign and management of a
water supply system iseliant on deady statepipe network analysigLee, 1983)However,
analysing complex network requires more effort since the solutions are not straight forward as
compared to simple branched networkslence implementing a user friendly numerical
hydraulic model fointricate pipenetwork analysiscanenable water authorities establish new
operational strategiesand policies to not only cuthe operating expenses bulso improve
reliability andlessenwastage of watefBrock, 1970; Hudson, 1974; Shamir, 1974; Lee, 1983)
Additionally,this hydraulic model will mark the beginning of further research in this fietd

the continent of Africasince thesourcecode willhereinbe presented



1.4 Scopeand Limitationof the Sudy

This studyhas beenlimited to developing auser friendly numerical hydraulic model for
analyzing andostingclosed loopcomplexpipe network configuration atMbale school zone
case studyarea The numerical modelvas limited to the analysis ofa maximum offour (4
loops In this study, the head losses considei@® due to frictionand turbulencedue to the
presence of valveshe flow raes in the distribution network we determined usingnodified
Hardy Cross metltb (Epp & Fowler, 1970under steadystate-conditions The choice for
improvedHardy Cross method wédmased orthree basic criteriasimultaneous solution to flow
corrections reduced iterative procedureand selfrectification. ImprovedHard Cross algorithm
solves aclassicainetwork problem bysimultaneously solving for flow correction factors and
iteratively rectifying the errors made in the first gue@Sross, 1936; Brkic, 201Thedeveloped
numerical nodel solves fohead losses duo friction using two commonly applietlead loss
formulae; DarcywWeisbach andHazenWilliams methods. Testing of the model on thease
study area networkwas performed using Daréyeisbachscheme This waschosen over
HazenWilliams formula because it ca compute energy logs for all fluid types with much
accuracy. The prograralso implements Barr (1981) modified equation to calculate friction
factor (f).Visual Basi¢VB)language waghosen as the programming langyesincet offers a
convenient mode forapid buildingof userfriendly interfacesThe fast, easy and intuitive codes
and tools ofVBhave turned it into thele facto engineeringy 2 R ®f qick programming rad

development of applications

1.5 Description of StudyArea

The study area isbout 2Qa traced at aboutp Tt T a8t weand o Tp ¢ YQwith a pipe
network of about 3kmwithin Mbale town water service area along Pallisa Road in Eastern
Region of UgandaThe overall land area coverage of Mbalistrict isv p Bvi with a pipe
network of aroundo Tt v Esttending over a radius of 25kwithin the water service area and a
consumer base of 11,824 connections. Presertlt 1t it of water per day is the average

demand from the served places. Piped water is suppliedhe clients through a delivery



network consisting oo Ttini GMS trunk mais which is reduced int® inchand 6inch Gl

pipesalong Pallisa road
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Figurel-2: Study AredMap
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1.6 Study Approach

This study wasndertakenin three (3) phases as follows

1.6.1 Prefield work
The activities conducted before the field work itself; problem definition, literature review
which algorithm to implement, the exact data required by thedel, Appropriate methodolog
for Application Development Life CygeDLC)and which validatiompproachto use. Relatec
works, journal works, and previous studies including discussions with supenmsm@salldone

in this phase.

1.6.2 Field work
Thisinvolvedcollecting field observation data and all the model input dgtae that were not
acquired during the prdield work butrelevant for the study waacquired fromMbalewater

authorities.

1.6.3 Postfield work
This phase of the research comprises theséparation through model development, results

analysis and presentation.



1.7 Thesis Outline

This studywas set out in six chapters and tablel(jlsynopses what is involved in each chapter
Tablel-1:Thesis Report Outline

Chapter one  Represents the research background information, problem statem
objectives, significance and scope of the study, outline and general structt

the research.

Chaptertwo  Detailed comprehensive review of theeliature related to this study anc

research gaps identified that justified the research study at hand.

Chapter three Presents a detailed methodology appliedle model development

Chapter four Presents the model description and testing

Chapter Five Covers a chorological discussion of the results and findings from model te

and validation.

Chapter Six  Represents conclusions and recommendations for future advancement o
model.




Chapter 2 Literature Review

2.0 Introduction

Hydraulics network analysis provides the basis for the design of new systems and the extension
of existing system@-eatherstone & Nalluri, 1993pesign, construction and operation of water
distribution networks entail an understanding of the flow in cavopd systems with the
accompanying head lossélsansey & Mays, 1999%or the past few decades, water services in
developing countries have been unreliable due to the usa wEe-type network. One of the
reasons for thamplementationof tree-like netwok in most developing countries has always
been dueto low rate of urbanizationHowever, today, with the increasing urbanization and the
effort to achieve Sustainable Development Goal No. 6 (SBGdéyeloping countries like
Uganda have shifted frortree-like to looped(Grid) networks especially idensely populated
urban areasEven thoughooped pipe networks increase the intricacy of determining flows and
pressures in the pipe network, it substantially upturns the steadfastness of a water Riligy.

to the norntlinear correlation between flows and energy losses in pipelines, the analysis of

looped pipe networks requires iterative algorithr(ilis, 2001)

2.1 Reflection on Previous Studies

Earlier analyse of water networkswere carried out manuallyHowever, with the arrival of
computers a tremendous change in theay morecomplex pipelinesare analyzed has been
realized (Ormsbee, 2006) The research pioneeis to publish a computer algorithmthat
implements NewtorRaphson method iranalyzing water netork were Martin and Peters
(1963).¢ KSANJ Ff I32NRGKY 2FFSNBR | &aAaydz dF yS2dza
method of Hardy Cross (193@®ater on, Alvin &wler and Robert Epp in 197proposeda new

ax

techniquecommonly knowrtoday astimprovedHardy Cros§HC)Y S i K ® Rishultaneously

solve for the flow adjustment factors associated with the origifdssicya f 2 2 LI Y S G K2R
Cross(Brkic, 2011)The modifiedHCtechnique was an idea conceived and produced by Epp

and Fowler (1970) which &kind of Newtorg RaphsonNR)approachused to simultaneously

4 SDG 6 emphasizes access to water and sanitation by all.
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solve for unknown corrective flows (YO . In 1972, Wood and Charlgwoposedd (4 KS f Ay S| 1
Y S (i K\®hiRl first linearizeson-linear energy equations using a Taylor Series expandiba.
problem withthe earlier developedcomputer algorithms is that most of them were written in
FORTRAN a nonuser friendly progranin which the data ikeyboardedinto the command
prompt window (Ahmed, 1997) This requires advanced computer knowledge and stalls
correctly use the modeData input and output is best handled byGaaphical User letface
(GUI).FORTRAN cannot be used to b@ldlapplicationsdue to absence o&GUI development
toolkit. (Demir, et al., 2008puilt acomputer model in MicrosofExcel tarun both steady state
and time-dependent analyses usinghe classicHC Algorithm. In their study, they used an
improved methodology of obtaining steady state solutions at various instagitgythe original
HCAlgorithmand then combining them to produce a tirgependentresults. However much
accurate their modelas proven to be, there are still shortcomings wiithin their model, the
user has to assign the assumagatutial flow rates for each pipe in theetwork. Thee are a
number ofdraw bacls with these computer modelsvhere the user is required to guess and
assign the initialpipe flow rates Firstly, shouldthe user forget the sign convention while
assigning the initiallows, then the wholeanalysis resultsvould be misleadingSecondly, the
user may fail to obey the continuity law while estimating the initial pipe flow raftegdly, it is
time wasting and a cumbersome process to estimate the initial flow rates witnarad
calculator.(Yengale, et al., 2012)nd (Sadafule, et al., 20135eveloped optimal loop water
distribution system models usinthe original HC method. However, they focusednore on
determining discharges and ignored the node pressure headsein tiodels Therefore, his
study extends the implementation amproved HC Algorithm in VB5.0 to solve forpressure
heads at the nodes and flows in a loopeétwork under steadiystate conditiors. More
importantly, the program automatically initializes the piflow ratesand calculates the base
demandonce the populatioror base demand (external flovdata is assignedlhe developed

model b also capablef@valuating the cost afietwork pipelines.

Understandingthe concepts of flow distribution networks igery vital in the analysis of pipe

networks and in development of hydraulic simulation toolSherefore, the following

5FORTRAN means Formula Translation developed by John W. Backus in 1957
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subheadings presera review onhydraulic network componentand configurationswater
demand conceptbasic equations for steaestate fow conditions,three (3)key broadly used
iterative schemes inhydraulic analygs with cost analysisequation model validation
techniques brief review of the existing hydraulic simulation toot®mputer programing, and

lastly, the different program deglopment methodologies.

2.2 Components of Hydraulic Networks

A pipe network is perceived as a network consisting of many elem€&akde 21 summarizes
the various components that make up a water netwsylstem.

Table2-1:Hydraulic Network Components

Components Description

Pipe A pipe is the principal network element, viewed as a circular closed condu

supplying water under pressure to the end users.

Pump A hydraulic device used tocrease water pressure within the system.

Storage tank | Used to maintain continuous water supply by storing water during low

demand periods and releasing at peak demands.

Node A connection point where pipes join together within the network.
Valve Pressue and flow regulator within the network.
- Reservoir Tank I
Junction |
Pump
Walve
Pijoe
-

Figure2-1: lllustrating Water Network ComponentRossman, 2000)
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2.3 Water Network Configurations

While designing and/or analysing a water distribution system fgwancommunity,the
designercould be faced with the following distinct network problerbsanching(tree-like)

pattern, grid (looped)arrangementand combined(branching plus gricdgystem

2.3.1 Branching/Treelike pattern

It comprises the main (trunk) linesub-mainswith brancheg(figure 22). In this type of
arrangement, no consumer receives water from the trunk. In other words, the consumers

receive water from the branche$here aramerits and demerit®f tree-system which are

presented in table 2 below

Reservoir ‘

Main (trunk) line

Sub-main

/

Branches

Figure2-2: Tree System

Table2-2: Merits and Demerits of Tree system

Advantages

Disadvantages

Very simple method
of water supply.
Comparatively easy
computations are
done.

Relatively few cubff
valves are needed.
The needed pipe
sizes are economica

Solid deposition and
bacterial growth at
dead ends.
Consumers on a line
under repair are
without water until
completion.

Low pressureat the
end of the line as
more users get
connected.
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2.3.2 Grid (Looped) Arrangement
Inlooped arrangementghere are no dead enddNater reaches a particular user from different

directions.Therefore, it is the most reliable and used especially in developed cities.

P

0
/

Figure2-3: Grid (Looped) Pattern

Table2-3: Merits and Demerits of Grid System

Merits Demerits
V Comparatively more
V No dead ends P . y
expensive.

V Water reaches a

. . V It requires more
given point from

number of valves.

al directions V Determining the pipe
V Reliable pressure e g the pip
P sizes is more
for fire-fighting

complex.

