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A Water distribution system connects consumers to sources of water, using hydraulic compo-
nents, such as pipes, valves, and reservoirs. The engineer faced with the design of such a
system, or of additions to an existing system, has to select the sizes of its components. Also he
has to consider the way in which the operational components, pumps and valves, will be
used to supply the required demands with adequate pressures. The network has to perform
adequately under varying demand loads, hydraulic and operational conditions. Operational
decisions for these loads are essentially part of the design process, since one cannot separate
the so-called design decisions, i.e. the sizing of components, from the operational decisions;
they are two inseparable parts of one problem. This work has therefore presented a method
for optimizing the design of a water distribution network system using pipe diameter as
decision variable under the required demand loading and hydraulic conditions. It has been
established that increasing the minimum pressure will lead to the reduction in the required
pipe diameter which will in turn reduce the cost of installation. The modelling approach
developed can be used by engineers and planners to obtain economical pipe sizes for a
network designed to serve newly planned layouts.
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An Optimization model for a Water Distribution System Network Design

1.0 Introduction

Water supply is the active ingredient for achieving desired growth, enhance social economic-
economic activities, and guarantee well-being of the people at both urban and regional levels.
Water resource planners, who are usually engineers, design local and regional scaled water
pipeline systems to provide water of adequate quality and quantity. However, once pipelines
are in place, land use planners rightly press for the lowest cost of expansion, which is along the
pipeline route. As a result, even though these utilities initially respond to growth, the latter are
impetus for urban and rural expansion (Ashton and Bayer 1983). The objective of water supply
system is to provide safe, potable water for domestic use, adequate quantity of water at
sufficient pressure for fire protection and industries. Hence it is the most essential component

for the life of all beings and for the livelihood and well being of individuals and societies.

A water distribution system transports water from the treatment facility to the user. The
distribution system should supply water, without impairing its quality, in adequate quantities
and at sufficient pressures to meet system requirements. The facilities that make up the
distribution system include finished water storage (i.e. clear water tank), pumping,

transmission and distribution supply main, valves and fire hydrants.

The objectives of the distribution system is to supply water to every house, industrial plants

and public places by means of network distribution pipes at sufficient quantity and desired

pressure. According to Raju (1995), the requirement for an ideal distribution system includes:

(i) Water should not get deteriorated in the distribution system.

(ii) Every consumer should get sufficient water at desired pressure.

(iii) Design and layout should be economical.

(iv) It should be capable of being repaired and replaced without causing obstruction to
traffic.

(v) It must be capable of being maintained easily and economically.

(vi) Adequate quantity of water must always be available to put out emergency fire.

(vii)  The layout should be such that no consumer would be without water supply during the

repair of any section of the system.
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(viii)  All distribution pipes should be of good quality and leakage through joints should be
minimized.
(i) Meet the water demands of users while maintaining acceptable pressures in the system

at optimum cost.

(i)  Supply water for fire protection at specific locations within the systems, while
maintaining acceptable pressures for normal service throughout the remainder of the

systems.

(iii)  Provide redundancy to support a minimum level of reliable service during emergency

conditions, such as an extended loss of power or a major water-main failure.

Most of water supply distribution network in our society has failed to meet most of the above
mentioned requirements because the pipe network coverage is low and grossly insufficient.
Most township in Nigeria are unplanned and this will pose some difficulties in term of
maintenace work. The study carried out by Ayanshola (2010) revealed that water supply to the
city of llorin by Kwara State Water Corporation (KWWC) through pipe network distribution
system was found to be grossly inadequate. Table 1.1 further shows the level of satisfaction in
term of distribution pressure, quality (i.e. colour, taste, odour and cleanliness) and coverage as

as reported in the work.

Odigie and Fajemirokun (2005) in their report stated that the provision of water supply and
services in Nigeria has been traditionally regarded as a social responsibility of the Government.
Consequently, the costs of water infrastructure have been met from budgetary allocations and
donor contributions rather than from water tariffs and charges. This has created the public
perception of water as a free good. As a result, the sector find it very difficult to lay new

pipeline and majority of the populace are without network coverage.
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Table 1.1: Municipal Water Supply Rating

% of Rated Properties

Rating Distribution Overall
Pressure  Colour Taste Odour Cleanliness
Coverage Quality
Satisfactory 9.03 63.87 58.06 61.29 46.45 15.48 26.45
Less
65.81 21.29 22,58 19.35 36.13 26.45 41.94
Satisfactory
Not
25.16 6.45 8.39 8.39 10.32 46.45 15.48
Satisfactory
Can’t Say 0.00 8.39 10.97 10.97 7.10 11.61 16.13
Total 100 100 100 100 100 100 100

[Source: Ayanshola, 2010]

1.2 Statement of Problem

The water supply sector is a very important component of a growing economy. However, it is
also the sector that suffers the most in terms of ongoing investments and returns on those
investments made. This is due to the fact that water supply needs to be made available to all
communities irrespective of the ability of these communities to pay for it. Currently, in Nigeria,
water rating is very low and the rating system seems not to have a definite pattern. These
situations eventually does not give room for drawing profits out of the existing investments, it
can also have negative implication on future investments, especially if private parties are

interested in investing in this important sector.

The public readiness to pay for quality service is evident in certain other infrastructure sectors
such as electricity (PHCN bill), road sector (vehicle license, tolls, etc). Hence, it is imperative to
make water supply projects more attractive to the private parties by decreasing the costs
involved in constructing, maintaining and operating water distribution networks and by
increasing the returns from the project. Traditionally, water supply systems have been
designed based on engineering judgment and this doesn’t guarantee that the system is

designed with the minimum possible quantity of resources. Furthermore, the willingness to pay
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for water has been low so far, as a result of the absence of dependable supply system which is
common to most of the developing world.

The objective of cost minimization can be achieved with a rational approach, wherein scientific
optimization techniques are used in order to reduce the life cycle cost of operating and
maintaining the project. One of the biggest components of cost associated with any water
supply system is the initial cost. However, purely minimizing the initial cost in the design
process could result in excessive maintenance cost of the system, which would make the

project unattractive in the long run. The maintenance cost of the water supply system includes:

e Cost of cleaning and lining hydraulically deteriorating pipes,
e Cost of replacing structurally deteriorating pipes,
e Cost of operating pumps and valves,

e Cost of repairing pipe bursts and other maintenance costs.

The total cost as result of maintenance of a network over the design period of the network
combined with the initial cost of the network comprises the life cycle cost. The life cycle cost is
an indicator of the entire project cost and is the measure to be optimized. Cost recovery of a
water supply project can be improved by the bilateral approach of increasing the reliability of
supply, while also maintaining a high quality of supply and charging commensurate prices for

the improved service provided.

Problems relating to water distribution networks can be approached under three broad

categories:
(i) Designing a new network,
(ii) Modifying or expanding an existing network and

(iii) Operating an existing network.

At a broad level, the design of a new network would involve determining the network layout,
pipe sizes, pump sizes, tank sizes and locations, valve locations and pump and valve operating
schedules. A new water distribution network would have to be optimally designed to handle
forecast demands at a desired level of service, throughout its service life. However, on account

of the unprecedented growth and development that might happen in future and/or due to the
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unexpected deterioration of the hydraulic capacity of pipes, a network may not perform at the
expected level of service even within the service life and hence, such a network may undergo
rehabilitation in order to improve its performance. Rehabilitation of an existing network could
involve addition of new nodes and pipes, replacement of existing pipes with new ones,
cleaning and lining of existing pipes, duplicating the existing links and addition of new pumps
and tanks.

The operation problem, on the other hand, involves determining the optimal pumping
schedule for a given network so as to minimize the cost of operation, while ensuring adequacy
of level of service under all possible loading conditions.

According to Abdel-Gawad, (2001), a distribution network is an essential part of all water
supply systems and its cost in any sizable water supply scheme amount to more than 60% of
the entire cost of the project. Also, the energy consumed in a distribution network is more than
80% of the total energy consumption of the system. The high investment and maintenance
costs associated with both new water distribution networks and the expansion of existing ones
have led hydraulic engineers to take great interest in mathematical methods to find their
optimal design, that is, the minimum cost network. Over the last three decades a large number
of optimization models have been developed aiming at minimizing the cost incured on
distribution systems (Abdel-Gawad, 2001). Hence this work has been tailored towards
optimization model that can be used for the design of distribution pipe networks. This work
will be very useful to design water distribution pipe networks as urban renewal is the oder of
the day and the development of new and mordern residential and industrial areas are now

common in may urban cities of developing countries.

1.3  Objectives of the study
The aim of this work is to develop an optimization model for water distribution pipe network

design with the following objectives.

e To determine water demand for the study area and this will be used for the nodal
demand in the network.

e To stimulate hydraulic variables of the network of the study area using EPANET 2.0
hydraulic analyser.

e To develop a cost function model that can be used for the objective function of the

optimization model
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e To formulate the objective function and associated constraints
e To solve the optimization model formulated in order to determine the objective values

and optimal values of the associated variables.

2.0 Literature Review

2.1 Review of Early Works
Modern water resources managers according to Skaggs, et.al (2004), are constantly required to

balance multiple, conflicting, incommensurate objectives in an environment characterized by
high levels of uncertainty, varying data quality and availability, and competing models and
approaches. The reliability of water resources management policies and decisions depends on
the ability of measurements, response models, process models and policy models to interact
with each other across the variety of temporal and spatial scales each represents. It also
requires a cautious, probing, adaptive approach founded on fundamental economic principles,
success of which depends upon improvement understanding, predictive accuracy and iterative

performance assessment.

A water distribution system should be able to provide, during its entire life, the required quality
of water for the expected loading conditions with the desired residual pressures at all nodes.
The expected loading conditions may be the maximum-day, maximum-hour, average-day,
average-hour, or maximum instantaneous demands. In addition to these demands, fire flow
demands must be considered. The system must also be able to accommodate abnormal
conditions such as breaks in pipes and appurtenances; mechanical failure of pumps, valves and
control systems; power outages; malfunction of storage facilities; system contamination; and
inaccurate demand projections. The possibility of occurrence of each of these events must be
examined to determine the overall performance and thereby the reliability of the distribution

systems (Bhave and Gupta, 2006).

