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Summary

Prov±ding water to the rural communities is one of the high

priority goals in the rural development policy in the Third

World. Hõwever, making the rural water supply schemes least cost

and long lasting is proving to be a difficult challenge, despite

the fact that the schemes are small, and technically simple.

This dissertation primarily describes the Sustainabil±ty and the

Optim±zat±on of the rural water supply schemes in the Third World

with spec±al reference to Nepal.

Advantages of providing an adequate quantity of safe and

wholesome water are cr±tically discussed in the socio-economic

and cultural context of the rural areas. The sustainability of

the rural water supply scheme is dependent on various aspects

such as: technological choice; consideration to the local skill

and manpower; problems associated with repair, operation and

maintenance; socio-economic situations; cultural aspects and

traditional values; and even the pol±tical realities. As almost

every aspects of rural life come together at these rural level

schemes, these schemes are most likely to be sustainable only if

they become a part of a comprehensive rural development

prograinme.
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The optimization of one single scheine which is small and cost low

may not be an attractive area. However, it becomes important when

there are hundreds of communities in need of such schemes and the

resources available are limited. The dissertation describes a

general approach of water supply system optimization. The Linear

Prograinme (LP) models for the optimization of the looped and the

branched pipe network are presented. A LP model for the

optimization of the gravity water supply in the hilly terrain is

developed, application of which is demonstrated by solving a

hypothetical example problem.
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NOTATIONS:

A = cross-sectional area of a pipe.

C = Hazen-William constant

Cm = Cost of pipe m

C~ = Cost of a tank

CT = Total cost

D = Diameter

Dm = Diameter of pipe m

dp = commercially available diameter.

= Maximum permissible diameter

d....~ = Minimum t!

E1~ = Elevation difference between points i and j

f = Friction factor

g = Acceleration due to gravity

H1 = Pressure at node i

Hsm Hydrostatic pressure anywhere in the pipeline.

= Minimum permissible pressure at a node.

h = Pressure head

hL = Head loss in a pipe

h1~ = Maximum permissible hydrostatic pressure for pipe type

,t,

K = Head loss coefficient

K8 = Surface roughness

L1~ = Length of pipe m

l~, = Length of pipe segment of diameter

N = Nuiïiber of tanks

n = Mannings roughness coefficient.
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P = Hydrostatic pressure

Pw = Wetted perimeter

Q = Rate of flow, Qm = rate of flow at pipe m

R = Hydraulic radius

Rè = Reynolds nuxnber

S = Slope of hydraulic (or energy) grade line.

V = velocity of flow

Vm = Velocity ±na pipe m

V~ = Maximum perm±ssible velocity.

V~ = Minimum permissible velocity.

z = Potential head

y = Unit weight of water

= Cost coefficient for the pipe type t

p = Density of water

l.L = Viscosity of water

v = Kinematic viscosity of water
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1. Introduction

1.1 SCOPE OF THE STtJDY:

This dissertation covers two aspects of the rural water supply

schemes in the third world; the first ìs the Sustainability, and

the second is the Optimization. Though many aspects of the

discussions presented here are likely to be common to many other

developing countries also, the situation of Nepal was predominant

in the mind of the author while preparing this thesis.

A brief introduction of Nepal, and the characteristics and

definition of the rural communities in the h±lls are presented in

this chapter.

Chapter 2 starts with a general review of the advantages of

potable water. Realization of these benef±ts are critically

discussed considering the socìal, economic and other aspects of

the rural life. The second half of the chapter deals with

sustainabilìty aspect of the rural water supply schemes. The role

of Appropriate technology, Community Participation, Institut±onal

development etc. and aspect of Operation & Maintenance for the

long term viability of the schemes are described. A brief

crit±cal overview of the present approach and policy of rural

development in Nepal is presented.

The second part of the thes±s covers the optim±zation aspects.

First a brief review of the basic theory of hydraulics as used in
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the analysìs and the design of pipe flows are described in

Chapter 3. The conventional methods of pipe network des±gn are

suxnmarised. Then Chapter 4 describes the model-based opt±mum

des±gn of water supply networks. A general strategy for the water

supply system optimization is discussed and L±near Progranime (LP)

models for the optimizat±on of the Looped as well as Branched

network are presented. Considering the h±lly terrain of Nepal a

LP model is developed for the optìmìzation of the branched

gravity water supply network when the various points ìn it have

high elevation differences. The use of the developed model is

demonstrated through the solution of a hypothetìcal example in

Chapter 5.

1.2 NEPAL ~D R.URAL CO~1MÜNITYIN THE HILLS:

Nepal

Nepal is a small mountainous country sandwiched between two Asìan

g±ants, China and India ; w±th a latitude of 26° 22 N to 30° 27

N and longìtude of 80° 4 E to 88° 12 E. The total area of the

country is 147,181 sq.km. of which about two-thìrds is occupied

by hills and mountains. In 1990 the estimated total population

was 18,916,304 while the population growth rate was estimated to

be 2.56~ during 1989-1990.

The ecological distr±bution of populatìon in 1981 showed that

56.4 ~ lived in mountains and hills, and 43.6 ~ lived in the

plain area (Terai). About 91 ~ of the population was estimated to

2
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live in rural areas under severe poverty and in an underdeveloped

state.

The country has widely varying topographical and climatological

features (Fig 2.1). The ground level rises from about 70.0 m to

the highest mountain of the world (8848 m) in just about 200 km

width. This variation in elevation causes climatic varìation

which varies from sub-tropical in the plaìn area (Terai) to

Arctic in the Himalayan Range.

In the hills and mountains, ground water explorat±on and

abstraction is not practical. However, there are numerous ever

flowing streams, snow fed rivers and springs through-out the

country. In the Siwalik Range, small springs are found on the

Northern slopes, but Southern slopes are usually dry and do not

retain enough water to produce sources that yield year round2. The

hydrogeological, geographical and topographical conditions; and

nature of settlements,unavailability of power etc. make gravity

water supply from surface sources the only practìcal and feasible

option ±nthe mountains.

Characteristics and

Definition of a Rural Co~unity:

Often urban and rural communities are differentìated on the basis

of their population size. However, there are important

4
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d±fferences in the characteristics of urban and rural

communities,other than population s±ze. The most ±mportant among

those is whether the predom±nant activ±ty ±s agr±culture or not.

The urban commun±t±esare more fully integrated into national

market economy and the major±ty of the population are not engaged

±n agriculture, where as the rural commun±ties are more

±solated, have less commercial exchange with the outside. Theìr

act±vit±es are predom±nately agricultural, and they have

relat±vely few relat±onship w±th regard to the±r daily 1±velìhood

which extend outsìde the commun±ty. For a few things like cloth,

kerosine o±1, salt etc they have d±rect 1±nks with the national

market economy, for other th±ngs, by and large, the commun±t±es

are tradit±onally self-rel±ant.

In rural areas almost all commun±ty members are known to one

another and contacts are on a personal basis. A11 members of the

community have access to land for cultivat±on, and

underemployment ±s largely a matter of hav±ng little or noth±ng

to do on the land at certain time~of year. However at planting

and hanresting perìods, agr±culture requires all available

labour. In slack per±od of agr±cultural ±nvolvement, voluntary

work could be organised , where as in urban areas such voluntary

unpaid labour ±s usually not available.

A rural coinmun±ty is less aware of ±ts politìcal other rights

compared to better- educated urban population. In the mounta±ns

6
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and hills, where modern means of transportation & communication

are not avaìlable, relationships among community members are

influenced by the ease of phys±cal commun±cation. A real

community is generally the geographìcally separate settlement,

defined usually by topography.

A community in the full social sense is not just a locality where

people live but is defìned by a dense network of social

relationships between its members and a strong sense of

belonging. An admin±stratìve zone where usually more than one

such settlement is included may not be taken as a community. A

community , therefore, can be defined as a social entity,

organised in some fash±on however loose and informal, and with a

sense of identity, not just the habitation of a locality3.

The sense of community tends to be very strong in relatively

isolated places, and weak in urban neighbourhoods. The smaller

the village ,the more likely it is to be homogeneous with

everyone on a similar social level. In such situations

cooperatìon may usually be easier to organìse.

The population settlement in Nepal is distinguished by ethnical

group or by caste. The places of settlements of various ethnical

groups roughly follow the physiographical and hence climatic

divisìon of the country. The communit±es in the higher alt±tude

are more or less homogeneous in ethnìcal, economic and caste

sense; and they are composed of small nucleated villages. The

communities that live in the lower altitudes are more

heterogeneous, and divided by ethnical groups and / or by caste;

7
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and houses are scattered. A heterogeneous community can actually

be seen as many separate real communities (or sub-communitìes)

depending on the±r sense of common identity, interest,ethnìcal

group, and caste.

In a rural community economic and political power are

traditionally controlled by one particular group of people. The

situation is more so in heterogeneous communities than in

homogeneous one . Any development attempt from an external

agency, might change, reduce or destroy such power and influence

of these people. Clearly there is a potential for tension between

external agencies involved in such developmental activities and

those who find their power and influence in their communities

under challenge.

8
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2. Advantagesof Water supply and

Aspectsof Sustainability.

2.1 INTRODUCTION:

This chapter starts w±th a general discussion on the potent±al

benef±ts of a good water supply system; emphasis is given on the

health benefits. These advantages are critically reviewed in the

rural context of a developing country like Nepal. The second part

of the chapter deals with the sustainab±lity aspects of the small

rural water supply schemes in which discussion on aspects like;

Appropriate technology, Community Participation, Operation and

Ma±ntenance, Institutional Development,etc are presented.

2.2 BENEFITS OF POTABLE WATER:

2.2.1 General benefits:

Water is essential for 1±fe. A11 human communìties must have some

kind of water source to susta±n life.Need for water varies

dependìng on the climatic condition and lifestyle, a person needs

water each day for drinking and other domestìc uses e.g. cooking,

bathing, laundry, cleaning etc. Concern regarding water to a

commun±ty arises when available water ±s insuff±cient, or it is

dirty, or the source is far away as ±s the case ±n the rural

areas of the third world. Over half of the population in the

developìng world do not have easy access to safe drinking water.

An easy and reliable access to a safe and wholesome water

9
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provides many direct and indirect (or intangibles ) benefits to

a community, especially the one which is underprivileged and

underdeveloped. The direct benefits are related to health, sav±ng

of time and money, and the increase in productivity. The indirect

benefits include secondary and tertiary effects on the whole

aspects of peoples way of life, and consequent socio-economic

changes, effects on traditionally attitudes, values, and beliefs.

Table 2.1 gives suinmary of aims and potential benefits of water

supply improvements4.

However, in the third world, often no goals ( other than to have

water flowing out of the end of pipe ), and benefits are clearly

aimed at when a decision to prov±de water supply for a rural

community is taken. The realization of the expected benefits are

much more complex than it seems at first glance, and are

influenced by complex ±nterrelation between various socio-

economic issues. The complementary ±nputs necessary for the

achievements of the various aims and benefits set out in Table

2.1 are suxnmarised in Table 2.2~

The health benefit is the strongest and most frequent argument

put forward ìn favour of community water supplies. Therefore, a

discussion on health aspect of water supply follows ìn section

2.2.2

10
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Table 2.1 Aims & Potential Benefits of Water Supply Improvemants

[ Source: Feachem, R G : 1983 ]

Table 2.2 Complementary inputs necessary for the achievement of the
various aims and benefits set out in table 2.1

{ Source: Feachem, R G: 1983 J

Immeð±ate Stage I Stage 11 Stage 111
Aims Benefits Benefits Benefits

Improved Water Save time Labour release Higher cash income
quality Save energy Crop innovation Increased and more
quantity Improved health Crop improvement reliable subsistence
Availability .Animal husbandry Improveð health
Reliability innovation Increased leisure

.Animal husbandry
improvements

Aims or
Benefits
(Table 2.1)

Immeðiate aim

Complementary inputs or prerequisite conðitions

Stage I benefits

Active community partic±pation and support.
Competent design.
Adequate facilities for operation and

maintenance.
.Appropriate technology utiliseð.

New supply used in preference to olð.
New supply closer to dwell±ng than old.
Water use pattern changeð to take advantageof

improved quality, availabil±ty and reliabil±ty.
Hyg±enechanged to utilise improved supply.
Other environmental health measure taken.

Supply must not create new health hazards
(e.g mosquito breeðingsite ).

Stage 11 benefits

Stage 111 benefit~

Good advice and extension services must be
provided by the governmentpersonnel concerneð
with agriculture, animal husbandry,
cooperatives, marketing, education, credit etc.

Water supply development must be just a single
component of an integrated rural ðevelopment
prograinme which has the active support of the
local cornmunity.

11
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2.2.2 Health aspect of a water supply scheme:

About 8O~of Lhe sicknesses and diseases in the world comes from

unsafe water5. In the developed nat±ons increase ±n the 1±fe

expectancy of general public in the last century ±s attributed

as much to the provis±on of an adequate quantity of safe and

wholesome water for domest±c purpose as to the development in

medical science.

There are many infectious d±seases related to the m±crobiological

qual±ty of water, while others are related to the quantity of

available water and / or to sanitation. There are many health

problems assoc±ated w±th the chem±cal quality of the dr±nking

water e.g. Tooth decay. Therefore provision of an adequate

quant±ty of safe ( free from pathogens ) dr±nking water ±s

±mportant ±n control of the water-related ±nfect±ous d±seases,

where as prov±s±on of wholesome (of good chem±cal qual±ty) water

is helpful ±n controlling non-±nfectious water related health

problems. Table 2.3 g±ves a suxnmary of infectious diseases

related to defic±encìes ±nwater and / or sanitation5.

Many d±sease caus±ng organ±sm which (e.g. an ±nsect, snail, or

other cold-blooded organ±sm, or which undergo development ±nthe

so±1) ±nfect and / or spread water related diseases, need fa±rly

warm temperatures ±f they are to complete their stages of 1±fe

13
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spent outside man. The tropical clìmate ±s very suitable for the

organ±sm to complete its life-cycle. On the other hand most of

the people from the developing nations cannot afford a

conventionally good water supply. Because of these two reasons:

warm climate and poverty, diseases related to water and / or

san±tatìon are w±despread in the tropical developing world.

Water-borne diseases678 are transmitted when water that is

contaminated w±th pathogens (the disease causing organism) is

consumed by a person. The pathogen reaches the water from

infected human or animal faecal material. It must be noted that

all water -borne diseases can also be transmitted by any route

wh±chpermits faecal material to pass into the mouth (i.e. any

other faecal-oral route e.g. Cholera may be transmitted by

contaminated food) . Therefore, provision of safe drinking water

is ±mportant but not sufficient in controlling water-borne

diseases. In the absence of general health care on the part of

consumers, water supply alone is unlikely to produce the expected

health benefits.

Insufficient quantity of water within easy access will usually

lead to poor personal hygiene and domestic cleanliness. Such a

cond±t±on favours the spread of many infectious diseases known

as water wash-diseases678. These water-wash d±seases include

infections of the ìntestinal track such as d±arrhoea & other

diseases transmitted by faecal-oral routes (e.g.typhoid,

14
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bac±llary dysentery & other water-borne dìseases), infections of

the body surface such as skin sepsis, scab±es, fungal ±nfect±ons

Table 2.3 Diseases related to ðeficiencies in water supply
and/ or sanitation.

Group Diseases

* Diseases transmitted by water
(water-borne ðiseases) . Water acts

only as a passive vehicle for the
infecting agent. A11 of these
diseases depend also on poor
sanitation.

* Disease due to lack of water
(water-washeddiseases) . Lack of
adequate quantity of water anð
poor personal hygiene create
conditions favourable for their
spread. The intestinal infections
in this group also depend on lack
of proper human waste disposal.

* Disease caused by infecting agents
spread by contact with or
ingestion of water.

Water-based ðiseases)
.An intestinal part of the life
cycle of the infecting agent takes
place in a aquatic animal. Some are
also affected by waste disposal.

* Diseases transmitted by insects
which live close to water.
(Water relateð vectors)
Infections are spread by mosquitos,
flies, insects that breed in
water or bite near it. These are
especially active and aggressive
near stagnant open water.
tjnaffected by disposal.

* Diseases caused by infecting agents.
Mostly contracted by eating
uncookedfish and other food.

Faecal-disposal diseases

Cholera, Typhoid, Bacillary
dysentery, Infectious
hepatitis, Leptospirosis,
Giardiasis, Gastro enteritis

Scabies, Skin sepsis and ulcers
Yaws, Leprosy, Lice & typhus,
Trachoma, Conj unctiviti s,
Bacillary dysentery, .Amoebic
dysentery, Salmonellosis,
Enterovirus diarrhoea,
Paratyphoid fever, Ascariasis,
Trichuriasis,
Whipworm (Enterobius),
Hookworm (.Ankylostoma).

Schistosomiasis
(urinary rental),
Dracunculosis (guinea worm),
Bilhariosis, Philariosis,
Oncholersosis, Treadworm.

By mosquito (Yellow fever,
Dengue, Haemorrhagic fever,
West-nile and Rift valley
fever,Arbovirus Encephalitides,
Bancroftian Filariasis,
Malaria, Diarrhoea@
and by flies ( Onchocerciasis@
by Simulium fly, and
Sleeping sickness@ by
Tsetse fly )

Through fish: Clonorchiasis
and Diphyllobothriasis

Through plant: Fasciolopsiasis
Through Cray fish: Paragnimiasi

® tJnusual for domestic water to affect these much.

Source: Hofkes, E H at el: 1983 ]
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of the sk±n and eye infections e.g. trachoma; and infections

carried by the insects parasitic on the body surface such as

mites cause scabies & promote asthrna, louse-borne epidemic

typhus, relapsing fever. Peoples awareness regarding importance

of personal hygiene is as important as providing adequate

quantity of water in controlling water-washed diseases.

A11 water-based disease678 are due to infection by parasitic worms

which must spend a part of its life cycle on an intermediate

aquatic host before it infect man. For example Schistosomiasis,

in which water polluted by sch±stosom±asis patients excreta may

contain aquat±c snail in wh±ch the Schistosome larvae develop

unt±1 infective Cercariae are shed into the water and re±nfect

man through h±s skìn. Another example is Guinea worm, the larvae

of wh±ch escape from man through skin lesions and develop in

small aquatic Crustacea, and man is reinfected by drinking water

conta±ning these Crustacea.

Some water-related diseases678 are spread by insects which either

breed ±nwater or b±te near water. Malaria, Yellow Fever, Dengue

and Onchocercias±s (r±ver blindness) etc are transm±tted by

±nsects which breed in stagnant water, poois and somet±meeven in

domestìc water containers. Sleeping sickness (Trypanosomìasis) ìs

transm±tted by the river±ne Tsetse fly which bites near water.

The Yellow Fever and Dengue are transmitted by Aedes mosqu±to
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which chiefly breed in temporary water containers, pots and jars,

used to store water in the household where the supply is

intermittent or has to be carried.

The appropriate prevent±ve strategies4~ for control of the

infectious d±seases related to the water are presented ±n

Table 2.4

Table: 2.4 Water related disease transmission mechanism
anðthe appropriate preventive strategies.

{ Source:Feachem, R G ; Brandley, D J : 1983 J

The health problems are also related to the chemical compos±tìon

Transmission
mechanism

Water- borne

Preventative strategies

Water-washed

Improve water quality (e.g. microbiological
sterility to control Typhoið,Cholera and
microbiological improvement to control infective
hepatitis )

Prevent causal use of other unimproved water
sources

Water - based

Improve water quantity (e.g.for controlling
Scabies, Trachoma, Bacillary ðysentery etc.
provide greater volume of water)

Improve hygiene.

Water - related
insect vector

Decreaseneed for water contact
Control snail populations
Improve quality

e.g. to control schistosomiasis, protect the
users and to control Guinea worm protect
source

Infections primari1~
of ðefective

Improve surface water management
Destroy breeðingsites of insects
Decrease neeðto visit breeding sites.

e.g. to control sleeping sickness use piped
water from source ,& to control Yellow fever
use piped to site of use)

Improve sanitary faecal disposal
e.g. control of Hookworm
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as opposed to microbiologìcal composition , of dr±nk±ng water6.

The taste, colour, odour, and even the feel of water is affected

by the chemìcals contained w±thin ±t. Health problems may ar±se

either if there is an absence of necessary constituents or if

there is an excess of harmful chemicals. These problems may be

avo±ded simply by adding the chem±cals which are def±cìent or

removing those which are harmful. Examples of health problems due

to deficiency of essential chemicals are:

a) A deficiency of fluoride in water anð ð±etcan cause poor

growth of bones and teeth in the young.

b) A deficiency of Iodine in water & diet can cause a wide-spread

go±tre.

c) Women with goitre, who are also poorly nourished and

repeatedly sick, are prone to bear children with damage to the

brain anð central nervous system.This is known as endemic

Cretinism and likeiy to occuramong isolated rural coinmunities

in mounta±nous areas where iod±ne is deficient in soil , water

and staple foodstuffs.

d) Population using hard water (containing the carbonates and

sulphates of calcium and magnesium) have a lower incidence of

cardiovascular disease.

Chemicals, if present in excess of certain limits, may create

health problems. They are organic or inorganic in nature. Some

organic compound, or groups of compounds, are known to be either

tox±c, or carcinogenic (cancer-producìng) or to produce odours or
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taste , somet±mes after reacting with the chlor±ne used for

d±sinfection. Most of the tox±c organic chem±cals are pest±c±des

(includ±ng herbicides, fung±c±des, insectic±des, and

mollusc±c±des) , the bulk of which are applied ±n agriculture.

Thus most hun-ian intake of pestic±des is in food, not ±n water.The

other organ±c chem±cals ±nwhich particular attention are pa±d to

their presence ±n dr±nking water are Polynuclear Aromatic

Hydrocarbons (PAHS), and Trihalomethanes (THMS).

The presence of harmful ±norgan±c chemicals is considered more

dangerous than the presence of organ±c chein±cals. A nuniber of

metallic ions cause metabolic disturbances in rnan, or cause a

variety of other toxic effects. The common toxic inorganic

chem±cal are Arsen±c, Earium, Eeryllìuxn, Boron, Cadm±um,

Cobalt,Lead, Mercury, Molybdenum, Selenium, Tin, Vian±um,

Vanadium etc. The limit of their quantities ±ndr±nk±ngwater ±s

defined by WHOor by the concerned authority in the country.

In developing countr±es, the presence of chemicals such as salt

(ma±nly chlor±des and sulphates) ±n ground water may make the

water unpalatable, and so lead people to use surface water which

±s more 1±kely to be bacteriologically polluted.

The concentration of over 2 mg/1 of fluoride has been assoc±ated

w±th mottling of tooth enamel, and concentration of over 4 mg/1,

consumed for many years, may cause stiffness and pain in the

joints and skeletal deformit±es, particularly in hot cl±mate

where people drink more water, where concentration tend to be
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±ncreased by evaporat±on of stored water and where peoples diets

may also be r±ch in fluoride or nutritionally def±c±ent.