2.3.3 Combined System

It is an arrangementof both loopedandtree systemgfigure 24). Thiskind is extensivelyused
worldwide. 0

v

\

' i

Loo@

Figure2-4: Combined (looped and Tree) System
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2.4 Water Demand

The Uganda Water Resources Development Authority known as Ministry of Water and
Environment(MWE, 2013}tresses that bfore performing waternetwork design processhe
water demand estimatiorfor a consideredcommunity must bethe number oneactivity.
Indeed, understanding the water demand concept is paramount to designing sustainable water
supply systems. As the demand is expected to grow continuously with the years to aoyne, a

water supplyschememust be able to accommodatee ever increasinglemand(MWE, 2013)

2.4.1 Water Demand Estimation
MWE (2013) maintains that approximatitite water demand for @onsidered proposed area
involves
(i) Estimatinghe numbers oiwvater usersbelonging irthe variousconsumer classes at different

phasesof the design period.

(if) Defining the average day unit water demastdtisticsfor the givendifferent usergroups
Thee aregenerdly threeclasse®f corsumptionconsidered in designing a water suppl
system in UgandéMWE, 2013)

V domestic gsuldividedinto high, medium and low incomgroups;
V commercial and

V institutionaltypes

For eachclass demand estimation and projectionught to be separately performedMWE,
2013) According to the MWE (2013), for the casetbé country Uganda, he per capita
demand for smadir towns of up to 5, 000 persons is 20 l/day, 35 l/day for intermediate towns
up to 20,000 persons and 50 l/day for the bigger towFremthe abovegiven statistical figures,

it can clearly be seen that per capita consumption increases along with townT$izeisiue to
higher number of institutions and commerciahdertakingsin bigger towns as opposed to

smaller townsTable 24 presents the pecapita demad per consumer class
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Table 2-4: Domestic Water Deman@WE, 2013)

CONSUMERLASS Rural Area Urban Area Comments
whm w

Low Income using kiosk: 20 20 Most squatter areas, to be taken as tt
or pubic taps minimum

. . 40 40 . . , .
Low income multiple Low income housing with no inside
household with Yard Tap installation.
Low incomesingle S0 50 Low income housing with no insid
household with Yard Tap installation.
Medium Income 100 Medium income group housing, with
Household sewer or septic tank.
High Income Household 200 High income group housing, with sews

or septic tank.
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Table2-5: Institutional Water Deman@WE, 2013)

CONSUMERLASS UNIT RURAI(/d) URBANI/d) COMMENT
Day Schools ITOGA 10 10 Usingpit latrine
20 UsingWC
Boarding Schools IMOGA 50 100 UsingWC
Health Care Dispensaries 17O E OFAO 10 50 Out patients only
Health Center 1 ITAATA 20 50 No modern facilities
Health Center 2 ITAATA 50 70 With maternity
Usingpit latrine
Health Center 3 ITAATA 70 100 With maternity
Usingpit latrine
HealthCenter 4 ITAATA 100 150 With maternity
UsingWC
Hospital, District I7A ATA 200 With surgery unit
Hospital Regional Referral ~ 17A ATA 400 With surgery unit
Administrative Offices <1 OFMA 10 70 Usingpit latrine
UsingWC

Estimation ofmdustrial water demand is a complex process espedialigss developed nations
where the preciseindustry type is antecedently unknown within the municipal designated
industrial park When faced withthat scenario, MWE (2013) emphasizes that the design

engineer should estimatthe diurnalwater demand per unit area as shown in the table below
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Table2-6: Industry Water Deman@WE, 2013)

Industry Type Water Demand m3/ha/d
Medium Scale (water intensive) 40

Medium Scale (medium water intensive) 15

Small Scale (dry) 5

2.4.2 Water Supply System Design Period
According to MWE (2013) water supply design manual, the ddsi§fNA 2 R A a4 RSTAY S|
period within which the long termrojected demandd 2 NJ + f S ad O2aGInLINR 2SC
simplewords, it is that timeperiod within which water supply is expected to be higher than the
demand. Theinformation provided byMWE (2013)statesthat the optimal design periofor a
water supplystructure is within the range of 80 years. It hardly ever goes above 20 years.
GenerallytheRS Yl yR FT2NB Ol ata 2dzAK0 (RyeasSs RZ2KS &Fdul d
Year(15yeas | YR GKS &25ftyears)\MWES20135hisNcan be done bijrstly
obtaining the @iture populationstatistics The expression used to obtain future population is in
form:

O 0 p | 8 ¢®
Where
0 = population after n years,

0 = present population, and

r = annual growth rate (%)

TheUgandawater supply systems areusuallydesignedfor the & Jtimate Yearo H p 0 ¢ &g 0 SNJ RSY
period. After obtaining the predicteghopulationnumeralsand determining the per capita demdh

(L/ca/d) for every consumer grouthe average anthe maximumdailydemand (L/d)jare estimated

as follows respectivelfMWE, 2014)

0 0 20 Qd &N "ONG & 0T I 0€&YQUQHORQI Yo 8 ¢&

Where; Averageday waterdemand (L/d) and  Projected population.

6 Per capita demand refers to amount of water allocated to each individual per day units of measurement being liters per capita
per day (L/ca/d)
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To conpute the maximumdemand 0 , the peak factor must be incorporated into the

formula. Therefore equation (2.2) becomes

0 0 20 Q&ah o o0ED 8 ¢®
Where the peak factor is influenced by the population

2.4.3 TheNon-Revenue Water Concept
Designing a sustainable water supply network requires engineats stientists to capture
within the design the NoiiRevenue Wate(NRW) NRW refers tahe water volume introduced
into the distribution network pipelines in a yeaninus (-) the billed authorisedconsumption
(Shilehwa, 2013; Juan, 2008he NRWis made up of thesubsequentelements(MWE, 2013;
Shilehwa, 2013; Allan, 2010)
V Unbilled authorized consumption (for instance water usedfirefighting and
community/religious functions)
V Apparent lossesliese includevater theft, metererrors,unmetered public use, and
unbilled metered watey,
V Realphysicallosses (the annual amount of water lost from transmission mains, stor:
facilities, distribution mains or service connections) through leaks.
Inthe year2003, the International Water Association (IWA) published a broadly accepted
practical methodologyor assessing NRW aitd constituentdMWE, 2013; Allan, 2010; Farley
& Trow, 2003) According to IWA, NRW is mathematically described as:
0Ywn “Yoi 0QEMOHG O YDw 6 Quadti@i Q0 O©0i 6danode & ¢8
Thiswater balanceis broadly accepted to determine the amount of water lasta water
distribution scheme However, Alan (2010) diseeed with this water balancerationale,
asserting that its applicability is onfgore logicalin the developedhations. His reasoning was
that in technologically advanced world, a bigger portiohrevenue for all billed water is
collected unlike in mostinderdevelopechations. He therefore maintains that in less developed
countries, considering only the paid volume of waterasy significant.Eventually, he proposed
some modification tahe IWA (2003) water balande give a correct representation ime less

developed nations
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The most widely used yardstick to measure NRW is the percentage (%) of NRW as a segment of
system input voluméMWE, 2013).

0 'Y wb 0 Yawé o FoYrQi 0Q@Ead&HG 6 db@m T 8 ¢

A plethora of water utilities use this percentage for performance benchmakithgpugh Alan

(2010) affirms that this may be deceptive when adopted to describe actual performance trends
over a long periodThis is logically applicabler a constant consumption pattern which is
normally not the case. Consumption will always varyas@mnally depending on a number of
reasons such as augmentation in water tafiffthe year 2005, the average NRW (%) in Uganda
was 31%MWE, 2013)

2.4.4 Peak FactofCalculation
(Harmon, 1918and (Babbitt, 1928werethe firstto proposetechniquesthat describe the

relationship between peak factor amqmbpulationasfollowsrespectively(Balacco, et al., 2017)

. pu Upnnn

8 ¢&
P

0 0OcH B8 8 ¢

In 2005, the Australian ENVC (Environment and Conservation Department) applied the Harmon
formula to estimate peak flow rates for communities that do not have adequate water
consumption pattern needed tooenpute average andhaximum flow despite being aancient

formula(Balacco, et al., 2017)

2.5 Pipe Network Analysis

A hydraulilmetwork analysignodel isa very important decision making tool for assessing the
sufficiency of a pipe networl.he solution to the steadgtate flow network problem is directed
by two basicydraulicprinciples: (1) the conservation of mass at nodes; and (2) the

conservaion of energy around the lood&ee, 1983)The conservation of mass at nodeses
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linear algebraic equations while the energy conservasiomund the closed loops is based on
non-linear equations written in terms of flow rate. The nbnear equationgequire special
solution techniques with rigorous iterative steps.

Studying complex pipe network involves undertaking the method of apprstthdbelow.

Step 1: Defining pipe properties (length, diameter, roughness coefficient) and node elevat
Step2: Devising of nofinear solution equations.
Step 3: Identifying iterative method of analysis.

Step 4: Convergence criteria.

2.6 Basic Equations for Steadytate Flow Conditions

Analysis of steadgtate flow network problem has been of great significancewater
engineering Fluid flow in apipelineis said to besteadystate when velocity at any given point
does notchangein magnitude or direction with time. The steadyate flow network problem is
solved for pressure at nodes and flow distributions ipepiln order for the pressurbeads at
nodesto be exceptionallyestablished a fixed hydraulic energy must exist ahe of the

locatiors.
261 ¢CKS . SNy2dzt AQa O09ySNHeO0 9ljdzr G§A2Y

¢tKS SySNHeée SljdzZ dAz2y adliSa OGKFGT & Tdgdddaté y ARS
condition, summation of pressure, kinetic, and potential (elevation) heads is constant along a
AOGNBFYTAYSéd ¢2 | OKASOS . SNY 2 dzf f-dtaied flowSig dzI (0 A 2
integrated(Rajput, 2008as shown below:

CNRY 9 dzt StiblBguatidhboffldnsS NB y

Q0
— 0w Mw T 8 c&

By integrating equation (1), we shall have;
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2.6.1.1 Pressure
(ACF, 2008)efinewater pressure ag U forSe exerted by water againgte container wallst
occupiessuch dsIA LISQ& 4| $walidicc NBa SN2 A NI
The pressure at particular pointis equalto the weight of watercolumn above the givepoint.
The weight of water column above a considepant is commonly expressed éCF, 2008)
Water column weight x 0 OOVNE | "QOBIND O BF & O'W IO 8 ¢® T
p TA 1 @x A ORIOI GEIAE QRO
DOAOCAOCEAR T OEARDHAI
So, weget:
01 Qi i e—gi,)—Q pw“g,(bo WO 0F a C@MENND & 8 ¢
wa wa
= water column height (cm)

22



The pressurexerted by water athe bottom of a water colummlependsonly on the

height of watercolumn

TheSI units of pressurare: E TA | =
pETAT pAAOPpI 7

oF NJ 2NJ aYSiNBa

gl GSNJ 3 daASEY

Technicallythe pressure unitd ¢ "&is commonly usedfior the hydaulic calculations applied in

sizinga water distribution network

2.6.1.2 Static Pressure VBynamic Pressure

Distinguishing betweeatatic pressure andynamic pressure is very paramounttte vivid

understanding of pressure dynamicswatersupplysystems

A¢KS adl GdAO LINBaadz2NB A a

iKS F2NOS Sta$NdifSR 08

(that is to say when water is at rest the conduitg whereasthe dynamic pressure is the force

exerted by water on the pipe walls whene (1)or several taps are opethét is to say when

water is flowingin theductd (AECF, 2008)

2.6.1.2.1 StaticPressure

Static pressure literally means the maximum pressure that ocaitinén the pipelines. It is

equivalent to theheight differencebetween theuppermostpoint of the pipe and the

considered pointwith the uppermostpoint beingli K S

g | (sarfatrareitAeNtBeSreak

pressure tanKBPTr the reservoir.For illustrative purposg  fcéhdidesfigure & below.
2 GSNRa T
A Total Energy Line (T.E.L
{
&
R Pipe H2

Figure2-5: lllustrating Determination of Pipeline Static PresgiiBansal, 2010)
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1 The pressure exerted by water in the pipe at the point B = the height H1 (in met
1 The pressure exerted by water in the pipe at the pointt@e=height H2 (in meters).