Al-Zahrani and Syed (2004, 2005) developed a methodology for water system reliability using
minimum cut-set method and it was demonstrated on a real water distribution network. The
methodology presented comprises of two steps: nodal pressures calculation using hydraulic
simulation programme (EPANET) and minimum cut-set method application for the calculation

of nodal system reliabilities of Al-Khobar water distribution network. In their work, they
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suggested that appropriate number of pipe closure combinations should be selected based on

field experience in order to get realistic values of nodal and system reliability.

Vamvakeridou-Lyroudia, et al. (2007) proposed storage optimization technique. In their work
they presented an original approach to the simulation of floating-on-the-system tanks as
decision variable for water distribution system design optimization, aiming to bridge the gap
between traditional engineering practice and mathematical considerations needed for genetic
algorithms (GAs). The presentation included a systematic and detailed critical overview of
various mathematical approaches in the literature, as well as a novel, more “engineering
oriented” approach to the simulation of tanks as decision variables for water distribution
system design optimization, describing in detail assumptions and impacts to the evaluation of
potential solution. The major variable used for the optimization was only limited to tank
simulation whereas there are other essential variables and components that constitute water

distribution systems.

Sumer and Lansey (2009) studied the effect of uncertainty on water distribution system model
design decisions. They presented a methodology that can be used to evaluate the impact of
uncertainty in pipe roughness values on decisions that are made using the model for system
expansion design with steady state. They evaluated the model parameters using a first order
second moment (FOSM) analysis of uncertainty. Parameter uncertainties were then
propagated to model prediction uncertainties through a second FOSM for a defined set of
demand conditions. The model prediction uncertainties were embedded in an optimal design
model to assess the effect of the uncertainties on model-based decision which can be used to
examine the change in the decision cost. This work did not incorporate the entire components

of water distribution network systems.

Kumar, et.al (2008) described a state estimation technique for well instrumented water
distribution networks. This proposed method used graph-theoretic concepts to reduce the
dimensionality of the problem and thereby achieve significant computational efficiency. The
method was then demonstrated on realistic urban water distribution networks which showed
that the method can be used for state estimation even when some of the demands are not
measured. In this work, the authors tried to look beyond the individual network solution
strategies currently available that are meant for obtaining flows/pressures given a minimum

number of measurements.
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Filion (2009) examined the challenge that utilities face in designing new transmission systems
with incomplete information concerning future water demand. He therefore presented in his
article an analytical probabilistic model that evaluated the expected level and uncertainty of
pressure head at the end of design period linked to pipe-diameter decisions in a new water
transmission pipeline subject to uncertainty in water demand. He developed the model by
deriving a cumulative distribution function (CDF) of pressure head from a probability density
function of peak demand. However, the analytical probability model can only be used for
simple systems where the relationship between demand and pressure head is resolved through
a single closed-form equation. The model cannot be extended to looped networks where a
network solver is needed to resolve the implicit, nonlinear relationship between nodal

demands and nodal pressure.

The operational control of water networks has posed difficulties in the past to the human
operator that had to take the right decisions, such as pumping more water or closing a valve,
within a short period of time and quite frequently in the absence of reliable measurement
information such as pressure and flow value. This is because the water networks are large scale
and non-linear systems. To tackle these challenging difficulties, Arsene et.al (2005) worked on
modeling and simulation scheme for water distribution systems based on loop equations. The
purpose of the work was to investigate the implications of the loop equations formulation of
simulator algorithm, state estimation procedure and confidence limit analysis for the
implementation of decision support systems in operational control of water networks. They
divided their presentation into two distinctive parts. In the first part, they made use of loop
equations for the implementation of a co-tree flows simulator algorithm, presented a novel
loop flows state estimator, and confidence limits analysis based on loop flows variable. The
second part of their presentation was concerned with combining the numerical algorithms in
an efficient simulation block scheme for a 34-node water network. All the developed modules
have been successfully integrated into an efficient simulation block diagram that has been used
to generate numerical data for a realistic 34-node water network without having to actually

carry out experiments for pipes and valves in the real-life system during the whole day or days.

Coulbeck and Orr (1984) opined that water distribution networks are generally the least well
defined of the three major utilities (i.e. gas, water and electricity). There are a number of
reasons for this which probably includes: measurement difficulties, high cost of telemetry,

complex and interactive networks, empirical network relationships, and undetected leakage.

Ayanshola & Sule 2020, Eliva Press Page 13



As a consequence, the benefits of computer analysis and related studies have yet to be fully
demonstrated and widely appreciated. As a result of this they wrote a paper on a network
analysis and simulation program for the water distribution systems. The paper described a
computer program for analysis and simulation of large-scale water distribution networks. The
simulation facility enables the evaluation of system hydraulic and cost operation over extended
time periods. An efficient user interface has been provided which allows interactive operation
with graphical displays. The program computations use well established network solution

techniques together with a range of specially developed models.

Tanyimboh and Sheahan (2002) investigates the idea that minimum cost maximum entropy
designs of water distribution systems can be used to identify good layouts of water distribution
systems in the sense that designs based on these layouts could achieve a reasonable
compromise between reliability and cost. The proposed approach presupposes that there is a
sufficiently strong relationship between entropy and reliability to achieve this purpose as they
provided evidence to support this view. They also addressed the fundamental issue relating to
the invariance of the entropy function with respect to permutations of its arguments. The
proposed technique was assessed using an example, which shows that the method yields good
solutions to the joint layout, reliability and pipe-size optimization problem. It is also shown that
if two or more layouts of a water distribution system have the same maximum entropy value,
then minimum cost maximum entropy designs based on these layouts can be expected to be
similar in terms of their overall performance. They concluded with the suggestion that more
research is required, notably in respect of the extension of the method to more realistic

systems and the handling of multiple demand patterns.

Kalungi and Tanyimboh (2003) proposed a solution procedure to the pressure head driven
model based on a globally convergent Newton algorithm. This algorithm comprises of three
parts, with the first part dealing with the identification of all the zero flow nodes, the heads of
which are less than the minimum required head, the second dealing with the identification of
all partial flow nodes and grouping them based on the residual heads for computational
efficiency and the third part dealing with the identification of the key partial flow nodes. The

pressures at partial flow nodes and key partial flow nodes are corrected at every iteration,
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using the globally convergent Newton algorithm till the nodal pressures at all the partial flow

nodes fall below the desirable head.

Kessler, et.al (1990) stated in their paper that water distribution networks, like other
engineering systems, are subjected to random failures. The failures may occur in the elements
of the network (mostly pipes) or in the nodes (pipe junctions and demand nodes). They stated
further that since a breakdown in water supply is not acceptable for more than a few hours,
the network should be invulnerable to some extent, that is, it must include several
independent alternatives of water supply to every consumer. By adopting an invulnerability
degree of two alternatives supplies, they presented a new least-cost design of water
distribution networks. According to this methodology the design process is controlled by the
designer via three distinct stages. In the first stage the alternative paths are allocated using
graph theory algorithms. In the second stage the minimum hydraulic capacity (diameters) of
each path is determined using a linear programming model, and in the third stage the solution
was tested by a network solver for various demand patterns. In their conclusion, they
suggested that further research is needed in order to determine the relation between the
pressure redundancy and the desired level of service under emergency conditions. They also
recommended that the risk involving a 2-edge-connected network be compared with the risk
involving a 2-node connected network. The work assumed that the water supply is always
available from a single source. Such an assumption is not satisfied in the case of a number of
sources, each subjected to possible failure. An enlarged invulnerability approach will be

required to include invulnerable supply at the various sources.

Developing methodologies for the minimum cost design of water supply networks, optimizing
coverage with satisfaction has been under investigation for the last four decades and with the
advent of computers a radical change is taking place in the planning and design of water
distribution pipe network (Letha and Sheeja, 2003). Hence, these authors used a simple
method based on cost/head loss ratio in their study of the economical design of gravity-fed
single source water supply distribution network. A numerical code was developed in BASIC
language to facilitate the computations. In their work critical path method approach was
employed to reduce the number of iterations involved. Example quoted in literature was

selected to verify the efficacy of the method. The comparison of results brought out that the
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method was as effective as other methods. An application study was also taken up. For this an
actual field problem was chosen. A zone in Thiruvananthapuram city of Kerala State was
selected and the relevant data required as input information to the numerical model was
collected through actual field measurements and field survey. An optimal design of the
network was arrived at by applying the method. In their conclusion, they are of the opinion
that urban water distribution systems may be designed by linear programming method and

small rural water distribution systems by cost/head loss ratio method.

Liong and Atiquzzaman (2004) used EPANET, a widely used water distribution network
simulation model, to deal with both the steady state and extended period simulation which
were linked with a powerful optimization algorithm, Shuffled Complex Evolution (SCE). SCE
deals with a set of population of points and searches in all direction within the feasible space
based on the objective function. In their study, SCE was applied for the design of a cost
effective water distribution network. The findings of the study showed that SCE is
computationally much faster when compared with other also widely used algorithms such as
Genetic Algorithms (GAs), Simulated Annealing, GLOBE and Shuffled Frog Leaping Algorithms.
Hence, SCE is a potential alternative optimization algorithm to solve water distribution network

problems.

Awumah, et.al (1990) presented entropy based expressions for measurement of reliability and
redundancy. These measures approached the assessment of the reliability of the distribution
network from the intrinsic redundancy of the network layout. The paper extended the earlier
work on entropy functions by including a more explicit statement of the alternate paths
available in the network and by recognizing that under certain circumstances, e.g., failure of
some part of the network, an outflow link from a node under normal working condition may
become an inflow link to the same node. The measures were assessed by comparison with
parameters measuring nodal pair reliability and percentage of flow supplied at adequate
pressure for a range of networks and link failure conditions in these networks. The entropy
measures were shown to reflect changes in the network reliability, as measured by these two

comparative parameters.