N±trate concentrations of over 45 mg/1 in drinking water can

cause a ser±ous blood cond±tion in infants known as

methaemoglobinaemia (±nfant±le cyanos±s), part±cularly ±f their

diet ±s not rich ±nv±tamin C. The high concentrat±on of n±trate

may also cause gastric cancer.

2.2.3 Advantages of water supply to a rural coinmunity:

Illusion or reality ?

The 1±nks between water quality and diseases have been d±scussed

in the preced±ng sect±ons. It ±s worth noting that about 80 ~ of

d±seases in the world are water related. The developing nat±ons

suffer 96 % of all ±nfant mortality (less than five years of age)

and the majority of these are connected w±th inadequate water

supply9. In Nepal, poor water supply and san±tat±on are among the

lead±ng causes of d±seases such as Diarrhoea, Dysentery,

Hepat±t±s, Gastro-enterit±s and parasitic infect±ons. Children

are the main v±ctims: the d±arrhoeal episodes per child per year

was estimated at 6.2 ±n 1988. The death ratio for children aged

one to five is 35 per 1000 and 46 % of these are associated w±th

d±arrhoea. In 1988, Nepal has the h±ghest under-five mortal±ty

rate ±n As±a w±th the except±on of Afghanistan and the lowest

1±fe expectancy for women2. It ±s obv±ous that the prov±s±on of

a reliable and clean water supply ±s an essential element ±n
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improving the quality of life for the rural populatìon in the

deveioping world. In addìtion to the direct health benefits, it

is ant±cipated that improved access to water would greatly ease

the burden for women who carry water over long distances. It

would also release labour for greater input ±nto agriculture &

cottage industries, or t±me saved could be used for chìld care

voluntary works or le±sure. Therefore the women and the ch±ldren

are the one who benefit the most from an improved water supply

system.

It ìs too simplistic or even illusory to think that a rural

conimunity will naturally enjoy all the benefits so forcefully

argued in favour of safe & adequate water w±thin easy access.

Though the water supply is an essential element, the actual

reai±zation of these goals depends equally on the soc±o-cuitural

vaiues & beliefs, hygiene awareness, economic level, and attitude

of the consumers. These ±ssues are much more dìfficuit and

compiex to deai with than the techn±cai design and construction

of a water suppiy scheme, especialiy when the popuiation is

uneducated, backward, and at an under-developed state.

The potent±ai health benef±ts of a ciean water suppiy frequentiy

fail to be realised because infectious and parasitic diseases

continue to be transmitted by routes which remain unaffected?, for

exampie: -
+ Old or polluteð sources of water may continue to be used for drinking

purposes for reasons of preference or convenience. Presenceof some
chemicals may lead to an unpleasant taste or appearanceanð this may
cause people to abandon a source of gooðmicrobiological quality in
favour of a source of poor microbiological quality.

+ The water from improved supplies may be contaminated between point of
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delivery and the point of ingestion - in carrying vessel, storage
vessels, drinking vessels, and handling.

+ Water , though made more accessible, may not be optimally used in
personal and domestic hygiene. The hygiene habits may have presumably
remained unchanged. A particular focus may need to be given to
hand washing.
It has been reported that quantity of water used in a rural community
increases up to 5-13 litre per day when the water is available within
1.6 km. Thereafter usage does not significantly increase until a tap
is provided within each house when per capita consumption rise to
30-100 litres per day9.

+ Waste disposal methoðs and environmental sanitation may not be improved.
There might not be a change in the habit of open and ranðomdefecation.
Woman who carefully prepares a meal for her family, may send her chilð
to ðefecatejust beyond the ðoorstep.

In the absence of an ±ntegrated effort to ±mprove the overall

quality and general standard of rural 1±fe, a water supply scheme

±nisolation may prove to be undesirable or disadvantageous . For

example, women may be replaced by ch±ldren as water-carr±ers, a

new water supply scheme may interfere with the soc±al life of

women by depriv±ng them from opportun±t±es for soc±al±s±ngand

cornmun±cating w±th other women, ìf proper dra±nage facil±t±es

were not provided ±t may ±ncrease the poss±b±lity of water-based

and/or water related vector diseases etc.

Example of harmful effects of water supply may be worth noting at this
point. It is reported that in Burkina Faso, the irrigation of 1200 ha. of
rice fields in the plain of Louinana created conditions which induced an
outbreak of river blindness (Onchocerciasis) resulting in desertation of
the settlement and the dilapidation of the system five years later (1957-
1962) after 15 ~ of women and 20 %- of men became blind10.
It has beenreported that in the Ryukyu Islanðwater tap was provideðalong
with a towel on which children wipe their hands. This was found responsible
in spreading Trachoma among the children15.

To ach±eve the ant±c±pated goals, therefore, a rural water supply

programme should be developed as an integral part of the
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comprehens±ve rural development programme. That means it should

be closely integrated or act±vely co-ord±nated w±th health

educat±on, san±tation, hygiene awareness etc.213 in the

±mmed±atesense, and wìth the standard of rural 1±fe in broader

sense. It should be noted that the effects of a successful

prograrnme do not confine themselves to the project locality, they

spread spontaneously into other areas through induced diffus±on.

2.3 SUSTAINABILITY OF WATERSUPPLY SCHEME:

Sustainability refers to the maintenance or enhancement of

resource productivity on a long-term basis. If put ±n the

simplest way a sustainable development has to satisfy two main

criter±a: the first is that the development should at least not

degrade & exhaust , if it does not enhance, the natural resource

being harnessed or the other natural resources which are ±~ter-

linked with the one being utilised and on which peoples long-

terrn livel±hood is based. The second is that the type of

development pursued (e.g. technology used ) should be compatible

with the socio-economic conditions and read±ly acceptable to the

people so that it becomes a natural part of their way of lìfe,

susta±n in the society, and improves with the socio-economic

development. Sustainability is, therefore, closely linked with

the long-term self-reliance. The self-rel±ance (and hence

susta±nability ) in one sphere such as water supply cannot be
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expected without a comprehens±ve framework of iocal soc±o-

economic deveiopment to make seif-reiiance poss±ble ±n many

spheres.

Often it is the human health and economic aspect of the project

that gets the most cons±deration in a new water suppiy scheme.

When a technician or an admin±strator responsibie for a water

supply scheme works for a rural cornmunity he/she does not usuaiiy

have any clear objective in mind other than to have safe water

flow±ng out of the end of a pipe. Thus the role of the socio-

economic situation in the long-term viability of the scheme is

often neglected. Such a narrow engineering approach may work in

areas with weli-developed supporting infrastructures, where

people are economicaliy better-off, generally educated and are

more hygiene consc±ous. In contrast, ìf a rural water suppiy

scheme ±s to yieid the expected benefits and be sustainable, then

it must ±nclude, besides eng±neering, cons±deration of many

issues of socio-economic, culturai institutional, administrative

and aiso politicai nature. In fact it should be seen as an

integral part of the overaii development programme for a rural

community. Therefore making a community water supply sustainabie

requires interreiated evaluation of the techn±cal, social, and

organizat±onal dimens±ons rìght from the ±nception of the

project.

It is therefore worthwhiie to discuss the sustainabii±ty of a

rurai water suppiy scheme in terms of appropriate technology,

community part±cipation, operation and ma±ntenance, ±nst±tutional
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development, and other parameters which together affect the iong-

term viabiiity of the scheme.

2.3.1 Appropriate Technology:

A very careful evaluat±on and analysis of the prevailing

situation is needed ±n order to have a scheme appropriate to

rural circumstances (e.g. economic level, socio-culturai aspects,

iocal skills and manpower etc. ) and for it to be long-iasting

and acceptable to the rural popuiation. The seiection and use of

appropriate technology is therefore vital for the long-term

success of a water suppiy scheme. A technoiogy is appropriate if

it fits with iocal circumstances; specifically it must be69

a) appropriate in terms of cost in order that it is affordable.

b) appropriate in performance so that it does the job required.

c) simple so that it can be operateðand maintained with local skill.

d) acceptable to the community from socio-cultural view point.

The rurai water suppiy schemes are usually financed by outside

agencies, either governmentai or non-governmentai. Therefore

from a villagers po±nt of v±ew it is not the totai cost that

matters, it is that part of the cost which the villagers have to

pay themseives, which piays a vital role in the iong-term

acceptance & sustainability of the scheme. For example, the

Barnboo tube well9 got wide acceptance in B±har, India because

peopie were able to pay the cost of the tube-well; whereas in the

h±lis of Nepai PVC pipes are widely used because they are

sponsored and the maintenance cost, which is the responsibility
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of viliagers, ±s min±mal.

In a rural community, technical knowledge and skills available

are at a low ievel. This technical abil±ty of the local, rural

±nhab±tant shouid be kept in mind when designing a water supply

system and the systein should be simple so that the tasks are not

too d±fficult. The simpler the system and the more closeiy it

takes socio-economic & cuiturai realit±es into account, the more

likeiy it ±s that it will be widely accepted.

The components of a water supply system in the rural areas are

subjected to harsh operating condition and therefore it is

preferabie, if possible, to have robust and self-contained system

components that will not require regular skiiled maintenance e.g.

use of ferro-cement storage tanks.

Another important aspect is the use of indigenous techn±ques and

mater±ais, and max±mumuse of in-country industr±es and servìces.

The use of indigenous techniques have advantages even when they

appear less effic±ent and more costly; they use iocai labour and

mater±als whìch make repair and maintenance easier for iocal

craftsmen, and as such the demand for skilled manpower and spare

parts will be less.

As the whole range of soc±al, econom±c, cultural as weii as

technicai aspects are invoived, aims and objectives of rural

water supply have to be cleariy defined tak±ng these aspects into

account. Obviously, therefore, serv±ce levels desired in a rural

water supply schemes are significantiy different than those for

urban water suppiy. The Intermediate Technolog±cai Deveiopment
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Group (ITDG) has suggested the goals and objectives (tabie 2.3)

for water supply improvement in rural areas of developìng

nations. Tabie 2.4 illustrates the criteria of appropriateness,

suggested by ITDG, against which a water supply project could be

judged.

Table 2.3 Goals anðobjective of water supply improvements in rural
areas of ðevelopingcountries.

Immediate
objectives

Further goals
stage 11

Further goals Further goals
stage 112 stage iii3

Functional: Health: Health: to achieve the
to improve the to reduce to reduce the greater
quality,quantity inciðence of incidence of well-being of the
availability & water-borne & water-washed people through:
reliability of water-based infections a) social change
the supply. diseases. (input required: greater self-
Others: Energy/Time improved hygiene reliance in the
to carry out (Economic): health education community, better

this improvement to save time & improveð sanitation) organization,
in a manner energy expended Social/Technical: better deal for
which a) secures iri carrying to ensure good long- the poor,women
the support of water. term maintenance of etc.
users. Social: water supply and b) improveð
b) conserve to arouse sanitation stanðarð of
scarce resources interest in the facilities (inputs living, health,
(eg capital) . further health required: training, nutrition,
c) avoid & economic clear allocation of income, leisure.
adverse benefits which responsibility,build-up
environmental may arise from of local maintenance
consequences the water supply organization)
(eg lowering Economic: Economic:
water table, to provide more to use energy/time
encouraging water for savings and increased

mosquitoes) . livestock and
garden irrigation

(water may be
useðfor this
even if it is
intended solely
for domestic
water supply).

water available to
achieve better
agricultural output
(input required:
extension work,
fertilizer,supply etc.)

1. These follow as consequenceswhen the immeðiate objective have been met.
2. These follows from previous stages if complementary inputs proviðed.
3. Theseare consequences of reaching the previous goals which follow if there

are also inputs on many other fronts.

[ Source: ITDG : 1978 ]
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TaIle 2.4 Criteria of appropriateness against which a water supply
project should be judged.

Criteria derived
from immediate
obj ectives

Criteria derived
from stage I
goals

Criteria derived
from stage 11
goals

1. Criteria of teclmical appropriateness:

Functional
appropriateness
(fitness for purpose)

Envi ronmental
appropriateness,
fitness for hydrological
conditions, avoidance of
environmental damage.

Health & sanitary
appropriateness
(water- borne
diseases data &
water quality)

Health & sanitary
appropriateness
(water-washeddiseases
data and water quality
and availability)

2. Criteria of social appropriateness:

community
appropriateness
(felt needs and
stated preferences
in community,scale
in relation to
community size &
organization.

Work
appropriateness
(organization of
labour force)

Consumer
appropriateness
(changes in water
carrying and in
water use patterns)

Eðucational
appropriateness
(degree of interest
created in health,
hygiene & other
development)

Maintenance s
approprìatenes s
(organization,
administration,
village/government
responsibilities,
spare parts supply
training,
record-keeping.

3. Criteria of economic appropriateness:

Resource
utilization
appropriateness
(capital & labour
intensity, import bill,
fuel consumption,
scale economies.)

[ Source: IT]JG : 1978 ]

Production
appropriateness
(amount of time/
energy saving and
volume of water
available for
productive purpose.

The WHO water quality standard for small-scale community ±8

critic±sed as inappropriate4, especially the criter±a wh±ch

states that water should contain less than one Escherich±a or

10.0 total coliform per 100.0 ml. If implemented , this standard
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would condemn most rurai water supplies in the developing world.

Simple design cr±teria can be appi±ed to ±mprove the quaiity of

exist±ng suppiies rural areas. These criteria can be upgraded as

the socio-economic standard of rural life enhances.

2.3.2 Coinmunity PartLcipation:

The highest potential for sustainability ±s achieved when the

community is involved in all phases of the project, starting from

the planning stage. If the scheme is to cont±nue to operate

satisfactorily, viliagers have to recognìse the need for improved

serv±ce, be able and w±iiing to maintain the system, and also be

abie and wiiiing to pay for the maintenance. The importance and

need for community participation ìn local level deveiopment is

weil recognised by those involved in this field. But achieving it

is a complicated task which involves local levei social and

poiìtical ±ssues8, for example factionalism, confiicts generated

by locai poiiticai interests, traditional power structure and

infiuence, and many more.

The realization by the people that a scheme is necessary

(i.e. felt-need ) and their willingness to help themselves

(i.e.self-help ) are two basic elements of community

participation and iong-term sustainability. Community

part±cipat±on ìs too often understood in the narrow sense of

obtaining voluntary labour or cash contribution, to an already

seiected and designed scheme, and ±s understood as a means of

saving the government resources through colnmunity contribution.
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F±g. 2.3 A coinmon tap bu±lt under a commun±ty water

supply project. (East Nepal)
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The viliagers rnay provide voluntary labour in implement±ng such

a scheme, but it can hardiy be called community participation and

hardly ensures susta±nab±lity unless the community is involved iri

decision—making3. Thus when an outsìde agency remains in totai

controi of the process and mereiy calls upon the beneficiaries to

give their iabours directiy, one can not speak of real community

participation though there is an element of self-help iabour.

Every community ( in fact every indiv±dual family ) has its own

sense of priorities as to what needs to be done and as to

acceptabie ways of doing it. A community may show 1±ttie response

to a project if it has higher priorities. A community rnay reject

a contribution towards a water supply scheme not because they are

aga±nst the scheme but because they think they can use their

resources to better advantage in building a road or a school or

an irr±gation scheme or a iocal bridge etc.15. The outsider should

not assume that they know what the viilagers want, but undertake

a persistent and patient exerc±se of interacting with them agaìn

and again. It is necessary to identify and put the peopies

prior±ties fir~t. The greatest need appears to be for an open

approach to be adopted to dialogne with the cornmunity to identify

the communìtys needs and prior±ties. Intens±ve consuitation and

±nteraction w±th the community members is probably the best way

of identifying peopies pr±orities and needs. If an externai

agency intends to contribute in local ievel development,

therefore, the agency should go to the community wìth an open
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mind, not with predetermined schemes and programmes, but with

determination to help the community in their own priorities and

felt-need6. Such a process of social consuitations and

±nteractions provìdes opportunit±es for the community and outside

agency to assess16

+ the communitys current preferences
+ the communitys current ability to meet their perceived needs
+ the capability of the community to adapt to new facilities
+ the likelihood of maintaining the systemby the community in the face

of changing preferences over time.

A great deal of pat±ence, comm±tment and cautious effort is

needed to avoid any source of bias or to avo±d misreading the

peoples intentions while assessing the commun±tys needs and

prospects of cornmunity involvement. In assessìng the feit-need it

is usual practice to compare one village to another ±n terms of

their recept±ve character and willingness to share the cost. If

this remains the sole criteria for extending a contribut±on from

outsìde agency toward a scheme, then there is a danger that more

backward communities are likeiy to be left even farther behind,

s±nce those which are already better-off have more capability to

pay, iikely to be more receptive, and organise the things better.

A reai felt-need is more ±mportant than mere monetary or iabour

contribution from the community. Therefore, a positive

d±scriminat±on in favour of the backward may be necessary, and

subs±dies, for exampie food-for-work, may some time be necessary

or desirable. But such subsidies may diminish the reievance or

susta±nability of a programme6. People who are paid in food or

cash are prepared to undertake work ìn which they have neither
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interest nor faith, and this might misiead the outsiders into

thinking that peopie want what they really do not.

2.3.3 Operation and Maintenance:

Only a properly functìoning scheme can discharge the intended

benefits. The study of 300 rurai water supply schemes ±11 Nepal

and Boiivia revealed that about 50 % of the newly constructed

projects had operating problems within days and 6 months of

completion7. There are many reasons, why the rural water supply

schemes in the third worid are failing at a fast rate,

malfunction±ng or are being rejected by the people. Many of these

situations couid be avoided by use of appropr±ate technoiogy and

community participation. The shabby state of the schemes are

reiated to the aspects of inappropriate design, locai skiii and

manpower, lack of funds for regular maintenance, iack of a sense

of responsibil±ty or responsible institut±on to look after the

system, negiigence of socio-cultural aspects in the des±gn

process of the system etc. The divers±ty of causes for the break

down, or malfunctioning, or rejection of a scheme may be

illustrated by some typical situations such as;

+ Damage ca.n result from unfamiliarity of the users with the
facilities, e.g. taps, unless an explanation of their operation is
given.

÷If the scheme fails to meet the neeðsof parts of the population,there
is the danger of deliberate damage by those excluded.

+ Iriappropriate ðesign, e.g. low flow which might lead to queuing and
sometimes causing people to prefer polluted sources or to daxnagethe
facilities in the effort to get water.

34



.

.

.

.



+ tlse inappropriate technology, e.g. if the scheme involves treatment of
water with chemical, like chloride, it is most likely that people will
abanðontreatment ( chlorination ) when the chemical stock runs out.
Similarly when slow sanðfilter is used, a by-pass is often considered
an easy way out if the slow sand filter become clogged.

÷unless it is very clear who is responsible to undertake preventive
maintenance, to organise a work party to re-bury an exposedpipe, or to
take initiative in carrying out a repair, it is vety likely that these
tasks will remain unðone, at least until the supply breaks completely.

+ The system used may be too complicated for the local skill and
technical knowledge to carry out minor repair & maintenanceworks, and
thus the minor repair problems may become the major one.

+ Lack of a local level institution which collects funds for regtilar minor
maintenance anðcan contact external agency for help in need of major
repair.

+ Inappropriate selection of water source may lead to the rejection of the
scheme, for example when the water at a source contains some chemical
(e.g. chloriðes, sulphates ) which cause an unpleasant taste or
appearance, this may cause people to abandonwater from these sources,
and use other source which is more likely to be bacteriologically
polluteð.

Exper±ences have shown that village partic±pation in construction

through contr±but±ng cash and labour ) has been successfui ±n

many cases, but v±llage participation in operation and

ma±ntenance has often been minimai. The system wiii quite often

become susta±nable through secure and exciusive famiiy or

household rights to resources, for example pr±vate taps,

exciusiveiy for fam±ly are better cared for than common taps.

A - good O & M prograrnme takes into account huxnan resources

development, appropriate technoiogy, w±ilingness and capab±i±ty

of rec±p±ent of the water supply system to financiaiiy support

the system as weil as log±stics and the avaiiabii±ty of spare

parts & supply. O & M can not be considered as simpiy an
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engìneerìng exercise or a funding question. AT the pianning and

technical design phase , the ma±ntenance requirements should be

cons±dered in a clear and comprehensive rnanner.

2.3.4 Institutional Development:

It is essential to have an organization responsìble at the local

levei to keep the system funct±oning. In the cit±es water suppiy

systems are - looked after by speciaiised organizations, the

consumers are not responsìble for operation and rnaintenance. The

urban population seldom have an aiternative water source, and are

mostly aware of the general heaith benef±ts of water supply

services. Therefore in urban areas ±nhabitants have usually

accepted the principle or at ieast are famiiiar with the

requirement that they must pay for the water suppiy.

To keep the system functioning, one of the rnajor issues that has

to be settied from the beginn±ng is: What are the expenses

incurred for running the system and how w±11 they be met? In the

cit±es water supply agencies are responsibie for financial

management, the coilection of water charges, and operat±on and

maintenance of the system. Therefore in the cìties there ±s no

confus±on, whatsoever, regarding the responsib±lity of ensur±ng

safe delivery of water to the consumers.

Too often the situation of v±llages are different. Typicaiiy the

rural communities iack formai organization, of the type avaiiable

±n the cities, which iook after the essential facilit±es.
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Administratìvely and fìnancially it is too b±g a burden to the

government to iook after all the small scale v±liage water supply

schemes. The problem becomes more severe for the government to

manage these systems when the viiiages are ±nremote piaces where

transportation and communication are very difficult, eg. in the

hiils of Nepai. Therefore the projects have vìrtually no chance

of iong-term success if the villages are not responsibie for

managing them. Therefore the completed projects are handed over

to the cornmunity and it is hoped that they will be taken care of

by the cornmunity. The villagers are asked to maintain and operate

their systems themselves. But ±ndividual members of a community

are iikeiy to value the project less important in reiation to

their own properties. In absence of an institution with clear

responsibii±ty to look after, maintain and run the community

project at locai level, it is iikeiy that the minor ma±ntenance

problems wiii become major ones and the system will break down or

stop functioning properly. Manag±ng regular expense accrued in

operation and maintenance of a rural water supply project ±s an

important aspect of sustainability. The rural people frequently

have a choice between alternative water sources, and they have

developed the±r own cr±teria to chose between them. In rurai

areas water ±s usually seen as a free cornmodity like air. Heaith

consìderation piays a mìnor role, and the principie of paying for

water is usuaiiy not widely accepted.