Static pressurés used as the basis falefiningthe pressure the pipe must resist.ds wellhelps
to determine whether or not tanount pressure breakingppurtenancegso safeguardhe pipe.
A certain pressure, namel}ominal Pressure (NP), must be maintained within the water
distribution pipelines. If thepressure in the pipeexceed NP, then the risk of rupture is
inevitable. The different pipe sizes plus thempirical NP range forpipes commonly used in
distribution networksare presented in table 5 and table 26 respectively.

Table2-7: Different Pipe Sizes Commonly Used in UgdhtieE, 2013)

Pipe Type Size (mm)

oPVC 63,90, 110, 160, 200, 250, 315,400

PE 20, 25, 32, 40, 63, 75, 90, 110, 125, 140
GSand Steel | 15, 20, 25, 32, 40, 50, 65, 80, 100, 150, 200, 250, 3

Table2-8: Pipes Pressure Level (NRLCF, 2008

Pipe Type Nominal Pressure (NP) Maximum Pressure [b) <)o
Plastic pipe (PVC or PE) NP 6 60 meters
NP 10 100 meters
NP 16 160 meters
Galvanised Iron (GI) NP 16 160 meters
NP 25 250 meters

2.6.1.2.2 Dynamic pressure

The dynamic pressure is the pressuaneerted bywater againstthe pipewalls as iflows, (that is
to saywhen the taps are open, and th@pes are full of watér The dynamic pressure is less
than the static pressurésee figire 2-6) due tothe established fact that when wateunsin

pipes,energy is lostDynamic pressure can be mathematically expressed as:

~ ~
5

0 0 OQE | i 8 ¢® X
But;
0 0 & 8 ¢dp Y
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Therefore
0 O a4 YOa 8 P w
The pressure heads at the network nodes can also be computed on the premise that pressure

head elevation at the inlet node is known as follows:

Pressure heads at nod& Known HeadElevation athe networkinlet nodecElevation at node

‘Q@Head Loss in pip@f loopQ

0 00 o Wy 8 & m
2.6.1.2.3 Piezometric Lines

The piezometric lingpermits envisaging thadvancementf the water pressure all along the
conduit In fact, t represents the heightvater would attain in a perpendicularpipe inserted
into the pipeline. If wesketchthe pressure line when water iowing, we end up with ta

dynamic pressure profilas illustrated in figure -B below.

Reservoir . .
Static Head profile
/ Y

™ _L;_ e — Small operended
51 L= T — /[ubes inserted in@
\_\ e~ pipeline

yo |
A\ --_‘h-___\_\_
| H

f—
o
T

“ertical distance
=
h

200 .
B\ Dynamic Head
Profile
25 N
ol \——\gﬂ
35 \\?5 _*

Control valve open
to allow water flow

Figure2-6: Static and Dynamic Piezometric Le@€F, 2008)
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According to MWE(2013) water supply design guidelines, the recommended pressure ranges
during peak hourly flow in theetwork are:

Table2-9: Recommended Pressure in the Distribution Network (MWE,2013)

Main Parameter] Sub Parameter | Unit Range Recommended
Distribution Minimum bar 1.52.0 2.0
Network Pressure
Maximum bar 4.56.0 6.0
PressurgStatic
pressure)

2.6.2 The Head Loss Equations

When the fluid flows througla pipe, it undergoesome opposition to its movement and as a
result, itsflow energyis reduced. This loss of head can be categorizéBassal, 2007)

presented in figure 2 below:

Head Losses

\ 4 \ 4

Major LossesThis is due to friction Minor losses This is due to;

and carbe obtained by the following
two commonly used formulae:

V sudden enlargement of pipe,

sudden contraction of pipe,
1) DarcyWeisbach Formula

o pipe bends,
2) HazenWilliams Formula

obstruction in pipe, and

< < < <

pipe fittings.

Figure2-7: Classification of Energy Losses in a Pipeline
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2.6.2.1 Major Energy Losses

The correlation between major energy losses and pipe flow along network pipelines-is non
linear. Thegeneralrelationship between flow and head lossése to frictionin closed conduits
is usuallynodeled in the following form:

N OV0PHs C2NIFff LIALISa 2rmX b X 2.81)
Where;

Q Head loss due to friction in pipe j;

0 = Flow rate in pipe j;

0 =Coefficient for pipe j; which is a fation of pipes diameter, length, and material and

nis a constant in the range of(Ransey & Mays, 1999)

For the Darcyjweisbach Head Loss Equation, n(ee, 1983)

Therefore, substituting for n=2 into equatio®.21) above, we shall end up with;

M Vo 8 c& ¢
Where;

D P o medve Qo i 8

0 % €l € QoI Cq O
Where;

"Q Darcy? SAaol OKQa farNpepidAzy FI OG2NJ
0 the length of pipe j;
O the diameter of pipe j.

The friction factorQhas been appraised experimentally for several pipes and the resavs
demonstratal that "Qis dependent on pipe diameter, roughness, and Reynolds nuMbéiso
"Qhas been proposed to be time dependent because with timaghness mayaryeither due

to deposition of solid particles or organic growths. Surface roughness and pipe diameter may
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also show a discrepancy due to permissible manufacturing allowance. The idea being
communicated is that it is impossible to correctly determine thetifn factor of any pipe. A
designer iexpectedto use good engineering judgment in choosing a design valu@feo that
proper tolerance is made for these factors. The practical correlatiof afith roughness,
diameterd, and'Y has quite ben thoroughly studieqJeppson, 1976Nikuradsé (1933)and
Colebrook(1939)were the first researchers to conduct experimental watidying the
correlation betweeriQ with roughness, diameted, and’Y (Larock, et al., 2000)n fact, the

Moody Char{1944) figure 28 belowwas founded on their woriiKhamkham, 2000)

Transitional Zone Rough Turbulent Zone
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| \k \\\\ \“"“--. A 00
0-036 64 T S 3 =
i=— MY\ TN 0-008
0-034 Re e 4
e \ e
0-032 N =Y 0-006
0-030 \ \ B \
. -""‘""--...
0.008 \ Laminar flow ML N 0-004
N a
0026 I - -4
~ N T~ g
5 0024 NN Y s g
g o2 ::'D-N"'"--.. o0 %
PN, T b
E 0-020 N T N £
, \ ~ . 0-001 s
50018 NS N E
““M‘""‘u- - 0-0006
0-016 SN T = 0-0004
SRS
0-014 S S b ===t 0-0002
L L ] .
0012 Smooth pipes 11 NI~ =, 00001
h-""'ﬂ-..._ ~\
0-010 “?% e (-00005
EE""‘-—-
n2 = 0-00001

0-008
1 2 34567801 2 3 4567891 2 3 4567891 2 345678901 2 34

10° 10 10° vD 10% 107
Reynolds number Re = —

v

Figure2-8: The Moody ChaifFeatherstone & Nalluri, 1995)

Nikuadse(1933)dza SR LA LISa (G KI G 6SNB NRAdzZAKSYSR gA0K dzy

practically realistic to use faommercial pipesindergoingturbulence(Khamkham, 2000)

7Johann NikuradseNpvember 20189%4- July 18, 1979) Georglaorn German Engineer and Physicist; PhD student (1920) of Ludwig Prandtl
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However, observations by others, especiallyeBamok (1937) revealedthat at largeY and
large wall roughness$lows in commercial pipes can turn out to be independent of Reynolds
number,Re. Therefore, it is possible to calculate tiedative roughness ' for commercial
pipes from the investigationdbrmulaNikuradseg(1933)verified for hs entirelyrough pipes

eg. (2.25xKhamkham, 2000)

In case of Laminar flowY( ¢ 1t 11, iead loss’Q) can be theoretically found using Hagen

Pouiseuille formula ad~eatherstone & Nalluri, 1995)

o' W 8 ca
Q0 a1
The equation foentirely- roughducts(White, 1998])s:
— WEQ 5 pPpo@T 8 ¢ v

LudwigPrandtPand Von Karmétsuggestedhe friction factor equation fosmoothor rough

wall ducts correspondinglas follows

Smoothwall ducts— ¢8u € “QT 8 ¢k o

Roughwall pipes— ¢38uw € yo R 8 ¢& x

Colebrook and White (193@ombined thesmooth wall Eq.2.26) and roughwall Eq. 2.27) into

an iterative formula commonly known as Colebréatite equation(2.28)

p - C® p

— 8 £ "Q— — 8
= O v T & Y

The mplicit nature of Colebrookvhite formula makes solving fof2quite problematic.After
realizingglitches with the ColebrokVhite transitionformula, several researchers developed
explicit formulae for approximating Colebroakite equation:

Blasiug® (1911) proposed the following explicit solution to impreci& a restricted range of

Topmm Y pap 1T(White, 1998)

8 Ludwig Prantl (18751953), German engineer whiatroduced boundantayer theory.

9 Theodore von Karméan (18&8B63); Hungarian mathematician aadronautical engineer; gave his name to tfmuble row of
vortices shed from a-#8 bluff body and now known as a Karman vortex street.