Numerous articles have been published by many other reserachers such as Abel-Gawad (2001),
Liong and Atiquzzaman (2004), Sarbu (2009), Afshar and Jabbari (2008), Alperovits and Shamir
(1977), Biscos, et.al. (2003), Collins, et.al. (1978), Perelman and Ostfeld (2007), Cisty and Bajtek
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(2009), Vasan and Simonovic (2010), Eiger, et.al. (1994) and lot more. The main aim of all these
articles was to find optimal design of water distribution that minimized the system cost. This
work is also addressing optimization of the distribution systems that can meet the consumer

demand applicable to the prevailing system at minimum cost.

2.2 Pipe Network Analysis Theory

Pipe network analysis involves the determination of the discharge and pressure at every node
of a given network. In order to carry out this analysis, the physical features (which include pipe
diameter, length, and roughness, as well as the location of the reservoir, pumps, pressure
reduction valves, and fittings) of the network must be known. There are two types of pipe
networks, namely looped and un-looped, depending on whether flow in each pipe can be
determined without solving the energy equation. If the head is specified only at the single
point then flow in each pipe can be determined without solving the energy equation. However,
if the head is specified at more than one location then the energy equation needs to be solved,
as flow in the pipe can be determined by applying the energy equation between the junctions

connecting the pipe (Walski 1984).

2.2.1 Definition of Pipe Network

In practice, pipe networks consist not only of pipes, but also miscellaneous fittings, services,

storage tanks and reservoirs, meters, regulating valves, pumps, and electronic and mechanical

controls. For modeling purposes, these system elements are most commonly organized into

three fundamental categories (Bhave and Gupta, 2006):

(i) Junction Nodes: Junctions are specific points (nodes) in the system at which an event of
interest is occurring. This includes points where pipes intersect, major demands on the
system (such as a large industry, a cluster of houses, or a fire hydrant), or critical points
in the system where pressures are important for analysis purposes.

(ii) Boundary Nodes: Boundaries are nodes in the system of known hydraulic grade which
define the initial hydraulic grades for any computational cycle. They form the baseline
hydraulic constraints used to determine the condition of all other nodes during system
operation. Boundary nodes are elements such as tanks, reservoirs, and pressure
sources.

(iii)  Links: Links include pipes, pumps, and various valves. These are system components
which connect to junctions or boundaries, and control the flow rates and energy losses

(or gains) between nodes.
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2.2.2 Governing Principles
The fundamental equations that govern flow in pipe line systems are: the Conservation of Mass

or continuity equation and the Conservation of Energy equation.

a) Conservation of Mass (Continuity Equation)

The algebraic sum of flow rates in the pipes meeting at a junction, together with any external

flow is zero.
1=NP(J)
>0,-F =0, J=1,NJ 21
1=1
Where: Qu = the flow rate in pipe 1/, at junction /
NP(J) = the number of pipes meeting at junction J.
F; = the external flow rate (outflow) at J and,
NJ = the total number of junctions in the network.
b) Conservation of Energy

The conservation of energy is also simple: conceptually the head losses through the system
must balance at each point. For pressure networks, this means that the total head loss
between any two nodes in the system must be the same regardless of what path is taken
between the two points. The head loss must be sign consistent with the assumed flow
direction (i.e. gain head when proceeding opposite the flow and lose head when proceeding
with the flow). It is mathematically expressed as follow (Featherstone 1982):

J=NP(I)

Zh/,l,./ - Hm,LJ =0, 1=1,NL 2.2

J=1

Where: h, ,, =the head losses in pipe J of loop /

Hm, iy = the manometric head generated by a pump in line /,J.
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2.2.3 Friction Losses in Pipes

There are many equations that approximate friction losses associated with the flow of a liquid
through a pressure pipe. The three most commonly used methods are as follows:

i) Hazen-Williams Equation

ii) Manning’s Equation

iii) Darcy-Weisbach Equation

2.2.3.1Hazen-Williams Equation
The Hazen-Williams equation is the most frequently used in the design and analysis of pressure
pipe systems for water distribution. The equation was developed experimentally and therefore
should not be used for fluids other than water (within temperatures normally experienced in
potable water distribution systems). The Hazen-Williams equation includes a roughness factor,
C, which is constant over a wide range of (turbulent) flows. Mathematically, it is expressed as
= 350%(%}1-85 (English Units) 2.3
Where hf = Head loss (feet)

L = Pipe length (feet)

D = Pipe diameter (feet)

V = Velocity (ft/sec)

C = Hazen-Williams friction coefficient

2.2.3.2Manning’s Equation

The Manning’s Equation is most frequently used in the analysis of water flow in open channels,
but can be applied to water flow in closed conduits as well. The resistance component of this
equation includes a factor n, which is generally a function of pipe material and condition. The

Manning’s Equation is expressed as:

h, = [1.42;33} (English Units) 2.4
where hs=Head loss (feet)

L = Pipe length (feet)

Ry = Hydraulic Radius = Area/Wetted Perimeter (feet)

V = Velocity (ft/sec)

n = Manning’s friction coefficient
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2.2.3.3Darcy-Weisbach Equation
The Darcy-Weisbach Equation is a theoretically-based equation for use in the analysis of
pressure pipe systems. It is a general equation that applies equally well to any flow rate and
any incompressible fluid. The Darcy-Weisbach equation is expressed as:
hf:féli (English Units) 25
’ D2g
where hf = Head loss (feet)
f = Pipe friction factor
L = Pipe length (feet)
D = Pipe diameter (feet)
V = Velocity (ft/sec)

g = Acceleration due to gravity (ft/s2)

The friction factor fin the above expressions is a function of the relative roughness ¢/D of the

pipe and Reynolds’s number (Re).

The headloss hscan be obtained theoretically or empirically by different methods depending on

the flow type (Laminar or turbulent). The various methods have been expressed by different

researchers as follow:

For laminar flow (Re <= 2000), hs can be obtained theoretically in the form of the Hagen-

Pouiseuille equation (Featherstone et. al., 1984)

_ 32uly
- ped?

; 2.6

64
Where, p is the dynamic viscosity. Thus, in equation 2.7, f = Re for laminar flows.
e

In the case of turbulent flows, some other useful equations have been suggested by

Featherstone et al, (1984) based on experimental work. They are:

03164
RV

(i) Smooth pipes by Blasius: f = 2.7
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. . 1 Reyf
(ii) Prundt and Nikuradse: - Smooth turbulent zone: F = 2log 251 2.8
1 37D
Rough turbulent zone: F = 2log 2.9
(iii)  Colebrook and Whit ! 21 k 231 2.10
iii olebrook an ite:- ——==-2log| ———+ .
N 837D Reyff

The Colebrook-White equation 2.10 was first plotted by Moody (Figure 2.1) and hence is
generally referred to as the Moody diagram. The diagram provides a series of curves based on

Reynolds’ number (Re) and relative roughness e/D of extensive tested commercial pipes.
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Figure 2.1: Moody Diagram
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(V)  Wood:- f=a+bRe™ 2.12

0.22
where: g = 0.094(5j + 0.53(%
d d

e 0.44
b= 88(—)
d
0.134
c= 1.62(£j
d

(vij  Swamee and Jain:- [ = 0.25 2.13

N ( e +5.74j :
{374 " Re"

2.2.4 Head Balance Method (‘Loop’ Method)

The head balance method was originally derived by Professor Hardy — Cross and often referred
to as the Hardy — Cross Method (Featherstone 1983). This Hardy — Cross method adopts
Newton Raphson method, which involves one equation at a time before proceeding to the next
equation in each step of iteration, instead of solving all equations simultaneously. The

fundamental principles involved are based on the following conditions:

» It must satisfy continuity, i.e. the flow in each junction must equal flow out of junction.
» The algebraic sum of head losses around each loop must be zero.
» The equivalent friction formulae must be satisfied for each pipe i.e. there must be a

proper maintenance of head losses and discharge for each pipe.

Based on the above three conditions, in Figure 2.2 the basic equations used are derived as

follow:
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Figure 2.2: Simple Closed Loop Type Network

Assuming that Qi and Q; are quantity of flow through route ABC and ADC respectively. If these

assumed flows are corrected, and then based on above second condition, we know that:

Head losses through ABC = Head losses through ADC
Substituting the head losses by an exponential formula from equation 2.10 i.e. h, =KQ" give:
K]Q]”(ABC) = KZQZ”(AD(‘)

KO pey KD upey =0 2.14

If the head losses through ABC are not equal to that through ADC, it means that a certain

correction must be applied to the assumed flow for a balance.

If the correction is denoted by AQ, then the corrected flow Q for pipe 1 in the network can be
expressed as:

0 =0+A0 2.15
This implies that:

hy = K,(Q, +A0) 2.16
Applying Binomial theorem gives:

K(0,+80) = K0+ nQ! 80+ 101 *(80) +...4(20)'| 2.17

Similarly for ADC, we have:
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K(0,+80) = K0+ n0r 80+ 101 *(80) +...4(20)'| 218

In both equations 2.20 and 2.21, if second order term of AQ are negligible when compared to

O, and O, . Substituting equations 2.17 and 2.18 into 2.14 gives:

K(Qr +nQ'AQ)- K(Q2 + 10l 'AQ)=0 2.19
Rearranging this gives:

K( l/z _ ;)‘FVIK( ln—l _ zn—l)AQ =0 2.20

_ K u _ 7
S AQ = (Q‘] ij)l 2.21
nKiQ] -0, ’
In general form, for a loop it can be expressed as:
S KO
AQ = M 2.22

- ”zKlger

The Hardy-cross method of analyzing a network includes a trial and error procedure by

applying systematic corrections to an assumed data until the network is hydraulically balance.

