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ABSTRACT

A numerical model for the analysis and design of water
distribution networks has been developed in the present study.,:
The model is a modified version of the method earller proposed

by Shamlr and Howard, Application of Hazen-Williams equation

for steady condition to a water distribution1netw0rk results

in a system of SimUifaneous nenlinear eguation, which has been
linearized by Newton-Raphson method. To Teduce computational

time and computer storage, the linearized system of equations

has been solved by a banded matrix aléorithm, based on Gaussian ; i;

elimination,

Using the model, existing water distribution network of
Dhaka city has been analyzed and a network has been designed,
which will be cépable of supplying water to the duwellers of
Dhaka city in 1990. It has been cbserved that most of the exis-
ting pipes in the water diétribution network of Bhaka cit? have
adequate yater tarrying capacity in comparison to their flow
and a large number of ﬁipes have little flow and can only be

Serving ss service pipes.

The primary malns connectlng ‘the “three . one ~mildion - gallan
elevated water tanks-have -alwso been - Tedesigned considering that.fﬁ;?f
the excess .water Tequired for .increased population would be
supplied from surface water source. In thls case the existing

water supply pipes need a major change in size.
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CHAPTER 1

INTROGUCTION

1.1 General

water is absolutely essential to all llfe, thh animal
and plant. It is difficult to 1mag1ne any clean and healthy
enu1ronment withoqt water. Invariably, the pfogress of sanita-
tion thrbughout the world has closely been associated with the
avsilability of water. The larger the quantity and the better
the guality of water, the more rapid and extensive has been

the improvement of public health.

In our houses, whether in the city or in the village,
water 1is essential for cleanliness and Eealth. Maﬁ uses water
not only for drinking purpose buft alsc for Bathing, washing,
lahndering, heating and air conditioning, Fbr agricultural,
industrial -and other recreatiénal purposes. Though all these
needs are important, wate;lfor human'cohsumption and sanitatien
is considered to be of gréétef social and epgnﬁmical-iﬁportance,
since the health of the pégpié ihfluenceé all other actiditiés.-

The Qater Tequirement of a modern City is so great that
a System cépéble.of Supplying .a sufficient -quantity of tha?}Ejuf'J‘
water'ié essential.'witﬁpuf'a water distribution system watér N
must be pumpecd .and carried by hand, Pumping'and carrying by
hand are strenuous ancd unpleasant, which result in the use of
minimum amount of water. Thié is not good for health and

sanitation. Handling of water by hanco is also expensive. For




these reasons it is much better and cheaper to use a water

System of some kind in conjunction with a distribution system.

1.2'Need for the Study

‘The impact of urbanlzatlon is felt more intensely in maJcr
Cltles of the country, Speclally Service facilities of these
Cities could not be Expanded to cope with the rapid population
growth. Rs a result it was not possible to meet:ithe minimum
Service fac1lltles for the citizen. Dhaka city is, therefore,
EXperiencing continuous detériqrétion'cf Service facilities

for the cwellers.

The most needad service facility such as water supply
needs special attention due to its priority in daily life.
According to Scctember 1984lestimate, the Dhaka Water and
Sewerage Authority (MASA) is capable of supplying only 91

million gallons of yater per day for the population of 3.2
e

mllllons. It is’estimated that only 0:8 million of city .
prulatlon are BﬂJDylﬂQ adequate supply of plped water at:

present and rest of the people are experiencing inadeguate

—
i

Supply. Df water(z)

The situation -is llkely to deterlorate further due to _ __A_;;;
uaricus ECDanlC'BHdGSDC1al Teasons asspciated with unplanned
Rt
growth of the City. The present water Supply problems.-related
o distribution System include inadequate Supply of water

against demand, high rate of loss anc wastage, and inadequate
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pressure at service points, A properly designed distribufion
network is the vital element in water supply systems. It -
ensures proper distribution of water to meet various demands
with adeguate pressure at all service pointssand reduﬁe losses
and wastages in the system. In the contexf of water supply
problems in the City of Dhaka, it is essential to analyze

the existing water supply network of the city to identify the
deficiencies and to suggest improvements in the existing system..
The study is expected to outline a ra?ioﬁal distribution network

Suitable for the rapid growing city of Dhaka,.

1.3 Objective of the Study

The above discussion of the study_essentialiy fecuses
an the-greater importance of analysié and design of a rational
watér distribution System for Dhaka city, The water supply
problem of Dhaka city .sets the following specific set of

objectives:

i) Te study the present WASA water supply System and _
to collect data of existing distribution, networks
iI;T Dhaka . Clty. : ' ' R

ii) To develop a Suitable computer programme for. the

analy51s and design of the water distribution

network systems,
iii) To anélyze_the present distribution network by
using the programme and to develop some guidelines

for the improvement of the existing system.




\/i;)/?b design a system capable of'supplying adequate
-quantity of water with sufficient pressure at all

service points for the projected population 1n 1890,

v) Flnally, to design the primary network, when the
excess water required in 18380 is supplied from a
surface water source and the excess flow is regulated

by ex1st1ng primary reservoirs.

Rl




CHAPTER 2

LITERATURE REVIEUW

2.? _HiStDI_‘y

Water supply has its history, ércheology, literature,
science and teﬁhnology as ancient as ﬁuman civilization and
Culture. Waterworks structures are found in excavation of
prehistoric ruins. The remains of Lake moefis in Egypt
indicates its construction about 2000 B,C. It was the largest
0f the reservoirs of the Nile Valley(d) which is believed to

Supply water for 20,000,000 people.