10 Heinrich Blasius, a student of Ludwig Prandtl
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8 c& w

Moody (1944) proposed a simpl®rmula to approximate theColebrookwhile transition

formula to eliminate oppositions to itsuse His formula has been reporte@Featherstone &

Nalluri, 1995)to give 'Q valuesin the range(tap ™ 'Y pap 1) with the discrepancyof
v b

Q vy —m — 8 ¢& M

SwameelJain(1976)equation(implemented in EPANE&)plicitly estimates friction factor@
for a circular pipe under full flow condition§he formula is more suitable for the Reynolds

number in the range obap TTandpop T
8 ¢®&p

Barr (1975) suggested the following formula to explicitly approximate the ColeiMtuote
function for the turbulent flowm(Featherstone & Nalluri, 1995)

Q 8 & ¢

Barrfurther improved his formula in 1981 @ivea more accurate approximatiai-eatherstone
& Nalluri, 1995) The followingnodified Barr (1981) equation givéQvalues with the error of
mgtt b

— qdé"QS = = 8 ¢®o

The DarcyWeisbacHfriction factor (Q canalsobe explicitly approximatetdy Haaland Formula

(1983) This works for Reynolds number greater than 4000:
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8

8 ¢ 1

From the test results, the recommended effective roughness for comniqrigas is as shown

in table 29 below.
Table2-10: Values of Effective Roughnes¥for Commercial Pipg¥Vhite, 1998)

Material Conditions E (ft) £ (mm) Tolerance, %

Steel Sheet metal, new 0.00016 0.05 QT
Stainless, new 0.000007 0.002 * 50
Commercial, new 0.00015 0.046 * 30
Riveted 0.01 3.0 +70
Rusted 0.007 2.0 * 50

Iron Cast, new 0.00085 0.26 *50
Wrought, new 0.00015 0.046 +20
Galvanized, new 0.0005 0.15 T 40
Asphalted cast 0.0004 0.12 +50

Brass Drawn, new 0.000007 0.002 *50

Plastic Drawn tubing 0.000005 0.0015 + 60

Glass T Smooth Smooth

Concrete Smoothed 0.00013 0.04 + 60
Rough 0.007 2.0 +50

Rubber Smoothed 0.000033 0.01 T60

For Hazen Williams; n = 1.8%Lee, 1983)

Substituting for n= 1.85 into equatio@.21) yields;

Q 0b 8 8 ¢c& U
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0 0 — "0¢ MOYE Q0 | 8 c& @

Where;

0 HazenWilliams dischargeoefficient;

O the diameter of pipe j;

0 the length of pipe j.

Table2-11: HW Friction Coefficienty for Common Pipes Materiéleppson, 1976)

Pipe description H-W Friction coefficients (F|.)
Polyvinyl Chloride (PVC) pipe 150
Very smooth pipe 140
New cast iron or welded steel 130
Wood, concrete 120
Clay, new rivetedteel 110
Old cast iron, brick 100
Badly corroded cast iron or steel 80

2.6.2.2 Minor Energy Losses

The empirical proof reveals that the Head loss due to induced turbulence or secondary flow due
to fittings, valves, meters and other elements in a netwavkl be roughly proportional to the
velocity squared or the discharge squared. Minor losses aremlly expressed in the form
(Lee, 1983)

Q0 z0 8 ¢® X
In WhiC“h
0 v ) 8 ¢co Y
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Thevalues of Mfor different common appurtenances aggesentedin Table 211 (Jeppson,
1976; Lee, 1983)
Table2-12: Local Loss Coefficient Values,fdt various Common Appurtenancésee, 1983)

Appurtenances Loss Coefficient (M)
Globe Valve (fully open) 10

Gate Valve (fully open) 0.19

Gate Valve (3/4 open) 1.0

Gate Valve (1/2 open) 5.6

Angle Valve (fully open) 5

Ball Check Valve (fully open) 70

Foot Valve (fully open) 15

Swing Check Valve (fully open) 2.3

T v Elbow 0.4

It should be definitely noted that for the analysis of reasonably long pipelines, minor losses can
be ignored.Nevertheless, in short pipelines, they mpgofoundly offera significant effect on

the flow rate especiallif a valve is partiallglosed.

2.6.3 TheContinuity Equation
For an incompressible fluid flowingwardsthe network junctionnode, the nass conservation
principle states that the algebraic sum of flow at each node is equivalent to Zkeogeneral
expression for flow continuity at junction nodas:
0 4 B 0 m Q p8¢ 8 & w
Where;
0  The flow in pipe j connected to nod€)
N  The demand at the node;
0 0 The number of pipes at the node;

0 0 The total number of nodes in the network;

0 The vector of unknown flows in all pipes in the system
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NB: A sign convention is adopted where flow away from the node is positive

2.6.4 Systems of Equations foknalysingPipeNetworks
There are basically three dissimilar systems of equations applied in solving flow network

problemsunder steady flow conditionsThese includeQ-equations, Fequations AQ-

equations.Each of these three will be detailed individually in greceeding subheadings

2.6.4.1 The QEquations

The QApproach Involves solving for flow rates in pipeshasprincipalunknowns(0
(Khamkham, 2000; Larock, et al., 200@¥0 basic principle&ontinuity and workenergy)have
been governing the analysis akdharge in pipe networks. For continuity to be satisfied, flow

rate into a junction node must equal flow rate out of the junction node.

CR
C

Figure2-9: Flow of Water In and Out of the Junction Node

At each of the NN junction nodes, continuity expression is formulated as;

B 0 B Q pkfB OO 8 ¢c& 1
Where
0 Flow rate into node j from pipe n;

n Base demand at node j;
Additional equations can be formulated for weekergy principle that must also be satisfied.
These equations arealizedby totaling the energylosses along both real and pseudo loops to

yieldindependent equationgKhamkham, 2000; Larock, et al., 2000)

B Q B Q Q0 , p8. 8 c& p
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Where;

"Q  Head loss in pipe ninloop L;

Q Head supplied by pump k in loop L;

JQ= (hange inhead betweerthe nodes atthe beginningand end ofloopL;
0 & Number of pumps in Loop L

0 O Number of Pipes in Loop L;

2.6.4.2 The HEquations

The HMethod involves reslving for Heads at junctions as unknown® (. If we initially
considerthe elevation ofthe energy line or hydraulic grade line all through a netwaskhe
fundamental set of unknown variables, thansetof H-equations can be derivednd resolvel
(Khamkham, 2000; Larock, et al., 2000)

Derivingthe setof H-equations,involvesresolving the exponential equation for thiew ratein

the arrangement{Khamkham, 2000; Larock, et al., 2000)

= 0 0 0

0 0 0 8 ¢8 ¢

Where;

0 @£ B hConnote flow rate and loss coefficient for the pipe from nége node, @

Now, rotice that the energylossdue to frictionis substituted by the difference in Hydraulic
Grade LineHGL)alues between the upstream and downstream no@dé¢samkham, 2000)

Substituting eq.4.42) into continuity eq. 2.40) yields;
n B o o B © ° T 8 ¢c& o

In which the summations are over all pipes that flow to and from jungtioespectively
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2.6.4.3 TheAQ- Equation

These equationsegardthe loop corrective discharges 4Q's as the prime unknown3hese

equations can be expressedthre following form for each loop and patKhamkham, 2000;
Larock, et al., 2000)

+ 1 Y1 T 8 c8 1

2.5 Pipe Network Solution Approaches

There aredifferent analysis techniques offered to compute discharges and pressures or head
losses all through the pipe network this chapteywe shall reviewthree widely applied
solution techniques in water network and these inclutiewton-RaphsonLinearTheay and

Hardy Cross.

2.5.1 Newton-Raphson (NR) Method
NR scheme is a legendary method found in most of the mathematics textbooks of numerical
analysis. The practical application of NR technique is seen in solving simple and intricate water
supply systems. ltigsF AR (2 KIFI@S | GlidzF RN A0 O2y@SNHSY
schemes which exhibit a linear converger(Gerald & Wheatley, 2004; Lee, 1983)ist like
I NPaaQa omdpocd YSUK2RI bw YSUiK2R NBIljdzANBa |y
reference point. The choice of an initial guesssasrelevant in determining the speed of
convergenceof NR schemeThe NR expression can be formulated either from the graph or
Tailor series expansion theorem. For simplicity, we shall adapt the graphethbd for its

derivation

2.5.1.1 Proof of NR Scheme

[ SGQa 3 A digurelRKbelpd Kifi is dhg initial estimate that is near to the root of the
functioniQe 1, drawing a tangent to the curve @0 , then point @  where the
tangent intergcts with the xaxis would become the next approximation.

The gradient of the curve will be given by the gradient of line tangent to the curve.

O pRUBKE Qo 2P To o4 8 c8 u
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Resolving eq2(42) generates
Qw

@ @ 0o OO0 YOE T &6 & @ 8 ¢c& o

Qw

No @ d
Qo o RQ®
"Qw
n
» W
Figure2-10. Geometric Interpolation of Newton's Method

From equation 2.43 above,
Qo Ya 8 ¢8
0o w ca X

w is theknowninitial x-value;

"Qw denotesthe value of the function ad;

"Q w is theslope or gradient of the graph aboveatalso written as Q0 0 (Smd

w signifiesthe next xvalue.

Therefore, forYoto tend to zero(0), the more the iterations you have to run.
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It is inevitable in hydraulic analysis to be faced with a problem involving solving sets-of

linearequations defining flow in a network of pipes. In that scenario, therléBhod comes

into rescue. Indeed, the N§®hemecan be used to solve any of thieree (3) systems of

equations (i.eD

sections.

2.5.1.2 The NewtonRaphson Formula for a System dafations

equations, O equations and/0

equations)covered in the preceding

The NewtorRaphsoriterative schemefor solving a system of equatioisexpressed

mathematicallyas:

W

w O O

Where;

w= thecolumn vectof unknowns,

0
0O

Let it be known thafor: O equations, the column vectabbecomesO, 0
columnvector wbecomesd and Y0

The vector components are:

the inverse of the Jacobianatrix | 8

O . Y

1 Ny Il
i 8y
8 -p 8 Y
118 l’[' |18 N
do U w U

the demandcolumn vector

D
Vg
[} 8
118
WO

8 ¢c8 y

equations, thecolumnvector wbecomesYd .