The procedure for the analysis can be expressed as follows:

Assume any internally consistent distribution of flow. The sum of the flows entering any
junction must equal the sum of the flow leaving.

Compute the head loss in each pipe by means of an equation or diagram.
Conventionally, clockwise flows are positive and produce positive head loss.

With due attention to sign, compute the total head loss around each circuit.
Lh=YX Ko

Compute without regard to sign, for the same circuit: nY. K,0"™"

Apply the corrections obtained in equation 2.26 to the flow in each line. Lines common
to two loops receive both corrections with due attention to sign.

This procedure will be repeated until the value fo AQ is negligible i.e. AQ<0.01.

The final value of Q obtained after the last procedure will be the actual flow in each pipe of the

network system. Software such as EPANET discussed below can be used for this type of

analysis.
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2.2.5 EPANET 2.0 Software

EPANET 2.0 sotfware performs extended period simulation of hydraulic and water quality
behavior within pressurized pipe networks. This software tracks the flow of water in each pipe,
the pressure at each node, the height of water in each tank, and the concentration of a
chemical species throughout the network during a simulation period comprised of multiple
time steps. In addition to chemical species, water age and source tracing can also be simulated.
Running under Windows, EPANET provides an integrated environment for editing network
input data, running hydraulic and water quality simulations, and viewing the results in a variety
of formats. These include color-coded network maps, data tables, time series graphs, and
contour plots.

EPANET was developed by the Water Supply and Water Resources Division (formerly the
Drinking Water Research Division) of the U.S. Environmental Protection Agency's National Risk
Management Research Laboratory. Full-featured and accurate hydraulic modeling is a
prerequisite for doing effective water quality modeling. EPANET contains a state-of-the-art
hydraulic analysis engine that includes capabilities such as placing no limit on the size of
network that can be analyzed and computing friction head loss using Hazen-Williams, Darcy-
Weisbach, or Chezy-Manning equations. It includes minor head losses for bends, fittings, etc;
models constant or variable speed pumps; computes pumping energy and cost; models various
types of valves including shutoff, check, pressure regulating, and flow control valves; allows
storage tanks to have any shape (i.e., diameter can vary with height); considers multiple
demand categories at nodes, each with its own pattern of time variation; models pressure-
dependent flow issuing from emitters (sprinkler heads); and can base system operation on
both simple tank level or timer controls and on complex rule-based controls. EPANET's
hydraulic simulation model computes hydraulic heads at junctions and flow rates through links
for a fixed set of reservoir levels, tank levels, and water demands over a succession of points in
time. From one time step to the next, reservoir levels and junction demands are updated
according to their prescribed time patterns, while tank levels are updated using the current
flow solution. The solution for heads and flows at a particular point in time involves solving
simultaneously the conservation of flow equation for each junction and the headloss
relationship across each link in the network. This process, known as hydraulically balancing the
network, requires using an iterative technique to solve the nonlinear equations involved.
EPANET employs the Gradient Algorithm for this purpose. The hydraulic time step used for

extended period simulation (EPS) can be set by the user. A typical value is 1 hour. Shorter time
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steps than normal will occur automatically whenever one of the following events occurs: the
next output reporting time period occurs, the next time pattern period occurs, a tank becomes

empty or full then a simple or rule-based control is activated.

3.0 Study Methodology

This study methodology comprises of field data collection and analysis. The field studies
involved sourcing for required data in the selected study area for modelling formulation and
analysis. The analysis involved the solving of the formulated model in order to come out with

the optimal values of the design parameters.

3.1 Data Collection

Field work was conducted in order to determine some of the parameters needed for the model
and they include physical features such as link diameter, length, nodal elevation and all other
fittings and appurtenances that may be incoporated in the network. Other studies such water
demand analysis and evaluation of willingness to pay for an improved system were also carried

out as a preliminary studies to this work.

3.1.1 Pipe Network Analysis

Pipe network analysis seeks to determine the discharge and pressure at every node. In order to
carry out this, the physical features of the network must be known. These features are link
diameter, length, nodal elevation and all other fittings and appurtenances which can be shown
on the network layout. The skeletized network layout for the study area is as shown in Figure

3.1. It is residential estate comprising of several units of family size buildings.

Pipe network are of two types: looped and and un-looped depending on wether flow in each
pipe can be determined without solving the energy equation. If the head is specified only at the
single point, then flow in each link can be determined without solving the energy equation.
Howerver, if the head is specified at more than one location then the energy equation needs to
be solved, as flow is determined by applying the energy equation between the junctions

connecting the links (Walski, 2003).

Ayanshola & Sule 2020, Eliva Press Page 26



Resarvoir

R A 2B B BC C cD D
» L 4 > L 4 » 4
HEQ EFg Cey DHY
3 EF F e G aH H
. > * - 3 > ]
Bl Flg BHy HLL
| 1 J K K KL L
[ » & » L 4 > L
g N KO LR
M MN N NO 0 oP P
L > & > L 4 >  J
Moy NR S e
= oR R RS 5 sT T
* > L » ¢ > L

Figure 3.1: Skeletized Pipe Network Layout for Irewolede Housing Estate

3.1.2 Hydraulic Simulation

The constraints of the optimization problem include all the model equations that are used in
the simulation of a pipeline network. The hydraulic Model EPANET 2.0 (Rossman, 2000) is used
to perform hydraulic simulation of the water distribution system as earlier explained. Several
commercial simulation models are available, but in this study EPANET (2000) is used to perform
hydraulic simulation. It was selected because it fulfills the requirement of calculating nodal
pressures, and also its source code is available free of cost in the public domain, and can be
applied to large water distribution networks with unlimited pipe numbers. EPANET uses the

same numerical engines as WaterCAD (2001) and other commercially available software.

3.1.3 Water Demand

The first question in the design and operation of WDS is: How much water is needed? The answer to this
essential question is quite difficult because the required water is a function of various factors, while
some of them are completely independent and time varying. Water demand modeling is one of the
most important challenges in the design of WDS. It reflects changes in population, climate, land use, the
number of service connections, and customer life style. Therefore, a study was carried out extensively

in order to know the average water demand value in the study area. The area selected for this work
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is Irewolede Housing Estate. The result of field study earlier conducted showed that an average
of 6 persons live in a household. Other parameters on the area as estimated from the study are

summarized in Table 3.1

Table 3.1: Case study area parameters

Parameters Unit Values
Average houshold Population No 6
Total Numbers of Building No 250
Total Numbers of Households (2 x 250) No 500
Estimated Total Population (500 x 6) No 3,000
Average Water demand I/c/d 86.22

[Source: Ayanshola 2010]

Total water demand for the area is therefore determined as follow:
Average Standand Water Demand (WHO) = 120 I/c/d (This value is adopted for planning and

design since it is greater than the estimated value in Table 3.1)

Total water demand =120 x 3,000
=360,000 I/d

Using a peak hour factor of 2.0 =360,000 x 2
=720,0001/d
=8.331/s

Table 3.2 summarizes the link labels, parameters as well as estimated average water flow along
each of them. These flows will be used to estimate the nodal flow, summary of which are given
in Table 3.3

Table 3.2: Link parameters and estimated average flow through them

Links  Length of Links (m) Diameter of links (mm) Flows along the links, Q (I/s) Q/2

AB 120 250 0.238 0.119
BC 150 150 0.298 0.149
cD 130 100 0.258 0.129
DH 150 150 0.298 0.149
HG 130 100 0.258 0.129
GC 150 200 0.298 0.149
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GF 150 150 0.298 0.149
FB 150 100 0.298 0.149
FE 120 250 0.238 0.119
EA 150 100 0.298 0.149
El 200 200 0.397 0.198
1] 120 150 0.238 0.119
JF 200 200 0.397 0.198
JK 150 100 0.298 0.149
KG 200 250 0.397 0.198
KL 130 100 0.258 0.129
LH 200 250 0.397 0.198
LP 100 150 0.198 0.099
PO 130 200 0.258 0.129
OK 100 100 0.198 0.099
ON 150 150 0.298 0.149
NJ 100 200 0.198 0.099
NM 120 100 0.238 0.119
mi 100 150 0.198 0.099
MQ 100 150 0.198 0.099
QR 120 100 0.238 0.119
RN 100 200 0.198 0.099
RS 150 250 0.298 0.149
SO 100 150 0.198 0.099
ST 130 100 0.258 0.129
TP 100 200 0.198 0.099
TOTAL 4200 8.333

Table 3.3: Nodal parameters and estimated demand

Node Connected Links Node Elevation Estimated Node Demand (I/s)
(m)
A AE, AB 303 0.27
B AB, BC, BF 298 0.42
C BC, CD, CG 296 0.41
D CD, DH 294 0.28
E AE, EF, EI 299 0.47
F EF, BF, FJ, FG 299 0.62
G FG, CG, GH, GK 302 0.63
H GH, DH, HL 300 0.48
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El, 1J, IM 301 0.42

J 1J, FJ, JK, NJ 298 0.57
K JK, KG, KL, OK 294 0.58
L KL, HL, LP 293 0.43
M IM, MN, MQ 298 0.32
N MN, JN, NO, NR 295 0.47
(0} NO, OK, OP, OS 295 0.48
P OP, LP, TP 292 0.33
Q MQ, QR 299 0.22
R QR, NR, RS 297 0.37
S RS, OS, ST 293 0.38
T ST, TP 292 0.23

3.1.4 Hydraulic Simulation
The network was drawn in EPANET work space as shown in Figure 2.3. This software was set to

perfom the analysis in metric unit before the input of all the necessary data. The input data
were nodal demand (I/s) and elevation (m), link length (m), diameter (mm), roughness
coefficient and reservior total head (m) which were fed into the system through property
editor of the software. The network was run to simulate the required output data that will be
useful for the analysis of the formulated optimization model. The output generated is
presented in tabular for for the links and node separately. The result obtained are shown in
Tables 3.4 and 3.5. During the simulation, it was ensured that the residual pressure generated
varied between 5 and 15 m. Figures 3.2 and 3.3 show frequency plot of pressure as generated

from simulation result.
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Table 3.4: Output Results of Link Parameters