The water supply of touwns iﬁ very early times was
Gerived from large tanks éxcauated on minor drainage lines
which collected and stored the rainfall in the wet season
to provide a Supply during the dry periods. Esﬁecially notable
are the structures of water supply of Mohenjodaro Babilonia,

Rome and Jerusalam.

The water for the city of Rome was%br6Uth from the
surrounding hills in aqueducfé totalling about 385 miles in -
length. Among these aqueﬁLcts - the Appia, Marcia,claudia and
Anionoua( ? were 171, 82 46 > and 58.5 miles long -and were built
in 312 B.C., 144" B.C., 50 A.D.and 22 A.D. respectively, All

agueducts were constructed along the hydraulic grade line in

order to avoid the necessity for'building pressure conditiohs.

The numerous conduits which supply water to ancient

Jerusalem are very old, no exact date can be assigned to their




construction but they probably go back to the times of the
Kings of Judah, 600 to 900 B.C. The conduits were rock-cut

canals partly built in masonry.

wgils were uéed at antediluvian periods in Greeﬁe,
Itall;, India and China to utilize the underground water,
Londan was pefhaps the first modern city in the world, in
which at the end of the 15th century lead pipes were used for
COnveyance or distribution-of water. After that for many vyears
wood pipes bored Dﬁt of logs_came to be uéed. Cast iron pipe
for conveyance of water was laid-in Philadelphia in the United

States in 1804 and 'in London in 1807.

Ih'our country,\water supply on moaern lines is compara-
tively of recent origin., The first water morks for the supply
of water to dhaka City(s)uwas completed by the Nawab of Dhaka
(Sir Nawéb Abdul Ghani) in 1876. The water works in Calcutta),
Bombay, Madras and Poona were completed in.the years 1870, 1875,

1880 and 18805 respeptiuelyi

2.2 Water Distribution System

2.2.1 General.

o

A water works distribution_system inéludes pipes, valves, - -
hydrants and appurtenances for conveying water; reservoirs for
storage, equalizing and distribuiian‘purposes; SETVice pipes

to the tonsumers, meters and all other parts of the Conveying

System after the water leaves the main pumping station or the




main'distribution reservoits, The layout of dlstrlbutlon

—-‘~‘_‘——Q__‘_’__J
as - ,.‘

systems may be classified for convenience,

ri) Tree or branch or deag end system
ii) Grid iron systenm
1ii) Circle Or Ting systenm

iv) Radial systep

2.2.2 Tree or Branch or Dead End System(B)

-There is a simple main which goes on Giminishing in size.
The small Dipe

Tom the main known as bramch as shown

in Fig. 2.1. Tiis System is suitable for irreguiar growing towns.

P

0 : - c .

cl - : 0

w 4 : Y

=T @

@ q i

Main - m
— ’_ ——
Nl N .
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- * -
5 —
H o——
m - .
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- [ 4 _"t
Fig. 2.1 Trze opr branch or deag-enc systam -
ihe pipes.cap b= @0dsC 25 the. town Gzveiops, There are many
- OE&d enos in the System whi

Ch cause stacnation of

1n case any Tepair is ip be done, the

area beyono this point




will go without water.

However, the aduaﬂmages are that this

method wlll have lesser number of valves and pipe SlZES are EaSy
“to calculate

2.2.3 Brid Iron System(12)

It is an improvement over the Branch system, caused by
) .. o
Connecting the ends of 1

the various branched pipes'so as to

eliminate the dead ends

The water then.circulates freely
throuoh the System,

leid out opn a

Such a system is very usefulifor a city
Tectangular plan (Fig. 2.2)

The connections

T o

|
% SR
- X -
. & ‘
1
Main f % :
_7-'—h q___ﬁ—w_.'*—‘ﬁ——..
: ! i ~
| J t ‘ ' ~
; ~
jo—- -
I S , .
- _ y
I S )
Fig. 2.2 &rid iton Syst=m,
of the asac end producing a

Qrio iron pattern, with mains
Tunning on

Mmaln ro&ds in one direction or in perpendicul ar




Advantages to be pained wlth this system are (1) avoi-
dance o} any - stagnatlon due to continuous water 51rculat10n
and (ii) atbsence of the dlSCDntlnplty of water Supply anywhere
in the System in the event or any repair work to a main or
Submain, Disadvantage 15 that & large number of vdlves are to

be provided.

- . . 3
2.2.4 Circle or Ring System( )
-_—__——__——._‘-—_-n_h ’ -
This consists 0f 'dividing the entire district into cir

Culer or tangularwblocks and then laylng the mains aiong

-

=

0

peripheral roeds wlfh SUDmalnS Sranching out from the mains

al

ol
0
w

&nd running on the inner roads and-streets as shown in Fig, 2.3.

Waier can bse Suppli=d tg any -point from stleast tuwo directiqns.