The ±mportance of institution development at local levei to iook

after the system is obv±ous from the above d±scussion. In
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addition to the management of the water suppiy system, the local

organization may be useful in co-ordìnating other deveiopment

act±vit±es at iocal level, e.g. health education, sanitation

prograrnme, child care etc. so that full advantage of water suppiy

scheme could be achieved. In fact an organised community carries

out activities rather than merely contributing to it.

The skilis available at iocal ievel may not be suffìcient to take

fuil responeibiiity of managing the system. In such situations

the respons±biiity should be transferred gradually. Train±ng of

the community members for repa±r, ma±ntenance and operation of

the system is essential. Conducting such traìning and extending

other types of support the community might need to manage the

system may be organised ±f an effective locai levei inst±tution

exists.

The externai water agency, usualiy the government agency at

reg±onal or d±strict levei, is supposed to provide support to the

community in major repair and maintenance works as and when

needed. But in many cases the village schemes faiis due to

bureaucratic deiays in response to the request for support from

the community. Therefore bureaucratic reforrn of the existing

governmental or non-governmental agencies to obtain an ±mproved

relation between local and external organizat±on, to estabiish an

effective 1±ne of communication, and cooperation between them ±s

as important as establish±ng communìty ievel institution.
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2.3.5 Broader Perspective:

It has been shown in the preceding discussion that, though

important, technicai design and construction of a rurai water

suppiy scheme does not necessarily yield the expected benef±ts to

the community. To achieve any degree of success effective

integrat±on of water supply scheme at least with sanitation and

a hygiene awareness prograxnme ±sv±tal. Any attempt to deai with

water suppiy schemes in isoiation is most iikely going to be

futile. Fuii advantage of a water supply scheme can not be

realised uniess such a scheme becomes a part of a comprehensive

integrated rural development programme (IRDP) designed to

enhance quality and standard of rurai iife. An integrated rurai

deveiopment programme if designed, implemented and managed

effectìveiy, may be expected to ±ncrease local organizationai

capacìty and level of consc±ousness, to make iocal people seif-

reliant, and to encourage better distrìbution of wealth, and

hence increase the probabil±ty of success and sustainability of

the overall programme.

Obviousiy a comprehensive IRDP has to take every aspect of rural

iife into account, not just a water supply scheme. At iocai ievel

it has to consider social, cultural, traditionai, and economic

aspects of v±liagers. At a broader perspective , the IRDPS become

a part of national deveiopment policy, and therefore become in

part a question of nationai politìcs: whether the government

represents or is genuinely cornmitted to the interest of the poor
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major±ty of the population? A very strong and real coinmitment for

the rural development is necessary at the national pol±t±cal

level. Therefore in nat±onal context IRDP is concerned directly

with democracy, employment, ±ncome distribut±on, devolut±on of

powers etc.

Nepals experiences in this regard are not encourag±ng. In the

past every one talked about rural development, ±t has become a

fashion to some extent. The rhetoric of rural development ±s

generally approved, but the real conim±tment of the government can

be judged from the low budget allocation ±n this sector. The

techn±cal m±n±str±esand the departments have generally shown

1±ttle ±nterest and enthusiasm for small scale local development.

There may be many reasons for that, such as the pol±cy pursued by

the government, budgetary aspects, political interference and

control,compl±cated administrative / bureaucrat±c procedures etc.

Consequently government department staffs are usually found not

to have closeness and empathy to the villages. The government

organizations were cons±dered as a socìally desirable mass

employer. As a consequence all most all departments are now

overstaffed and underpa±d.

There is a need of b±g shake up at nat±onal pol±t±cal level. In

fact complete reor±entation of nat±onal development polic±es,

prograrnrnes and strategies, and admin±strat±ve reforins are pre-

requis±te to the success of rural development programmes
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including water supply schemes. In other words compiete

rethinking about the type and way of deveiopment is necessary.

Consider±ng the recent (1990) change in the politicai system,

this may be the right t±me to bring about such changes.

Conceptuaily it ìs advisabie to keep the government organization

smail, effective, and manageabie. At national and regionai ievei,

government role should be to formulate broad policy for

development, and to take responsibìlity of prov±d±ngnationai and

regional infrastructures, e.g. establishing transportation

network. The pol±cy of involving non-government organizat±ons

(NGOs) act±veiy at local level development in partnership with

local people is expected to relieve pressure and burden from the

government. The NGOS, of wh±ch there are many, are generaiiy

found to be better in understanding and representing the point of

view of rural people. They are free from the administrative and

bureaucratic hassle of the government organization, and their

staffs are generaily found to be more sensitive to, and

determ±ned in workìng with and for poor. A NGO working in a

iim±ted geographical area may be in a very good positìon to build

up knowledge of the needs and wishes of various sect±ons of the

population, and to implement a development poiicy which is based

on iocal decis±on. Of course to achieve better result in such a

sìtuation, the NGOSshould have compiete freedom to work within

the poiicy guide iines, without interference from the government

department and / or politicians. It ±s likely that efforts which
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improve the position of weaker sections of populat±on may be

opposed and frustrated by iocal power structures, because they

might see this as a challenge to the±r tradit±onal influence. The

government department, local poiitician, soc±al worker, and the

NGO5 shouid remain in ciose contact and in good communicatìon to

overcome such difficuities. Thus government departments roie at

the local ievel may be to monitor, without ±nterference, the

performance of the NGOs ensuring that the project undertaken are

of the type which benefits the poor, to encourage the

coordìnation among various part±es involved and to heip resoive

any conflict of views.
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3. Review of Pipe Flow Hydraulics:

3.1 INTRODUCTION:

The object of this chapter is to revìew the basic theory of

hydrauiìcs as appl±ed to the anaiysis of pipe fiow problems.

Effort is made to make the chapter as concise as possibie and at

the same time comprehensive by br±nging relevant inforrnation

together.Proceeding from these basic theories of hydraulics and

information gathered in the first part, the second part of the

chapter iiiustrates the conventional use of the theory to anaiyze

the pipe fiow and design of pipelines. The bas±c hydrauiics and

the illustration of the conventional method of design together

form the background on which the next chapter proceeds ±nwhich

the optìmal approach of pìpe networks design wiil be presented.

3.2 COMPONENTSOF WATERSUPPLY SYSTEM:

A typical water suppiy system consists of an intake structure,

faciiities for the storage of water, facilities to transport and

distrìbute the water , facilit±es to ±mprove and/or aiter the

quaiity of water etc ( fìg 3.1

Tre~tmønt

Storøge

Bronch,d Loop

F±g. 3.L
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Fac±lities used to transport water from the source and distr±bute

ìt to the users consigt usually of a system of pipel±nes. Layout

of the system of pipes depends on the source/demand points and

the topography of the area. In a relat±vely flat area many

alternative iayouts of pipel±nes are possible but in a hiily

reg±on the layout is usually unique and is controiied by

topographicai condit±on.

3.3 HYDRAULICS OF PIPE FLOW:

3.3.1 Steady and Unsteady Flow: When the characterist±cs of flow,

such as flow rate, velocity, or pressure remains constant over a

finite period of tìme, the flow is called steady otherwise fiow

is unsteady.

Uniform and Non-uniform Flow: When the cross -sect±onal area,

depth of flow and hence the mean velocity remaìn constant from

section to section, the flow is caiied uniform otherwise non-

uni f orm.

3.3.2 Basic Equations:

The basic equations used to anaiyze the flow in pipes are the

continu±ty equation and Bernouliis ( or Energy ) equation.
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Continuity Equation:

The equat±on of cont±nu±ty expresses the principle of

conservation of mass20. The flow ±n pipes is considered

±ncompressible and the cont±nu±ty equation can be wr±tten as:

Q = A
1V1 A2V2 = Constant ( 3.1

Where Q is the flow rate ±nm
3/s

A is the cross-sectional area of flow in m2

V is the mean velocity in m/s

Bernoul].is ( or Energy Equation ):

Flow±ng water cons±sts of the following types of energies2021

±. K±netic energy of movement, known as velocity head, which ±s

usually expressed as V2/2g

where V = mean velocity (m/s)

and g = acceleration due to grav±ty.

±i. Pressure Energy (or Elastic energy) which is known as

pressure head. This is given by E where

p = hydrostatic pressure of a colunin of water.

y un±t weight of water

The energy form of E follows from a consideration of a
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piston operating in a cyiinder22. If p ±s a sustained

pressure and v is the swept volume, the pressure energy per

unit weight ( work done per un±t weight) is evidently

pv=p -

.yv y•

The hydrostatìc pressure p = yh where:

h = height of free coiumn of water

Therefore, .~ = h and pressure head is given by depth of

water under free fiow cond±tion.

iii. Potential Energy : Which is known as potential head and is

gìven by the height (z) of the position of a point in

flow±ng fiuid above some given (or assumed) datum.

iv. Thermai or Internai Energy : Which is known as head ioss of

head gain. Energy may be transferred to or from the fluid by

thermal or mechanìcai process2° for example by pumps and

iosses. Losses are the fraction of energy which has been

transferred into forms non—recoverable for the hydraulic

system such as energy dissipated as heat or noise.

Bernoullis equation can be obta±ned by use of the principle of

energy conservation between any two points if the following

assumptions are made.
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(i) There is no head loss by frìctìon or by other reasons

and there is no head gain (energy input) from a

pump etc.

(ii) Flow is steady and within a stream-line.

The principle of conservation of energy, appiied along a stream-

line, says that the sum of potential head(z), pressure head( E )

and veiocity head ( ) at any points in the stream iine

rema±ns the same provided no energy is added to (eg.pump) or iost

(eg.by friction) from the system. Therefore, between po±nts 1, 2

and 3 (fig3.2):

( v
2 , P2

fig 3.2

p1 v1 p2 v2
z + — + — =z + — + —

y 2g y 2g
p3 v~ (3.2)

=z +_ +_

y 2g
= constarit

Equation (3.2) is known as Bernouiiis equation.

(V1P1 ) ~ P3

Illustrpt~pn of Bernouilis Eauatrpn
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Real pipe flow and use of Bentoullis Equation:

Discussipn on assumpt±on (i)

In practical cases energy is iost by frict±on known as fr±ction

ioss, and in expansion/ contraction of pipes, in pipe bends, in

p±pe valves and fittings etc. which are aii known as minor

losses. If all of these iosses are taken into account then we

will get a modified form of Bernouiiis equat±on:

2 2p v1 p v2
z!+_+_=z2+_+_+hL (3.3)

y 2g y 2g

where hL = head (energy) ioss due to fr±ct±on etc. while fiowing

from point 1 to point 2 (fig 3.2). If the energy input (such as

that by a pump) is considered, then:

z + !! + + h = z + + + h (3.4)
y 2g P 2 .y 2g L

where h~= Energy (head) input by a pump.

(T~
En.rgyotl -l~E:: — -

Fìg • 3 • 3 F)ow ln Plocs ond Vorlous Heods - - -
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Discussìon on Assumpt±on (±i)

As discussed earlier, Bernoullis equation applies to any stream-

line flow which is at a steady state. However, the flow w±thin a

real pipe is not uniform2. The velocity of water at the boundary

is zero and is maximum at the centre. The flow can be v±sualised

as an inf±nìte nuniber of stream-lines.

P, .P

1._.P. .

(a) Velocity Profile (b) lnflnite stream lines
within a pipe

fig.3 .4

Each stream line has its own velocity head, pressure head and

potent±al head. Bernoullis equations in the form of equation

(3.2) to (3.4) are not strictly true because they use mean

veloc±ty, v to compute velocity head and pressure head is

compared to the centre line of the pipe. Thatis

2g 2g 2g 2g

+~) and

•y y y y

z=E(Z1+Z2+Z3+ +Zfl)
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The ratìo of v2/2g to ( u2/2g ) is about 0.98, and use of mean

velocity introduces very smali errors which can be ignored for

almost ail practicai cases. By simiiar reasonìng errors

±ntroduced by taking E at the centre i±ne can be ±gnored and

z = ____ introduces no error so long as the pipe is flowìng

fu1121

3.3.3 La.minar and Turbulent Flow

A fiow is cailed iaminar (or viscous) if all the fiuid particles

proceed along paraiiei paths and there is no traverse component

of veiocity. That is, fiuid may be considered to be flow±ng ±n

d±screte layers with no m±xing taking p1ace
22~.

In turbuient flow, motion of indìviduai fluid particle are not

weli defined as ±n iaminar flow. The ±ndividual particles are

subject to fluctuating traverse velocit±es, w±th low velocities

and haphazard interchanges of positions. The mot±on of a flu±d

particie w±th±n a turbulent flow is complex and ìrreguiar. A

turbulent flow ±s associated w±th a relat±vely high veiocity.

A fiow in which some degree of unsteadiness becomes apparent may

compr±se a short burst of turbuience embedded in a lam±nar

flow.

The type of flow can be predicted by a dimensioniess parameter
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known as Reynoids nuinber(Re), which is defined as the ratio of

inertia force to v±scous force or mathemat±caliy,

Re = —~ Where V = Velocity

D = Characterist±c length,m

(diameter in case of pipe fiow)

v = Kinematic viscosity of fiuid

{ = density ~
víscosi ty

Types of flows in commercial p±pes can be predicted on the basis

of Re as foiiows~

Laminar fiow : Re < 2000

Trans±t±onai flow : 2000 < Re < 4000

Turbuient flow : Re > 4000

In p±pelines and open channei hydrauiics, the veloc±ties are

nearly always sufficiently high to ensure turbulent flow,

although a thin laminar layer pers±sts in proximity to a soiid

boundary~. Due to ±ts irregular fluctuating nature, turbulent

fiow has defied rigorous mathematical treatment, and for the

solut±on of practical problems it is necessary to rely largeiy on

empirical or semi-empir±cai reiationships.
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3.3.4 Head Loss, Pipe Flow Equations and Friction Factor

Bernouilis equation of the form

z + + -~—= z + -~ + + hy 2g 2 y 2g ~

connects fiow at any section of pipe line with the fiow at any

other sectìon of the same line. The difficuity in using this

relation is determinat±on of the head ioss term ( hL) accurately.

The total head loss in a pipe iine basically consists for two

types:

(a) Head loss due to frict±on between the fluid and the

boundary i.e. frictional head loss.

(b) Minor losses: due to abrupt changes in p±pe size

i.e.contraction or expansion, entrance and exit losses,

bends, valves, and fitt±ngs of ail types. In long p±pe lines

these m±nor iosses can often be neglected but they may be

quite ±mportant in short p±pes. M±norlosses ±nturbuient

flow are approximately proportionai to the square of the

veiocities and are usually expressed as a function of

veiocity heads in the following form.

3.5

where k is the coefficient vaiue given in tabie 3.1 below.

Frictional Headloss (hL):

For laminar flow the frict±onal headloss ìn the p±pe ìs
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Where:

(a) Eniargemonts

v1 — v2)
2

Vaiues at KL in Lm = 2ç

0 02 / D~ 3 02 / D

1 1.5

10 0.17 0.17
20 0.40 0.40
45 0.66 1.06
60 1.02 1.21
90 1.06 1.14

120 t.04 1.07
180 1.00 1.00

(c) Pipe Entrance From Reservolr

v
2

Beiimouth hL 0.04 2g
Vz

Squar. Edç. hL= ~

(d) Bends

v2
(VoTu.s of K

1 in him Ki~— , lhe head ioss in

\ excess of lhat in a straight plpe of equal iength

The angle OTe ths angie in degrsss
b.twssn ihi sld.s ot thi top.rlng ssctlon.

(b) Abrupt contractions

2

[Valuee of KLIn hu,, = KL~~ ]
2g

RadTus of bsnd Dsflection Ançis of Bend

Pips diornster 90° 45° 22.5°

1 0 50 0.37 0.25
2 0.30 0.22 015
4 0.25 0.19 0.12
6 0.15 0.11 0.08
8 0.15 0.11 0.08

(e) Vaives and Fittlngs

( Values of KL in hu,, = i~_~_ )

Globs vaiv. (wids open) 10
Swlng chsck vcivs (wlds opsn) 2 5
Gais voivs (wlds opsn) o z
Gots volvs (holt opsn) 5.6
Retum Dsnd 2.2
Stondard ts. 1 8
Standard 90 dsgr.. sibow 0.6

Table 3.i.

proport±onal to the veloc±ty and can be calculated by Hagen-

Poiseuilles equat±on which reads:

h .321.tLV / 6Lf 3•pgd
2

i.. = Viscos±ty
L = Length of pipe within where headloss hLf occurs

V = Velocity of flow

p = Dens±ty of fluid

g = Accelerat±on due to grav±ty

D = Diameter of pipe
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Pipe Flow Equations:

For almost ali pract±cai pipe fiow cases, velocìty is

suffic±entiy high to make the flow turbulent. For turbulent flow

frìctionai headioss is proportionai to the square of the veiocity

hLF°~V
2 . -

One of the main ±nterests of a pipelìne design engineer in the

process of des±gn ±s to compute headioss in the p±pei±ne system

accurately. Two tapes of formulae are avaiiable for the purpose

of headioss computation21.

(a) Dimensionally correct: mathematicaliy derived and

based on experimentai resuits.

(b) Empirical.

Dimensionally Correct For2nulae:

Darcy-Weisbach Equation:

The generai equation for calculating headioss due to friction in

pipe for a turbuient flow is Darcy-Weisbach equation which reads:

h _~,Lv2 - - - - -

Lf 2d

Where f = friction factor which is dimensionless and may be
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used with any system of units~.

For non-circuiar p±pes d±ameter may be replaced by hydraulic

radius2°:

R = Where ; R = Hydrauiic radius, m

A = Cross-sectionai area of flow, m2

= Wetted perimeter, m

The Friction Factor (f)

Originaliy it was presumed that the friction factor was constant,

but it has subsequently been found that the coefficient of

frìction (frictìon factor) depends on the Reynolds number and the

relative roughness. The relative roughness (K
1/D) is defined as

the ratio of the effect±ve roughnes (K) to the pìpe dìameter(D).

Nikuradses Experimental Results:

In the 30s, Nikuradse produced a set of experimentai results of

f and Re for a range of relative roughness (K1/D) of 1/30 to

1/1014. He plotted his resuits as log f against log Re for each

value of K1/D as shown in fig. 3.5.

The piot shows that there are five regions of flow which are:
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(i) Laminar Flow: The region ±nwhich the relative roughness has

no ±nfluence on the frict±on factor. Equating Hagen-Poiseuille,s

equat±on to Darcy-Weisbachs equation we get,

f = ~ - - (3.8)

Re

Here, the Darcy-Weisbach equation rnay also be used for laminar

flow provided that f ±s equated by equation (3.8)

(ii) Transition From Laminax to Turbulent Flow:

An unstable region between Re = 2000 to 4000. Pipe flow normally

lies outside this region. (iii) Turbulent Flow: Three dist±nctive

zones were found;

(a) Smooth Turbulence: Zone of hydraulic smooth pipes, where f

depends on the Re only - fr±ct±on factor in this reg±on can be

calculated by Karman-Prandtls equatìon which reads as:

—~- = 2log Re~/~ (3•9)

./f 2.51

(b) Rough Turbulence: The zone of hydraulic rough p±pes where f

can be obta±ned by another formula proposed by Karman -Prandtle

which reads as

~ =2log 3.71D - -

K5
(3.10)

(c) Transitional Turbulence: Zone where f depends on both Re

and relative roughness (K1/D) . The frict±on factor in this reg±on
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can be computed by Coiebrook-Whites formuia which reads as:

=2log[2•51 + k
8 (3.11)

Re~/~ 3.71D

Flow in sewers and water supply pipes usualiy falls ±n this

region of turbulence flow. Substituting S for the slope of

energy grade line, S = hL/L and combining Darcy-Weìsbachs

equatìon (3.7) and Colebrook-Whìte formuia (5.11) and

rearrangìng, we get:

v= —2log( 2.51v + k )~/2gDs (3.12)
3.71D

as Q=AV

or, Q = itD
2 [—2log( 2.51v + k )~/2gDs] (3.13)

4 jj.~/~75~ 3.71D

In practical design any two of these variables (Q,D,and S) are

known. In the case of a new pipe iine design required discharge

(Q), and the avaiiable head, are known and the requisite diameter

must be found. This wili involve tr±al and error procedure. The

use of charts (or tables), e.g. the charts produced by Hydrauiic

Research, make the work easier. In the case of the exist±ng

pipeiine, the dìameter and avaiiable head are known and hence

discharge may be found directiy from (3.13). In the case of the

analysis of a pipe network, the required discharges and pipe

diameters are known and the headioss must be computed, which may

be done by explicit formuia for f or by the use of charts.
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The first attempt to make engìneering caicuiations easier was

made by Colebrook-Whites formula (3.11) for coinmercial pipes.

The diagram known as the Moody diagram ±s shown in fig 3.6. The

use of the Moody diagram invoives trial and error process. For

exampie, if D, Ks and available head (H) and the length of pipe

±s known, then solut±on by use of the Moody diagram involves the

foilow±ng steps:

(i) Caicuiate Ks/d

(ii) Guess a vaiue for V

(i±i) Calculate Re

(iv) Estimate f using the Moody diagram

(v) Calculate h1~by Darcy-We±sbachs equation

(vi) Compare h~with available head (H)

(vii) If H is not equal to h~, then repeat from step(ii).

Where as if Q instead of D were known and D is to be determined

then D has to be guessed, and V, Re, f etc. to be computed, as

above. - -

Moody has also presented an explicit formuia for f

200K 106 -~

.f= 0.0055[1+( 5+) 3] (3.14)
D Re

which gives f correct to ± 5~for 4x10
3 < Re < 1x107

and for Ks/D < 0.01
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Barr has presented another explicit formula for f:

= —2log( K5 ÷5.1286) (3.15)
%/If 3.7D Re°~

89

for Re > io~this provides solution for f to an accuracy of

± -1%.

Another explicit formula was proposed by Jain A K and Swamee

P K~:

= 1.14 — 21og(-~÷21~25) (3.16)

- D Re°~9

The IÇ value in the above equatìons (3.10 to 3.16) represents

surface roughness of p±pe material. Two factors should be borne

±nmind when select±ng a roughness value:

(a) The surface roughness is likely to increase dur±ng operating

1±fe due to corros±on encrustation and depos±tion of sol±ds.

(b) The roughness of the entire pipe system is higher than the

roughness of a single pipe, due to joints, f±ttings and var±ous

other d±scontinu±t±es which disnpt the flow patterns.

Recommended values for K~taking those factors ±nto account are

given in table 3.2.
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Table: 3.2

Recommended Valueg of Ks for Water Supply pLpes (taken from ref 20)

Empirical Equations:

The use of the Coiebrook-White transition formula with the aid of

charts or tables is not so diffìcuit in the case of singie

pipelines. However for p±pes in series or parallel or for the

more general case of pipe network, it rapidly becomes ±mpossible

to use for hand caiculations. For this reason simple empiricai

formuiae are still in common use~.