Figure 3.2: EPANET Interface

Links Length  Diameter Roughness Flow Velocity Unit Head Friction
(m) (mm) (1/s) (m/s) loss (m/km)  Factor
AR 100 250 100 8.38 0.17 0.26 0.04
AB 120 150 100 411 0.23 0.83 0.05
BC 150 150 100 1.86 0.11 0.19 0.05
cb 130 150 100 0.40 0.02 0.01 0.06
AE 159 150 100 4.00 0.23 0.79 0.05
El 200 250 100 2.58 0.05 0.03 0.05
M 100 150 100 1.20 0.07 0.08 0.05
MN 120 150 100 0.49 0.03 0.02 0.06
NO 150 150 100 0.43 0.02 0.01 0.06
opP 130 100 100 0.17 0.02 0.02 0.07
DH 150 100 100 0.12 0.02 0.01 0.07
HL 200 100 100 0.34 0.04 0.06 0.06
LP 100 100 100 0.25 0.03 0.03 0.07
EF 120 200 100 0.96 0.03 0.01 0.06
FG 150 200 100 1.22 0.04 0.02 0.06
GH 130 250 100 0.70 0.01 0.00 0.06
1] 120 150 100 0.96 0.05 0.06 0.06
JK 150 150 100 0.57 0.03 0.02 0.06
KL 130 150 100 0.34 0.02 0.01 0.07
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BF 150 150 100 1.83 0.10 0.19 0.05
FJ 200 150 100 0.94 0.05 0.05 0.06
IJN 100 150 100 0.76 0.04 0.04 0.06
CG 150 200 100 1.05 0.03 0.02 0.06
GK 200 150 100 0.94 0.05 0.05 0.06
KO 100 150 100 0.59 0.03 0.02 0.06
MQ 100 150 100 0.38 0.02 0.01 0.06
QR 120 100 100 0.16 0.02 0.02 0.07
RS 150 100 100 0.15 0.02 0.01 0.07
ST 130 100 100 0.14 0.02 0.01 0.07
PT 100 100 100 -0.09 0.01 0.00 0.08
0os 100 150 100 -0.37 0.02 0.01 0.07
NR 100 150 100 -0.36 0.02 0.01 0.064
Table 3.5: Output Results of Nodal Parameters
Node Elevation (m) Base Demand(l/s) Demand (I/s) Head (m) Pressure (m)
A 303 0.27 0.27 307.97 4.97
B 298 0.42 0.42 307.88 9.88
C 296 0.41 0.41 307.85 11.85
D 294 0.28 0.28 307.85 13.84
E 299 0.47 0.47 307.85 8.85
F 299 0.62 0.62 307.85 8.85
G 302 0.63 0.63 307.84 5.84
H 300 0.48 0.48 307.84 7.84
| 301 0.42 0.42 307.84 6.84
J 298 0.57 0.57 307.84 9.84
K 294 0.58 0.58 307.83 13.83
L 293 0.43 0.43 307.83 14.83
M 298 0.32 0.32 307.83 9.83
N 295 0.47 0.47 307.83 12.83
(o] 295 0.48 0.48 307.83 12.83
P 292 0.33 0.33 307.83 15.83
Q 299 0.22 0.22 307.83 8.83
R 297 0.37 0.37 307.83 10.83
S 293 0.38 0.38 307.83 14.83
T 292 0.23 0.23 307.83 15.83
Reservoir 308 #N/A -8.38 308.00 0.00
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Figure 3.3: Frequency Plot for Distribution of Pressure

4.0 Optimization Modelling

4.1 Formulation of the model

The aim of the water distribution network is to find the optimal pipe diameter for each pipe in
the network for a given layout, demand loading conditions and an operational policy. The
model selects the optimal pipe sizes in the final network satisfying all implicit constraints (e.g.
conservation of mass and energy), and explicit constraints (e.g. pressure head and design

constraints).

The optimization model formulated is based on link diameter as a decision variable. Using the
link cost function as suggested by Bhave (2003), the total cost function of a network can be
expressed as follow:
X
C, =2 BLD;
x=1 4.1
Where: C, is the total cost of network link installations

B _is the cost coefficient of link x

L_ is the length of link xin m

x

D _ is the diameter of link xin mm
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4.1.1 Objective Function
To optimize the cost function in equation 4.1 is to minimize the total cost of link installation
which can be expressed as follow:

X
MinC, = B.L.D! 4.2

x=1

This objective function must also satify the following constraints:

1. Node flow continuity constraints
The node flow continuity equation requires that at each node, the total inflow must be equal
to the total outflow. The algebraic sum of flow along links to each nodew must be equal to zero

and can be expressed as follow:

N
> 0,-q,=0, j=1,..,N 43

xej
Where:

Q. is the flow in link x to the node,

q,is the demand at node j

2. Loop head loss constraints
The head loss along links around each loop must be balance, i.e. the algebraic sum of head loss
along links around each loop must be zero and it can be mathematically expressed as follow:

2. ALQID =0, c=1...C 4.4

ec
Where:

A is the constant depending on link material, and units of different terms

Pand rare exponents equal 2 and 5 respectively for Darcy-Weisbach formula; 1.85

and 4.87 respectively in Hazen-William formula.

3. Path head loss constraints
The head loss in links along N path to each node must not be greater than the minimum

pressure and can be expressed as follow:

> ALQ!D <H™, j=1,..,N 45

xePj
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Where: H‘/.nin is the minimum pressure at node j

4, The boundary constraints
This can also be a non-negativity constraints which the decision varible must satisfy. For this

formulation, the decision variable is the link diameter and it is expressed as follow:
D >D™ 4.6

The model in equations 4.2 to 4.6 contain non linear function and now be solved with NLP

technique. LINGO software will be used to solve theproblem.

4.2 CostFunction

According to Bhave (2003), for water distribution networks, cost of structures and equipment
at source and treatment plant almost remain constant for different alternatives, so they can be
excluded. He further stated that the cost of valves and otheraccessories in the distribution
network are either omitted or they are indirectly included by suitably increasing the cost per
unit length of the pipes in the distribution network. Therefore, for the optimal design, the costs

of transmission mains and distribution network are primarily due to the costs of pipes.

For pipes and links, for a particular material and pressure rating, the cost of pipe per unit
length (m), i.e., the unit cost of pipe is a function of its diameter (mm). For this work, UPVC
with 16 bar pressure rating has been selected. Table 3.6 shows the market price for the pipe
material.

Table 4.1: Diameter Cost Relationship for UPVC 16 bar Pressure Pipe

Diameter (mm) Thickness (mm) Lenght (m) Cost (N) Cost (N/m)

20 3 6 500 83

25 3 6 650 108
32 3 6 800 133
40 3 6 1200 200
50 3.7 6 1850 308
63 4.7 6 2800 467
75 5.6 6 3600 600
90 6.7 6 5500 917
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160 11.9 15500 2583
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Fig. 4.1: Diameter Cost Relationship for UPVC 16 bar Pressure Pipe

Many optimization methods treat diameter as a continuos variable and the installed cost C of a
link can be expressed as follow: (Bhave, 2003)
C=BL'D" 4.7
Where: B = cost coefficient
L = link length (m)
D = link diameter (mm)
a, m = exponents obtained by regression analysis.
Bhave (2003) further suggested that in practice , it is however common to assume that the cost
of a links varies linearly with length (a = 1) so that equation 4.7 reduces to;
C=BLD" 4.8
Consequently, the cost function for UPVC pipe cost data shown in Table 3.6 and Figure 4.1 is

C=0254L D'** 4.9
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Hence, the objective function of the optimization model becomes

MinC, =3 0.254L D;**

x=1

Which expands to

MinG, =25.4D'5 +30 4D + DR + Dy + DIt + D)+ 38.1(D + DY
1.834 1.834 1.834 1.834 1.834 1.834 1.834 1.834

+D;" + Dy +Dps + D + Dy + D + Dy ) +33.02(Dgp
1.834 1.834 1.834 1.834 1.834 1.834 1.834 1.834 1.834

+Dgp + D) +50.8(Dy, " + Dy + D + Dy )+ 254Dy + Dy + Dy +

1.834 1.834 1.834
+ Dy + Dy +Dpp)

1.834 1.834
D" + DMQ

Subject to the following constraints:

. Node flow countinuity Constraints

>0, +q;=0,j=1,...,N

xincidentonj

This equation is written as twenty constraints at the nodes as

Node A:
Node B:
Node C:
Node D:
Node E:
Node F:

Node G:
Node H:
Node I:

Node J:

Node K:
Node L:

Node M:
Node N:
Node O:
Node P:
Node Q:
Node R:

Q4r-Qap-Que=0.27
Qup-0pc-0Opr=0.42
Osc-Qcp-Qcc=0.41
Qcp-0pr=0.28
Que-Qrer-Qer=0.47
Osrt+Qer-QrG-0Ory =0.62
Qcc+Qrc-Qan-Qak =0.63
O6u+Qpu-Qnr=0.48
Qer-Qu-0m =0.42
Ors+Qu-Qik-Qun =0.57
Qax+Quk-Qki-Qko =0.58
Qur+Qki-Orp =0.43
Om-Omn-Omo =0.32
QN+TOmun-Ono-Onr =0.47
Oko+Ono-Qor-Qos =0.48
QOrp+Qor-QOrr =0.33
Omo-Qor =0.22
Onr+Qor-Ors =0.37

4.10

4.11

4.12

4.13
4.14
4.15
4.16
417
4.18
4.19
4.20
4.21
4.22
4.23
4.24
4.25
4.26
4.27
4.28
4.29
4.30
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Node S: Qos+0Ors-Osr =0.38 4.31
Node T: Opr+Qsr =0.23 4.32