™ ] =" Main - e

Main

— e
—t—

ﬂ
(AT

la]
L

2.3 Ring System., - "




10

2.2.% Radial System(z)
<

"This system is the reverse of the ring system. The water . ..

is pumped into the distribution reservoirs situated in the
el T e

middle oi:ffEE;fggg;és shown in Fig., 2.4 and the supply pipes
are laid radially ending towargs the -boundary of the area to

be served. It provides quick service. The calculation of pipe
-——-—""".’7

size i This systenm _is. Suitable when the town has a ragihial

road layout, .

o

- g

L7

b
-k

fs & matter o &CT no city follows one system alone, ~
i combinetion of several .systems is ofien employec depending -

Lzen the local conditions.
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2.3 Methods of Network Anzlysis of Water Distribution System

2.3.1 Eguivalent Pipe_method(B) - . )

‘This method is useful in renderlng a complex network

of plpes into an Equ1ualent Ripe _system giving the same dis-
,CHarge and loss of head .as in the CDﬁplEx system. Ffor purposes
of analysis the entire 'network Oof pipes:is cbnéidered to be
arranged in two categories (i) pipes in series and (ii) pipes

in parallel;

Pipes in series - pipes carry afbitrarity thesen-values

[

0f discharge Q flowing through branches AB and 8D and U,

—)

Tlowing wnrovugh AL and CO {shouwn in Fig. 2.5). It is assumed
et o - ~ TR . . . . . . iH: = s
Lhat the loss of head tOT plpes in series 1s eadditive. Knowing
thie discharge (say Q?) &nd the diametsrs of pips lines Ac ano
BU through which it Flows, it is possible to Getermine ths loss
of head ':,! in theitr total lengtn (A2 + BD). & single length of
eguivalent pe AD of known Giameter can be seiected tog give
=18 same values of Cischa Toe . and loss of hesad H_ .

1

Fig. 2.5 Epuivalent plpe method,




“.Pipes in parallel - In this case, it is assumed that the loss
~of head through pipes.in parallel i.e ABD and ACD (shown in
Fig. 2.5) is the. same. If a certain loss of head (say H, ) is
now assumed to occur in either ‘arm length ABD and ACD, flow
through the arms can be worked out and added together to see
that the total flow'eorréSponds to the original flow Q. The
size ang length of a single pipe line can then be calculated to

give the same discharge and loss of head.

2.3.2 Electrical Analyzer Methogt 2}
\_______/, .

This method is used in U.S.A. to design the pipe networks
for big cities. This method being very costly can only be
employed for big cities. In this method electrical resistors
‘are used., The electrical resistors are designed as per equation

H = KQ1'85. The corresponding electrical eguation becomes

v = kelq'BB. In this equation V is the voltage drop and I is

the currgnt antc ké is thg noniinear_co-efficient'for the resis-
tor whose value is suited to the pipe coefficient for the
selected voltage head loss and the average water flou scalé
ratio. When inputs and drawoffs of current are made p;oportignal
to the water floming.into and out of the systen, the;loss of .

‘head becomes proportlonal to the .measured voltage drop. This

may be used tD determine the necessary improvements in ‘the

ex1st1ng system.




2.3.3 Hardy-Cross Method(z)

Pipe network problems in water distribution systems -
are usually solved by methods of SUCCESSlUE approxlmetlon
since any analytlcal solutlon rEQUlIBS the use of many
51multaneou5 equations, ‘some of thCh are nonllnear. It is
eonuenlent to express Head loss as a function of discharge,

i.e,
H = kg™ ' 2.1

in which H is the head loss in the pipe, 0 is the discharge,
K is the constant depending upon length, diameter and roughness
cf the pipe as well as the fluid properties, and x is the

Exponent,

ihe solutions for pipe network preblems suggested by
Handy-Cross requires that the flow in each pipe be assumed
50 that the principle aof contlnulty is satisfied at each
- Jjunction. A cDrrectlon to the assumed flow is computed‘succe—

1

Ssively for each closed ldop in the network until the correc-

tion is reduced to an acceptable magnitude, If D is the assumed
i .

flow and Q-is the true Flow in a pipe, then the correction is

4-u, ang | .

Q=4+ A 2.2

.Expreesing head loss by Eq. 2.1 the condition that the head

loss around any closed loop be zero gives




ZK(Q, + 4)%

!
o}
N
L]
W

Expanding this summation

1 X~2

xka%0*=2 . . _ g 2.4

X x-1 - X-=
ZKQa +A ZxKAQa + 4 ,

m

If 4 "is small compared to O, the third ang all succeeding

terms of the expansion may be necglected, Rence

where, & has been removed from the summation since it is

the same for 211 sinmes of the 1oop. Solving fer A gives
e X
LI‘\QE _
0N o= ———— Z.D
T o A=
X\
Ua
zll ¢
cT A = ' 2.7
XLH/D

—— 8¢ It
Hye \\K

Outflow-

tfardy-~Lross method,




Considering a simple loop shown in Fig. 2.6 the arrow heads
shdwing the assumed direction of flow. Two conditions must

be satisfied.

i)' Inflow at ﬁhe junction muét be equal:to outfiDQ-at
the junction, |

ii) Head losses due to flow in the clockwise direction
(in pipes .ab and bc) must be equal to head losses
in the counterbiockuise direction (in pipes ad and
At the junction.C, the flow correction A tan be

combuted by

ab * o Hped - (Hgr Hy)

X(Hab+ Hbc)/uabc+(Had+ HGC)/Q

{H

adc

where, 4= flow correction in gpm or cusec.

0.p = @ssumed flow in the clockuise direction

in pipes ab and bc in gpm or:cusec.

= assumed 71ow in the counterclockwise directionm

adc
in pipes ad and dc in gpm Or cusec i
Hab = head loss ;n?the pipe-ab in ft
“Hyo = head-loss in the pipe bc .'i_n- ft
Had‘ = head loss in the pipe ad in ft
Hdb = head loss in ﬁhe pipe dc in Tt

X = exponent = 1,85

dc).




2.3.4 Newton-Raphsan Methodt 31/

In any complex nmetwork of pipe lines, the following

three laws are applicable:

i) At each junction, the algebraic sum of inflows

and outflows is zero (node countinuity equations).

ii) In any closed path or loop, the algebraic sum of
head losses in the elements is -zero (loOplcontinuity

equations),

iii) In each pipe or element, the head loss is related
to the flow by a unique functional relationship

(resistance -equation).