>
Il

v v

)

-

v

VMINd  plyioft &

equations, the

8 8 w

The Jacobian matrfo]is a matrix* of derivatives For example, the Jacobian matrix for

)

11

YFEGNRE Aa

al

NBOGFYyadz I NI I NNI &

equations can be expressed as:
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T0 10 170 ;

== i 8 . /T )
nYv TYu TYo
iro 170 10w
o myhy 1Y) ° TYg 8 ¢®m
ng '8 878
11 8 8 8 8 n
J0 10 . 10y
ayd 1Yo TYO U

In applying the NR method, the inverse of the matfixlerivatives Jacobiahisneverfound.
Rather the termO "Ois substitutedwith the solution vector ¢ 8

We therefore end up with:

@ w a 8 ¢® p
However,From

0 0 O 8 B ¢
Which can be ravritten in as:

04 "0 8 ¢cd o

2.5.2 Linear Theory Method (LTM)
The linear Theory Method (LTM) (Wood and Charles, 1972) solvesad tquations at once
after linearizing the system of ndmear equations. To avoid manual initialization,nainitial
estimate ofp8t® "Qimdt ¢ Yiofi £ ic @i for each pipewas an assumption suggested by
Wood and Charles (1972) whapplying IM. Furthermore for the first iteration, a constant
velocity value ofpd 7i may perhaps beassumedfor all network pipes Linear theory(LT)

convertsthe ¢ € & a "Q¢ €hergyequations into linear bgstimatingthe pressure dropn each

pipe as:

Q 00 0 00 8 C® T
Where;

0 Estimated discharge in line j.
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It has been reportegkhamkham, 200Q;arock, et al., 200@hat if you have a network made
upof § Oconduits U (Nodesand( Dloops, then the following relationshig true for all
network patterns

60 00 GOV p B v
Where 0 Number of Pipesh O Number of Loops and 0 Number of Junctions

Continuity equations fojunction nodes are written as

B 0 n AIAIOT AIOEAAOC 8 ¢® @

Loop equations are written as;

B 0 s 0 mn&iDOAAIT PO 8 ¢® R

B 09 s 0 YO&IBWOADAIN PO 8 cd R

These equations formarizea set of linear equations that can be resolved using a number of
Aa0KSYSa adzOK a [! RSO2YLRaAaAuA2yI WFO206AQ4
pendulousaction of LTM around the final solutiorprompted Wood and Charles (1972) to

suggest the usef the average values of flows from thgrevioustwo computations as the

approximation for the next iterations0 08 wu 8The drawback ob "YUs that, it

results into a norsymmetric matrix? . This thwarts theserviceof more proficientlinear algebra

solution schemes¢Ellis, 2001)

Y

2] 33YYSGNRO YIGNRE A& 2yS 6KAOK A& SldAagltSyd G2 Ada

Whereas transposing a nesymmetric matrix results into a different matrix from the original matrix.
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2.5.2.1 Worked Example Problem Illustrating Application of LTM

Considem pipeNetwork below

0.8a Ti
\ / 124 T
A — B Pipe Resistance
) Pipe AB BC AC
t K 50 30 60
n 2 2 2
C
0.44 T

Figure2-11: A 3 Pipe, 3 Node Network

Step 1: List down the continuity equations for junctions A and B. Junctimu&tionis ignored

0SOlFdzaS AGQa GKS adzYYlFLdazy 2F GKS FTANRG Gg2
0 0 T 8 ¢® ¢b

0 0 P& 8 c® @@

Step 2: Write the loop equation

0 0 0 0 O 0 T 8 c® @@
Substitding the values into equation (23c), we obtain;

500 o OR Tt 8 ¢® @
Re-written as:

500 9 o® 9 o® P W 8 ¢® i@

Dividing equation (2.58) above by 10 we obtain:

~

50 & o & b & 0w 8 ¢& (0
Expressing equationg® ¢ifc® ¢pd ¢ € (0 in a matrix form as
0 0 O 8 ¢®
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Where;

P n P
O"Yli we i Q¢ 1 WEODIMQ®G p p ! and
1] | ov @
"00QAa GOV OWEDO £ pg
L1
0
0 Y& Q¢ £QIRIGE QQi 0
v
To obtain unknown0 , perform the iteration as follows:
{0 1}=600 0One® 0 0 Ig 8 (2.581)

Therefore Equationc® (izan be solved bgne of the following methodd:U decomposition,
Cramers Rule oGaussian Elimination

[ S ALRudme) 0 0 T8t ¢ {1 ofi (Wood & Charles972)

For the first iteration,

p T P 0 T
p p s w U P&
VT8I Yo oT@IC Yo QMBI Yo U 11
0 T@d FiNo @A T T®]a T
For the second iteration
0 8 ¢ ™ P T B
p T P 0 T
p p s w U p&
VT PTPLOT® PTPULETR PT PUDL ]

0 ™ ¢ Fino @ X A T® X Ti
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For the third iteration

0 — 18 p @WK
0 L% @ eugl
0 L ® I wugh
o Tt P l:) i@y
P p T @y Pg,
VT PWP OTE WT @ QTP WT @ U T

0 ™ x&TNd TcWAD TR AT
Continue with the computation for the next iterations untilreagergence occurs to obtain the

following final discharges:

0 ™ @ Wmufin 0 ™ o @ufin 0 T® O @ Ui

2.5.3 Hardy Cross (1936) Method
One of theprimary and oldestrenowned,widely usedanalysisapproaches is the Hardy Cross
(1936)method. This method of course, was initially proposed for manual calculation especially
for networks with few loops before the birth of digital computers. The distinct advantage this
method has over the rest is the ability to perform simple arithmeticlevisielfadjusting the
initially guessed flow values in each duct.
I N2adaQ omdpocy ¢2N] KlFa 0SSy GKS Y2ad OAGSR LA
writers. Hardy Cross (1936) invented two methed& & A& G(GKS aYSGK2R 2F 0
0KS aYSGK2R 2F olfllyOAy3d Fi26a¢é¢d ¢KS aYSGK2R
I OOSLIISR 6& AYRdzAGNRSA dzyiAf GKS f+3S mpcnQaod
2.5.3.1 Method of Balancing Heads
This technique balances the initially guessed discharges in each network pipe founded on the

loop-continuity equations. The point is that an initial guess of flows in the network which satisfy

continuity must be provided. Then, proceed to calculate the counter balancing flow and use it
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to make corrections to the initial flows. The iterative progas carried on until the counter
balancing flow decreases to within an acceptable range. Usually, continuity must be maintained
at the nodes and the discharges are successively modified to satisfy the zero sum of head loss
aroundthe loops.

Table2-13: Procedure for Solving Flow Network Problem by Method of Balancing Heads

Step | Description of the process (Cross, 1936)

1 Set up a grid pattern with closed loops to look like planned flow distribution
arrangement

2. Compute water demand on each street without excluding fire flow demand

3. Sum up the flow used in the area without fire flow demand and allocate it to the noi

where known outflows are needed.

4. Guess internally consistent distribution of flow, i.e. at any given junction node, flow

continuity must be satisfied.§ 0 BO )

5. Decide the sign convention for each circuit. Normally Clockwise flows are positive i

counterclockwise flows areegative.

6. Giving consideration to sign (Ftonvention, Calculate the head loss in each duct us

the nonlinear equation below.

Q00
5. Calculate the total head loss around each loop without forgetting the sign conventic
BQ BUOO
6. Without sign convention, calculate the sum of quantities, BRé 00 in each closed
loop.
7. Compute the countebalancing flow for each loop as follows:
6 BE)f) "OQUL D WQ é(‘)(‘)é"(m:és‘é € LQE 0 QE ¢
B4y s 00D OIOQQ Q& XTE € 0V Qe 0 Q€ ¢
8 Apply the countetbalancing flow to each pipe not common in both loops.
0 0 Y0
9. In case of pipes common in both loops, use the correction formula below.
0 0 Y0 Y0
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10. | Repeat the process until the corrections are reasonably small.

11. | Calculate flow velocities in each duct and match to the standards to ensure adequs
velocity and pressure is present in each element. If necessagify pipe sizes to

increase or reduce flow velocity.

12. | Reiterate all the above process until an acceptable solution is attained.

2.5.3.1.1 Proof ofHCAlgorithm

[ SGQa O2y aA RBeNbriecting Noy BfimSantbe dedulsed from binomial expansion
of 0O (Cross, 1936)

Where;

0 0 Y0,Y0 =rectifying term and initial estimate of Q

00 00 IO 00 ao Yo zo i 8 & w

SinceYV is small, all terms beyond the firstder may beneglected. Rerdering eqn. 2.55)
ends up generating a common correction term below;
Y0 BUG 8 T
B&aud s ®
Of caurse,this may appear as only an approximatidmt, several readjustments of the loops
increases its efficacy to even handle multiple reservoirs and puiiltis, 2001)It has been
proven that errors are not cumulative but, the choice of initial flowiraate presents a great
influence on the number of iterative steps before eventually arriving at the solution. Essentially,
Cross(1936) noted thaBa 0 s R2Say Qi OKIFy3S |yeé YdzOK RdzNRA

and it is not necessary to usually beaa@lculated for each change in fiq&llis, 2001)

When implementing HC algorithm, for the starting successive iterations, conservation laws are
likely not to besatisfied as the computed’d will not make pressure drop around the closed

loop zeroalthoughit will reduce it closer to zero thanwtas in the previous iteration.
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2.5.3.1.2 Worked Exampldé’roblemlllustrating HC Method of Balancing Heads

Considera pipe retwork in figure 212 below

0.8x Ti

Figure2-12: A 3 Pipe, 3 Node Network

Pipe Resistance

Pipe AB BC AC
K 50 30 60
n 2 2 2

Initial estimates of thalischargesn each pipe ar@btained obeyingthe first law ofKirchhoffat

the junctionnodes

Head losses arinen calculatedn the clockwise directiorMake sure the sign convention is

obeyed. The results for the HC iterative process are presented systematicdlbie 215.

Calculation for the first iteration;

Stepl: Summation of head losses around the loop:

BQ 0O v
In which:€ £
B'Q v

Step2: Summation of the first derivative of head losses

B Qe ¢ 0

BQ

G L T

0

cT® QTR

cT® @ TR

U

120

pgT
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Step 3: The Loop Corrective flow:

v B0 e W TIOEEDE T ¢ GRART 1w ¢ 0 |
0 o Y0
0 T T T @ Ti
0 T ™t U T
0 S ™iT T v A

Repeat the proedure above from step 1 ®until YO  is so small (probablyd <Tolerance
SNNBN) 6AY (GKAa OlFasS tSG4Qa dzaS nonnnmid @
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Table2-14: Computation for the 3 Pipe, 3 Node Network Problem

First Iteration

Pipe K I I B ! L
L
AB 50 0.6 18 30
BC 30 -0.6 -10.8 18
AC 60 -0.2 2.4 12
B 1 B T
o BQ W ?
Yo 0 T8 T
¢B ™ =
0
Secondteration
Pipe K I bR ! L
L
AB 50 0.56 15.68 28
BC 30 -0.64 -12.288 19.2
AC 60 -0.24 -3.456 14.4
B B T8t @ T B o@
Y0 Q 0 TIMTTU P W
¢B ™ & 8
0
Third Iteration
Pipe < ; I
L
AB 50 0.5605 15.708 28.025
BC 30 -0.6395 -12.269 19.185
AC 60 -0.2395 -3.442 14.372
- B B mMino (B o@ Yc
Yo 0 TBIMTTNGT
£§B ™ - 8
0
As it can be seen in the third iteration th¥b T8 U 1T TT ¢"V€ & T8t 1T TrthenO
™ ¢ 7@ uFi NO T® o @ ufiNo T8 O @ Ui
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2.5.3.2 Method of Balancing Flows

This method balances flows in each network pipe basing on rmmdinuity equations with

nodal heads as unknowns. Therefore, an initial guess of the unknown heads in the network is
required. The flows are then computed from these initial head estimates aratjiested
sequentially.The iterative process is carried forward until the discrepasi@re decreased to a
specified tolerance. Zer{0) sum of head loss is conserved around the loops and flows are
sequentially corrected to satisfy flow continuity at the nod€xoss (1936) noted that the
convergence was slow and that some loops could bead balance with regard to head loss.
Gessler (1981) maintains that probably this could have been the reason why it did not gain

popularity related tathe method of balancing heads.