Hazen-Williams Formula:

The formula is reasonably accurate over a range of pipe sizes and

fiows (and have Re) wh±ch are w±deiy experienced in water

networks. The formuia can be expressed as:

h
v = 0.355CD°~63(~~&)°~54

L

or rearranging

(3.17)

Ks in mm
Straight main
Steel or cast iron pipe with
bitumen or cement coating 0.1
Prestresseðconcrete or asbestos cementpipes ... 0.1

MaLnly straight main
Same material as above. Aððitionally steel
and cast iron pipes without coating if no
sedimentation occurs 0.4

Design of new networks
The value includes the impact of dense looping .. 1.0
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h = 6.78L(V)l.85 (3.18)

L D—~-
65 C

Where C = a coefficient, the value of whìch var±es from 70 to 150

depending on pipe diameter, material and age. In caiculation C is

usually assumed constant. In reality, C should change with Re,

and caut±on should be exerc±sed in ±ts use~. The values of C

which rnay be taken are as set out in fig 3.7.

Flow rate by Hazen-Will±am formuia becomes

= ~tD~ [0.355CD0.63(~~)0.54] (3.19)

i.e. Q = 0.278CD2~63S°54

Where S = hL/L , siope of energy grade iine.

The formuia is sufficientiy accurate for pipe sizes of 150 rnm

upward, and for vaiues of C not substantiaiiy below 100. It is

more accurate for larger diameter of pipes and for fiows of the

order of 1 m/s21.

Mannings Formula:

The formula is expressed as

V= ~ - (3.20)

Where R = Hydraulic Radius (A/P~); A = cross sectional area

pw = wetted perimeter
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Fig3 7 C values ln the Hazen-Williams formula and k5 values ln the

Colebrook-White formuta according to P Lamont (WWE. January 1969)

NOTES- -

1) Suggested design values are for a non-aggressive arid non-slimíng water
2) The curves apply to a lm/s flow rate For 2m/s reduce C values by 5%

below 100, 3% below 130 and 1% below 11.0 For 0•5m/s increase
C values by ihe same amounts

3) Scobey classes are• class 1.- first class interior finish with all joir~t
irregularitles removed. class 3 - good interlor finish with joints filled
and concrete made on steel forms. class 2-imperfect interior finish,
and as tunnel llnlngs: class 1 - old concrete pipes with mortar not wiped
from joints (k5 5~00ms)

¿) For asbestos cement pipes use values for spun bitumen lined pipes

2575150 300 600 900

[ Source : Twort et al, 1985 ]
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S = hL/L siope of hydraulic energy gradeline.

h = roughness coeffic±ent

Equation (3.20)can be written as

hL = fl2_~_V2

R3

or hL = (3.21)

Where K = fl2L

R3

Values of n for Mann±ngs equation are given in tabie 3.3

Mannings formula has the advantage that hL° V2 , as roughness

coefficient ±s constant for a given pipe type. Since headloss

caused by fittings is also expressed as KV2, the Mannings

formuia is convenientiy used for pipelines invoiving many

fìttìngs whose effect is appreciable.

The formula ±s more accurate than Hazen-Wiiliams formula for

estirnating high fiows or flows ±nold rough-surfaced pipes where

C vaiue in the Hazen-Wiiliams formula ìs well below 10021.
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Table ; 3.3
Recommended Values of n to be used with the Mannings EquationL

Surface Best Good Fair Bad

Uncoated cast iron pipe 0.012
Coated cast iron pipe 0.011
Vitrifiad sewar pipe 0.010-0.011
Common clay drainage tile 0.011
Concrete pipe 0.012
Concrete lined channels 0.012

0.013 0.014 0.015
0.012 0.013 -
0.013* 0.015 0.017
0.012 0.014* 0.017
0.013 0.015* 0.016
0.014* 0.016* 0.018

Canals with rough stony beds,
weeds on earth bunks 0.025 0.030 0.035* 0.040
Canals with earth bottom,
rubble sides 0.028 0.030 0.033 0.035
Natural stream channels:
very weedy reaches 0.075 0.100 0.125 0.150

* Values commonly used in deBigning.

3.3.5 Energy and Hydraulic Grade Line:

o

fig. 3.8

hL

z1

Hydroulic and Energy Grade Line in a Pipe Line
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Applìcation of the Bernoullis equation between (1) and (2)

reads:

2 2

— + — ÷z = — + — ÷Z+h
y 2g y 2g 2 1

Where, hL = total head ioss whìch is sunimatìon of frictional

head loss ( hLf ) and minor losses ( h~ ).

If the water is flow±ng continuously in a pipeline and a

standpipe is ±nstalled at a po±nt aiong the p±peline such that

water can rise up the standpipe freely, then the term ( -~ + Z

in the Bernoullis equat±on gives the height to which the water

rises freeiy in the standpipe. If all such points are joined

together along a pipeline then the 1±ne joining the poìnts is

caiied the hydraulic grade iine. The iine joìning the points

representing totai energy ( -~ + -~ + Z ) aiong the pipeline gives

the energy grade line. Both of these 1±nes have a siope of S

where S = h~ / L ) and minor losses are shown by a step in the

f±g 3.8.

The location minimum and rnaximum pressure may be found by finding

minimum and maximum heights between the pipe and hydrauiic

gradient. If the hydraul±c gradient is beiow the pipe, then there

is sub atmospheric pressure at that point. This condition is to

be avo±ded since cavitation may occur (if -~ - 7.0 m ), and if

there are any ieaks ±nthe pipeline, matter will be sucked into

the pipe, possibly causing poiiution of the water supply23.
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3.3.6 Pipes in series; in parallel; and

Equivalent pipes:

When a single pipeiine consists of different sizes, these pipes

are sa±d to be in series ( fìg. 3.9a ).

When pipes are ±nseries, frict±onal head loss (neglecting minor

losses ) can be written as:

hL = frictional head losses

fLlVi fL2V~ fL3V~

2gD1 2 2gD2 ~ 2gD3

or hL = 16Q ~ f,L, + f2L2 + f3L3] (3.22)

2g7c
2 D~ D~ D~

The pipe system can be replaced for analyses purposes by a s±ngie

equ±vaient pipe of uniform section with the same head ioss. If

~ and ~e are equivaient diameter, length and friction factor

respectìvely , then

hL = 16Q (feLe) (3.23)

2g1t2 D~

F±g. 3.9 a.
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5
— De f,L, + f2L2

Le__ 5 5
~e D, D2

h = f,L,V,
2L 2gD,

= _____

2 gD
2

By continuity equation:

Q,= 4vi

~-~5 1 -~
~ )~~h

2
f

1L, L

Th

5 1 -~

L/2 )2h2
f

2L2 L

or Q=
-~ 5 1

-~~hL

2 ~~fL~2

r~5

+ ~ .lJ~

f
2L2

70

Equating (3.22) and (3.23)

~f~3]
(3.24)

When the pipes are in paraiiel ( fig 3.9b

i • e.,
1

V, = (29•D1h.~ ~
f,L,

1

= (2~D2h•~~ ~

f2L2

Oi

Fig. 3.9b

= itD,~ [2~DlhL]~

4 f1L,

i.e., Q,~v~

Q2

Now Q = Q1 + Q2
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As before to find equivalent pipe length ;

D~~ D~~ D~

~eLe f,L, f2L2

D
5 ~ D5 ~

or f
0L0 = ~ (fi~1) ~

i.e. Le = 5 ~ (3.25)

~ ~ ]2
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3.4 CONVENTIONALDESIGN OF PIPE NETWORK:

3.4.1 Fundamental laws:

Three basic cond±tions govern the anaiysis and design of any p±pe

network;

i. At any node the algebraic sum of flows must be equal to zero

i.e. the sum of flows out of the node is equal to sum of fiows

into the node.

2. The algebraic sum of the hydrauiic iosses (pressure drops)

around any closed ioop must be zero.

3. A relationship between the flow rate Q and head loss hL ìn

any element ìs maintained. The relationship may be in the form

of equat±on (3.7), (3.13), (3.19), (3.20) etc.

The basic ±dea of analysis is to obtain the vaiue of Q and hL

for every eiement of network while the three condition are

sat±sfied simultaneousiy. Therefore it is basically a solution of

several non-1±near simuitaneous equations. As the nuxnber of

elements increases, direct soiution of such equations becomes

compl±cated and iaborious.
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3.4.2 Convenient Forin of Flow Equation:

A11 the flow equations d±scussed previously can be expressed in

the following form.

hLf = KQm

The formula and appropriate value of K & m are as follows.

(3 .26)

Formula hLf Remarks

Hazen-Williaxn:

V 0.335 CD°63 go.54 10.67 LQ~85
C°5 D°~ m =3.85

K= 10.67 L
C85 D487

Darcy-Weisbach :

hLf= fLV2 8fLQ2
2gD ic2gD5 m=2

K= 8fL
ic2 gD5

Mannings

V= -~ ~ s2 10.31 n2 L Q2
fl D533 m=2

K= 10.31n2LQ2
D5

73



.

.

.

.

.



When the standard f-Re diagram is consulted in order to assess

values of f 1±keiy to pertain in the various components of the

system , it often ieads to simplif±cation if a single exponential

expression is der±ved which is a good approximation to the

resistance law throughout the range of condition which are

applicabie e.g. the diameter is known , expected range of

velocities & thus flow rate ( Q~ , Q~ ) are known and

corresponding f is estimated. Then equivalent m & K can be

evaluated as foilows;

hLf= fLQ2KQrn sothat (~Ifl

3X)m=~2 (Qrnax)2
1tgD Q~ f, Q~

-~ = Known , = Known . Therefore equivaient m can be

determined and simiiarly the equivalent K can be determined.

3.4.3 Design of a pipeline:

Referring to the figure 3.10, known quantities are

Flow rate (Q).

Total head between source and demand point (H).

Minimum head required at demandpoint ( h~ ).

Pipe material and hence ( K0 ).

Pipeline length (L)
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v

Design steps

Q h min

-

Fig. 3.10
L

H

- Compute total head that can be lost ( hL ) = H -

- Compute siope of hydraul±c grade line ( S) = -~

To use Moodys diagz~am:
- Guess D

K

- Compute

- Compute V by V = 4Q
itD2

- Calculate Reynolds nuxnber by Re =

To use equation (3.13):

- Guess D

- Fìnd Q, if caiculated Q equal to required Q the dìameter

is okay, otherwìse guess new D. Check if the

flow lies on the transitional turbulence , if

not then use appropriate formula. Check for

total head ioss and avaiiabie head
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- Estimate f from Moodys diagram. h fLV2 and

- Calculate frictional head loss by Lf 2gD

minor head loss by h~ = K-~ and

- Compare hL with avaiiable hL

find hL = hLf ±

- If these are not equal, repeat the process.

The use of aharts:

Charts such as prepared by Hydraulic Research gives direct

soiution.

3.4.4 Design of Pipes in Series:

Referring to fig. 3.11, known quantities are: Flow rate (Q); Pipe

material and roughness ( K
0 ); Total static head available (H);

M±nimurnhead ( h~ ) required at the end of pìpeline and thus

totai permissibie head loss ( hL ), and Total lengths of

pipes (L).
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v

Di? —~

fig. 3.11

Solution strategy :

- Gues s D1 ¡ D2 , L, , L2 e tc.

( L, + L2 should be equal to the total iength L

- Compute -~ , for ail D1

Use of Moodys Diagranime

- Compute mean velocities Vi = in ali pipes.
7tD~

- Caiculate ~ hLf = ~2f~ ~j~i and

V
2~:h~ =

[ A11 flow formulae can be expressed in the form

2

h fLiVí

of Lf — L.Q~ 8f
1

=K ~ , where K=—
D~ it

2g

- Find hL = ~2hLf + ~ h~

- Compare computed hL to permitted hL

- If these two are not equal the process is
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to be repeated.

[ Note: With increase in nurnber of pipes, the soiution

becomes ted±ous. The use of charts anðnomographs

facilitates the computation.]

3.4.5 Design of Pipes in a Branched Network:

Known quantities are:

Flow rates ( Q~), Length of pipes ( L~ ), Pipe materials and

thus roughness ( K0 ), Total elevation difference ( H~) between

nodes, and minimum head required ( h~ ) at demand nodes.

Ai Bi

Li L4
Qi Q4

Lo A BR~Í~ - C
Qo L3Q3 LeQe

L2 L5
Q2

A2 B2

fig. 3.12

Conditions to be satisfied are:

- Required flow demand should be supplied by each branch.

- Minimum head condition shouid be satisfied at each demand

node.

- Hydrauiic grade line shouid not fall below p±pe elevat±on

at any point.
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Design Strategy:

Design each branch ( or portion ) individually, for exampie

in fig. 3.12 design branch RA, AA1, AA2, AB, BB1, BB2, and

BC ind±v±dually.

Design of Pìpe RA

- Let available piezometrìc head at R = elevation of R

- Compute requ±red piezometric head at A

= eievation of A + Required min±mumpressure at A

- Compute rnaximum aliowable head ioss ±nRA( hL

= Elevation of R - Minimum required piezometric head at A

Note : If A is not a suppiy node and if head lost in

portion RA does not affect downstream head requirements,

all the ava±lable head in RA. i.e. elevation difference

between R and A may be ailowed to be lost ).

- Guess D,compute -~ and design the pipe as discussed before

±n design of a pipeline.

Des±gn of branch A-A1

Compute as follows;

- Available piezometric head at A

= Required piezometric head at A (computed as

above).

- Min±mumrequ±red piezometric head at A1

= Elevation of A1 + Minimum required pressure at A1.
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- Maximum aiiowable head loss in A-A1 ( hL

= Available piezometric head at A

- Minimum required piezometric head at A1.

Now this branch can be designed as ±n the first case. Simiiariy

all the branches rnay be designed. If there are any higher ground

ievei point along the pipeline, the position of hydrauiìc grade

line at that point should be checked. The hydrauiic grade 1±ne

should never fail below the pipe eievation.

Obviously use of the design charts facil±tates hand computation.

[ Note: Single pipe diameter between two consecutive nodes was

assumed in the case d±scussed, which is a usual case in

conventional practice. The provision of a single size pipe

diameter between nodes is neither a hydraulic necessity nor a

economical option. It ìs practised because of simplicity in

computation. That means if hydraulic conditions are satisfied,

a p±pebetween two consecutive nodes couid consists of several

segments of different diameter (fig. 3.13) in which case

computation becomes more compiicated. Design of a pipeline

between. nodes ìn such situatìon is s±milar to the design of

pipe ±nseries discussed before.]

—r--

Fig. 3.13
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3.4.6 Design of pipes in a looped network:

Anaiyses and design problem of a ioop network is conventionaily

soived by method of success±ve approximation. The Hardy-Cross

method is one of such popuiar method. The Hardy-Cross method

requires that the flow in each pipe be assumed so that the

principie of continuity is satisfied at each junction. A

correction to the assumed flow is computed successively for each

pipe ioop in the network, untii the correction is reduced to an

acceptabie magnitude.

The correction in a 100p ±5 given by;

~ (KQm)
- - - (3.27)

~ lKm Qm1~

Where AQ = Correction to the assumed flow.

K, m= Same as in equation (3.26).

Q = Assumed flow in p±pe.

The known quantities in a loop network design are ;

Totai flow rate to satisfy demand at each node

( Q, Q
2 , Q3 , Q4 ) in fig 3.14 and hence total supply

flow rate ( Q0 ), length ,pipe material, elevatìon of

ail nodes and critical points (e.g. higher elevation

points ).
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fig. 3.14

Design strategy:

- Guess diameters.

- Guess flows satisfy±ng conditions of nodal equilibrium

i.e. at any node aigebraic suxn of flows must be equal to

zero.

- Compute K for each pipe, for exampie K~ , KBC , K~etc.,

depending on the equation chosen.

f may be read from Moodys diagramme if the

Darcy-Weisbach equation is used. The Hazen-W±i1±am

equation is simpler to use as the C in it is assumed to

be constant which is str±ctiy speak±ng not true but gives

fairiy reliable results ).

Pipe .l~B BC CD DE CE

Diameter

Length

K

Qz
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- Compute sum of head losses ( ~KQ~ ) around a loop of the

network keep±ng track of signs. If the d±rection of movement

ciockwise or ant±-clockw±se ) around the ioop is oppos±te

to the direction of flow ±nthe pipe this hL is negat±ve.

The summation ~ ( KQm) around a loop must be zero when the

solut±on ±s reached. If it is not zero then it is the

nuinerator of flow correction relat±on in the Hardy-Cross

method.

- Compute denominator ¡ m K Q~1j

~(KQm)
- Compute flow correct3.on by t~Q = —-___________

~ lm K Qm-lj

- Sim±larly compute i~Q for ail ioops.

- Compute corrected flows ±neach pipe. In a p±pe common to

two or more loops apply correction from all ioops keeping

track of signs.

- Repeat the process unt±i ,~Q is zero or very small

(insignificant )

The tabuiar form ±s the most convenient for repeated hand

computat±on. A tabular form is suggested ±ntable 3.4.

The Hardy-Cross method appiies only one iterat±ve~correct±on to

each ioop before proceeding to the next ioop. After appiying one

iterative correction to all ioops the process is repeateð untii

acceptabie convergence ±s achieved. The min±mumrequ±red head at

aii nodes and the position of hydraulic grade iine at criticai

points should be checked.
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If the initialiy guessed diameter does not give a satisfactory

resuit then a new set of diameters shouid be guessed and the

whoie process has to be repeated. The computat±on ±s repet±tive,

lengthy and becomes tedious as the network size ìncreases. It ±s

further complicated if different pipe diameters are trìed to

provide between two nodes. Obviously the repetitive nature of

computation can efficiently be handled by a s±mple computer

programme.

The conventional design approach presented in this chapter

considers only hydraulic aspects, not the economic aspects of the

network. The next chapter wiil attempt to incorporate cost aspect

of the network in the design approach.
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Table 3. .A Suggesteðform of tabular computation

Second trial

Q KQm ImKQmll

KQm lmKQ~l

¿Q = - ~KQm
JmKQm~l

Note: Q may be +ve
and the Q in
is corrected

or -ve.
second trial
from first one.

11 First trial,
etc. as in

second trial,..
loop I.

Loop Pipe- Dia.

number line

First trial

Q KQm lmKQmll

I AB
BC
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4. Optimization of Distribution System:

4.1 INTRODUCTION:

This chapter develops the background information presented in

previous chapters espec±ally regarding P±peFlow hydrauiics and

Conventional Design approach to the water supply networks. It has

been shown in the discussion on the Conventional Design approach

that the basic theory of pipe fiow is conventionaily appiied to

sat±sfy the hydrauiic conditions of flow rates and head losses in

the process of design without due consideration to the cost

aspects of the distribution networks.

In this chapter model-based design of distribut±on system and a

general design philosophy/strategy for optirnai water suppiy

dìstribution networks design is discussed. The general

mathematicai modeis for optimal iooped and branched network are

presented. The approach is further extended to deal with the

branched network for gravity water suppiy system in a hilly

terrain. A linear progratnming (LP) model for the optimal design

of a branched network is then developed on the basìs of

mathematical modeis proposed by many researchers in the last

decade. It is hoped that the model is d±rectly applicable to

practical situation in a mountainous country like Nepal.
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4.2 OPTIMAL WATERSUPPLY SYSTEMDESIGN: PHILOSOPHY/STRATEGY

A typical water supply scheme (fig. 4.1 ) consists of many

components such as intake structures, pipei±nes, treatment

facilit±es, storage faciiities, distributìon networks etc.

The true cost of the system ìncludes the construction cost of all

of these components and operat±on and maintenance costs of the

system during its design life. Therefore a true cost-optimai

system is the one which incurs the minimum combìned

(e.g. construction + operation + maintenance ) cost in its span

of life.

The cost of constructing a water supply system ±s the combined

cost of the individual components present in the system.

Therefore the optimai construct±on cost results from a particular

combinat±on of components ±nrelation to their size, location and

interrelation with other components. The subjects can perhaps be

better explained by a generai discussion wh±ch follows.

Optimal Location and Size of Tanks:

A) Sedimentation Tank:

Let us suppose the source of water is a stream which has a high

concentration of suspended sol±ds. The removal of solids is

necessary to make it suitable for domestic use. The suspended

soi±ds are removed often by a process of desiltation through a

sedìmentat±on tank. Water is aliowed to stay still or to flow at
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Fig. 4.1 A typical gravity water suppiy scheme in the h±lls of

Nepal. a. source b. storage tank c. pipeline

d. cornmon tap.

Source : IRC Internationai Water and Sanitat±on

Centre, 19881
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a very low velocity ±n the tank so that the particles settle at

the bottom by grav±ty. Particles thus accumulated at the bottom

of the tank are usually flushed by using the water ±n the tank.

The accumulated sed±ment may be flushed continuousiy or at

regular ±ntervals. In both cases a certain amount of water is

used to flush the sedìment. Th±s ±mplies that the transmission

p±pe between the intake and the sedimentation tank shouid be

capable of carry±ng a fiow higher than the flow downstream of

the tank i.e. Q0>Q1 and thus D0 is larger than that required for

passing flow for actual consumer demand. Typ±cal cost of

transmission p±pe is gìven by

Cm = 7~Iim D,~ (4.1)

Where Cm = cost of pipe of internal diameter ~m and length Lm

= cost coeffic±ent (constant)

n= power of Dm

Equation (4.1) suggeststhat for a known diameter, cost ±ncreases

with the iength of pipe. Obviously the shorter the length of the

pipe the less the cost.

Siting a seðimentation tank as close to the intake as possible

therefore reðucesthe length of the large ðíametertransmission

pipe anðhence resul ts in a reðuction of total cost.

Another possibility for cost reduction related to the

sed±mentation tank is its size. Knowing the density and

effective size of the part±cie needed to be removed, the time to

settle the particie at the bottom may be determined. As the

discharge and flow veiocity are known the size of the tank may
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eas±ly be found. The d±mensions of the tank depend on the s±ze of

the particle to be removed by sedimentation. The smailer the size

of particie to be removed, the larger the size of the tank and

the higher the cost.