1. Loop head constraints

D ALQ!'D; =0,c=1,...,C 431

xec

Where:

[04
A=—— 432
Ciw
o =2.234x10" (Bhave, 2003)

C, =130for UPVC

Hence, 4 = e 2.74%10°

1.85
HW

Equation 4.31 can now be written as twelve constraints based on each loop as

Loop 1: (eqtn 4.33)
3.29x IOIOQlfD;;‘m +4.12x% 10”’Q,‘,;f~5D1;;'87 —-4.12x 101°Q11'§5DAT4E'87 —3.25%10" lEff EDF"W =0
Loop 2: (eqtn 4.34)

4125107 (LD + 0L DA - O Dyt ~ 04 D,E7) =0

Loop 3: (eqtn 4.35)

3.57x10"° 0 DY +4.12x10"° 0)¥ D™ —4.12x10° QL8 DY —3.57x10° QLY DY =0
Loop 4: (eqtn 4.36)

3.29%x10° 0 DY +5.49%10° 01 DY —5.49%10"° 05 DY —3.29x10° 04D, =0

V2

Loop 5: (eqtn 4.37)

4.12x10° 04 Dy’ +5.49x10° Q4 D' —5.49%10" 017 D3 = 4.12x10° QL D =0
L30§§ xs io“) ngs(gg;gffslw x10"° 0P Dy —5.49x10" Q5E D —3.57x10° Q4 D™ = 0
L30;§ ><7 1:01°Q},'*5(le)(j;‘t‘274529,)79x 100 DY —2.74%10° 0 DY =3.29%10° Q4P DY =0
510(1); f 1 0" Qjﬁs(gngfzo.)m x10° 05 Dy’ —2.74x10° Q)P DY —4.12x10"° Q15 D6 =0
L;:;) Xg io‘“ Q;?(gngjzl.)m x10°0;° D" =2.74x10" Q)5 Dt =3.57x10 QDo =0
;o;g ><1 ?(:)loQbif(;;;?fsz.)Mx 1004 D —2.74x10"° QD" —3.29%10"° Oy Dy =0
Loop 11: (eqtn 4.43)

Ayanshola & Sule 2020, Eliva Press Page 38



4.12x10° QLS DAY +2.74x10° Q58 DAY —2.74x10° QL8 DY —4.12x10° 0LE DAY =0

Loop 12: (eqtn 4.44)
3.57x10° 055 DY +2.74x 10" 05y D™ —2.74x10"° Q58 Dt —=3.57x10° Qe DY =0

Ill.  Path head loss constraints

D ALQID <h!™,j=1,..,N 4.45
=pi
Where: A=-%_—274x10" (as in equation 4.31)

1.85
CHW

Equation 4.45 can now be written as thirty-two constraints based on link paths from source

node as

2.74x10° QLD ¥ < b 4.46
2.74 % 1010 QL;SD;;.W +3.29x 1010 QLESD;M < h;nin 4.47
2.74x10° QD Y +3.29x 10 Q5P D i +4.12x10" O, F D¢ < p™ 4.48
2.74x10° QD" +3.29x10"° Q7 D3 + 4.12x10" 05 Dy +3.57x 10" Qg

Dggm < hjr_nm 4.49
2.74x10"° QD ¥ +3.29x10"° Q7 DA + 4.12x10"° 05 Dyt +3.57x 10" Qg

D +4.12x10° QD < A 4.50

2.74x10° QL DY +3.29x10° 048 DAY +4.12x10° 04 Dt +3.57x10° 0L
T+ 41210 O 05T +5.49x 10 O 0" < 451

2.74x10° QN DY +3.29x10° Q0 DY +4.12x10"° 038 DY +3.57x10° QLY
Dy’ +4.12x10"° 05 D +5.49%10" 0,7 Dy +2.74%10° 0, Dt < A 4.52

2.74x10° QL D +3.29%10° Q4 D™ +4.12x10" 0 D™ +3.57x10" Qg
Dy’ +4.12x10" Q5 Dy +5.49x10" 04 D™ +2.74%10° 0,57 D Y +2.74x10"

oy Do < B 453
2.74x10° Q' DY +3.29%10° Q¥ DAY +4.12x10° 08 DY +4.12x10"° Q1Y
Dt < hP™ 4.54
2.74x10° 0D ¥ +3.29x10° 0¥ DY +4.12x10° 0;¥ DY +4.12x10° QL8
D™ +5.49x10"° Qg D™ < h™ 455

2.74x10° QDY +3.29%10° 0 ¥ DY +4.12x10° 038 D™ +4.12x10"° Q1Y
D™ +5.49x10"° Qp D™ +2.74x10° Qe D™ < hY™ 4.56
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2.74x10° 0\ D +3.29x10" 0% D ¥ +4.12x10° 04 Dt +4.12x10" Q1
Dt +5.49x10" QL D +2.74x 10" QL Dt +2.74x 10" QL% D7 < p™

2.74x10" QL D&Y +3.29%10° 0 D Y +4.12x10"° 0, D™ < ™

AR

2.74x10° QL D +3.29%x10 QU D™ +4.12x10"° QP Dy +5.49%10 Q)

—4.87 min
DY <!

2.74x10° Q5 D ¥ +3.29% 10" Q4 D ¥ +4.12% 10 Q3 D +5.49%10" 037
D" +2.74x10° Q) DY < b 3.55

274x10° 04 DY +3.29%10° Q4 DY +4.12x10"° Q5E Dt +5.49x10° 0
DY +2.74x10° QL8 DI +2.74x10° Q4 Dkt < h

2.74x10° 0\ D 3" +4.12x10° 0P D1 < p™

2.74x10° 0 DY +4.12x10° Q4P D Y +5.49x10° 0 DY < b
2.74x10° QDY +4.12x10° Q0¥ DY +5.49%10"° 0;¥ DY +2.74%10° 0%
D[—:[.W < h;nin

2.74x10° QD™ +4.12x 10" QL D™ +5.49x10" 0 D™ +2.74x10" 05

AE
Dy +2.74x10"° 0y D, < B
2.74x10° QL DY +4.12x10" QDY +5.49x10"° 0 D™ +2.74x10° Q)

DY +2.74x10"° 048 D" 13,2910 O Dot < h™

2.74x10° QU D +4.12x10° Q4P D™ +5.49x10° 0,7 D™ +2.74x10" 07

AE

Dy +2.74x10"° QD" +3.29%10° 05 D™ +4.12x10° 05 D™ < ™

2.74X1010 ]AXSD#HW +4,12X1010 1.85D~4.87 +5.49X1010 1.85D4.87 +2,74X10]0 1.85
AR AR AE AE EI EI M

D" +2.74x10"° 00 D™ +3.29%10° 0 D +4.12x10" 05 Dig™ +3.57%10"

0

4.57

4.58

4.59

4.60

4.61

4.62

4.63

4.64

4.65

4.66

i D™ < B 4.67
2.74x10° 0D Y +4.12x10° QL DY +3.29x10° 0 D < h™ 4.68
2.74x10° QDY +4.12x10° Q¥ DY +3.29x10° 018 DY +4.12x10"° Q¥
D < k™ 4.69
2.74x10°Q 5 DY +4.12x10° QL DAY +3.29x10° Q5 DY +4.12x10"° 08
Dt +3.57x10° Q57 Doyt < h™ 4.70
2.74x10° 0D+ +4.12x10° 0¥ D 3Y +5.49x10"° 05 Dt +3.29%10° Q)%

D[—J4,87 < h;lin 4.71
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274101 QD +4.12x10° Q5P DY +5.49%10° 0,7 D +3.29%10" Q)
DY +4.12x10° Q) DY < b

2.74x10° QD Y +4.12x10° QL D2 +5.49%10"° 0" DY +3.29x10" 0,
D, +4.12x10"° 03 DY +3.57x10"° Qg D™ <A™

2.74x10° QD +4.12x10"° Q4P D i +5.49x10"° 01 D +2.74x10" Q7
Dy +3.29x10" QuP DT < B

2.74x10" QL DY +4.12x10"° Q[ D" +5.49%10" 0" D +2.74x10" Q7
Dy +3.29x10° 00D +4.12x10° Q0 D < b

2.74x10° QDY +4.12x10° Q4 DY +5.49x10" OLE D +2.74 %10 Q)
D™ +3.29x10° QS DAY +4.12x10° OV DY +3.57x10" Qb8 Doi™ < ™

IV.  Nonnegativity constraints

Dx > Dmin’ Qx > Qmin

4.72

4.73

4.74

4.75

4.76

4.77

Equation 4.77 can now be written as sixty-four constraints based on minimum diameter and

and minimum flow as follow:
D, =275
D, 275
D, 275
D, 275

D, =75

v 2
Dy 275
D, >75
D, 275
D, 275
Dy, 275
Dy 275
D, >75
Dy, 275
Do 275

D, 275

4.78

4.79

4.80

4.81

4.82

4.83

4.84

4.85

4.86

4.87

4.88

4.89

4.90

4.91

4.92
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D, =75 4.93

Dy 275 4.94

Dy, 275 4.94

Dy 275 4.95

Dy, 275 4.96

Dy, >75 4.97

D,, 275 4.98

Dy 275 4.99

D,, >75 4.100
D, >75 4.101
D, >75 4.102
Dy, 275 4.103
D, 275 4.104
Dy 275 4.105
Dy, 275 4.106
Dys 275 4.107
D,, >75 4.108
020 4.109
0,520 4.110
Opr 20 4.111
0, >0 4112
O, 20 4113
O 20 4114
Q4 20 4115
04620 4116
0, 20 4117
Ovo 20 4118
Ous 20 4119
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0,20 4.120

0,20 4121
O 20 4122
0, 20 4123
Ocp 20 4.124
Oy 20 4.125
04 20 4.126
Oop 20 4.127
Oy 20 4.128
0, 20 4.129
Op, 20 4.130
O 20 4.131
0,, 20 4.132
On 20 4.132
0, >0 4.133
0o 20 4.134
0,,>0 4.135
040 20 4.136
04 20 4.137
Qps 20 4.138
0,, 20 4.139

4.3 Model Solution

In solving the formulated optimization model for the water distribution network and to
estimate other associated parameters, a software (LINGO 13.0 Version) was used. LINGO is a
comprehensive tool designed to make building and solving mathematical optimization models
easier and more efficient. LINGO provides a completely integrated package that includes a
powerful language for expressing optimization models, a full-featured environment for
building and editing problems, and a set of fast built-in solvers capable of efficiently solving

most classes of optimization problems.The optimal solution was obtained for different
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minimum residual pressures. The model formulated had 64 variables and 129 constraints (45

non-linear). For all the analysis performed, the number of iterations ranged between 260 and

421. The detail result of the solution is presented and discussed in section 5.0.

5.0 Results and Discussion

5.1 Objective Values

The optimization model formulated was solved to obtain optimum values. Table 5.1 shows the

detail results obtained. The minimum pipe diameter considered was 75 mm and the minimum

residual pressure was varied so that the effect of the pressure can been seen on the optimum

cost. From Table 5.1 and Figure 5.1, it can be observed that optimum cost is inversely

proportional to the pressure. Increase in minimum pressure resulted in the reduction of the

installation cost.