2.6 Convergence Criteria

In pipe network analysis using numerical algorithimerations are continued until theefined
convergence criterion is achieved. Generally, there are four criteria for convergence that can be
useful to determine the acceptability of a solution.

1- Based orV |k for each loop

This criterion is commonly impleanted in HC and NR algorithm3he solution

convergences once the absolute value of all corrective fldUsis less than defined

tolerance, i.e¥Y0 "YU 0

2- Based oryq -

This is commonly used in HC and NR algorithms. The solution convergences once the

absolute value of all corrective head® is less than the defined tolerance, i¥0 "YU .0

3- Based orB | for each loop

The convergence is achieved when the surhezd losses around a loop is zero

4- Based on % Change in flow rates

This criterion could be applied to HC, NR and LT solution approaches. The change in flow

rates between the successive trials can be used to check convergence. This is termed as

relative accuacy, i.e.

zpnmmnbm® P

CA
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2.7 Network Cost

Network cost is found by totaling the cost of earhnduit Thetotal cost can benathematically
statedas(Sadafule, et al., 2013)

06 B OO0DO 8 ¢®do
Where;

0 = st per unit length of pipe j with diametér;

0  Length of the pipég;

2.8 ProgramValidation Methods

Verifying the performance of the model requires conductstgtistical analysisThe analysis
schemes includehe coefficient of determination (R2), the root mean square error (RMSE), and
the mean bias error (MBE)RMSE measures the variation pfedicted figures around the
observations The smaller the RMSE, the moreprecise is the approximation. MBE is a
representationof the meandeviation of thepredicted valuesrom therespective observationsrhe

smaller theMBE, themore superioiis the model perfanance(Maitha, et al., 2011)

The expressions for the aforementioned statistical parameters are:

Y p z 2 2 8 ¢
YO YO P 5 B n n 8 ¢
060 -B 1 n 8 co
Where; 1) observed discharge,i Calculated discharge angl mean of Calculated
discharge

It has been reported (Oke et.al2015) thatthe aedibility of any algorithmrelies on its
accuratenessand rationality. The statisticalmethodology establishedto report about the

reliability of anytechniqueinvolvesexaminingthe assumptionthat no variance between the
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algorithm andthe other algorithms existsThe consistencyC] between the algorithms have
been statistically definefly Sartory(2005) and Oke (2003k:

0 pnnpnFBtB— 8 ¢ X

Where;

n expected flows and obtained flows

2.9 Existing Hydraulic Modeltor Water Supply Networks

There are someexisting computer models that can be applied to solveset of equatiors
defining flow in pipe networks and tanimic a number of flow control devices. Some useful
educational packages also do exist for analysing smadtevork problems Table2-14 presents

some existindiydraulicmodels used fosolving flow network problems

Table2-15: Existing Hydraulic Models Applied to Solve Flow Network Problems

Software Capability Developer Reference

KYPIPE This mimics pressure flow in pipeetworks D.J. Wood, (Brater, et
including water distribution, irrigation It as well Department of al., 1996)
handles a tredike pipe network with deaends. Civil
Output from the program includes; flow rate Engineering,
velocities, head losses, junction pressures, ene University of
grade line elevations and water surface elevatic Kentucky,
in the storage tanks. Additionally, the purhpads Lexington, KY.

and the valve losses can peesented It usesthe

LT Algorithm.

EPANET A computer model written in @rogramming L. A. Rossman, (Brater, et
language for performingxtendedperiod Drinking Water al., 1996;
simulation of hydraulic and wateguality Research Rossman,
behaviour within pressurized pipe networks. Division, Risk ~ 2000;
EPANET usegsadientalgorithm proposedby Reduction Sonaje &

Todini and Pilati (1988pr hydraulic analysisA Engineering Joshi, 2015)
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network in EPANET is represented by; links Laboratory, U.S.
(pipes), junctiomodes, pumps, valves, and Environmental
storage tanks or reservoiffigure 21). Indeed, Protection
EPANET &ble toperform water quality analysis Agency.

as well asvater age tracing

WaterCAD
V8i (2014)

.Sy if Se&(Sonaje &
A hydraulic modewhich implements Gradien Haestad Joshi, 2015)
Methods
(hydraulic and
advancements in GUIt is capable ofhydraulic Hydrology)

Algorithm with an array of functionalities ani

and water quality analysis, steady statend group
extended period simulations strong data
management along with AutoCAD and (

integrations.

FLOWMASTE

A generalpurpose application for simulating flui Amtech (UK) (Brater, et
flow in complex pipe networks. The moc Limited. al,, 1996)
mimics the real situation by offerin
mathematical representation of individu:
network components and joining them at nod:
according to user need. The model can &

analyseheat-transfer within the pipeline.

In most existing hydraulic network simulation models such as EPANETZ2, after manually

estimating the base demand for a given the population at every network node, the deoaand

then be fed into the computer model to computactual discharges in every pipe in the

network. There is time wastage in the course of maravalluationof base demand before the

data could be keyed into the computer program. However, in this research thesis, the currently

developed user friendly numerical hydraulic model has the capability to compute for the user

the base demand at every network node @ivthe available projected population figures at

each junction node. This will save much time the designer would waste trying to determine the

base demand with a hand calculator.
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2.10 Computer Programming

Writing both simple and advanced commands that a corapunplementsis a practice termed
as dcomputer programming The commands, commonly known as code or simply algorithm,
are written in a programming language which a computer can interpret, comprehend and use

to resolve a problem or execute a task.

2.10.1Software Development Checks
Whatever the language of programming may be, the final package must meet these

fundamental checklists.

a) Program reliability: How often precise is the output from the program. This always
relies on the theoretical precision of the algghms, and minimization of coding errors
such as logic errors like division by zfp

b) Usability of the applicationThe success of any computer program entirely depends on
the ease with which the user will use the software for its intended purpose.

C) Program maintainability:While developing a specific program, developers need to give
considerations to the ease with which it can be improved upon by its current or future
programmers in order to either customize or replicate it to new surroundings.Wikis
depend entirely on the source code readability: Readability in computer language
means the ease with which a different programmer can read and understand the lines

of written codes.

For the past decades, numerous hilglrel languages have been adead, however, only a
hand full have become the dacto industry standard, such g¥isual Basic 6.0, FORTAN

and Pascal)

2.11 Microsoft Visual Basic 6.0

Microsoft VB6.0 isan event driven and graphicdbased tool that enables developmeof user
friendly, Migosoft windows based programs conversant to the ugdrgee, 1998)In an evernt

driven language, the command stays idle until called upon to react to some event procedure for
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example by pressing a button, or selecting from the mearaphicabased means the language

can enable the user to work directly with graphical controls like text box, button among others.

2.11.1Key Terms
Before any developer starts creatiagplicationsn Visual Studio 6.0 usingBlanguage, they
have to bewell conversant vith the succeeding key concepts:
1) Distributable componentThe complete, compiled form of a project (application) that
can be kept on any storage device for distribution to other computer users.
2) Project:A group of files compiled to build a digtutable program.
3) Solution: A group of projects and files that make up a program.
Project (.VBP, .MAK)

Form 1 (.FRM) Form 2 (.FRM) Form 3 (.FRM) Module 1 (.BAS)

Figure2-13: VBApplication (Project) Structur@ylee, 1998)

Table2-16: Description oVBProject (Application) Elements

Element Description
Forms Windows generated for user interaction.
Controls Graphical elements such as command buttons, picture box, list boxe:

drawn on forms.

Methods In-built procedure executed to give some action to a certain object.

Event Procedures Encryption linked to objects, invoked when a specific event results.

General Procedures Encryption not connected to objects that must be run by the applicati

Modules Compilation of general procedures, variable declarations, and consta

definitions used by the program.
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2.11.2 Microsoft Visual Basic 6.0 Components
The components are what make up the prograbhe Ms. V8.0 components are presented
Table2-16 and figure 214 below.

Table2-17: Components of Microsoft Visual Basic 6.0

Component Description

Menu Bar Thisiswhere you choose commands that are used to direct the functionin

Visual Basic Integratetkevelopment Environment (IDE).

Toolbox This is a container from which controls such as image box, label are picke

and drawn to the form.

Code Window This is where the developer writes the code (command) that is executed

when a specific event ensues.

Properties This is the window which allows the developer to make modifications to tf

Window objectproperty values.

Form Window This window is significant when generating windows applications. It is wh

the application controls are drawn.
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Menu Bar

Projec]Window
AN
£ Project] - Microsoft Visual Basic [design] - O et
Eile Edit View Project Format Debug RBun Query Diagram Tools Add-Ins Window Help )
HB-5-T =d i) > HE EHRE S .o J
ﬁ i Project - Project] ﬁ
[ Projectl - Form1 (Form)
‘ General =l (] ch
k B Formd [= [ = | == 158 Projpct1 (Project1)
D =3 Fprms
A [abl [ ol Bl Form1 (Form1)
" Ja | 1
W & [ ol
_ u [ SIS N Form Window
=EH EH [ ol -
| 1
=l 1
3 = T,
SRR RN RS RS Properties - Form!1 X
e [] &
|Form1Forrn -
|| Ie- j - [=] )
%~ Project] - Form1 (Code) EI@ Alphabetic lCahegorized]
|tGeneraI] j |:Declarations] j (Name) Eormi A
| — Appearance 1-3D
AutoRedraw False
BackColor [] &H8000000F
2 - Sizable
Form1
ClipControls True
7] |[ControlBox True
DravwMode 13 - Copy Pen W
Caption
Returnsfsets the text displayed in an
TOOIbOX object’s title bar or below an object's
Farm Layout ﬁ
YV' Propertieswindow
Code Window

Figure 2-14: MicrosoftVB6.0 Integrated Development Environment (IDE)

2.12 Software DevelopmentMethodologies

For software development projects, there are basically twdAilamental questions that

should be answered priootchoosing which methodology to adopt:

1) What is the project deadline?

2) What is the project scope?
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Numerous aproaches and modusperandi have beensed to build a prografi. However,
there are three (3) widely used methodologies in Software Development (SD) discussed in the

following subheadings and these include; iterative, water fall asdodel techniques.