B) Storage Tank:

The cost of the system is also influenced by the iocation of the

storage tank. The diameter of the transmiss±on pipe upstream of

the storage tank is larger compared to the size of pipes in the

d±stribution system downstream of the tank. The pipeline between

the sedimentation tank and the storage tank ìs used to transmit

water from the first to the second tank; water is usuaily not

provided to the consumer in this portion and therefore iarger

size pipes may be used. On the other hand, the same water is

distr±buted through a network of smaiier sized p±pes downstream

of the tank. Transmitting a certain amount of water through

larger s±zed pipes costs less compared to the transmission of the

same amount of water through smaller sized pipes under same head

ioss condit±on. The case is demonstrated by an exampie below: (fig

4.2)

Let the flow that is to be carried between A and B be 2q

Typical discharge-head loss relatìon is:

hL = K Qm2 /Dm5 (4 . 2)

Typical value of n in equation (4.1) is 5/4. Therefore equation
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(4.1) becomes:

Cm = t Lm D~4 (4 . 3)

Where K = constant, Qm = discharge, hm = head ioss

and the rest are the same as in equation ( 4.1

a) Case I: Single Large P±pe

If total flow = 2q , Head available = h, then application of

equation (4.2) gives

Rearranging,

hL =K (2q)2 /Dm5

D = 41/5 ( K q2/hL )1/s

Substitution of equation (4.4) ±n (4.3) resuit,

(4.4)

A ___________________ B A B

(a) (b)

Single large size Vs smailer multiple size pipes
between point A and B.

F±g. 4.2
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Cm = 1 . 4 1 y, Lm (K Q,~/hL) 1/4 (4.5)

b) Case 11: Two smalier diameter pipes:

If two pipes, each of wh±ch carries a discharge q, are provided

then application of equation (4.2) as before gives the diameter

of a pipe as:

D = (K q2/h~ )115

and the cost of one pipe by equation (4.3) ±s

Cm = 7t Lm(K q2/h~) 1/4

and therefore the cost of two pìpes is

Cm = 2 ~ (4.6)

The costs given by equations (4.5) and (4.6) are the costs to

transmit the same quant±ty of water between the same points by a

single large sized p±peand two smaller s±zed p±pe. A comparison

of these two costs shows that the second opt±on is 29.5~ costlier

than the first one.

In light of the above example it can easily be inferred that an

increase in the nuxnber of smaller sized pipes, as in case of the

distr±bution network downstreamof the storage tank, will cause

the cost to increase. This generai conclusion ±mpl±es an

opt±mization strategy which may be stated as
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Locate the storage tank as close to the ðemanðcentre as

possible to obtain the minimum cost.

As in the case of the sedimentation tank the cost of the storage

tank ±tself depends on its size. The size is determined by the

volume of water intended to be stored, in other words how iong

the water stored in the storage tank can supply the demand. The

decision of this time period is associated with the risk and ±s

another optimization possibility.

Optima]. Distribution Network:

Though the total cost of establishment of a water supply system

is the suxnmation of the cost of ail the elements, the largest

proportion of the money is taken up by the pipelìne network. The

cost of the pipe network is the function of the lengths and the

diameters of the pipes used. Many separate attempts are made for

the layout opt±mizat±on to obtain the minimum total iength, and

for the pipe s±ze opt±mization to obtain the minimum diameters.

However, as in the layout, the lengths and the d±ameters are

hydrauiicaliy ±nterrelated. The iayout wh±ch gives the m±nimum

length, does not necessarily gives the minimum diameters, and

v±ce versa.

Therefore, a true optimal network is obtaineð only if both layout

anð ðiameterare optimiseðsimultaneously.
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The demand points and corresponding demands are known in a

network design problem.If the cost of a distribution network is

assumed to be influenced by pipe iength oniy (not by diameter)

and the topography does not affect the network layout, then a

m±nimumspanning tree techn±que28 is probably the s±mpiest method

of f±nding the cheapest way of connecting the p±pes in the

network. In other words, a min±mum spann±ng tree gives the

optìmal iayout under the assumpt±on stated above only.

More general methods of obtaining optimal layout of a water

distribution network were suggested by Bhave & Lam29, Rowell &

Barnes30.

For a gìven layout, the optimìzation probiem is to find the

diameters or sets of d±ameters of pipes and correspond±ng

lengths, so that totai cost of the network ìs minimum and ail the

hydraulic conditions are satisfied. In the last two decades or

so, various researchers e.g., Karmeii et a131, Robinson &Austin32,

Alperovits & Shamir33, Su et a1~, Fujiwara & Silva35 etc., have

proposed the use of mathematicai prograinming techniques in

±dentifying optimal solutions to a given iayout of a

distribution network.

A method of two linked linear prograinming formulations have been

proposed by Goulter & Morgan36 for simultaneous optimization of

iayout as well as pipe sizes.
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4.3 SOLUTION TEC~fl~IQUEFOR OPTIMIZATION PROBLEMS:

An attempt to represent a real worid situation in the form of a

mathematical model may resuit in a modei without any constraìnt,

or with simpie equality constraints, or inequal±ty constraints;

and 1±near or non-linear variable functions. Many opt±mization

techn±ques are used to solve the formulated mathematicai

models2028 depending on the nature of the constraints and the types

of variable functions. These optimization techniques are as

foliows:

A) Classical Optimization:

i. Modei without constra±nts: To opt±mise such a modei

differential calculus may be used efficiently.

i±. Model with equality constra±nts: The technique of Lagrange

multipiiers may be used to transform the model into an

equivaient model without constraints and optimum solution may

be obtained as ±n (±).

B) Optimization of a Linearly Constrained Model:

When a mathematical model consists of a linear objective function

and a set of linear constraints then the model may be solved by

the simplex method of Linear programming.
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C) Optimization of Non-linearly Constrained Models:

i) Model with convex non-linear functions: By the property of

convexity they contain no local opt±ma. The soiut±on

techniques that may be used are:

Linearization: The non-1±near funct±ons are transformed

into linear functions, which gives sufficientiy accurate

approx±mat±on of the real model.

Quadratic Prograimning: A model which has a quadrat±c

object±ve function and linear constra±nts may be solved by

the technique of quadratic prograinming.

Gradient Method : It is a stepw±se procedure. The solution

of the model improves in the direction of the gradient of

the objective function.

ii) Models with non-convex non-linear functions:

If a modei consists of non-convex functions ,it may contain

local optima.There ±s no criterion by which the exìstence of

iocal optima could be excluded, and therefore, a solution

techn±que such as gradient methods may end in a iocai

opt±mum.Such models rnay be solved by:

Explicit enumeration: Comparison of all finite nuxnber of

feasible solution. A Decision tree may be used for

enumeration.

Implicit or Partial enuineration: The enumeration process

may be structured so that oniy a fractìon of ail feas±ble

soiution has to be examined.
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Heuristic procedures: This does not guarantee the optimal

solution, but ±mprove an initial soiution by any rationai

approach.

D) Other Optimization Techniques:

Dyna.mic Programming(DP): Irrespective of iinear or non-linear

functions, ±f a problem can be expressed as a series of

sequential events, it may be solved by dynamic prograrnming

Network Analysis: Network analysis techniques eg: Network flow,

shortest path problem, minimum spanning tree etc., may be used to

find optimal solution of rnany problems.

4.4 FORMOF FLOW EQUATION IN DESIGN MODEL:

In formulat±ng a mathematical model for anaiysis, design, or

optim±zation of a pipe network, the relationships between

diameter (~m) head loss (hL) and flow rate (Qm) are decisive.

In a model-based design approach, the flow equation is often

rearranged so that the diameter is expressed as a function of

flow rate and rate of head loss ( ±.e. slope of hydraulic or

energy grade line). For exainple, the Hazen-William equation may

be expressed as:

= Qm°~/(0.615 C°~S°21) (4.7)
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Mannings equat±on as:

Dm = ( fl Qm/ 0.312 )~ S-3116 (4.8)

Flow equation (3.13), which resuited from combination of the

Darcy-Weisbach equat±on and the Colebrook-Wh±te equation, cannot

be explicitly soived for the d±ameter. In practice, the equation

is solved by an iterative procedure, commonly by Newtons method.

The Darcy-Weisbach equation may be rearranged in the form of

equat±ons (4.7) or (4.8) by subst±tuting _~Q- for the veiocity.

-irD2

Darcy-We±shbach equation is:

hL = f (Lm/Dm) (V~/2g) = 8 fLmQ~ (4.9)
-irg D,~

Which may be written as;

2
~5_ 8fQrnL

m
-irg 11L

K
or D= ~m (4.10)m

Where K
1 =

ir
2g

S = Slope of hydrauiic ( or energy ) grade line

hL = head loss ±niength L

f = friction factor ( In true sense f ±s a variabie, the

value of wh±ch depends on the Reynolds Nuniber and /

or boundary roughness. Equations 3.8 to 3.11 may be

used when appropriate, to calculate the vaiue of f.
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Computation becomes tedious if f is considered

variable. In practice, therefore, f ±s considered

constant and K1 becomes constant

Therefore equation (4.9) can actuaily be written as;

Dm = K1 Qm~
5/~1f5 (4 . 1 0)

Observation of the equations (4.7), (4.8), (4.9 or 4.10) reveai

that ail of these flow equations are of the same form which may

be written as;

Dm = K Qm~/~ (4.11)

Where K = Constant, depend±ng upon the pipe roughness and the

flow equation being used

ml,m2 = Exponent of Q and S respectively, the value of which

depends on the flow equation being used.

Dm, Qm, S has the usuai meaning as used previously.

4.5 DESIGN CRITERIA, MODEL FORMtTLATION ~D CONSTRAINTS:

Design Criteria:

A pipe network has to sat±sfy many design cr±ter±a specified ±n

the code of pract±ce. These cr±teria are mainly reiated to

veloc±ty and pressure. The arrangement of a distribution network

and the pipes used in it, must satisfy these criteria, such that

required quantities of the flows are available at the demands

points.

The criteria related to veiocity are the maximum and minimum
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flow velocities in pipes. The max±mumallowable velocìty, which

depends on the pipes material, is limited to a certain value to

avoid excessive scouring of the pipe wall. The mìnimum

permissible velocity is specified to avoid deposition of the

sediments on the pipe and therefore depends on the size of

sediments ìn the water.

The criterìa related to pressure are the minimum service pressure

at the service points, and the maximum permissible pressure

anywhere in the pipelines. The maximum allowable pressure depends

on the pìpe material and the wall thickness. The minimum pressure

requirements are different for the ordinary use and for the fire

fighting. In the urban areas where pipes are connected to

individual houses, the minimum pressure requirement depends on

the height of the buildings. In the rural areas of developing

countries, where a common tap is prov±ded for rnany houses, the

minimum pressure crìteria is defined so that the container used

by the villagers to fetch the water is filled easily and

efficiently.

4.6 MODEL FORMtJT~ATION:

Governinq Laws and Constitut±ve Equation:

The flow of water in a pipeline network is determined by two

fundamental phys±cal laws referred to as Kirchhoffs first and

second 1aw37. One is the law of continuity which states that all

flows leaving a node must equal flows entering the node. The
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second iaw states that the total algebraic sum of head losses

around any closed ioop must be zero.

The law of cont±nuity can be written as;

~ Q11 -~QO1= 0 for all nodes ±= 1 ,I (4.12)

where, Q11 = Incoming fiows at node ±

Qa for node A and Q~,,, ¡ Q~, for node C in fig 4.3

Q01 = Outgoing flows at node ±

Q~1,, Q1,0 for node A and Q,~ for node C in fig 4.3

By equation (4.12) at node A ; Q&~Qab~Q~,= 0

and at node C; Q~0+Q~-Q~= 0

K±rchhoffs second iaw can be written as ;

h~,,= 0 for ali ioops j = 1 ,J (4.13)

In fig 4.3 for ioop I head losses are h~0, -h~, -h~

and by equation (4.13) h~-h~-h~ 0

C ,B

Qod~ 01,.

D IE - - -

Fig. 4.3

The equations (4.12) and (4.13) are iinked together by the fiow

equation in the form of equation (3.18, 3.19, 3.21 etc). In those
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h~=~mQm
Dm

where h~

Qm

Lm

Dm

K

ei & e2

= head ioss in p±pe m

= fiow in p±pem

= length of p±pem

= diameter of p±pem

= constant wh±chdepends on the flow equation.

= exponent of Q~and D0 respectiveiy; the value of

which depends on the head loss equation used.

The vaiues of el,e2 & K for Darcy-We±shbach, Hazen-

William, and Mannings equat±ons are gìven below:

Darcy-Weishbach K = 8f/ ir2 g, el=2, e2=5

Hazen-Williain

Manning s

K = 10.6/ C~,

K = n2/O.0973,

el = 1.85,

el =2,

e2 = 4.865

e2 16/3

where f is friction factor, C ±s Hazen-Wi11±am constant, n

±s Mannings roughness coeffic±ent

4Q

itD2
equat±ons ±f V ±s replaced by and K is used to denote the
constant part, then the equation takes slightly d±fferent form of

equation (4.11). The equation may be wr±tten as:

(4.14)
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The Co1ebrook-W~hite equation cannot be explicitly expressed in

this form.

4.7 OPTIMIZATION MODEL:

Loop Network:

The equat±ons (4.12), (4.13) and (4.14) represent a water

distribution network in mathematical form. In design problems all

flows external to the network eg: Q1, Q2, Q~, Q4 in fig 4.4 are

known (i.e., external supply and demand at nodes are known). The

network design problem is then to find the diameters(Dm) of

pipes, such that equations (4.12 to 4.14 ) are satisfied and the

minimum service pressure are maintained at all nodes without

exceeding the maximum permissible pressure at any point in the

system.

2

fig. 4.4
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Difficuity in determ±ning the appropr±ate pipe diameter ( D ) ±n

a 100p network ar±ses from the fact that:

±) Both the diameters and the flow rates in the pipes are unknown

eg: the flow rates between nodes 1-2, 2-3, 1-4 etc. and the

d±ameters of pipes 1-2, 2-3, 1-4 etc. are unknown; and

ii) the equation (4.14) is non-i±near.

The commonly used solution method ±s to guess a set of diameters.

W±ththese d±ameters as known vaiues, the fiow rates are guessed

such that equation (4.12) is satisf±ed. Then the head ioss is

computed by the equat±on (4.14). Finaliy it is checked as to

whether equation (4.13) is sat±sfied or not. If it is not

satisfied, then a correction to the init±ally assumed fiow is

appiied by the Hardy-Cross method, or the Flow method, or the

Head method39. By applying a correction successively, an

acceptabie result can be obta±ned. When the equations ( 4.12 to

4.14 ) are satisfied, ±t is necessary to check if the conditions

of m±nimumand maximum pressure are satisfied; if not, another

set of diameters are to be guessed and the whoie steps are to be

repeated. The process is repetitive and a computer programme

makes the job easier.

The aim of optimai pipe network design ±s to minimise the cost.

To achieve this objective, a cost function shouid be ìncluded ±n

the mathematicai representation of the pipe network. The cost
function can be typically expressed as;

Cm = ~YrLm D,~4 where, C,~ is cost of p±pe m
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and the total cost iS;

CT=~YtLmD~ (4.15)

The object±ve function of the optimizat±on problem may be wr±tten

as;

Minimíse CT=~YtLmD~ for aii m (4.16)

The conditions to be satisfied are;

Equation (4.12)

Equation (4.13)

pressure constraints

H, > H~at ail nodes i = 1 , I

H,,,~ < H~at any point in the pipel±ne

Where, H, = Pressure at node i

H, = Hydrostatic pressure anywhere in pipe m

H~ = Minimum permissible pressure at a node

respect±veiy.

h~ = Maximum perm±ssible hydrostatic pressure for pipe

Type t

V,,~ = Velocity at pipe m

V~, V~ = Minimum & maximum permissible veiocity

respectiveiy.

The generai network optimization modei, therefore , becomes;

Minimise CT=~yLfflD~ -

Subject to:
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QI~-EQOj=0 for ali nodes ±= 1 I

E h~=0 for ail ioops j = 1 , J

~ at ail nodes i= 1 , I

Hsm�hpt any where ±nthe pipeiine

Vm �t~ at any pipe m

Vm �V~ at any p±pe m

In these equat±on head ioss (h~) ±scalculated by equat±on (4.14)

KL e1~
which ±s h~ = e2

Dm

The non-1±near nature of the object±ve function and the

constraint equat±ons, coupled w±th the unknown pipe flows (Qm)

and the pipe d±ameters (Dm), makes the solut±on of the modei

d±ff±cult. The i±near progranim±ng ( LP ) techn±que can be used to

solve the model by mak±ngsome simpi±fy±ng assumpt±ons. A method

suggested by Alperov±ts and Shamir33 assumes;

i) Known in±tial set of fiows (Qm ) such that equation

(4.12) is sat±sf±ed.

i±) Length L~cons±sts of severai segments of known

d±ameters.

The in±t±ai set of fiows may be obta±ned by the Hardy-Cross

method, the Fiow method, or the Head method and the init±ai
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chosen flows may be modified by the Quindry, Brill, Lebman

method394°. The complete solut±on is obtained by iterative process.

Optimizat±on by the non-linear programming41 and the dynamic

programming4243 principies are proposed by various researchers.

Var±ous other methods based on d±fferent techn±ques are

available.

4.8 OPTIMIZATION MODEL FOR BR.ANCHED NETWORK:

The most important difference in the analysis, the design of a

Loop Network, and a Branched Network system, is that the flow in

pipes is uniquely known in the latter. In a branched network

system, there is no alternate route of supply to satisfy the

nodai demand. Therefore, know±ng the nodai demand for a known

iayout, the discharges in aii the pipes can be uniqueiy computed

such that equation (4.12) ±s satisfied. The analys±s and the

des±gn probiem of a branched network is to use the head loss

equat±on, for example equation (4.14) , to find the diameter such

that the veiocity and the pressure requirements are sat±sfied. In

the head ioss equation h~ = KLmQm81 , Dm is the only unknown.

D:

The ailowabie (h~ ) can be computed by knowing the elevation

difference between the points and the required m±n±mumservice

head at the supply po±nts ( or at the crit±cal points such as
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higher elevation points using the condition that hydraulic grade

line should not fall below pipe elevation ). Equating h~ to h~

only unknown Dm can be computed. The mean flow velocity in the

pipe can then be easily computed by the continuity equation

4Q • • . . •
Vm = . Finally this velocity is compered with the velocity

TC Dm

criteria to see if the maximum and the minimum velocity

conditions are satisf±ed or not. The rnax±mum static pressure

condit±on is also checked, if any of these criteria is violated,

the process is repeated for another Dm such that h~�h~

Therefore, design steps are:

el i

Compute Dr~, by Dm= ~ rn m (4.21)
I~n

such that h~�h~ (4.22)

and Vm�V~

Vm�~in

Hsm�~

A trial value of h~ can be taken. A few trials, usually yields

the Dm which satisfy these conditions. Thus the analysis and the

design of a branched network is sìmpler as compared to a looped

network.

To obtain a true optimal solution, however, the cost function has

to be included in the mathematical representation of the network.

Again, the total pipe cost, in a network can be typically
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expressed by equation (4.15), which is: CT Eï~= Lm D514

The optimal design probiem is to find the diameters to minimise

the total pipe cost, while meeting the pressure and the veloc±ty

cond±tions. The probiem can be formuiated as:

Min±mise CT = ~ Lm Dm54

Subject to:

~sm �

Vm � V~

Vm � ~

Various researchers have proposed a nuniber of optim±zation models

and, the solution techniques for a branched water suppiy

d±stribut±on network. Liang43 has soived the single dead end

probiem through dynamic programming. Wantanatada~ formulated the

design probiem as a non-linear programming probiem, and solved ±t

by var±abie metric method. Karmei± et a131, Robinson & Austin32 and

Aiperovits & Shamir33, formuiated the opt±mization model as a

iinear programm±ng probiem. Deb45 extended the method suggested by

Cowan46 to obtain an analyt±cai soiution consider±ng pipes in a

series, for optimai pipe sizes. Appieyard47, proposed Lagrange

mult±plier method which has been further developed by Chipunkar

& Khanna48 for caiculator computat±on purpose. Fujiwara & Dey49
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proposed a two stage soiution method . In the first stage pipe

s±zes are obtained by the Lagrange muitiplier method; and in the

second stage, the method uses LP modei, where the soiution

obta±ned in the first stage, is used to seiect a restricted

candidates 1±st, for ±nput to the modei. The applicat±on of this

method is i±mited to branched networks, iocated on a fiat terrain

with a s±ngie source node, and where the required minimum head

for each end node is equal.

The iinear programming (LP) technique, s±miiar to the one

suggested by Aiperov±ts & Shamir, truiy yieids the giobai optimai

soiution for branching distribution networks. A constant fiow

part of the network, may be assumed to consist of one or more

pipes of known diameters (ie commerciaiiy availabie diameters).

The equations (4.14) & (4.15) suggest that the head ioss and the

cost of the pipes of known diameter, ( Dm ) and w±th the known

fiows, ( Qm ) are i±near function of ±ts iength (L,~). Therefore,

the constant fiow part can be assumed to consist of pipe

segments, of known sizes ( d~, ) but unknown iengths(i~), eg in f±g

4.5. Thus i,, becomes decision variabie of the LP modei.

di

Qm d2 ~ ~ m

L1 L2 L3

fig. 4.5
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W±ththese assumptions the optimization modei would become:

M±n±m±seEMiY~ E1~ d~4 (4.23)

Subject to

E = Lm (4.24)

~ — Eh~ � (4.25)

� (4.18)

Vm � ~ - (4.19)

Vm � V~ (4.20)

� 0 (4.26)

Where E~
3 = eievation difference between the points i & j

By using the whoie range of commercially avaiiabie d±ameters as

an input to the modei, the number of decis±on variables (i~) wiil

be unnecessarily increased. The range of d~ ±s actuaiiy

restr±cted to a few, by the veiocity criter±a. By using

continuity equation, the maximum, and the m±nimum velocity

requirements, one may obtain;

c~ =~ ~ (4.22a)
N min

and c4~ = ~ (4.22b)

where d.,~ = Max±mumpermissibie pipe diameter

= M±n±mumpermissibie pipe diameter
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Thus, ±na constant flow part, oniy those coinmercialiy avaiiabie

diameters are necessary to consider wh±ch fall within the range

of ð,~ and c~

This model is d±rectiy appl±cable to obta±n the optimai soiut±on

of a branching pipe network, in a reiativeiy plain terrain, where

complete grav±ty flow exist, oniy one type of pipe ( pipe

mater±ai and/ or waii thickness ) is used, and no pressure

release devices (eg pressure reiease vaives or pressure release

tanks ) are used.
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4.9 Model For a Branched Network in Hills:

4 . 9 . 1 INTRODUCTION:

In the hiily topography, the high elevation d±fference along the

pipeline introduces some new conditions which were not considered

in the LP modeis d±scussed in the previous sect±ons. In this

section, a discussion on the nature of these new cond±tions and

the conventionai way of deaiing with them wiii be presented. Then

a LP model simiiar to the previous modeis wili be developed for

the optimization of a branched gravity water suppiy network in

the hiils. The next chapter wiii show the use of the developed

modei through the soiution of a hypothet±cai exampie.