Table 5.1: Optimum Objective Values and Solution for Various Residual Pressure Considered

Parameter

S

Values

Mimimum
Pipe
diameter

(mm)
Minimum
pressure
(m)
Objective
value (M)
Infeasibilit
ies

Total
solver
iterations
Model
Class

Total

75

10,504,3
30

283

NLP

64

75

9,112,6
73

324

NLP

64

75

10

8,289,2
43

417

NLP

64

75

12

7,772,7
09

343

NLP

64

75

15

7,211,8
55

308

NLP

64

75

18

6,707,0
82

324

NLP

64

75

25

6,086,3
88

421

NLP

64

75

30

5,695,1
44

260

NLP

64
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variables
Nonlinear
variables
Integer
variables
Total
constraint
s
Nonlinear
constraint
s

Total
nonzeros
Nonlinear

nonzeros

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

64

129

45

567

440

11

10

N

\

\

Objective Function (x 10° N}
0

o

5.2 Pipe Diameters

1

0] 15

20

Minimum Pressure (m)

30

Figure 5.1: Optimum Objective Function Values

35

Since the size of pipe diameter also determine the cost of installation. It has been shown that

as the pressure is being increased, the required pipe diameter will be reduced. Table 5.2 shows
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various pipe sizes obtained for diffent pressures considered. Pipe AR has the highest diameter
for all cases of minimum pressure considered, because it is the pipe that links the service
reservior with the network. The total volume of water that will serve the whole areaa will pass
through the pipe. The pipe diameter is also reducing further away from the source node. The
maximum pipe diameter obtained is about 350 mm while the minimum has been set to be 75

mm.

Table 5.4 and Figure 5.2 show the variation of the the pipe diameter based on the minimum
pressure considered. It can be seen that with the highest minimum pressure considered,
smallest pipe size, i.e. 75 mm is predominant which will definitely generate the minimum cost.
Hence, as the minimum pressure is increased, the the pipe diameter needed decreases to meet

up with the loading condition of network.

Table 5.2: Optimum Pipe Diameter for Variou Minimum Pressures

Pressure (mm) 5 8 10 12 15 18 25 30
Links Optimal Diameter (mm)
AR 346.31 317.22 300.75 289.63 276.80 265.88 249.51 240.25
AB 148.62 202.25 127.80 131.01 128.02 134.00 122.62 128.65
EF 261.10 119.01 227.92 215.53 203.76 123.44 17455 116.26
1 156.94 108.92 124.63 96.80 9444 180.95 91.08 121.60
MN 75.00 190.58 75.00 100.04 95.49 75.00 89.64 117.35
QR 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
BC 133.24 193.68 111.70 115.38 112.44 119.74 108.53 115.56
FG 244.09 75.00 212.13 199.85 188.22 98.03 158.05 91.32
JK 75.00 75.00 75.00 75.00 75.00 157.71 75.00 105.26
NO 75.00 142.62 75.00 75.00 75.00 75.00 75.00 102.29
RS 75.00 118.20 75.00 75.00 75.00 75.00 75.00 75.00
AE 321.64 260.77 279.78 266.53 253.63 238.67 225.56 211.98
BF 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
CG 75.00 161.61 75.00 75.00 75.00 75.00 75.00 75.00
DH 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
cD 94.66 103.96 76.97 85.15 8393  89.63 8199 86.11
GH 98.59 110.27 95.50 82.78  79.42 75.00 75.00 75.00
KL 133.83 75.00 126.79 91.72 87.98 88.57 79.14 77.37
oP 75.00 108.22 75.00 96.12 9356 89.14 79.18 75.00
ST 115.39 98.65 75.00 87.13 7886 75.00 75.00 75.00
El 204.07 234.71 176.45 170.05 163.55 209.68 153.59 182.60
FJ 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
GK 221.12  112.82 188.38 180.15 169.18 75.00 140.22 75.00
HL 75.00 101.04 75.00 75.00 75.00 75.00 75.00 75.00
M 12893  209.04 123.99 137.83 131.90 112.16 123.27 141.22
JN 133.92 75.00 103.56  75.00 75.00 96.87 75.00 75.00
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KO
LP
MQ
NR
0os
PT

173.27
109.18
94.05
104.39
142.58
75.00

75.00
75.00
84.31

129.54

75.00
75.00

138.98
111.14
91.21
78.03
106.95
93.91

152.80
75.00
89.18
75.00

112.59
75.00

143.08
75.00
85.78
75.00

102.87
75.00

129.79
75.00
81.33
75.00
92.51
75.00

116.94
75.00
81.06
75.00
83.82
75.00

75.00
75.00
78.37
75.00
75.00
75.00

The numbers of pipes whose size are between 100 mm and 150 mm are the next highest to the

smallest pipe size considered. This can be seen in Figure 5.3 more clearly where the curves

peaks at 100 mm — 150 mm diameter range for various minimum pressure considered. The

curves has indicated clearly that increase in pipe diameter result in the use of fewer number of

pipes in the network. At higher values of minimum pressure, pipes of the larger diameters

were no longer required to obtained the the optimal solution to the water sdistribution system

(Tables 5.3 and 5.4).

Table 5.3: Number of pipes in various diameter ranges at stipulated minimum pressure

Ranges of Pipe

Minimum Pressure (m)

Diameter (mm) 5 8 10 12 15 18 25 30
75 12 12 12 13 13 15 15 17

75 to 100 3 2 5 7 8 7 7 4
100 to 150 9 10 9 5 5 5 5 8
150 to 200 2 3 2 4 3 2 3 1
200 to 250 3 3 2 1 1 2 2 2
250 to 300 1 1 1 2 2 0 0
300 to 350 2 1 1 0 0 0 0
Total 32 32 32 32 32 32 32 32
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Table 5.4: Percentage number of pipes in various diameter ranges at stipulated minimum

pressure

Ranges of Pipe

Minimum Pressure (m)

Diameter (mm) 5 8 10 12 15 18 25 30

75 37.50 37.50 37.50 40.63 40.63 46.88 46.88 53.13

75 to 100 9.38 6.25 1563 21.88 25.00 21.88 21.88 12.50
100 to 150 28.13 31.25 28.13 1563 1563 15.63 15.63 25.00
150 to 200 6.25 9.38 6.25 12.50 9.38 6.25 9.38 3.13
200 to 250 9.38 9.38 6.25 3.13 3.13 6.25 6.25 6.25
250 to 300 3.13 3.13 3.13 6.25 6.25 3.13 0.00 0.00
300 to 350 6.25 3.13 3.13 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

% no of Pipe

Fig. 5.2: Percentage No of Pipe with Pipe Diameter Variation

Ayanshola & Sule 2020, Eliva Press

Page 48



18

Q\\ —f=5m
14
,\\ T
12 ===10Tm |
] 2
z 10 m
& =15 m
z 8 \
o \ \ =0—18m
[ 6 4
=25 m
4 =—=3U0m
2 \_/ 5
0 }
) 75 75to0 100 100to 150 | 150t0 200 | 200to 250 | 250to 300 | 300 to 350

Pipe Diameter Distribution

Fig. 5.3: Distribution of Pipe Diameters Based on Minimum Pressure

5.3 Pipe Flows

The optimal flows did not appear to follow a definite pattern, since it only depends on the

nodal demand and continuity flow requirement. Moreover, the objective function was based

on a cost function which is primarily the function of pipe diameter. Hence, the optimum flows

obtained were only needed to satify some of the constraints of the optimization model. The

optimum flows along the pipes were shown in Table 5.5. It is important to note that no

negative flows were recorded in the network for all cases considered.

Table 5.6 shows the summary of optimum pipe flow for various minimum pressures

considered. Pipe AR has the highest value of flow for all cases of minimum pressure

considered, because the total volume of water that will serve the whole areaa will pass

through the pipe as earlier mentioned in section 5.2. Pipes KO and LP at 8 m pressure and pipe

DH at 10 m pressure were found to be redundant because they had zero flow. Such a

redundant pipes will only be useful when there is problem along the other pipes serving the

same. Pipe RS has minimum flow at 5 m, 12 m and 15 m pressure. At 18 m pressure, pipe HL

has the minimum flow while at 25 m and 30 m pressure, pipe PT were found to have minimum

value of flow.
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Table 5.7 and Figure 5.4 show the number of pipes in various flow ranges at stipulated
minimum pressure. The pipes whose flow are less than 0.2 |/s were decreasing in number with
increase in minimum pressure. But in the case of flow ranges between 0.2 I/s and 0.5 I/s, the
numbers of pipe increased with increase in minimum pressure. The number of pipe with these
ranges of flow (0.2 I/s and 0.5 I/s) were also predominant as clearly shown in Figure 5.5. At
higher values of minimum pressure, pipes of higher values of flow were very limited in number

in the optimal solution as shown in Tables 5.7 and 5.8

Since flow is a function of flow velocity and the pipe diameter (i.e. Q=VA), it can also be noticed
that the higher diameter pipes were the pipe with larger value of pipe flows. Hence, the flow in
each pipe is proportional to the pipe diameter. As in the case of pipe diameter, the pipe flow is

reducing further away from the source node as earlier mentioned in section 5.2.