In & netuork of NJ nodes and NL loops, the node continuity
equations may be written as

Fo=0.. +G. =03 j=1,2,....0N] 2.9
3T %5 j o ‘

Where jS-is the discharge from node i .to node j; (aji =0
when no pipe connects i and '3, .and Cj is the consumption at
node; (C is positive when .it is an input ‘to the node). The

most commonly used friction formula in the water supply

Systems :is the Hazen=Williams formula which may be written’

as
o -4 2.63 ,aAH 0.54
in which O = discharge in cfs, C = the Hazen-Williams

Hu

coefficient of the pipe; D = Dipe diameter in inch;




>
-
.‘” .

_head loss along the pipe, in ft; and L = pipe

length, in ft

"Eg. (2.10) is used in the form

He = H. o —_— ,
. 0.54 H.-H. Df48,
ij 1773

in which Rij’ the resistance of the pipe connecting nodes

i and j, is given by

850260 L, .
5= - 1J 2.12
c 1.85 5 4.87
Wi j 1

. Eq. (2.11) is written.in a form which guarantees a constant
sign convention for discharge-(i.e Dji > 0 means flow from
ito j). Eg. (2.11) can now be nsed to write egn. (2.9)

(The CDntiHUity 8quation);ﬁn terms of.headsland consumptions

at nodes and pipe. resistances, as follouws

Fj = X - Hj + cj =0 "j=1,2,...N7 2.13
i=1 qu5aiHT_H_lD.as .
1] 3]

Since there are NJ" simultaneous equations one can solve for
NJ unknowns, They may be heads, consumptions or resistances.
As the eguationssare nonlinear, the solution is achieved by

successive iterations,

The Newton-Raphson method may be conuenlently illus-

trated for the one dimensional case shown in Fig. 2.7 as




follouws, The value Xy is sought, such that

Fx)/x = Xo = flx ) =0 o ';' 2014

. f{lel . . .

-'——.-—._.—-—

1!’

L sis
o 1
CEADTEd by K. . The pext SPETOximation is given by
fixk)
b . = - = X —_— _’.‘E
"kt 1 A F AKX K - “e

in which df({X, ) /dx 15 the derivatiye of f(x) evaluater at X -

The eguation T0r the kth improvement Axk,rcan then bHe written

3 L PR =

fix) = Ty 4% O 2,16

in which it ig Yndersiccod that O0th T{x,), &ng its derivative
) ) e . . e
T& evaluated -wsing the present wvalue of x h

W

et of NJ nonlinzar aloebraic eguations with NJ unknowns may
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be written as

fj(x1s_x23. “ee xf'l) = U.; J = 1,2, “v NJ 2.17

If NJ unknown (x1,x2,... xnj) to be solved for, the set
of improuements-(Ax1,... AXNJ). Exbanding egn. (2,18) by
Taylor series and ignoring second order terms we' get the

general itefétipf;formula for the Newtbnzﬁaphson method

. W sy
fJ(XT’Xz'.." Xn_]) + E ] 3% Xl= ]

3= 1, vuu. NI 2.18

ifter solving equations Cofrections are then added algebrai-
cally to the presentAualueé of_unkﬁouns solution. A check is
then made to determine 1f all equations given by egqn. (2.13)
are satisfied within some speci%ic errﬁr criterion (The BEITOT
cfiterion representssthe;maximummallowab;e unbalanced discharge
at any node). If in chéckiné'the present éolution, the error
ériterian is not met at any of the nodes, a new iteration isg

beogun,

2.4 Previous Works
2.4.1 Hardy-Cross Method

Dillingham(11) developed a computer programme named

PAWDS by uUsing Hardy-Cross method that contains the fDllDwing_

features,
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i) The input data is in free format which means
that each of the input quantities does not have
“to be in Specific columns of the data cards, i,e.

position on the card is Unimportant,

ii) Extensive error checks are performed on the input

iii}. The method of solution gives good results without

Tequiring excessive computer time,

iv) An initial assumption of head loss or flow distri-

bution is not Teguired as input data,

v) The-printedloutput is self explanatory witp good

notation,

Hoag and MEinberg(q?) developed g Frogramme for the

large class of network problems at that tlme. Programme flow

chart for electronic digital Computer is given in Fig. 2.8,
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Fig. 2.8 Flow chart for the solution of network by
digitalcomguter(17)_
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.Hdams(q) outlined various methods available at that tlme
for the theoretlcal analysis of complex distribution systems
and the means by wthh Such analysis could be applied to the
practlcal dESlgn for an existing network. To reduce hand cal-
culation he deue10ped 8 Computer programme and analysed by
using an electronlc digital Computer, He also described a
method of compiling the data which are supplied to the-

computer, the method of Computation, the methods of inter-

preting and UtlllZan the results Dbtalned an example to

and the Mcllroy analogue as a means of analysing flouw networks,
The design of the Complex distribution systems which are a
Feature of most urban areas Can never be an exact SCcience
because of the number of unknown factors involved, The exact
loading of the existiné System can never be fully simulated
assumed roughnesé factors aré only approximate; and the pattern
of future demands jis Bven more uncertain. In these circums- .
tances Adams(1) Streséed on the electranic computer method
combined with field test (auallablllty of pressure CDntours
and flow rates for all parts of the distribution network) that
appeared to offer a complete, practlcable solution to the

whole problem of dlStrlbUtan analy51s

. 2.4.2 Graph Theoretic Methog:

Kesvan and Chandrashekar(21) developecd Graph Theoretlc

models for the analy81s of nonlinear pipe networks. Some Df
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the differences between the procedure of Graph Theoretic

and conventional methods are:

of independent'EQuations in a systematic manner,

ii) Once the EquatanS are formulated in Graph ThEDIEth
method, any suitable numerical method for solution can be

chosen,

iii) The Graph Theoretic formulation procedure jis highly
Computer worthy, Several programs haqe been written for the
analysis of physica1‘5ystems related to different fields,

One such program, calléd"SYSTEm“ was developed for the
anaiysis of pipe hetmorks.