4.9.2 PROBLEMSTATEMENT:

The topography of a hiliy area is characterised by high eievation

differences. Large eievation difference aiong a pipei±ne impi±es

h±gh static pressure ( Hsm ) at some po±nts. The p±pe used to

supply water can oniy withstand a certain ievel of pressure,

wh±chdepends on the pipe materiai and the wail thickness. Some

means should be introduced to release the pressure, when the

elevation difference between two points aiong a pìpeline exceeds

the pressure that the pipes ±n the p±peiine can withstand. In

h±iiy areas of Nepai, Break Pressure Tanks (BPTS) are commonly

used to reiease the additionai pressure. Introduction of the BPTS
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±n the network creates new constraints ±n the distribut±on

network opt±m±zation modei, d±scussed in the previous sect±on.

PVC p±pes are commonly used ±n rurai water supply schemes in

develop±ng countries iike Nepai. The pipes come ±nvar±ous wali

th±cknesses, wh±ch can w±thstand different amounts of internai

pressure. Depending on the ±nternal pressure created by the

elevation difference, p±pes of the same ±nternal d±ameter, but of

a d±fferent wail thickness, may be used aiong a pipeline branch.

Th±cker waii p±pes are costlier than the ones w±th thinner walls.

Th±s difference ±n cost further modif±es the optimizat±on modei.

The cost coefficient y in equation (4.15) rerna±ns constant only

for one p±pe type (mater±ai and waii th±ckness). As soon as the

p±pe waii thickness and /or the pipe mater±al differs, a

different y , which refiects the cost of that type of p±pe,

shouid be used.

The iayout of a network in a h±ily terrain is usualiy controlied

by the topographicai ( e.g., r±dge/valiey ) conditions, other

natural condit±ons (e.g.: iandsl±de prone areas, suitabie stream

crossing, d±ff±cult ci±ff area etc. ), and nature of settiement.

Therefore, there is iittie or pract±caiiy no poss±biiity of

iayout optimizat±on. An optimization modei for a hiliy terrain

therefore, should ±nciude d±ameters (or iengths ), BPT5, and pipe

type ( thick or thin wali ) as bas±c var±abies.

A complete gravity water suppiy system ±s usuaiiy used for smail

rural commun±ties in the mountains of Nepal. A pump±ngsystem is
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particularly out of the question as no power ±s available in the

rural areas. On the other hand the use of water source located at

a higher elevation than the settleinents favour a gravity system.

At a branching node, a Distr±bution Box (DB) ±s used to

facilitate the water distribution in a different branch. These

DBS are tanks which, in addition to fac±litating a p±pe

branch±ng, effect±vely serve the purpose of pressure release

tanks.

Therefore, a network may be optimised by optimising each branch

between such nodes individually.

4.9.3 OPTIMIZATION STRATEGY:

The cornmonly used components of a gravity water supply system in

the rural hills are intake, sed±mentation tank, storage tank and

pipelines.

It is obvious from the discussion presented at section (4.2) that

s±t±ng a sedimentat±on tank as close to the intake as possible;

and a storage tank as close to the demand centre as poss±ble,

results in a reduct±on ±nthe total system cost. In light of the

discuss±on presented ±n the preced±ng sect±on, the network

opt±m±zat±onmodel of the form given by the equat±ons (4.23) to

(4.26) has to be mod±f±edto ±ncorporate BPT5 and the pipes wall

thickness. Introduct±on of the BPT5 has two effects; first it

releases the ±nternal pressure created by elevat±on difference,

and the second is that as a consequence of pressure release, ±t

is poss±ble to use a th±nner walleð p±pewhich is cheaper. Thus,

it results ±na reduction ±ntotal pipe cost. However, the tanks

115



Ó

.

.

.

.



have the±r own cost. Therefore, the optimum network is only

poss±ble from the optimum comb±nation of tanks and pipes.

As the distrìbut±on boxes are used ±naii of the branching nodes

whose posit±ons are known from the layout, these boxes also

serves the purpose of a pressure release tank. Each branch of the

network may be optimised independentiy.

The cost of a branch is reiated to three things which are:

A) Posit±ons and nuinber of BPTS

B) Lengths and diameters of pipes

C) Pipe waii thickness( or pipe type

Aii three are interrelated and contr±bute to the cost of a

branch. The optimal poi±cy for a given nuinber of BPT5 ±s the

comb±nation of positions of the BPT5, iengths & diameters of

pipes, and pipe wali thicknesses, wh±ch gives minimum cost.

Obtaining the opt±rnal poiicy for a given nuinber of BPTS ±nvolves

evaiuating the cost of the branch for ail possibie pos±tions of

the tanks, iengths & d±ameters of p±pes, and p±pe wail

thicknesses. The giobal opt±mai poi±cy for a branch can be

obta±ned by comparing the opt±mal polic±es for aii possible

number of BPTS. Therefore, computation for obtaining a globai

optimai poiicy for a branch becomes repetitive. The foiiowing

process may be used to obtain a giobai optimai soiut±on for a

branch

First obtain an optirnai policy when the absolute m±n±mum

nuinber(N~) of BPTS are prov±ded. Then increase the nuinber

of BPTS by one and obta±n an optimal policy for the present
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nuxnber of BPTs. Increase the nuxnber of BPTs in steps of one

and f±nd optimal pol±cy for each case; term±nate the process

when the nuniber of BPTs becomes the absolute max±mum( N~ ).

Each pol±cy ±svalid optima for the nurnber of tanks provided.

Then seiect the one poiicy from these optimal pol±cies, wh±ch

has the minimum cost.

The giobal opt±mai poiicy includes pos±tions and nuxnbers of the

tank(s), iengths and d±ameters of var±ous types of p±pes.

Therefore, the globai optimal poiicy

Opt±mumpoiicy when nuxnber of BPT = N~

Optimum poi±cy when nuxnber of BPT = N~+ 1

= Min±mumof Optimum policy when nuniber of BPT = N~+ N

Opt±mai poiicy when nuxnber of BPT = N~

49.4 DEFINITION OF TERMS

Before formulat±ng and exam±n±ngthe optimization modei for the

hiiiy cond±tions, the foilowing terms w±ii be defined:

Branch : A branch ±s the part of a network that has constant

fiow. eg S-T1-J1, T1-T2-J2, J2-Ei, J1-J4 etc.

Link : A link ±s cons±dered to be a contìnuous part ( without

break by BPT ) of a branch . eg S-T1, T1-J1, J1-J4 etc.
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Part : A part is def±ned as the port±on of a iink which has oniy

one type of pipe (i.e., the same wail thickness and same

materiai).

Node : A node ±s a point where two or more iink meets, or a link

starts, or a link ends eg S, T1, J1, E1 etc. The source

(S), the BPTS (T), the branch±ng point (J ), and the end
t

points (E), are aii nodes. The source (S), junction(J),

and serv±ce po±nts (E), are fixed node where as the

pos±t±on and nuxnber of the BPTs nodes are unknown

in±t±aiiy. The determination of the total nuniber and

pos±t±ons of tank nodes are a part of the opt±m±zat±on

process.

Path : A path ±s any cont±nuous sequence of branches ±n a

network.eg S-T1-J1-J4-E5 , S-T1-J1-T2-E1

T1-J1-T2-J2-J3-E3 , T1-J1-T2 etc.

A path may start from a source(S), or from a tank (T) where

pressure ±s atmospher±c, and may ends at a service

po±nts(E), or at a tank.

Definition dlagram

F±g 4.6
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4.9.5 ASSUMPTIONS ~ND KNO~INQU.ANTITIES:

Assumptions:

1. The layout of the pipe network is known. This is a reasonabie

assumption as a iayout in the hilis is usually controiied by

the topography and the nature of the settiement.

2. Reiationship between the head loss, the flow, and the p±pe

diameter ±s given by the equation (4.14)

= KLmQm
Dm

3. The pipe cost ±s given by the equat±on of the type (4.15)

Cm = ~ Lm D~14 c~±s pipe cost.

4. The cost of the break pressure tanks ±sgiven by the equation

C~=Nc~ -- (4.28)

where C~= Totai cost of tanks.

c~= Cost of one tank.

N= Nuniber of tanks.

[ The BPTS used ±na smaii community water suppiy system are of

a standard size and therefore, the cost is the same for every

tank ±na particular system. That is, the totai cost of the

tanks is only given by the product of the nuniber of tanks,

and the cost of a tank.]

By assuxnption (3) & (4), the total cost of a network system is

g±ven by

CTNCt +EytLmD~4 (4.29)

Where CT = Totai network cost.
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5. The pressure at each branching node is atmospher±c. The use of

a d±str±bution box at a branch±ng node makes this assumpt±on

val±d.

6. The ground has a un±formsiope aiong the p±pel±nein a branch.

The known Quantities:

Quant±t±es known from feasibii±ty survey are:

1. The fiow ±n each branch Q~ ) is un±queiyKnown

2. The ground eievation of the po±nts along ali paths. ( ± . e. , the

groundprofile and the elevation d±fferencebetweenthe po±nts

are known )

3. The cost of a tank.

4. The cost per un±t iength of ail types ( th±n & thick waii

and the diameters of the pipes.

5. Length of each branch ( Lm

The quant±t±es known from criter±a ia±d down in the code of

practice are:

1. The min±mumpressure requ±rementsat serv±cenodes.

2. The m±n±mumand the max±mumaliowabie veioc±ties.

3. The max±mumaiiowabie pressure for each type of p±pe.
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4 . 9 . 6 MODEL FOR A BP.ANCE:

A Branch w±tha uniform ~iope:

Considering a branch, betweenpoints A and B, Fig 4.7 in which

= Flow in branch A-B

E~= Elevation difference between points A & B

= Totai length betweenpoints A & B

Eab

B

Fig 4.7

For the purpose of s±mpiic±tyin discussion and subsequentmodei

formulation it ±sassumedhere, that pipes are avaiiabie ±ntwo

waii thicknesses. Theoreticaiiy, there can be more than two waii

thicknesses or pipe mater±als.

The following syrnbois are used in the d±scussion.

= Maximum pressure that type 1 ( thin wali type ) pipe can

w±thstand.

= Maximum pressure that type 2 ( thick waii type ) pipe

can withstand.

A unïform slope branch
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Obviously h~2> and type 2 is costl±er than type 1.

yt = Cost coeff±cient of p±petype t.

±e y~= t!

= !l !! !! ~ 2

Note : y~ varies with waii th±cknessand/ or p±pe

mater±ai.

Two s±tuat±onsare poss±biein a branch:

A) Branch w±thouta BPT

B) Branch w±th the BPTs

Branch without a BPT may ex±st in two cond±t±ons,which are;

i) when E~, �

i±) when � E~,> h~1

Branch with BPTS ex±stwhen E~�

Each poss±bility wiii now be stud±edin deta±i.

Model Formulation for a branch:

1. A BRPSNCH WITHOUT BPT WHEN E~�

In such a s±tuat±on,a th±nnerwaii pipe (type i & cheaper one)

can be prov±dedin the whoie iength of the branch AB. That means

introduction of a pressure reiease tank does not resuit ±n a

reduction of the p±pecost, ±nstead,the additionai cost of the

tanks ±ncreasesthe totai cost. Therefore, ±t±snot necessaryto
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consider BPT and pipe type 2 in the optim±zat±onmodel.

The objective function would be:

M±nimise Cai, = ~ ~ Di,4

or M±nim±se

If the length L~i, ±sassuinedto consists of many pipe segments

of unknown lengths l~ and known diameters ð~. The ð~are the

commerc±aiiy avaiiable diameters w±th±nthe range of ð~ and

d~ . Let there are n nuxnber of diameters avaiiabie within this

range. Then the objective function become:

Minim±se C
1~=y1~~(l~c~~

5~4) (4.30)

and the constraints are:

= L~, (4.31)

If the m±nimumpressure requ±rementat B ±s ~ and the

suxnrnat±onof head iosses in A-B is ~ h~ then the pressure

cond±tion±s:

Eab — ~ ~ �

or Eab — KQa~~ (lp/ðpe2) ~ ~nin,b (4.32)

and aii 1~� O (4.33)

Therefore, the compiete LP model wouid be:

Min±m±seYi ~ (L~ d~4)

Subject to:

~ l~Lab

Eab - K Qa~~ (1~/ð~2) �

1p ~
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2. A BRANCHWITHOUT BPT WHENh~~>E,h> h1,7

When the situation > E~> h~1 exists, two options are

available, either;

I). Prov±dethe Type 1 pipe up to the point where internal

pressure in the pipe equals h~1 and prov±dethe pipe Type

2 in the remaining portion.

or;

11). Provide a BPT ( or BPTS) and use pipes Type 1 and 2 as

appropriate.

MODELi FOR A BRANCHWITHOtJT BPT

Def±ning following syrnbols;

S~,= -~ = slope of the line A-B ( uniform

~ 1~ = Total length of the pipe Type 1

~
1p2 = Total length of the pipe Type 2

The cost of the pipes is given by

C = y
1 ~ (

1p1 d~4) + Y
2 ~ (

1p2 ð~~4) for all p (4.34)

Uslng two types of pipes

Fig 4.8
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Up to the hydrostatic pressure of h~1 , the cheaper i.e. Type 1

pipe couid be used. If the Type i pipe is used up to an eievation

d±fference of H1 from A, then the cond±t±onof the internal

pressure in the Type 1 pipe shouid not exceed h~1 and can be

expressedas ;

H1 �

or ~ l~ � h~1 (4 . 35)

If ~hLpx and ~hLp2 are the head iosses at the part 1 and the

part 2 respectively, the minimum pressure requ±rement at point B

can be stated as;

Eab — ~ h~,1 — ~ h~ � ~nin, b

or Eab - KQa~~ (1~1/ð~
8

1
2) - KQa°~(1~

2/d1~) ~ (4.36)

Total iength should be equai to Lab

ie ~ ~ + ~

1p2 = Lab (4 . 37)

Therefore, compiete LP formuiation would be:

Minim±se C~, = ~ (1~
1ð~~)+ Y2~(1~2d~~

4) (4.38)

Subject to:

5ab � h~
1 (4.35)

Eab~~KQa~~ (1~1/ð~e1
2) KQ~~ (1~

2/d~) ~ ~nin,b (4.36)

~
1p1 + ~21p2 = Lab (4 37)

and 1p1 1p2 ~ O (4.39)
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3. A BRPSNCH WITH BPT:

The BPT, one or more as the case may be, must be provided when

the eievat±ond±fferenceexceedsthe maximumpermissibie pressure

for the Type 2 pipe ( Eab > h~2 ). When Eab = h~2 , the provision of

a BPT is not a strict hydraulic requ±rement, since the Type 2

pipe can withstand the max±mumpressure exerted in the system. In

such a case a decision whether to provide a tank (or tanks) or
not has to be taken entireiy on the cost basis. But

when Eab > h~2 , a certain min±mumnuniber of tanks ( or some other

pressure reieasing devices e.g. valves ) have to be prov±ded.The

minimum nuxnber of tanks between the two points A & B, may be

obta±nedby the ±nteger part of h~2 S±miiariy the max±mum

nuxnber of the BPTS can be obta±nedby the ±ntegerpart of -

MODEL FOR A BRANCH WITH BPT:

Situation I : When Eab =

The optimization probiem is to obta±n the position of the

tank(s); in addit±on to the lengths and d±ametersof the pipe

Type 1 & 2, such that the totai cost is m±nimum.

Using the following syrnbols:

Ti = Pos±tionof tank 1
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E1 = Eievat±on difference between the starting and the

end±ngpoints of a link i

±e E1 = Eievation difference between the starting and the

ending po±ntsof iink i.
1ptl = Length of pipe p of type t ±n 1±nk i

hLptl Head loss in pipe p of type t in iink i

= Maximum head subjected to pipe type t in 1±nk l.

In the Figure 4.9, Link 1 = A-T1, and Link 2 = T1-B. Each iink

consists of two parts. Part-I of the p±petype 1 and part-II of

the pipe type 2.

Two types of pipes and a BPT

F±g. 4.9
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The cost of the system is given by

CT = Cost of tank ( C~) + Cost of part I in link 1

+ Cost of part 11 ±n1±nk1

÷Cost of part I ±nlink 1

+ Cost of part 11 in link 2

or CTCt+yl~(1pllðpi)

+ Y2 ~ (
1p21 d~~4)

+ ~ (1p12 d~4)

+ Y
2 ~ (

1p22 ð~~4) (4.40)

The condit±onsto be sat±sfiedare:

In link 1:

* The maximum permissible pressure at part I should not

exceed

ie

or ~ 1p11 � h~
1 (4 .41)

* The total head loss in the link 1 ( ~h1~~1 ) should be

equal to the available head ( E1 ).

ie E1-~h~~1=0

or S~(~
1p11 ~ 1p21) - K Qa~~ (1~

11/d~
9

1
2)

— KQ~~ (1~
21/d~) = o (4.42)

Sim±larly in link 2:

H21 �
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or (4.43)1pt2 �

* The minimum head requirement at B;

E
2 — ~ hLpt2 ~ ~nin, b

or E2 — ~hLpl2 - ~hLp22 ~

or S~( ~1p12+ ~1p22 ) — KQ~~ (1~12/ð~
2)

- KQa~~ (1~
22/ð::)~ (4.44)

* The total lengths of the p±pesshould be equal to the length

between points A & B (or L~ ).

±. e. ~
1p11 + ~ ~~p

2i+ ~
1p12 + ~ 1p~~= (4 . 4 5)

And
* A11 the dec±sionvariable should be positive.

i.e. 1ptl ~ o (4.46)

The complete LP formulation would be:

M±nim±seequation (4.40)

Subject to

Equation (4.41)

Equation (4.42)

Equation (4.43)

Equation (4.44)

Equation (4.45)

and Equat±on(4.46)
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Situation 11: When Eab> h~2

When the cond±tion Eab > h~2exists then some more constraints, in

addition to those presented in preced±ngmodel, have to be

±ntroduced. The new constra±nts are reiated to the max±mum

perm±ssibieinternai pressure in the Type 2 pipes. In part 11 of

both the iinks, ±nternai pressure shouid not exceed h~2

i.e. additional constraint for iink 1 ±s:

E1 �

or Sab (~ ~ + ~21p21) � h~

and for link 2:

E
2 �

or Sab (~21p12 + Î~21p22) �

2

E~b

Two types of pipes and a BPT

Fig. 4.10 Branch A-B w±th a BPT when Eab> h~
2

(4.47)

(4.48)
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Therefore, the complete LP formuiation wouid be

M±n±m±seequation (4.40)

Subject to:

Equat±on(4.40)

Equation (4.48)

MODEL FOR MORE TKAN ONE BPT SIflTATIOI~:

F±rst iet us consider two tanks, T1 and T2 in an uniform slope

branch A-B. Then iink 1 = A-T1, iink 2 = T1-T2, and 1±nk3 = T2-

B. The nunber of iinks ±na branch ±sequai to the nuxnber of BPT

in the branch plus one.

As before each 1±nkmay be assumedto consist of two parts; Partl

consisting the p±peType 1 and part 11 consist±ngthe p±peType

2 oniy. The opt±m±zat±onmodel formulation ±sexactiy s±m±iarto

the previous case. The oniy d±fference ±s the nuniber of BPT,

therefore, the nuxnber of links has ±ncreased;which ±n turn

±ncreasesthe nuxnber of dec±sion variables ( l~ ) and the

constraints to be sat±sfied.
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A

- ~- --~___

~Eth

~—. _B_ —

Branch AB wflh more than one BPT

F±g. 4.11

The LP model for two BPT situations ( see f±g.4.11 ) rnay be

formulated as follow.

M±n±m±sethe total cost,which ±sg±venby:

CT=2 C~+y
1E1 d

514pii pi
+y2El ð54

P21 p2
+y

1~1 ð~
1~p12 pi (4.50)+y

2~1 ð
514

p22 p2
+y

1~1 d
514

p12 pl

÷y
2~1 ð~

1~P23 p3

Subject to
In L±nk 1

H
11� 2~

or s~El~1~� h~1 (4.50)

and E1 �

Tt
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or 5ab (~1P1l + ~1P21) � h~
2 (4.51)

and El—~hLtl=O -

or E1 — ~hLll — ~hL2l = 0

or

Sab ( ~
1p11 ÷ ~ 1p21 ) —KQ~~ (1~

11/ð~
2)

—KQ~~(1~
21/ð;:) = 0 (4.52)

In L±nk2:

H12 � h~

.i.e. 5ab~1Pl2�hPl (4.53)

E2 �

i.e. Sab(~1Pl2+~1P22)�hP2 (4.54)

and, E2 — ~hLt2 = 0

i.e. Sab(~1Pl2 + ~1P22) — KQd~~ (1~12/ð~
2)

— KQ~~ (1~
22/ð~) = O (4.55)

In L±nk 3:

H13 � h~,1

i.e. Sab~1pl3�hpx (4.56)

E3 � h~2
and i.e.

8ab (~1p13 + ~1p23) � hp~ (4.57)

and E
3 — ~ h~ � h1flj•n~

i. e.
8ab (~1p13 ÷ ~ 1p23) — K ~ ~ (1~

13/d~~
2)

— KQa~~ (1~
23/ð~) ~ 1~nin,~ (4.58)

The total iength constraint:

~
1p11 + ~ 1p21 + ~ 1p12 + ~ 1p22 + ~ 1p13 + ~j 123 = Lab (4 •

and f±naliy,

the dec±sionvariabie 1ptl ~ o (4.60)

As the nuxnber of i±nks (or BPT ) increases, the nuniber of
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decis±on variabies 1ptl increases. It has been shown ±n the

preceding modei formulation that each link has at ieast three

constra±ntsto be satisf±ed. The veiocity cr±ter±amay be taken

into account by cons±der±ngthe range of d~only w±thin ~ and

d~ . Th±sw±11also reduce the nuxnber of decis±onvariabies.

The number of the decis±onvar±abies(n) in a part is equal to

the number of comxnercìaiiy ava±labie d±ameters

with±n d
1~~and d~

Therefore, the nuxnber of the variabies in a i±nk

= Nu.mber of the var±ablesin part I

+ Nuniber of the variables in part 11

=2n

Totai nuxnber of the variabies in a branch

= nuniber of the iinks( N1 ) multipl±ed by 2n

=2n N1 - - -

and the nuxnber of BPT = N1 - 1

The LP model for a branch consisting of N1 nurnber of iinks

(i.e. N1 - i tanks ) in a uniform ground slope S can, therefore,

be written as

M±nimise (N1—1) C~+ ~ ~ [r~ ~ (
1p~1 c~t~)] (4 . 61)

Subject to
For aii iinks

H
11 � h~1 (4.62)
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S~1~
1 � h~1 (4.63)

For ali nodes except services nodes;

- KQ
1 ~ (1~~

1/ð~)= O (4.64)

For aii serv±cenodes

S~1~ — KQJI~°
1~ (1~~

1/d~) ~ (4.65)

The totai iength constraint;

~
1pti = ~ (4.66)

and non-negative of the decis±onvariabies;

1ptl � O (4.67)

For a g±vennuxnber of the BPTS, the solution of the model gives

the tanks pos±tions; lengths and diameters of each type of pipes

to be used; so that the minimum cost is ±ncurred.