2.12.1 Iterative Methodology
Iterative method (figure 215) is a process which encompasses planning through design,
implementation, testing and evaluationn this approach after accomplishing the initial
planning,a couple of stepsare reiteratedover and over.n the lterative modelthe designer
beginsby building a small part of program requisites arwhtinuouslyadvancing the next versions

until the built final productis readyfor use.

System Architecture
Design

‘ Requirements]

K

Project
Planning

[ Implementation }

Verification and
Validation

Evaluation

[ Product Release \/
[ Maintenance}

Figure2-15: IterativeModel

SR

Some of the keweaknesses of iterativapproad include;lack ofdefinite endng date of
project,requires a lot of resources in reiterating the processasl mly appropriate for bigger

projects.

13 www.professionalga.com/iterative.model
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2.12.2 Waterfall Approach
¢ KS agl (S NJF (fidue £16)iwssQte Wiangedizs) methodologdCTG, 1998prmally
suggested byRoyce 1970) for use in the framework of spacecraft mission software
evolvement!* The method subdivides the entire course of program development into discrete
steps thus, the result of one step is the input of the next sBplajji &Murugaiyan, 2012)n

succession. The following diagram explicitly shows the dissimilar steps of waterfall model.

[ Requirements
A

A
System
Design

A4

[ Implementation }_

A !

Testing and
Validation

A

A 4

[ Deployment }

A

v
( Maintenance}

Figure2-16: Waterfall Model (CTG, 1998)
Someconditions under which Waterfall methodology may be adopaes
vV Requirements are clear and static.
Vv Prgectdefinition is steady.

VvV The project is short.

14 https://www.tutorialspoint.com/sdlc/sdic_waterfall model.htm
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Some of thekeymerits2 ¥ G KS 2 GSNFIff a2RSt INB I a
V The steps are completed one at a time.
Vv Applicable fominor projects.
Vv Well-defined stages.
v Clearlyunderstood milestones.

2.12.3 V-Model
The Wodel (figure217) is an enhancement of the waterfall mod@fathur & Malik, 2010)In
every step, there is verification before embarking on the next s{&8gdajji & Murugaiyan,
2012) This is a webrdered modelWwhere subsequent step begins only when the preceding

stage is consummate.

[ Requirements ] Maintenance

/

System Testing

/

L System } Integration Testing

Architecture /

[ ModuIeDev.] t UnitTestingJ

/

CODING

[ System Design]

Validation
Phases

Project
Definition

Figure2-17: V-Model (Mathur & Malik,2010)
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The conditions under which-Model can be used are similar to that of waterfallowever,
some of the keyenefits of the Wodel method are as followdalajji & Murugaiyan, 2012)

=a

Highlydisciplined model and stages are accomplished onetiate

=a

There is proper time management.

1 Very good for smaller projects where requirements are cledeffned.

=a

Simple and easy to understand and use.
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Chapter 3. ResearcliMethodology

3.0 Introduction

This chapter describes the methodology adopted to develop the user friendly hydraulic model
for analysing andcosting complex network pipelinesDue to time constraint, lte overall
methodologyused was according to ¥ model®(figure 31) structure of progran design that
encompasses; the project definition (Requirements specification, Architecture design, Module
design), Implementatior{coding)and the project test and integration (Integration, test, and
verification, System verification and validation, opgya and maintenance)The succeeding

illustration descibes the different phases in andodel of theADLC®

Operation
and
Maintenance

Requirement
Specification

Verification
& Validation

Project
Definition

System Verification
and Validation

Architecture
Design

Module

) Integration,
Design Test, and Project Test
Verification and Integration

Implementation(Coding)

v

Time

Figure3-1: \\-Model Methodology of Application &sign

15 https://www.tutorialspoint.com/sdlc/sdlc_V_model.htm

16 https://en.wikipedia.org/wiki\:Model (software develoment)
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3.1 System Requirements

During this first phaseht system requirements werestablished to determine the feature set.
Spending sufficient time and delping the model requirements vgasignificant at tis step.

Theapproaches that weresed to achieve this include;

i Literature Review:Thisinvolved reading written materials related to this study from
different authors that include textbooks, magazines, journals and documents from
libraries and by utilizing internethrough visiting several websites with the aim of
acquiring more information based on the current systems.

1 Consultation: This involved interacting with professionals in thefields of water
resourcesgexpets in the field of programming, antie publicon the challengeshiey face

while using the existing models.

3.1.1 Functional Requirements
The functional requirementslescribethe task of a system or its module$his considers the
aeaidsSyQa | o AtheNlowerates, hehd |638ey, Hadzirecities viitthe pipe network,

pressure heads at the network nodes acmstnetwork pipelines.

3.1.2 Non-Functional Requirements
Thisinclude;reliability (is tre system able to give only corremtitput?), usability (is the system
user friendly?) efficiency (is thesystem able to run without any intervention, thus maintaining
the correct outputs eve?), performance requirements (is the system fast in executing its

algorithm to provide results in case of any looping?)

3.2 Program Architecture

The program consisting of weglme form, user login form, main meform and computation
forms waswritten in asimple programnmg language calledBs.0.

The first form thatoads after the program is started is callede welcome formThe next form
that opens after clicking the stakutton on the welcome form is called ¢hmain menu form

This iswhere the user performs logpandhead loss formulaselection. After the user has
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selected a specifichead loss formulaand the loop to be analysedthe model entreats
computation form for goarticular loopand head loss formula. The computation foattows the

user to enter pipe properties. THellowing figure3-2 shows the system architecture hierarchy.

—
.
-
-

Figure3-2: SystemArchitectureHierarchy



3.3 Implementation/Coding

At this phase, jushalf-way through the stages along theNodel program development
methodology, definié coding and implementatiostarted. Duiing this period, ample time was
allotted to transform all the preceding steps into a coded, working mddehis study, a
improved Hardy Cross Algorith(Bpp & Fowler, 197@yas nodelled and implemented in
Vb6.0.

3.3.1 Mathematical Formulation of Improved Hardy Cross Algorithm
As aforementioned in chapter 2, Hardy Cross (HC), a structural engineering professor at the
University of linois(Cross, 1936) dzi K2 NBR G i KS KSIR ol flFyOAy3a &ao
loop water pipelines. The original algorithm of HC has found much acceptability in industries.
The HC method adheres to two (2) important laws: [1] the net flow at each junction must be
equal to 2ro (0). [2] The head loss around a closed loop must be equal to zero. The algorithm
operates on an initial guess of discharges in each conduit that must fulfill the first law of
Kirchhoff. There is a number of iterative steps executed in the algorithtil both
conservation principles are satisfied. One important feature to take note of is that, in the
original HC method, the corrective flow¥{{ are determined separately and applied to
obtain the next flow rates. The ease with which the corneetiflows are independently
obtained using the classic HC technique motivated most universities around the world to
SEGSyarpSte GSHOK (GKAaa a2z OFttSR aairy3atsS LI
faculties. However, the rationale of separately obiag corrective flows somehow renders the
algorithm slow. Therefore, it was until 1970 when Epp and Fowler suggested fundamental
modifications to the original HC method to increase its convergence speed. This new modified
approach simultaneously resolvethe entire closed loop pipe networKBrkic, 2011) The
proposed improved Hardy Cross sche(pp & Fowler, 1970ometimes referred to as the
GaAayYdzZ G yS2dza LI § Ks alkiRicadZeivterRaphison Mpiddci2 tRat uses a

matrix technique to simuétneously solve for unknown corrective flow rates.
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The original H@&rmula determines the unknown flow modification factor as:

- By 1 o
" BTog s o

From DarcyWeisbach formula;

Q¢2]e P& M@
Where;0 =Length of jipe j, O=Diameter of fipej, and"Q DarcyWeisbach friction factoof
pipe }

8 oR)

In which "Chcan be explicitly computed by the modified Barr (1981) equatiBeatherstone &
Nalluri, 1995kxpressed in the form:

—  qaE 0 S 8 o®

Where;

) o = the relative roughness of pipe j

And,’Y is the Reynolds numbdor pipe jsolved by the subsequent equation (3.4)

Y @0 2 8 o8
Where;

V= The flow velocity in pipe j in (m/s),

D = Dameter of pipe jin (M) and,

i =The kinematic viscosity ir( 71).

After obtaining the flow adjustment factod( , it shouldbe added to the initial flows to
determinethe new flows.

()

1 1 Yi 8 08

In case of pipes common in both loops, the correction formula below will be applied
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When implementing HC algorithm, for the starting successive iterations, conservation laws are
likely not to be satisfied as the computed0 will not make presure drop around the closed

loop zero albeit, it will reduce it closer to zero than it was in the previous iteration.

Expressing the original HC methddu poc 0 6 a & Ay 3t S LihaniatrdO2 NNEOUA 2y
arrangementBrkic, 2011yvould produce:

& — T mm m 8 T ] - .
,”",3 N o . BE,
T Be— m m 8 T :YUV a BQ.
11 Tt Tt 8 Tt 8 Tt I:I(b” g I:I 11 8 I:I 8 0.&
b8 8 888 800 80
' 11
8 8 888 8 L ¥U BQU
u ot T m m 8 Bs—U,

(Epp & Fowler, 1970@®visedthe originalHC methodCross, 193@)y substituting the zeroef®)

in the off-diagonalof Eq. (3.7 with the first derivative of the head loss for pipes common in two

loops Eq(3.8). The work of Epp and Fowler (1970) led to what is today commonly knawa as
GY2RAFTASR 1/ ' f32NAGKYE ¢ KAOK hefiow @dtifichtiant S 2 F &

factor.
?}BS_ P8 E_I:l yf:) Il BEI’I
hE— BE— 8 &—n f‘?% A B,
1 8 8 8 8 AN 1 11 8I’I
g 8 3 3 .’.w||8.’. 18 n 8 o
|8 8 8 8 " '&?B 18 n
: : : " oWyo BQU
u £ — e— 8 Bs—u
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3.3.2 Developing a VB.0 Program

Theae are a number of steps that the researcher underttmkreatea VB.0 project:

Step 1:The researcher used the forms onto which the object
controls like button, picture box, among others were drawn.