Kesauén and Chandrasheker(21) also compared the Graph
Theoretic method (SYSTEM) and the Hardy- Eross method by solving
& network having same Darameters Number "of iterations quUlIEd

in case DF Rardy-Gross and SYSTEM were 202 and 6O re5pect1uely.

'2.4,3 Linear Theory:Methad ..

Yood and Charles(35) developed 'Linear Theory" to analyze
hydraulic network and Tound that the use of linear network

theory modified to account for the nonlinear head-~-loss can be

readily applied to solye for flow distribution in hydrauvlic




netuork, Convergence to the final result is very rapio: The
method does not require initial estlmates of flowrate ang

is directly applloable to both closed and open types of
network., They also found that the type of analysis is sultable

for olgltal computer programmlng.

2.4,4 Electric Analyzer Methad

MCpherson and Radziul(zs) discussed the design experl-
ences the Mclery Network ﬂnalyzer and oompareo it with

Jigital and analogue oomputers. They concluded that the

medium and large water oepartments.,The_mone pPrevalent digital
- Computers will prooaoly beoome inoréasingly addapted to network
deslgn by private consultants and will prooaoly be extensively
used as soon as general lﬂStIUCLlDDS 8re made available, If

& simple pipe slmulatlng Component For~analogue Computer is
developed, water hammer’ charaoterlstlos of networks can then
be determined with little" dlffloulty and vastly reduced

approx1mat1on ' : . o

2¢4.5 Newton-Raphson Method
' 24)

Martin and Peter( established a prooedure for solving
with the help of an automatic digital computer, the EQuatlons

which govern the dlstrlbutlon of pressure w1thln @ water mains




network. The procedure was formulated by means of Newtons
method for nbnlinear algebraiCAequations. Before Martin ang -
Petefé, Newton's method had been programmed successfully for
an electronlc digital computer( 1) to solve Hardy~ Cross method
but the Programme was not well organized to facilitate with

field adJustment

24)

Marfin andg Peter( Suggested a hrlterlon for adJustlng
estimates. of unknown pipe reslstances to provide solution in-

agreement with measurement,

MCCormick(ZSJ sfudied Newton—Raphson method of water
distribution network analysis and found many branches having
negligible head differences in their end nodes (i.e. ‘H -H. ' o)
Tresulted a uery small corrections those would tend to produce
-tonvergence to the wrong points, To ouercome this McCormick
considered zéro flow (i.e Q. j = 0) for.those branchés and .
found no difficulty in employing thls tEChﬂquB. MCCOrmle(Zg)
further found that applying correctlons to individual nodes
in a sequence defined by the magnitudes of the COntlﬂUlty
ELTOTS was mDre efficient than applying correctlons in a

sequence defined by the way in which the nodes were . numbered,.

which is. directly correcting all variables as one iteration, -

2B)

Newfville angd Hester( studied aon the Newton-Raphson
method for hydraulic Network analysis ang found that conver-
gency depended on initial assumption of the value and did not

Converge in same Situations. To avoid divergence they suggested




. . , 26

that initial estimates would Teguire to be within 5% of the .

final solution.

Epp aﬁd Fowler(13)deue10peo an efficient complete
programme to solve the problem of steady state flows in
water netmorks, The features of the program include (a) the
use of Newton's method for solving a system of simultaneous
nonlinear equations;(b) & loop oriented network to reduce
the number of Equationslto be solved; (¢} automatic loop
Vnumberlng that produces a banded Symmetrlc matrlx with
consequent reductlon in computer memory requirements; (d) the
requirement of. a minimum input data; (e) an automatic method
of -redueing core stofégo reguirements and (f) a mefhod of
estimating initial fious that lead to fast convergence. In
addition, some nem-ideas Rave been introduced in the overall
solution to the network problem, one of which, namely the
algorlthm for mlnlmlzlwg the band width of the matrix of

coefficients,

31)

Shamir and Homaro(

of a water distribution netmork by Newton-Raphson methocd to

Soive cirectly for combinations of unknowns which inclode’
heads, consumptions and element resistanceo,.using HazeﬁJ'
Williams! eqoation, the Newton- -Raphson technlque finds a new
set of 1mprouenents and are COmputed from the first term of a
Taylor expansion and the solution was obtained for each

iteration by using the Gauss-Jordan elimination procedure,

generalized a steady state solutlon '




Shamir and Howard(31) found the technique of solution as

the best one to estabilish Telative heads jin Comparison to

Known head of any node and it was Yery much easy to find out
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on cénstanﬁly remodelling systems with modified boundaries
will‘be avoided, apnd at the same-time.by virtue of planning
being ahead of demand, the COnsumers ‘dependent on the system'
will be better Protected against changing conditions as the
city gfows; The expenditure on 1ink liﬁes which only improve
the dperationél flexibility of the System can also bhe post-
poned to the time when the town has Srown sufficiently to

be able to afford that facility,

Bhave andg Lam(s) developed a pProcedure for cbtaining
the optimal geometrical layout faor a branching network Consis-

ting of severa) Sturce and demand nodes, Initially they consi-

Featherstone and Jumaily(14) developed g method fogz-
the optimal ]east cost design of nay water distribution pipe

networks, The design procedure based on either the head balance
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or QUantity.balance methodlof analysis Df flows and pressure
distribquons in the network of iniiially aSSUmed;pipe Sizes.
These initial diameters individually aré successively énd
systematicall} adjusted until the global cost of the network
is a minimum, After each adjustment the network is reanalyzed
by Darey-Weishach and Colebrook White equations. The method
contains no constraints such as aséumed fixed pPressure heads
@r pipe flows and may be applied to either closed loop or

Open networks of any size.