Therefore to obta±na policy for the absolute min±mumcost, the

model has to be soived many times. F±rst the modei may be soived

to obtain an optimum poi±cy when the m±nimumnu.mber of BPTS are

provided. The model may be solved repeatediy for the whoie range

of possible BPTS, and the optimum poi±cy for each case may be

obtained. The truiy optimum poi±cy for a branch may be obtained

by compar±ngthe indiv±duai opt±mumpoi±c±es.

13 5



e

.

.

.

.



4.9.7 ADDITIONAL CONSTRAINTS WHENGROtIND

LEVEL RISES ALONGA PIPELIN~.

When the ground eievat±on r±ses aiong a pipeiine some more

constra±ntshave to be introduced ìn the model presented in the

preced±ngd±scuss±on.

The add±tional constraints are reiated to the pressure at the

iowest and the h±ghestpoints in the p±pel±nee.g. point B and

point C in f±g4.12.

A

Fig. 4.12 Ris±ngground slope

D

The BPT shouid be located so that at point B, ±nternai pressure

created due to static head must not exceed the max±mumaiiowabie

pressure; and at point C, hydraulic grade 1±neshould not faii

below the ground eievat±on(i.e. head avaiiabie at C must be more

than or equal to atmospher±c).

T

Pcrt l
E~ Ï,E.I~.

c
Part

B
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Cons±dering portion TBC ±nfig 4.12, both TB and BC portion of

the p±peiinemay be assumedof cons±st±ngof partl and partll of - -

the Type ]. and Type 2 pipes respectively.

Defining 1~(al,) = length of pipe p of type t ±nportion AB

= diameter of pipe p of type tin port±on AB

= head loss ±npipe p in port±on AB

The pressure cond±t±onat point B may expressedas;

Etb -~ h~th) � hp2

i. e. S~ ( ~ ~ (tb)~~
1p2 (th) — KQeJ ~ (1p1 (zb) (tb)

— KQCI ~ (1p2 (zb)~v2 (th) (4. 68)

and the head cond±t±onat C may be expressedas;

Ezb —~ h~,(tb) ~ (bc) - EbC ~ 0

i. e. ~ 1p1 (tb) ~ 1p2 (tb) — KQd ~2 (lpi (tb)/ q~
1(th) — KQeI ~ (

1p2 (th) / ~v2 (th)

— KQeÍ ~2(l~~ (bc)/ ~pl (bc) — KQd ~2(1p2 (bc)/ ~p2 (bc)

— 8bc cX~1p1 (bc) + ~21p2 (bc) (4. 69)

By ±ncorporat±ngthese constraints ±nto the LP modei already

presented in the preceding discussion, the situation of h±gher

ground eievat±onalong a pipeiine can be tackied.

The next chapter w±ii descr±be the use of these modeis in

des±gningsome exampie networks.
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5. Application of the Optimization Model:

5.1 INTRODUCTION:

The purpose of this chapter is to iiiustrate the appiication of

the optimization modei deveioped in the prev±ouschapter. The

model wili be used to soive a hypothetical exampie case of a

branched network in a hiiiy terra±n. The soiution of the model

wiii g±vethe ieast cost policy and determine the d±ametersof

the cornmerciaiiy avaiiable pipes to be used, and the type of pipe

mater±alsand iengths to be provided. If break pressure tank(s)

shouid be provided it then also tells the optimum location(s) of

the tanks.

The 1±mitat±onof the modei is: firstiy, ±t assumesa un±form

ground siope aiong a s±ngiebranch, and secondly, for part±cuiar

number of BPTS, eachbranch has to be soived separateiy to obta±n

the opt±mumiocation(s) of the BPT(s) and the corresponding

optimum cost of the branch.

Aii the numerical data such as flows, cornmerc±aliyavaiiabie p±pe

sizes, cost coefficients, strength of p±pes to res±st stat±c

pressure etc. are hypotheticai. Therefore, these input data and

the consequentresuits should not be considered to represent an

existing reai world situation. However, an actuai technical

report on the design of a gravity water suppiy in the hiils of

Nepal has been consuited whiie assuming these data. The soie
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purpose of th±s exercise is to demonstrate the use of the

optimizat±onmodel. -

5.2 SUMMARY OF DESIGN CRITERIA ~ND CONSIDERATION:

The relevant des±gncriteria adopted±nthe des±gnof a community

water supply ìn the hills of Nepal are suininar±sedbelow. These

criteria are recornmendedin the lJesign Gu±delinesfor Rural Water

Supply (1990) publ±shedby the Department of Water Supply &

Sewerage, Regional Directorate,Western Region, Nepal. Wherever

necessary these criteria w±11be used in the solut±on of the

hypothetical example problem.

Surnmary of the Design Cr±teria:

Minimum flow velocity:

At river ±ntake, ±f no sedimentat±onis prov±dedthe minimum

flow veloc±ty shall be;

- in down h±11stretches

- ±nup-hill stretches

If sedimentation ±sprov±ded

reduced to;

- ±ndown hill stretches

- in up-hill stretches

Max±mumflow veloc±ty:

- desirable less than 2.5 m/s

- maximum 3.0 m/s

0.8 m/s

1.0 m/s

the minimum flow velocity can be

0.4 m/s

0.5 m/s
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Static Pressure:

Grav±ty Pipel±nes

- for PE pipes pressure ciass 10 kg/cm2 not more then 100.Om

- for GI pipes pressure class conforming to BS 1387 medium

grade not more than 160.0 m

Residuai Pressure:

Tapstand ideai 5 to 10 m

acceptable 10 to 15 m

BPTS and Storage tanks 10 to 20 m

5.3 ASSUMPTIONS:

The foiiow±ng assumptions are made in the application of the

modei to soive the exampie probiem.

1. Two types of pipes are avaiiabie;

Pipe type 1 : that can withstand a static pressure of up to (h~) 30.0 m
Pipe type 2 : that can withstand a static pressure of up to (h~) 60.0 m

2. The cost of a break pressure tank = NRs. 2000.00

NRs.= Nepaii Rupee; £ 1.0 = NRS. 70.0 approx±mateiy

3. The cost co-efficient Yt to be used to calculate p±pecost

in the equation (4.3); CT = y L D514 are;

Y1 = 0.45, for pipe type 1, and

Y2 = 0.65, for p±petype 2.

These coeffic±ents give cost(CT) ±nNRs., when iength(L)

is ±nmetre and d±ameterin miiiimetre.
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4. The frictional headioss is given by equation (4.14);

r ,—el
h =K~

L D°2

For Hazen-Wiiiiam equat±on;

K= 10.6 , el = 1.85 , e2 = 4.865c°1
From F±g. (3.7), taking C= 145 as an average vaiue.

K= 10.6 x104 and therefore,

hL=1O . O x 1O~Q85 D4865

5. The cornmercially available diameters are;

10 mm, 15 mm, 20 mm, 25 rnm,30 rnm, 40 mm, 50 mm, 60 mm,75 mm,

90 mm, 110 mm, 125 mm, 140 rnm, 160 rnm, 180 mm, 200 mm, 225

rnm, 250 rnm, 280 rnm, 315 mm, 355 mm, 400 rnm, and 450 mm.

5.4 RYPOTHETICAL EXAMPLE:

5.4.1 The Basic Data:

Let us cons±dera branchednetwork as shown in Fig. 5.1, with the

data as shown in Table 5.1.

F±g. 5.1 A hypothetical branched network.

7

io
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Table 5.1 Data for the network shown in Fig. 5.1

5.4.2 Preparation of the Data for Input:

The diameters of pipes for input to the model may be lim±ted to

a few by making use of the maximum and the minimum flow

velocit±es. If the maximum flow veloc±ty ( V~ )= 2.5 m/s, and

the min±mumflow veloc±ty ( V~ )= 0.40 m/s, then the max±mumand

minimum permissible diameters may be computed respect±velyby;

.D -[ 4Qmnx

L) =F 4Qmin J irv~

Knowin.g the maximum anðthe min±mumpermissible pipe sizes, the

range of the pipe diameters used as ±nput±nto the model may be

selected from the cornmerc±allyavailable diameters.

Branch Length Flow Elevation difference Average
(L) (Q) between starting & slope

x 10~ end point (E) (S)
m m3/s m

1-2 500.0 1.80 75.0 0.150
2-3 275.0 1.10 58.0 0.211
3-4 180.0 0.70 46.0 0.211
3-6 78.0 0.40 23.0 0.295
4-7 80.0 0.40 32.0 0.400
4-8 112.0 0.30 41.0 0.366
2-5 325.0 0.70 63.0 0.194
5-9 62.0 0.40 25.0 0.403
5-10 90.0 0.30 44.0 0.489
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For each branch of the example network the perm±ssibie maximum

and minimum d±ametersare caicuiated by the above relations, and

tabuiated in Tabie 5.2 . The tabie aiso shows the commerciaiiy

ava±iabie pìpe diameters within the max±mum and minimum

permissible iim±ts.

Table 5.2 The Maximum and Minimum permissible diameters
and Commercially available diameters.

Branch Q D~ D~ Commercially available diaineters

x io-3

m3/s mm mm mm

1-2 1.80 75.7 30.30 75, 60, 50, 40
total 4 sizes

2-3 1.10 59.2 23.7 50, 40, 30, 25
(total 4 sizes)

3-4 0.70 47.2 18.9 40, 30, 25, 20
total 4 sizes

3-6 0.40 35.7 14.3 30, 25, 20, 15
total 4 sizes

4-7 0.40 35.7 14.3 30, 25, 20, 15
total 4 sizes

4-8 0.30 30.9 12.4 30, 25, 20, 15

total 4 sizes

2-5 0.70 47.2 18.9 as in branch 3-4

5-9 0.40 as in branch 3-6

5-10 0.30 as in branch 4-8
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5.4.3 ApplicatLon:

Branch 1-2

From Table 5.1, Elevat±on difference between 1-2 (E12) = 75.0 m

Therefore, min.±mumnuxnber of BPT = Integer part of{ ~ }
h~2

= ~ { 75.0/60.0}

=1

• •Similarly, maximum nuxnber of BPTS= Integer part of { — }
h~1

= {75.o/ 30.0}

=2

Slope (S) = 0.150, length(L) = 500.0 m,

Flow (Q) = 1.8x10
3 m3/s

From Table 5.2, commercially ava±lable pipe sizes in rnm are:

75, 60, 50, 40, ( 4 sizes )

There are two possib±lit±es regard±ng the provis±on of the BPT;

1. Either provide a BPT and f±nd out the Qptimum policy for

th±s case or,

2. Provide two BPTS an.d find out the optimum policy for

this case.

To f±nd the global optima both cases have to be solved and their

optimal pol±cies have to be compared, the minimum of the two w±11

g±ve the global opt±mumsolution for this branch. Now the model

w±11be used to solve both the cases.
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Case: I Branch 1-2 with a BPT

The object±ve function is:

M±n±m±seCT = N C,~ + ~ [y,~~ (1~ ð~4)]

where, N = Number of BPT =1

N
1= Nuxnber of 1±nks = N÷1 2

p = nuxnber of parts = pipe s±zes = 8

t = type of p±pes =2

C~=cost of a BPT = NRs. 2000.0

-y = cost co-eff±cient, y1 = 0.45, Y2 = 0.65

The object±ve funct±on becomes;

Minimise CT = 2000.0
+ 0.45 ( 1111 75125 ÷ ~ 60~ + 1311 ~ 1411 40125

+ 0.65 ( 1121 75125 + + 1421 40125
+ 0 .45 ( 1,~ 75~ + + 1412 40~
+ 0.65 ( 1122 75125 + + 1~ 40~2~

+ 75.i. 121! + 59.8 1311 + 45.3 14~~
1121 ÷108.5 1221 + 86.4 1~ + 65.4 1421

1112 + + 45.3 1412

1,~+ + 65.4 1~

Nuxriber of Dec±sion Variables = (4x2)x2 = 16

Nuniber ofcond±tions to be satisf±ed = 7, which are as follows:

Constraint~:

1. The static pressure su.bjected to pipe type 2. in lirik 1 � 30.0 m

Or 0.150 ( 1~ + 1211 + 13~~+ 14~~) � 30.0

= 2000.0
+ 99.3
+143 . 5
+ 99.3
+143 . 5
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2. The static pressure subjected to pipe type 2 in 1±nk1 � 60.0 m

OrO.150 ~ + + 1411 + 1121 + +1421 ) � 60.0

3. The static pressure subjected to pipe type l in link 2 � 30.0 m

Or 0.150 ( 1~ + + 1412 ) � 30.0

4. The static pressure subjected to pipe type 2 in link 2 � 60.0 m

or 0.150 ( ~ ÷ + 1412+ 1~25+ + 1422 ) � 60.0

5. The residual head at BPT � 10.0 m

0.150 ( 1,~+ . . . .+ 1~+ 1121 + + 1421)

- l0.6x10~x(1.8x103)~x{1
111 /(.075)~~ +12,1 /(.06)48~+ +14J,/(.04)~~

+ 112, /(.075)~~~+ +142,/(. .04)~~~} � 10.0

Or 0.147 11,1 + 0.142 12,, + 0.131 i~ + 0.094 14~~

+ 0.147 1121 + + 0.094 1~ � 10.0

6. The residual pressure at node 2 � 10.0 m

Or 0.147 1112 + + 0.094 1412

+ 0.147 ~ + + 0.094 1425 � 10.0

7. Total length of the pipes = 500.0 m
Or 11,, + +

14U + 1121 + + l42f
+ 1112 + + 1412 + 1122 + + 1425 = 500.0

Th±s ±s a L±near Progranm±ng (LP) problem, wh±ch may be solved by

the S±mplex Method. The computer prograxnme EZLP, ava±lable at the

Un±versity of L±verpool, Department of Civ±1 Engìneer±ng, wh±ch

solves LP problem by the s±mplex method ±s used tO solve the

above problem. The ±nput data for the EZLP programme and the

computer output of the solut±on are included ±n the Append±x. The

result of the solut±on is sunimar±sed ±nTable 5.3.
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Table 5.3 Result of LP model solution for case I branch 1-2

Remarks

The BPT is located
at the end of

link 1

Case 11: Branch 1—2 with two BPTS

The formuiat±on of the LP modei a.nd its soiution technique are

exactiy the same as for case I. In this case there are two BPT5

which cost 2 x 2000.0 or NRS 4,000. There are three iinks:

therefore, the nuxnber of variabie = (4 x2) x 3 = 24. Each link

shouid satisfy the static pressure conditions, wh±chmeans pipe
Type i and p±pe Type 2 ±neach iink should not be subjected to

pressure more than and h~2 respectively. So there are 3x2

= 6 static pressure condit±ons to be satisf±ed. There are three

residuai pressure cond±t±ons to be satisf±ed: one for each BPTS

and one for service node 2. Lastiy there ±s a iength cond±tion to

be satisfied. Thus the total nuxnber of constraints are 10 in this

case.

Data for the EZLP computer programme are prepared exactiy ±nthe

same manner as ±n the first case, and the resuit of the LP

solution ±s summarised in Tabie 5.4

Length(m)

200
100

The BPT is located at 300 m fx

200

om node 1

200 . 0

500.0 m

The optimum cost for case I = NRs. 26,660.00
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Table 5.4 Result of LP solution for branch 1-2 case 11

Lin Pipe Length(m) Total Remark
type length

size (mm) (m)
40

1 1 193.6 193.6 BPT-1 is located

-

2

2 - - att

BPT-2

heendof
linkl

is located

BPT-1: Located at 193.6 m from node 1

1 200.0 200.0

-

3

2 - - at theendof
link2

BPT-2: Located at

1
2

200 m from BPT-1

106.4 106.4
- -

500 . 0

The opt±mum cost for case 11 = NRs. 26,650.00

Now the giobal optimum policy for the branch 1-2

= Minimuxn of ; (a) case I : w±th a BPT = NRs. 26,660.00

(b) case 11: w±th two BPT = NRS. 26,650.00

It is obv±ous from the cost compar±son between case I and case 11

that the globai optimum poi±cy ±s to provide two BPTs.The types,

sizes, and corresponding iengths of the p±pes that are to be used

are suggested in Table 5.4 The ±nterpretation of the Tabie is as

follows:

From node 1, for the first 193.6 m which ±s link 1,

provide p±pe Type i of 40 irim d±ameter. At the end of the

1±nk 1 provide the f±rst BPT. In i±nk 2, which starts at

BPT-1, prov±de pipe Type i of 40 mm diameter for 200.0 m
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Prov±de the second BPT at the end of 1±nk 2. In the th±rd

i±nk prov±de pipe Type 1 of 40 mmd±ameter for the rema±n±ng

106.6 m.

Branch 2-3:

The options available ±n th±s branch are:

(a) Branch without BPT, and

(b) Branch with a BPT.

The optimum solution for each of the options is obta±ned by the

same method. Thè compar±son of the optimum solut±ons for these

possìbiiities suggest that the option without a BPT is cheaper,

and then ±t is the global optimum soiut±on for branch 2-3. Tabie

5.5 represents the global opt±mumpoi±cy.

Table 5.5 Global optimum policy for branch 2-3

Lin Pipe
type

Length(m) Total
length (m)

Remark

size (niin)
30 25

1 1
2

100.2 42.0
- 132.8

142.2
132.8

The opt±mumcost = NRS. 9,045.53

275.0 m
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Other Branches:

Aii the rema±ning branches are soived by the same method. The

opt±ons ava±iabie for each of the rema±n±ngbranches are listed

±n Table 5.6. The giobai optimum policy for each of these

branches are suxnmar±sed ±nTable 5.7

Table 5.6 Various options for the remaining branches.

Total cost for these branch = 21,120.04

Totai cost of the pipe network and the BPT5

= cost of branch 1-2

+ cost of branch 2-3

+ cost of the remain±ng branch

— 26,650.00 ÷9,045.53 + 21,120.04

NRs. 56,815.57

Branch Options available

2-5

Global optimum
pol i cy

3-4

Cost
NR5.

option (a)

3-6

4-7

9 , 934 . 90

option (a)

4-8

(a) with a BPT
(b) with two BPTS

(a) without BPT
(b) with a BPT

(a) without BPT

(a) without BPT
(b) with a BPT

(a) without BPT
(b) with a BPT

(a) without BPT

(a) without BPT
(b) with a BPT

4,455.19

option (a)

option (a)

5-9

5-10

1,387 .33

1, 292 . 72

option (a) l, 666 . 79

opt±on(a)

option (a)

1, 017.07

1, 366 . 04
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Table 5.7

Brancl Lin]

Policies of the global optimum option
for he remaining branches.

Pip~
typ~

Length(m)

sizes (mm)

25 20 15

Total
length (m~

Remarks

134.9

127 4

81.5

2-5

3-4

3-6

4-7

4-8

5-9

5-10

1

2

1

1

1

1

1

1

19 . 7
15 . 7

27 . 3

36.2
62 .3

61 .4

35 . 0

38 . 8

1
2

1

2

1
2

1
2

1
2

1
2

1
2

1
2

154 - 6
15 . 7

154 . 7

325 . 0

117 . 7
62 . 3

180 - 0

78 . 0

78 . 0
75 . 0

5.0

80 . 0

82 . 0

30 . 0

112 . 0

62 . 0

62 . 0
61.3

28 . 7

90 . 0

a BPT

no BPT

no BPT

no BPT

rio BPT

no BPT

no BPT

16 . 6

40 . 0
5.0

82 . 0
30 . 0

28 . 2

61.3
28 . 7
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6. ConclusionsanðRecommendations

Sustanabil±ty: -

The advantages of provid±ng an adequate quant±ty of safe and

wholesome water are beyond doubt. However, cons±dering the rural

c±rcumstances of the Third World, the real±zation of the benefits

are unl±kely unless the water supply schemes are effectìvely

±ntegrated at least with san±tat±on and hygiene awareness

programmes. if full advantage of the water supply schemes are to

be der±ved, and ±f these schemes are to sustainable , it is

essent±al to see and understand the rural s±tuations ±nbroader

perspect±ve of overall development. A water supply scheme as a

component of a comprehens±ve integrated rural development (CIRJJ)

package which covers all aspects of the rural life, is most

1±kely to be both successful and sustainable.

It is an interest±ng area of a study to develop a CIRD package

for a small rural community. A visit to the community with an

open m±ndw±thout any decided plan is deemed necessary to develop

such a package. The consultatìons and the ±nteractions with as

w±der sect±ons of the community as possible w±11help establ±sh

the v±llagers needs, and pr±or±ties. In fact, an important

element of a CIRD package developed by an open mind approach will

be the documentat±on of the v±llagers needs, wishes, and

preferences as perce±ved by themselves, not imposed from outside.
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In add±t±on to the documentat±on of the viliagers view po±nts,

due consideration to the socio-economic s±tuations, cuiturai and

trad±tional vaiues, iocal sk±lis and organìzationai

infrastructure etc. may be given and an appropriate strategy of

the community deveiopment may be suggested ±n the CIRD package.

Opt±m±zation:

As the rurai water supply schemes are smail and simpie, the cost

of a s±ngle such project ±s low. This ±s one of the reasons why

the des±gners of these projects are not attracted to the opt±mal

design approach. However, in a deveioping country hundreds of the

rural communities may be in need of these schemes. The total cost

of these schemes is substantial, and cons±der±ng the iim±tat±ons

of the resources, the optimization of the schemes become

important.

Various possibil±t±es for the optimizat±on of a water suppiy

scheme ex±st such as opt±mization of storage tank, treatment

faciiities, p±pe network, etc. In a water suppiy system, the cost

of the p±pes usualiy const±tutes the biggest proport±on of the

total system cost. The generai concepts and strategy for water

suppiy system opt±mizat±on presented ±nthe dissertat±on can, if

appi±ed, substantially reduce the totai cost. The L±near

Programming ( LP ) modei presented here can be used for the
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opt±mal desìgn of the branched networks for the gravity water

supply schemes.

For the soiution of the LP models a help of computer ±s usually

needed. A PC can easily solve the LP modeis for the branched

networks. The PC5 are now ava±iabie at the most of the regionai

water supply offices ±nNepai.

The LP modei deveioped ±n the dissertation assumes a un±form

siope in a branch. In reality, this may not be the case.