U

Step 2: After which the form module was used to write the

program or source code

Step 3:The program was then compiled using a VB compile
special program that transforms programs written in a Rig¥vel
language such as VB into machine code {vel knguage) that
a computer comprehends). The compiler examines a prog
written in a language such as VB and transforms it into a f
that is readable by a computer systdkhamkham, 2000)

U

Step 4 Eventually, the program was executed, tested on a&ci
study pipe network and validated

3.3.3 Compiler hardware and software Requirements
The compiler used in this projee the Microsoft visual basic compiler. The Microsdi
compiler package provides a comprehenshaE for creating all windows application.The
compiler can be installed on Intel basedrfonalComputers (PCs)with Pentium processor or

newerversion, running Windows 95, 98 Windows NB or higherversion(Khamkham, 2000)

3.3.4 Algorithm Flow Chart
As aforementioned, e algorithmimplemented in this study isnprovedHC algorithrto solve

single(1), two (2), three (3) and four(4) loops. Unlike in the previous studiesuch agYengale,
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et al., 2012; Demir, et al., 2008)here the user is required tbrst approximatethe initial flow
rates, in this malel, the useijust needs to enterthe population or base demandiata at the
network nodesand per capital water demandlrheprogramwill then automatically guess the
initial discharges for each pipe in the netwoskile maintaining continuity The model also
requires the uer to key in the node elevation data, pipe length, diameter, and loss
coefficients.Following that, the program will proceed to computee actualflow rates in pipe

k, pressure head at nodevelocity in pipe k, head losses in pipe k and total head losses around
loop j. The model will check whether or not the number of iterations is equal to the maximum
iteration. The subsequent illustratianbelow representthe algorithns of the programfor a

single loop (figre 3-3) and multiple loops (figure-8) respectively.

3.3.4.1 Logic design
Table3-1: KeySymbols used in HBIgorithm Flow Qarts

Name Symbol Description
Data flow — This shows the movement of data through the system
Process This transforms data from inputs to produce outputs

Decision box This makes a decision depending on query. It is us|

limited to only two options; YES and NO

terminator

Input or This reads the input data into the program and prints |

Initiator or O This shows the start and stop of the program

Output box output.
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Figure3-3: FlowChart of HCAlgorithm for aSingleLoop
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Figure3-4: FlowChart of HCAlgorithm for Multiple Loops
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INPUTS CODE

OUTPUTS
Pipeline Length,
Diameter, andate in T Analytical
loop j Equations (Total Pipe Cost)

9 Procedure

Figure3-5: PipeCost EstimationHow Chart

3.4 Testing, Verification and Validation

3.4.1 Testing
All the modules developed ithe implementation phase @re integrated into a single system.
Several testing techniques weremployed and these include testing of each unit, integration
testing of combined units and post integration of the entire systehere errors and failures
were noticed and corrected. The technigs of testing commonly used inDACare detailed

below;

1 Unit Testing This methodof separatelytesting individual moduleselpedin correcting
all errors (bugs) ithe code to make certain eaahnodule fulfills its functioal
requirements.

1 System Integration Testingrhis process was uséa ensure that the individual

modules are properly integrated and workimgharmory.
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3.4.2 Verification
One of the central requirements for any software acceptability is reliability and accuracy.
ensure this, the model was tested on a case study water netwdri.olitput from the model

wascompared withEPANET softwasmlution to determine any discrepaies.

3.4.3 Validation Method
In order toassesshe reliability of the built numerical hydraulic model angrovewhether there
is anyfundamentalinclinationin its performance, statisticatudy includingthe coefficient of
determination (Y ), RMSE and MBEere adopted. The higher theY , the more accurate is

the estimation.The expressiofor the aforementioned statistical parameter is in form

Bng nx
, B
B N

Y p

h

Wherern j is the program solution) j is the EPANESolution and N is the number of

observations

YOYO PyB A4 8 op T

060 -B n n 8 o® p

Where;n observed discharge (for this research study obtainBd\EET) ) Calculated

discharge from program angl mean of Calculated discharge

3.5 Documentation and Reporting

For every creative and innovative research on system development, documentation report is a
substantial prerequisite. Hence, thisusly was carefully documented from start to end for
future reference and further research in the field of hydraulic netwatudies. The
documentationcovered problem formulation, setting of objectives and overall project plan,
data collection, model concépalization, model translation, verdation, validation, findings,

discussion and recommendation.
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Chapter 4 ComputerProgramDescriptionand Testing

4.0 Introduction

Bvery computer softwareis always accompanied by the user manual which describes fully the
software (that is what the software is capable of doing and how to use it). This is done to
ensure the user is well acquainted with the software package. Thergtnisechapter aims to
describe the functionalities and the use of the developed user friendly hydraulic model for

closed loop network.

The computer program hereiteveloped has been written in BB language, to solve for flow

rates,piezometric heads, head losses, and velositisinghe improvedHCalgorithm.

Essentially the computer model reads input data defining the network links (pipes) and junction
nodes.

A number of key things needs to be noted about this hydraulic model:

V Dependingonth&k | G I i ( KS,thdzgrogrdcan reat i@ithi? dobef
population data and computthe base demand plus assumed initial discharge in each
pipe or it can read in base demand data at the nodes and then compute the initial
discharge for each pipe in the closed loop.

V One typeof liquid, essentially water is applied to this model.

V The headoss equations for simulation are: Daf®yeisbach andHazenWilliams
formulae.

V Computation contiues until a tolerance of 0.00Q is achieved.

4.1 Tasks Executedy the Model

1) Read the input datahat define the network.
2) From the input dataassumanitial flow rates for each pipe in the network while
obeying principal of continuity at each nodadthe sign convention for the flows in the

network.
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3) Determine the gn convention without the usehaving to do it by themselveS hereis
a tendency otthe users forgetting toassignthe flow direction sign conventiorto the
initially guessed pipe flowsvhile working with the HC Method. Usually clockwise
direction is assigned (+) and counter clockwdgection assigned). It should be noted
that while determining the initial pipe discharges, the model keeps in memory the sign
convention. The model will assign a negative gign to the initial pipe flow in the
counter clockwise direction and a pasé (+) sign to the initial flow in the clockwise
direction.

4) Make use othe improvedHCAIgorithm to analyse the closed loop network made up of
a single loop, two loops, three loops and four loops.

5) Obtains the head loss at each pipe after the pipes fiai@s have been found

6) Display the solution results in tables that can be readily understood.

7) And eventuallyevaluate the otal cost of the network pipelines.

4.2 Model Input Variables

The data requirements for the program are as follows

4.2.1 Pipe data
For each pip in theclosed loopnetwork, diameter, length, andipe roughness are required. If
the pipe has anyninor loss device specifically a valtee number of valves and theaue of

minor loss coefficient needs to be fad

4.2.2 Junction data
For each junction in thelosed loopnetwork, the input datanecessaryto describe every
junction is keyboarded in.
They areas follows:
1- First,the populationor base demand 7i) datais keyed in byhe user. If for example the
user enters populatio data at the nodes,he software will go ahead to compute the base

demand plus initially assumed flow ratekhe unit for basedemandis in cubic meters per
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second(a 7i). In cases where you are faced with the external f{Base Demandto the

junction nodethena negative {) sign should be assigned tdit the user

2- Second, the elevation data at each nodefad in. This déa is required to proceed with
pressurehead calculation. However, class room examples without elevataia dan still be
solved by the model but the user eventually received ! wbLbD YS&aal 3Saé¢ 4K,

ignored. Elevation is in meters and the calculated pressure heads also in meters of water.

4.3 StartingRunningthe Program

1- Go to windows search and tyget +b}9 ¢ € @
2- Click on its Icon to execute the prograRigure 41 will appear on the screen. It
Ad OFftSR GUKS aoStO02YSé G6AYR260

& Welcome — O K

PAU-NET Numerical Hydraulic Model s

Info For Closed Loop Pipe Network

Developer: Denis Obura
Master Thesis

il P?‘ Pan African University
ey U Institute of Water and
¥

Energy Sciences

Figure4-1:. WelcomeWindow Interface
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32KSy @&2dz Of A O1theZoyn/windoyl i figéire 42dmiowid y >
displayed This windowgives the user an introduction to the program, that is

what the program is all abouénd the developer

x

¥ About
e e

This program was designed to compute the Actual Flow Rates (Gactual) in each pipe in a closed loop
pipe network using THE MODIFIED HARDY CROSS METHOD (MHC). The program is limited to
OMLY four types of network which ARE: single (1) loop, two (2) loops, three (3) loops and (4) four

loops. The MHC (Epp and Fowler, 1970} is an iterative technique to determine flow in a closed loop
pipe network by making corrections to the Assumed Flow (Qassumed) Rates until the corrective flows

(QCorrection) are negligible. The software uses Darcy-Weisbach (HL=K*Q"2) and Hazen Williams

(HL=K*C1"1.852) formulea to compute Major Head Losses in pipes and Maodified Barr (1981)

Equation to compute the friction factor. Minor Losses are also considered. The data required for the
Model to run ARE: Mode Inputs (i.e. Elevation (m), Population and Base Demand (m3/s) ) and Link

Inputs { i.e. Pipe Diameter (m), Length {(m), Pipe Roughness, and Minor Loss Coefficients ). The
Program has been built to compute the Base Demand (BD) and Assumed Flow Rates (Qassumed)

automatically given the node population thus saving time the user would have wasted in manually
calculating the Basze Demand and guessing flow in each pipe. The manual evaluation of of the cost of
the network pipes has been solved as this model is able to estimate the Total Pipe Costs.

Figure4-2: Introduction Form

4- Prior o performinganalysis, clickothed { G F NIi¢ o6dzidG2y I yR
form (figure 43) belowwill appear. Selection afata type,head loss formuland

loop to work withis done from this window.
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<P, Main Menu x

Loop Selection

= 1 Loop = 2 Loops " 3 Loops f* 4 Loops

> c Q|2 -

Data Type Head Lass Formula

+ Population i~ Base Demand (* Darcy-weishach = Hazen-willams

Figure4-3: Main menulnterface

z

5 & AO1 2 yeébitn® va .GIk®|] dal Ay aSydz 6AyR26 (2
a2 8t 02 Y 8 &figeyDR 2 &

6-/ t A0l abSEG¢ I FiSNJdatétypsaddihead bsslformulo NI A O dzt
execute network analysis The computationform will then appear with a
message dialg box informing the user that the current inputs are jastfault
values.Therefore, the user needs to input new data to perform anal{fgisires

4-4 10 47),
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Pipe 1

Pipe 2

Pipe 4

>

Plc)

Pipe 3

— a x

Per Capita Demand (/casd) (100 | Pressure Head Blevation @& Node 1 {|T|)|;-'D

— Mode Inputs
—Mode 1

Population

II:I
Elevwation [m) ID—

—Mode 2

Population

|1 o0o
Elewation [m] ID—

—Mode 3

—Mode 4

Population

|1 aan
Elevation [m] ID—

r Link Inputs
|'Pipe1 | I'Pipe2
PAU-MET et
Please these are default inputs. You may input new data
—Fipe 3 —Fipe 4

Pipe Diameter [m) Pipe Diameter [m)

o
e
ez

—
—

o
=
iz

—
Iﬂ_

Fipe Length [m] Fipe Length [m]
Roughness [mm]

Add Valve
Mo. of Valves

Roughness [mm]

Add Valve
Mo, of Valves

Minor Loss Coefficiant Minor Loss Coefficiant

Clear |

Pipe Cost | Bun

Figure4-4. Computationinterfacefor Sngle (1)Loop
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Figure4-5: Computationinterfacefor 2 lbops

Figured-6. Computationinterfacefor 3 Loops
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