(22)

- Kumar used a logarithmic uélocity proefile in con-
Junction with a formulation for the origin of the profile to
study the nature of wall roughness and the influence of
roughness elements on turbulent flouw through_circylar pipes
with part smooth, part rough walls and used experimental data
on velocity distriﬁution and frictionél head loss to derive
éxpressions for surface characferistics Dfrpipes with uniform
and aon—uniform wall roughness those are helpfﬁl_in the
hydraulic design of pipes:in the trénsition zone. The conclu-

Sionscdrawn by Kumar in his studies were as follous:

The hypothetical origin.of @ "logarithmic velocity _
profile over a surface in the transition-zone.may‘be"ﬂ
formulated to include viscous effects and the influence
of roughness elements, The effect of roughness is speci-
fied.in terms of equivalent sand roughness projection
length ‘and a scale factor., The formulation has been found
useful in the interpretation of the nature of wall

Toughness and in the hydraulic design of pipes in the

transitional zope,.
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*The relatlonshlp between scale factor and wall rnugh—
ness Reynolds number, mhlch may be dEIlUEd Frcm experimental
obseruatlons of velocity distributions and/or frictional

head loss, provides a numerical dESCription of the surface

characteristics.

engineering practlce. I'he scale factor Gecreases with increa-

Sing discharge and approaches unity for pipes with nonuniform

roughness and for some pipes used in Bngineering practices,

a)

Karmeli, Gadish and Meyers(z formulated a linear.
pProgramming maocdel for the problem of selectlng optimal plpe
diameters and pouer requirements for a water DlSLIlbUtlDﬂ
network, which is only suitable for branched network and
based an the assumptlon that the CDﬂllQU;ablﬂﬂ of the pipes
connecting the delivery gcints to the water source is decided
Upon & priority and having only one source. The model is
Suitable both for the case;in which the water pressure acA
the source is to be selscted ang also the case where the y
pressure is'giuen. Fcr:thc numerical solution of the problem, .

any .standard linear'prcgramming code may be used,

34)

Tong, Connor ang Stearns( developed a method of
Sizing mains in water distribution networks directly, réther
than selecting pipe sizes by trial and Brror, which includes

an iterative Procedure similar to that in the Hardy-Cross




method i.e. the method successiuély adjusts assumed flows
in the network to balance relative pipe resistances rather’
than head losses. In that method equivalent |- length (Le)

of 8 ih,diameter pipe is calculated by the following eqguation,
: - 10041.85 ,0.667, 4, 86 :
Le = L (—TP) @fTT—J 2,19

Le is established as plus (+) and minus (-) for clockuise
and counter clockwise direétion of the pipe in a loop res-

pectively.
I'he correction factor is solved for every loop as

o = —”EETT ) 2.20
1.85(z%)
The hydraulic resistance'of water main increases after
the mains have been in Service for some timeldué to growths-
0r deposits upon the internal surfaces. Colebrook and white(ig)
deyeloped a formula whichrgiueé the relation between the age
of a pipe and its carrying capacity, which may bé written as

d ] TQ
= = log {(
a, T P 3

. /0.

+10 9) - 2,21

where §) denote the discharge;'PD = C,/2:8g (where C, is the
initial Chezy coefficient) and o is. the average rate of

growth of roughness.

Eolebrpok and White computed the value of « from the

Tesults of experimental observation by‘means of the eguation




= 3,74 -p ‘Po)_ 2.22

where P-= 8/2/89 and C denotes the final Chezy Coefficient,
d is the diameterof the'pipe.
' (23) . .
Lam and Wolla formulated a system of node eguation

based upon the theory of linear graph andg can be generated

byymeans of a digital Computer, In thejr formulation the

it during an iteratjve solution process, They al so used
_Oifferent headloss relationships, iﬁ addition to the Hazen-
Williams formula in the computer program aﬁd & subroutine
that describes the head-floy relationships which can be qui—

fied accordingly,

MCPhersoh(z? generalized network head loss Dharactef-
istics demonstrated under-the limitation 0f proportiopal
loading. The Use of proﬁortional loads is ap assumption
YSually incorporated in ﬁetﬁork design @nalyses, He analyzed
two examples and found tééinlith pProporticnal loads the
percentage-ﬁistribution-of flows in individual pipes-in a
balanced neémork was constant irrespectiue-of the'magnitude'

of the total demand,

Gagnon- and Jacoby(15) described the simplified approach

of computer Simulation of water distribution networks for




implicit loap mekhod with automatic search technigue, They
found the 1mpllclt loop method for analyzing water distrj-
butlonnnetworks deslgns and operating condltlons and was
al so an effective method for redusmng the number of inde-

pendent variables and well sulted to dlgltal computatlons

Graues and Bransmjme(1 ) discussed how to utilize
digital computers for pipe line network éolution and compared
with analogue Computers. and concluded that the solution of
water dlStIlbUthn system problems may be performed with the
aid of the electronic digital computer with equal or greater
facility thanp Mcllroy analogue type Computer., The digital
computer has the additional advantage of being very useful

in the solution of many other problems.