Therefore, development of a model to tackle the muitipie ground

slopes wiii be an usefui contribution. There ±s a need to find

out a simpi±fied method of optimization for use in places where

PCS are out of reach.
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6. Conclusionsand Recommendations

Sustanab±i±ty:

The advantages of provìding an adequate quant±ty of safe and

whoiesome water are beyond doubt. However, considering the rural

c±rcumstances of the Third Worid, the reai±zation of the benef±ts

are uniikeiy unless the water supply schemes are effectively

integrated at least w±th sanitation and hyg±ene awareness

programmes. If full advantage of the water suppiy schemes are to

be derived, and if these schemes are to sustainable , it ±s

essentiai to see and understand the rural s±tuat±ons ±n broader

perspective of overail deveiopment. A water supply scheme as a

component of a comprehensive ±ntegrated rurai development (CIRD)

package which covers aii aspects of the rurai life, is most

i±kely to be both successfui and susta±nable.

It is an interesting area of a study to develop a CIRD package

for a smali rural colnmunity. A vis±t to the commun±ty w±th an

open mind without any decided plan is deemed necessary to deveiop

such a package. The consultations and the interactions w±th as

wider sect±ons of the commun±ty as poss±bie will help establish

the v±liagers needs, and priorit±es. In fact, an ±mportant

eiement of a CIRD package developed by an open mind approach wiii

be the documentation of the villagers needs, wishes, and

preferences as perceived by themseives, not ±mposedfrom outside.
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In add±t±on to the documentat±on of the v±iiagers v±ewpo±nts,

due cons±derat±on to the soc±o-economic s±tuat±ons, cuiturai and

traditional vaiues, local sk±iis and organ±zat±onai

infrastructure etc. may be given and an appropriate strategy of

the community deveiopment may be suggested ±n the CIRD package.

Opt±m±zat±on:

As the rural water suppiy schemes are small and simpie, the cost

of a s±ngie such project is low. Th±s is one of the reasons why

the designers of these projects are not attracted to the optimal

design approach. However, ±na deveioping country hundreds of the

rurai commun±t±e~may be ±nneed of these schemes. The totai cost

of these schemes ±s substant±ai, and consider±ng the 1±m±tat±ons

of the resources, the opt±mizat±on of the schemes become

important.

Var±ous possib±1±ties for the opt±m±zat±on of a water suppiy

scheme ex±st such as optimizat±on of storage tank, treatment

fac±1±t±es, p±pe network, etc. In a water suppiy system, the cost

of the p±pes usualiy const±tutes the b±ggest proport±on of the

totai system cost. The general concepts and strategy for water

supply system optimizat±on presented ±nthe dissertat±on can, ±f

appi±ed, substantially reduce the totai cost. The L±near

Programm±ng ( LP ) modei presented here can be used for the

153
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optimal design of the branched networks for the gravity water

supply schemes.

For the soiution of the LP models a heip of computer is usuaily

needed. A PC can eas±iy solve the LP models for the branched

networks. The PCS are now available at the most of the regional

water supply offices in Nepal.

The LP model developed ±n the dissertation assumes a un±form

slope in a branch. In reai±ty, this rnay not be the case.

Therefore, deveiopment of a modei to tackle the muitiple ground

siopes w±1i be an usefui contr±but±on. There is a need to find

out a simpiif±ed method of optimizat±on for use in places where

PCS are out of reach.
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APPE~NDIX- A

Input data for the EZLP computer progranime.

Branch 1-2 Caš~ I: With a BPT

16 7 ( Number of decision variables, and constraints)

O . 15

0.0

0.0

0.0

0.15 ( coeff±cients of the dec±sion

0.0 var±abies)

0.0

0.0

O . 15

0.0

0.0

0.0

60 . 0

O . 15

O . 15

0.0

0.0

—i 30.0 ( Constra±nt number 1)

O . 15

0.0

0.0

0.0

-1 ( constraint nurnber 2)

0.15 0.15 0.15 ( coeffic±ents )

0.15 0.15 0.15

0.0 0.0 0.0

0.0

-1 30.0 ( constra±nt nuniber 3

0.0 0.0 0.0 0.0 ( coeff±c±ents

0.0 0.0 0.0 0.0

0.15 0.15 0.15 0.15

0.0 0.0 0.0 0.0

0.0 0.0
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-1 60.0 (constraint nuxriber 4)

0.0 0.0 0.0 0.0 ( coefficients

0.0 0.0 0.0 0.0

0.15 0.15 0.15 0.15

0.15 0.15 0.15 0.15

1 10.0 ( constraint nuxnber 5

0.147 0.142 0.131 0.094 ( coefficients)

0.147 0.142 0.131 0.094

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

1 10.0 ( Constraint nuxnber 6)

0.0 0.0 0.0 0.0 ( coefficients

0.0 0.0 0.0 0.0

0.147 0.142 0.131 0.094

0.147 0.142 0.131 0.094

0 500.0 ( constraint nuxnber 7

1.0 1.0 1.0 1.0 ( coefficients

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0
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1 1 ( objective funct±on type

2000.0 ( Cost of a BPT

99.3 75.1 59.8 45.3 (coeffìc±ents)

143.5 108.5 86.4 65.4

99.3 75.1 59.8 45.3

143.5 108.5 86.4 65.4

Branch 1-2 case 11: with two BPT

24 10 ( Nurnber of decision variabies, and the constra±nts)

-1 30.0 ( constra±nt nuinber 1

0.15 0.15 0.15 0.15 ( coefficients

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0
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—1

O . 15

O . 15

0.0

0.0

0.0

0.0

-1

0.0

0.0

O . 15

0.0

0.0

0.0

-L

0.0

0.0

O . 15

o . 15

0.0

0.0

60 . 0

o . 15

o . 15

0.0

0.0

0.0

0.0

30 . 0

0.0

0.0

O . 15

0.0

0.0

0.0

60 . 0

0.0

0.0

O . 15

O . 15

0.0

0.0

O . 15

o . 15

0.0

0.0

0.0

0.0

0.0

0.0

O . 15

0.0

0.0

0.0

0.0

0.0

o . 15

O . 15

0.0

0.0

O . 15

O . 15

0.0

0.0

0.0

0.0

0.0

0.0

o . 15

0.0

0.0

0.0

0.0

0.0

O . 15

O . 15

0.0

0.0
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-1 30.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.15 0.15 0.15 0.15

0.0 0.0 0.0 0.0

-1 60.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.15 0.15 0.15 0.15

0.15 0.15 0.15 0.15

1 10.0

0.147 0.142 0.131 0.094

0.147 0.142 0.131 0.094

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0
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1 10.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.147 0.142 0.131 0.094

0.147 0.142 0.131 0.094

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

1 10.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.147 0.142 0.131 0.094

0.147 0.142 0.131 0.094

o soo.o ( constraint nuxnber 10

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0
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1 1 ( type of objective function

4000.0 ( cost of two BPT

99.3 75.1 59.8 45.3 ( coeff±c±ents

143.5 108.5 86.4 65.4

99.3 75.1 59.8 45.3

143.5 108.5 86.4 65.4

99.3 75.1 59.8 45.3

143.5 108.5 86.4 65.4
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Appendix- B

Output of the compute soiut±on

Branch 1-2 case I: w±th a BPT

PROGRAMEZLP ****

SOLtTTION OF LINEAR PROGRAMMINGPROBLEMS

A. B . TEMPLEMAN LTtJIJY, 1985

(MODIFIED : N0V89)

THE NUMBEROF VARIABLES IS 16

THE NUMBEROF CONSTRAINTS ( EXCLUDING NON-NEGATIVITY

REQUIREMENTS ) 15 7

17 0
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THE INPtTT CONSTRAINT INFOPMA.TION 15:-

CONSTRAINT NO. 1 Is LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

o . 300000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER: -

O . 1S0000E+0O

O . 000000E+OO

o . 000000E+0O

O . 000000E+OO

ORDER: -

O . 150000E+O0

O . 150000E+0O

O . 000000E+OO

O . 000000E+O0

O . 1S0000E+00

o . 150000E+00

O . 000000E+00

O . 000000E+O0

O . 150000E+O0

O . LS0000E+00

O. 000000E+0O

O . 000000E+00

o . 150000E+O0

O . 150000E+OO

O . 000000E÷O0

0 . 000000E+OO

CONSTRAINTNO. 3 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

O . 300000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER:-

O . 000000E+0O

O . 000000E÷00

o . 1S0000E+O0

O . 1S0000E+OO

O . 000000E+OO

O . 000000E+00

O . 000000E+0O

O . 150000E÷00

O . 000000E+00

O . 000000E÷00

O . 000000E+OO

O .1S0000E+OO

O. 000000E+0O

0. 000000E+00

O . 000000E+0O

CONSTRAINT NO. 2 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

O . 600000E÷02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

O . 000000E+0O

O . 000000E+0O

o . 150000E+00

O . 000000E÷OO

O . 000000E+O0

O . 150000E÷O0

O . 000000E+O0

O . 000000E+O0

O . 150000E+OO
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0 . 000000E+O0 0.000000E+00 O.000000E+0O 0 . 000000E+OO

ORDER: -

O.000000E+0O O.000000E+00 O.000000E+OO

O.000000E+0O 0.000000E+OO O.000000E+0O

0.150000E+OO 0.1S0000E+00 O.150000E+O0

O.150000E+0O 0.150000E+OO . 0.150000E+00

CONSTRAINTNO. 5 IS GREATERTHAN OR EQUAL TO A RIGHT-HAND SIDE

OF 0.100000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER: -

O . 147000E+0O

O . 147000E+O0

o . 000000E+0O

O . 000000E+OO

CONSTRAINT NO. 6 IS GREATERTHAN OR EQUAL TO A RIGHT-HAND SIDE

OF O.100000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER: -

O . 000000E+OO

O . 000000E+O0

CONSTRAINTNO. 4 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

0 . 600000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

O . 000000E÷0O

0. 000000E+OO

O . 150000E÷OO

0.150000E+O0

o . 142000E+OO

o . 142000E+00

O . 000000E+00

o . 000000E+OO

O . 131000E+00

O . 131000E+OO

o . 000000E+00

O . 000000E+OO

0.940000E-01

O .940000E-O1

O . 000000E+O0

0 . 000000E+OO

O . 000000E+00

O . 000000E+0O

O . 000000E+O0

O . 000000E+OO

O . 000000E+OO

0 . 000000E+OO
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O . 147000E+00

O . i47000E+0O

O . 142000E+00

O . 142000E+00

o . 131000E+00

O . 131000E+OO

O . 940000E- 01

0.940000E-01

CONSTRAINT NO. 7 IS STRICTLY EQUAL TO A RIGHT-HAND SIDE OF

O . 500000E+03

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER: -

O . 100000E+O1

O . 100000E+01

O . 100000E+01

o . L00000E+01

O . 100000E+01

O . i00000E+O1

o . 100000E+01

O . 100000E+O1

O . 100000E÷O1

o . L00000E+01

O . 100000E+01

O . L00000E+01

O . 100000E+Oi

O . 100000E+O1

O . 100000E+01

O . 100000E+01

THE OBJECTIVE FUNCTION IS TO BE MINIMIZED ÄND ITS

VARIABLES ARE, IN THE INPUT ORDER:-

O.993000E÷02 0.751000E÷02

0.143500E+03 0.108500E+03

0.993000E+02 0.751000E+02

0.143500E+03 0.108500E+03

o . 598000E+02

O . 864000E+02

O . 598000E÷02

0. 864000E+02

COEFFICIENTS OF

O.453000E+02

O . 654000E+02

O . 453000E+02

0 . 654000E+02

THE OBJECTIVE FUNCTION ALSO CONTAINS A CONSTANT TEPM

O.200000E+04 ~ICH WILL BE INCLUDED IN ALL CALCULATIONS

**P~E ONE COMPLETED**

**SOLUTION POINT REACHED**
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Branch 1-2 case 11: with two BPT

Link l
Pipe

Type l

Pipe

Type 2

Similarly

for Link 2.

**** PROGRAMEZLP ****

SOLUTION OF LINEAR PROGRPJNMING PROBLEMS

A.B.TEMPLEMAN JULY,1985

(MODIFIED : N0V89)

OPTIMUM VALUES OF THE 16 INPUT VARIABLES ARE:-

X(l) = O.000000E+OO x(2) = O.000000E+OO x(3) = O.000000E+O0
size: 75 mm ) ( size: 60 mm) ( size: 50 mm)

x(4) =O.200000E+03
size: 40 mm

X(5) = O.000000E+OO x(6) = O.000000E+OO X(7) = O.000000E+OO

x(8) = O.100000E+03
Location of BPT.

(9) = O.000000E+OO x(1O) = O.000000E+OOX(11) = O.000000E+OO

X(12) = O.200000E+03

X(13) = O.000000E+OOx(14) = O.000000E+OO x(15) = O.000000E+OO

X(16) =O.000000E+OO

THE OPTIMtJM VALtJE OF THE OBJECTIVE FUNCTION IS O . 2 6 6 6 O OE+05

Cost in NRs.)

THE ROW NTJ~ERSOF THE ACTIVE CONST~AINTS.ARE: -

1 3 7

~ END OF SOLtJTION ****

SOLUTION TIME = 5.330 SECONDS
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THE NUNBER OF VARIABLES IS 24

THE NUMBER OF CONSTRAINTS ( EXCLUDING NON-NEGATIVITY

REQUIREMENTS ) IS 10

THE INPUT CONSTRAINT INFORNATION IS:-

o . 150000E÷OO

O . 000000E+OO

O . 000000E÷0O

O . 000000E+OO

0 . 000000E+OO

O . 000000E+O0

O . 150000E+00

O . 000000E÷OO

o . 000000E+0O

O . 000000E+OO

O . 000000E+00

O . 000000E+O0

O . 1S0000E+00

O . 000000E+OO

O . 000000E+OO

O . 000000E+O0

0 . 000000E+0O

0 . 000000E+0O

o . 1S0000E÷OO

O . 150000E+O0

O . 000000E+OO

o . 000000E+00

O . 000000E÷OO

O . 150000E+OO

O . 150000E+00

O . 000000E+O0

o . 000000E+OO

O . 000000E+O0

o . 1S0000E+OO

O . 150000E+00

O . 000000E+OO

O . 000000E+OO

O . 000000E+0O

1 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OFCONSTRAINT NO.

O .300000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -

O . 150000E+00

O . 000000E÷0O

O . 000000E+OO

O. 000000E+O0

O . 000000E+0O

O. 000000E+OO

2 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OFCONSTRAINT NO.

O . 600000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER:-

O . 150000E+00

O . 150000E+OO

O . 000000E+O0

O . 000000E+O0

O . 000000E+O0
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0 . 000000E+00 0.000000E÷0O O.000000E+OO O . 000000E+00

O . 000000E+OO

0. 000000E+O0

O . 150000E+0O

O.000000E+0O

O . 000000E÷O0

0. 000000E+0O

O . 000000E+OO

O . 000000E+OO

O . 150000E+OO

O . 000000E+OO

0 . 000000E+OO

0. 000000E+OO

O . 000000E+OO

O . 000000E+O0

O . 150000E÷00

O . 000000E+OO

0 . 000000E+00

O . 000000E+OO

CONSTRÃINT N0. 4 15 LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

O . 600000E+02

THE COEFFICIENTS OF THE LEFT-HÄND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -

O . 000000E+OO

O . 000000E+O0

o . 150000E+O0

O . 150000E+00

O.000000E+0O

O . 000000E+OO

CONSTRÄINTNO.

O . 300000E+02

5 IS LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

3 Is LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OFCONSTRÃINTNO.

O . 300000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -

O . 000000E+OO

O. 000000E+0O

O . 150000E+OO

O . 000000E+0O

O . 000000E+OO

O . 000000E+0O

O . 000000E+OO

O . 000000E+OO

O . 150000E+0O

O . 1S0000E+O0

O . 000000E+OO

O . 000000E+O0

O . 000000E+O0

o . 000000E+O0

O . 150000E+OO

O . 150000E+O0

O . 000000E+O0

O . 000000E+OO

o . 000000E+0O

O . 000000E+00

O . 150000E÷00

o . 150000E÷O0

o . 000000E÷OO

O . 000000E+0O
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THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

ORDER: -

O . 000000E+00

O. 000000E+00

O . 000000E÷O0

O . 000000E+O0

o . 1S0000E÷00

O . 000000E+0O

O . 000000E+O0

O . 000000E+O0

O . 000000E+O0

O . 000000E+O0

O . 150000E+O0

O.000000E+OO

O . 000000E+00

o . 000000E+0O

O . 000000E+00

O . 000000E+00

o . 150000E+00

O . 000000E+0O

O . 000000E+OO

o . 000000E+00

O . 000000E+00

O . 000000E+O0

O . 150000E+O0

O . 000000E+OO

CONSTRAINT NO.

O . 600000E+02

THE COEFFICIENTS

ORDER: -

O . 000000E+O0

O . 000000E+00

0. 000000E+O0

O . 000000E+0O

O . 150000E+0O

O . 1S0000E+OO

O . 000000E+O0

O . 000000E+OO

O. 000000E+00

O . 000000E+0O

O . 150000E+00

O . 150000E+0O

O . 000000E+OO

o . 000000E+OO

O . 000000E+0O

0. 000000E+O0

0.1S0000E+0O

O . 150000E+O0

O. 000000E+OO

O . 000000E+OO

0. 000000E+00

O. 000000E+OO

O . 150000E+OO

O . 150000E+0O

CONSTRAINT NO. 7 15 GREATERTHAN OR EQUAL TO A RIGHT-HAND SIDE

OF O.100000E+02

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -

O.147000E÷O0 O.142000E+O0 0.131000E+00 O.940000E-01

0.147000E+OO 0.142000E÷O0 O.131000E+00 O.940000E-O1

6 15 LESS THAN OR EQUAL TO A RIGHT-HAND SIDE OF

OF THE LEFT-HAND SIDE FUNCTION ARE, IN ThE INPUT
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O . 000000E+0O

O . 000000E÷O0

O . 000000E÷O0

O . 000000E÷0O

O. 000000E+00

O . 000000E+0O

O . 000000E+00

O . 000000E+00

O . 000000E+00

o . 000000E+O0

o . 000000E+O0

O . 000000E+00

O . 000000E+0O

O . 000000E+OO

O . 000000E+00

O . 000000E+00

OPDER: -

O . 000000E+0O

O . 000000E+0O

O . 147000E+OO

O . 147000E+0O

0. 000000E+OO

0. 000000E+OO

O . 000000E+0O

O . 000000E+00

O . 142000E+00

O . 142000E+00

O . 000000E+00

O. 000000E+00

o . 000000E+OO

o . 000000E+OO

O . 131000E+OO

0. 131000E÷OO

O . 000000E+OO

O . 000000E+0O

O. 000000E+OO

O . 000000E+O0

O.940000E-O1

O . 940000E- 01

0. 000000E+00

0. 000000E+0O

CONSTRAINTNO.

OF O.100000E+02

9 IS GREATER THAN OR EQUAL TO A RIGHT-HANL) SIDE

O. 000000E+O0

O . 000000E+00

O . 000000E+OO

O . 000000E+OO

O . 142000E+00

0. 142000E+OO

O . 000000E+0O

O . 000000E+OO

O . 000000E+OO

O . 000000E+OO

O . 131000E+O0

O . 13i000E+OO

O. 000000E+0O

O . 000000E+O0

0. 000000E+OO

O . 000000E+OO

O . 940000E- 01

O.940000E-Oi

CONSTRAINT NO. 8 IS GREATERTHAN OR EQUAL TO A RIGHT-HA.ND SIDE

OF O.100000E+02

ThE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTIONARE, IN THE INPUT

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -

O . 000000E+0O

O . 000000E+OO

O . 000000E+00

O . 000000E+00

O . 147000E+OO

0 . 147000E+00
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O . 100000E+01

O . 100000E+O1

o . 100000E+01

O. 100000E+O1

O . 100000E+01

O . 100000E+01

o . 100000E+O1

o . 100000E+O1

O . 100000E+01

O . 100000E+01

O . 100000E+O1

O . 100000E+01

O . 100000E+O1

O . 100000E÷O1

O . 100000E+O1

O . 100000E+01

O . 100000E+01

O . 100000E+O1

o . 100000E+0i

O . 100000E+01

O . 100000E+01

O . 100000E+O1

O . 100000E+01

O . 100000E+O1

THE OBJECTIVE FUNCTION IS TO BE MINIMIZED .AND ITS

VARIABLES ARE, IN THE INPUT ORDER:-

O.993000E+02 O.751000E÷02

0.143500E+03 0.108500E+03

O.993000E+02 0.751000E+02

O.143500E+03 0.108500E+03

O.993000E÷02 0.751000E÷02

O.143500E+03 O.108500E+03

O . 598000E+02

O . 864000E+02

O . 598000E+02

O . 864000E+02

O . 598000E+02

0. 864000E+02

COEFFICIENTS OF

O .453000E+02

O . 654000E+02

O . 453000E+02

O . 654000E+02

O .453000E+02

O . 654000E+02

THE OBJECTIVE FUNCTION ALSO CONTAINS A CONSTANT TERM

O.400000E+04 WHICH WILL BE INCLUDED IN ALL CALCULATIONS

**p}jPJ5~ ONE COMPLETED**

**5OLUTION POINT REACHED**

CONSTRAINT NO. 10 IS STRICTLY EQUAL TO A RIGHT-HAND SIDE OF

o . S00000E+03

THE COEFFICIENTS OF THE LEFT-HAND SIDE FUNCTION ARE, IN THE INPUT

ORDER: -
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OPTIMUN VALUES OF THE 24 INPUT VARIABLES ARE:-

= O.000000E+0O X(2) = O.000000E+0O
size: 75 mm ) ( size: 60 mm

= O.193617E+03
size: 40 mm

= O.000000E+0O X(6) = O.000000E+00

= O.000000E+O0

Location of BPT-1

= O.000000E+OO x(10) = 0.000000E÷OO

= O.200000E+03

= O.000000E+OO x(14) = 0.000000E+OO

= 0.000000E+00

Location of BPT -2

= O.000000E+00 x(18) = O.000000E+0O

= 0.106383E+03

= 0.000000E+OO X(22) = O.000000E+OO

= 0.000000E+O0

THE OPTIMUM VALUE OF THE OBJECTIVE FtJNCTION IS 0.266500E+05

The coSt in NRs.

THE ROW NUMBERS OF THE ACTIVE CONSTRAINTS ARE: -

3 9 10

**** END OF SOLUTION ****

SOLUTION TIME = 9.289 SECONDS

x(l)

x(4)

X(5)

X(8)

X(9)

X(12)

X(l3)

x(16)

X(17)

X(20)

X(21)

x(24)

x(3) = O.000000E÷0O
size: 50 mm)

X(7) = 0.000000E+0O

X(11) = O.000000E+OO

X(15) = 0.000000E+OO

X(19) = O.000000E+0O

X(23) = 0.000000E+OO

Link l
Pipe

Type 1

Pipe

Type l

Link 2

Pipe

Type l

Pipe

Type 2

LirIk 3

Pipe

Type l

Pipe

Type 2

180



.

.

*

.

*