Table 5.5: Optimum Pipe Flow at Various Minimum Pressures

Pressure (mm) 5 8 10 12 15 18 25 30
Pipes Optimal Flow (I/s)
AR 8.3800 8.3800 8.3800 8.3800 8.3800 8.3800 8.3800 8.3800
AB 1.2737 3.0475 1.2412 1.4308 1.5019 1.8880 1.7321 2.1575
AE 6.8363 5.0625 6.8688 6.6792 6.6081 6.2220 6.3779 5.9525
BC 0.7763 2.4237 0.7084 0.8708 0.9174 1.2177 1.0786 1.4082
BF 0.0774 0.2038 0.1128 0.1400 0.1645 0.2504 0.2335 0.3292
cD 0.3574 0.4838 0.2800 0.4200 0.4445 0.5304 0.5135 0.6092
CG 0.0089 1.5299 0.0184 0.0408 0.0630 0.2773 0.1551 0.3890
DH 0.0774 0.2038 0.0000 0.1400 0.1645 0.2504 0.2335 0.3292
EF 4.0422 0.8037 4.1044 3.9393 3.8325 1.3662 3.38383 1.4809
El 2.3241 3.7888 2.2944 2.2699 2.3056 4.3858 2.5196 4.0016
FG 3.3257 0.1984 3.3413 3.1683 3.0520 0.7605 2.5901 0.8370
FJ 0.1738 0.1891 0.2559 0.2910 0.3249 0.2361 0.4118 0.3531
GH 0.4405 0.5682 0.5538 0.4403 0.4361 0.3053 0.4522 0.3593
GK 2.2641 0.5301 2.1759 2.1387 2.0489 0.1025 1.6629 0.2367
HL 0.0379 0.2920 0.0738 0.1003 0.1206 0.0757 0.2058 0.2085
1] 1.1473 0.6406 0.9356 0.5724 0.5967 2.9401 0.6955 1.5074
M 0.7569 2.7281 0.9388 1.2775 1.2889 1.0257 1.4040 2.0743
JK 0.0752 0.1879 0.1039 0.0905 0.1148 1.9362 0.2149 0.9490
JN 0.6758 0.0719 0.5175 0.2029 0.2368 0.6699 0.3224 0.3415
KL 0.6320 0.1380 0.7235 0.4017 0.3972 0.4501 0.3755 0.3574
KO 1.1274 0.0000 0.9763 1.2475 1.1866 1.0086 0.9223 0.2484
LP 0.2399 0.0000 0.3673 0.0721 0.0877 0.0957 0.1513 0.1359
MN 0.1325 2.0839 0.2217 0.5405 0.5382 0.2754 0.5982 1.2460
MQ 0.3044 0.3242 0.3972 0.4170 0.4307 0.4303 0.4858 0.5083
NO 0.0453 0.9565 0.0621 0.0748 0.0882 0.1902 0.1803 0.7624
NR 0.2930 0.7293 0.2071 0.1986 0.2168 0.2851 0.2703 0.3551
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opP 0.1142 0.3624 0.1328 0.3335 0.3403 0.3367 0.2802 0.2701

0os 0.5785 0.1141 0.4256 0.5087 0.4545 0.3822 0.3424 0.2606
PT 0.0241 0.0324 0.1701 0.0756 0.0981 0.1024 0.1014 0.0760
QP 0.0844 0.1042 0.1772 0.1970 0.2107 0.2103 0.2658 0.2883
RS 0.0074 0.4635 0.0142 0.0257 0.0575 0.1254 0.1662 0.2734
ST 0.2059 0.1976 0.0599 0.1544 0.1319 0.1276 0.1286 0.1540

Table 5.6: Summary of Optimum Pipe Flows at Various Minimum Pressures

Minimum Pressure

5 8 10 12 15 18 25 30
(m)
. Pipe RS KO, LP DH RS RS HL PT PT
Minimum
FI
ows \I(::/I:)e 0.0074 0.0000 0.0000 0.0257 0.0575 0.0757 0.1014 0.0760
R Pipe AR
Maximum
Flow Value
0.3800
(1/s)
Average Flow (I/s) 1.1513
Pipes with Negative .
Nil
flow

Table 5.7: Number of pipes in various flow ranges at stippulated minimum pressure

Ranges of Pipe Minimum Pressure (m)

Flow (1/s) 5 8 10 12 15 18 25 30
<0.2 12 11 11 12 10 7 6 3
0.2t0 0.5 6 7 7 7 10 12 13 15
0.5t00.8 4 4 3 2 3 3 3
08to1l - 2 3 1 1 - 1 2
1to2 3 1 1 3 3 6 4 4
2to3 2 3 2 2 2 1 2 2
3to4 1 2 1 2 2 - 1 -
4to8 2 1 2 1 1 2 1 2
>8 1 1 1 1 1 1
Total 32 32 32 32 32 32 32 32

Ayanshola & Sule 2020, Eliva Press Page 51



Table 5.8: Percentage number of pipes in various flow ranges at stippulated minimum
pressure

Ranges of Pipe Minimum Pressure (m)
Flow (l/s) 5 8 10 12 15 18 25 30
<0.2 37.50 3438 3438 37.50 31.25 2188 18.75 9.38
0.2t0 0.5 18.75 21.88 21.88 21.88 31.25 37.50 40.63 46.88
0.5t0 0.8 15.63 12,50 12.50 9.38 6.25 9.38 9.38 9.38
08to1l - 6.25 9.38 3.13 3.13 - 3.13 6.25
1to2 9.38 3.13 3.13 9.38 9.38 18.75 12,50 12.50
2to3 6.25 9.38 6.25 6.25 6.25 3.13 6.25 6.25
3to4d 3.13 6.25 3.13 6.25 6.25 - 3.13 -

4to8 6.25 3.13 6.25 3.13 3.13 6.25 3.13 6.25
>8 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13
Total 100 100 100 100 100 100 100 100
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Pipe Flow Variation

Fig. 5.4: Distribution of Pipe Flows Based on Minimum
Pressure
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Fig. 5.5: Percentage No of Pipe Flows Based on Minimum Pressure

5.4 Pressure Distribution

Table 5.9 shows the pressure of the pipe network lay out at the various node. It should be note
the the pressures obtained at various node depends so much on the topograph of the area
under consideration. The pressure increases with increase in depth, hence lower the elevation
of a node, the higher its pressure. The minimum pressure was 5m at Node A while the
maximum pressure was 16 m at Nodes P and T. The average presure in the entire network
layout was 11 m. The values of minimum residual pressure obtained after the solution very
adequate for a residential area under consideration. And in a situation where higher head is

being required, the total head of the reservoir will be increased accordingly.

Figure 5.6 shows pipe network distribution contour map. The areas eclosed by nodes C, D, H, K,
L and G show a higher pressure variation. Figure 5.7 shows the direction of fall in pressure from
one area to the other over the entire network area which can also be clearly seen in Figure 8.
The information will be very useful in guilding the engineers in planning and installation of the

pipe network.
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Table 5.9: Nodal Elevation, Demand, Total Head and Pressure of the Pipe Network Layout

Node Elevation (m) Demand (I/s) Total Head (m) Pressure (m)
A 303 0.27 308 5
B 298 0.42 308 10
Cc 296 0.41 308 12
D 294 0.28 308 14
E 299 0.47 308 9
F 299 0.62 308 9
G 302 0.63 308 6
H 300 0.48 308 8
| 301 0.42 308 7
J 298 0.57 308 10
K 294 0.58 308 14
L 293 0.43 308 15
M 298 0.32 308 10
N 295 0.47 308 13
(0] 295 0.48 308 13
P 292 0.33 308 16
Q 299 0.22 308 9
R 297 0.37 308 11
S 293 0.38 308 15
T 292 0.23 308 16
Minimum 292 0.22 308 5
Maximum 303 0.63 308 16
Avevage 297 0.42 308 11
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Fig.5.7: Pipe Network Pressure Distribution Variation
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Fig.5.8: Wireframe Map for Pipe Network Network Pressure Variation
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6.0 Conclusion

A Water distribution system connects consumers to sources of water, using hydraulic
components, such as pipes, valves, and reservoirs. The engineer faced with the design of such a
system, or of additions to an existing system, has to select the sizes of its components. Also he
has to consider the way in which the operational components, pumps and valves, will be used
to supply the required demands with adequate pressures. The network has to perform
adequately under varying demand loads, hydraulic and operational conditions. Operational
decisions for these loads are essentially part of the design process, since one cannot separate
the so-called design decisions, i.e. the sizing of components, from the operational decisions;
they are two inseparable parts of one problem. This work has presented a method for
optimizing the design of a water distribution network system using pipe diameter as decision
variable under the required demand loading and hydraulic conditions. It has been established
that increasing the minimum pressure will lead to the reduction in the required pipe diameter

which will in turn reduce the cost of installation.

This work has been limited to the distribution network and it has not take into consideration
the cost implication of pumping or getting water into the system. The optimized system has
been examined in such a way that pressure requirement for high rise building (up to 30 m) can
still be catered for. The optimum cost of installation as obtained for the study area ranged
between 5.7 and 10.5 million naira depending on the minimum pressure required. This
modelling approach can be used by engineers and planners to obtain economical pipe sizes for

a network designed to serve newly planned layouts.
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