2.4,7 Summary of Previous Works

The oldest method for systematic solution of distri-
bution networks,  and the cne still most tommonly used, is
the Hardy-CUross method. This method i well suited fer

soclution oy hand, and is eésily-adopted for machine computa-

S

Tion, CDmputer programme mrltten to perform the Hardy- -Cross

analysis are dgscribed by Hoag and MBlnberg(1?J,'Graués and -

(1)

Branscome(16), Adams Dllllngham(1 1) and others,

Electronic network analyzers are dlSCUSSBd by MCDherson(2?)

McPherson and,Radzlul(ZB), Graues and Branscome(16), Adam5(1)

and others, A summary of methods and techniques yere presented

By MCPherson(27)_




Bhave and Lam(B) developed a procedure. for optimal

geometric layout, whereas Featherstone and Jaméily(1q),'T0ng,

(34), (20)

Corner and Stearns ; Karmeli, Gadish and Meyers and

others developed metho ds for Sizing mains in water distribu-
tion networks.

(24) (25)

» McCormick s Epp and Fomber(Tj),

Martin and Peter
Shamir and Howard(31)‘and others used the Newten-Raphsor
method in ‘a computer programme to solve for the unknowns of

the network and found that the Newton-Raphson technigue

tonverges rapidly from a reasonable assumption.
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CHAPTER 3

WATER SUPPLY SYSTEM IN DHAKA CITy

3.1 The Water Authority

The Dhaka water Supply is managed by Dhaka Water Supply
and Sewerage Authority (MASA) Created in 1963 as a semi-
autonomous government agency. It was enpowered to _provide
potable water Supply and waste water disposal service to
greater Dhaka(3o). The authority falls under the aegis of the

ministry of Local Government Rural DeuelODment and LCoopera-

tives (LGRDC),

The Dhaka WASA is headed by a Lhairman, who serves as
Chief Executive of the Aufhority. He is assisted by an
Engineering department, .a secretariat and a commercial divi-
sion. The total pumber of empl&yees OF WASA is around 2105

including professional Clerlcal and operational personnel(qe

The area under Dhaka WASA's jurisdiction has been

proposed to be extended tao include the touwns of Narayangonj,

Demra, Tongi, Joydeupur and_a part of Savar. Some of these
tuons are Supplied mlth water by the Directorate-of Publice

Healkth . Englneerlng (DPHE)(zz). But at present the water supply

—

nelwork of the WASA jig functlonlng within the Dhaka Municipal

Corporatlon llm1t only. Dhaka city has an extensiue water

' A
Supply system with a primary network mains.

\\‘ L —
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3.2 Source of Water

Ground water is the main source of water supply in
Dhaka, At présent (October 1984) Dhaka WASA operates 106
deep tubewells., The underground water is drawn by these deep

m—
tubewells and pumped to the consumers. These tubewells are

~

proaucing.BT million gallon per day (MGD) of water which is
about ninety five percent of the total, The average depth of
these tubewells varies from “250 to 4?5 feagy but most of them
are over 350 feet deep. The capacity of a tubewell is about

40 thousand gallons per hour,

The only surface water treatment plant at Chandnighat
on Buriganga riuef, was set up in 1878+ After treatment, water
is pumped to the high level reservoirs. This plant is knouwn
as "The Dhaka wateflworks”. At preéent the pfoduction of
this plant is about 4 million gallons per day which is about
five percent of WASA's production. This production is mainly
Ased for the old part of the city.

\’

5,3 Water Distribution Maiﬂs

: Dhaka c1ty has water distribution system consisting of
970 miles malns. Dlameter.of water,mains varies from four
to eighteen inches. The distribution system may be divided

into primary, secondary and tertiary water mains.

The primary mains| bring water from the scurces within

2000 ft of any point of the city, The diameter of these mains

— I,




is eighteen-inches. The fDur inches dlameter and larger dijia-
meter pipes are deslgnated @s secondary malns, and in general
any mains less than four inches diameter jis- Classified as

——— - ~

tertlary mains. But it has been observed that there is no

3.4 Bverhead Storage Reservoirs

There are about thirtyfive elevated reseruolrs in Dhaka
City with an dggregate capacity of 5,9 million gallons;
however six of these are out of order. At present Dhaka WASA

has twenty nine ouerheao tanks, three wlth @ capacityzof 1

mllllon gallons each at Faklrapool MDhakhall and Lalmatia

known as prlmary distribusion TE&Servoirs, and the rest of
TeServoirs are with a Capacity varying from 15000 to ZDGDDD
gallons designated as Secondary reservoirs, There are tertiary
TeServoirs wlth 8 capacity of 250 to 400 gallons each known

8s roof tapks, - .

3.5ASeruice-CDﬁnection and Street Hydrants

_ﬁbcording to WASA's records there are 79518 seru1ce.~
cConnections (1nclud1ng 14300 unrecorded or illegal connectlans)
Serving about 3,7 milljion population of Dhaka city, Qut of

these there are about ?5753 dDmesth'connectioné, 1007 for

industrial 1656 for commércial and the rest for the government




and community Services, It is expected that all house connec-

tlDﬂS will be. metered by the year 1992(18) "Street hydrants

are mainly installed for those people-'whd are not provided
OT upable to take separate Service connections, At present

there are about 1225 Street hydrants serving O, 5? mlllan

persons; these are malnly located in old Dhaka, It is al so
EISO
mentioned here that this figure will be reduced to zero by

the year 2010¢18)
//.'a

Besides these, the emergency water carriers which are

PUTpOse. The carrying capacity of these carriers varies from

1000 to 1800 gallons(z).

5.

3.8 Demand and.Supply of Water in Dhaka City

Bangladesh is theheighth most populous country of the

world, with one of the lowvest degrees of urbanization. Accor-

ding to the cenéus 14981, Banuladesh had an urban population _
/ . ~
of eleven percent of the tatal pDDUlatan( ). Ohaka is the //

f
larQESL cltyfof'the country. haulng population of 3.4 million,
whlch constitutes about twenty eight percent of the: total

urban population. Urban population cf Dhaka is predicted to

be around 9,0 million by the year 2080(29).

_there is an Bxisting deficiency of water supply to meet

the regu1rements of population, At the rate of forty gallons
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PEr capita-per deay about 128 MGD of water is needed for the
papuldtlon of Dhaka c1ty, vhereas WASA 1s capable of Supplying
Dnly Q;HMGD for 3.2 mllllDﬂ population, It can meet only 71%
of the total requlrements Out of the totai praduction, 65 ]
is supplied to the neuw part of £he city and 35% to the old |

part bf the éity. The demand of mater Supply varies imndiffe-

rent sectors, i.e domestlc industrial and ipetitutional.

tion. For example a consumer wHD uses'yater from the street
Hydrant is less Significant than one who has a tap within his
house, Moreauerlit varies in betuween multitap Consumers, full’
Service consumers amnd so on. The industrial-demand depends.
on cifferent types and function of the_industry. In 1880,
about 3.5 million gallons of the daily industrial demand was
concentrated in the densely built up areas, and this figure

—a——

could increase to about(é G WGD by the year 2010(30). Jther
“*'h--._.
1Pstltutlonal dﬁmﬁnd Gepnnms on differant Service facilities

Such as SDhDDl, hospital, religious institutions, etc, In

addition tao these, there aie numerous demand for parks street

gardening, recreations etc., Water production and growth of
population with percapita CDnsumpthnS in Dhaka city are

Shown in Fig. 3.1.

The increasing demand of water supply in Dhaka city

is due to the rapid growth of population, In 1980 the popula-
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—

by the year 2010 it may be TD.éU million(sa). The demand for
water supply by thaf time will be 270 Mgp and 670 MGD respec.
tiueiy.'with ever increasiﬁg number of City's population the
demand for water has increased to such an extent wﬁich WASA
can hardly Cope with at present(30). With the implemeﬁtation
of the Demra yater treatment plant it is hoped that the crisjis

will be minimized._

3.7 Water Supply by Other Organizations

*

The water SUpply system of Dhaka €ity is divided into
Public and private instituticnal Supply.-Public Supply means

Drganiged water supply System. The Dhaka water and Sewerage

arranged water SUpPply which is made by different institutions,
nganizationé, Commercial Dr.industrial %irms etec., Such

brivate institutiaons are Hangladesh Uniuersity cf Engineering
and Technology, Chaka Uniuersity; Bangladesh_Railway, Different
Government agepcees and many other industria;l and‘commerciai
firms, Table B.E:shpws the a;tails of public and Private water

T~

Supply in Dhaka City, o

Besides these, there are different sources of water supply
[0 e
in Dhaka City, fviz, tubewells, wells, pondsyand riveps, which -

also play g significant role in order to meet a part of water
play s p

demand in Dhaka Tity,
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Table 3.1 _Public and private water supply system: Distribution
of production(18)

Public water Supply . : Production in MGD
Dhaka WASA no. of tubewell = 106 87 —~

T surface treatment plant (Chandnighat) 4

Total 91

ﬁfiﬁate and insitutional
water Supply

No, of well Institution - Production MGD
3 BUEI‘ 0.9
8 Dhaka Uniuersify _ o 1.75
6 -Bangladesh Railway 2,00
7 ' Different Gout. 2.75

agencies

16 _ Commerce and : 6. 80
industries

40 S 14.0

Public and private water Supply = 105.0 MGD

i

3.8 Leakage and lWastage of Piped Water

In Dhaks city water Supply is not only inadequate 5ut
Ay

alSD/irregular. Moreover the flow of water is slow and a huge

-

e

quantity of water is wasted through street taps, leaky pipes,

defective pipe fittings and overflow of roof tanks, At present

- about forty percent of water production is lost as leakagé,

Y
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wastage and as uncounted water..By increasing the installations_
of meters and reducing the leakage, wastage of water couid be
Teduced to about twenty percent WASA hopes to be do so by

the year 2810(30). And it is hoped that it will aggrandize

the water supply in future.

3.9 Futuce -Development Programme of Dhaka WASA

Dhaka WASA has taken a.long term development plan for
water Sgpply facilitieé The JUIlSdlCElon area mould be a
group of urban centres 1nclud1ng urban Dhaka, Narayanganj,
Tongi, JDydeupur,'qauer anc Jinjira. This plan will meet the
demand for yater Supply 7ecilities of greater Dhaka through

the year 2010 A.D. apg 8re summarized in Table 3.2,

lTable 3,2 Summary of existing faci?ity of Dhaka WASA andg
propesed future expansion in ureater Dhaksa
(Source: Dhaka WASAH)

7;;;:2;T——‘_—_—H_;;;ilities ofF PTDDOSed future Expansion E

elements * Dhaka WASA in greater Dhaksa

SXISEING in 1885 oo aag 1881-1885 1895-2000

1. Water purj- 1 ’ 1 -
Tication
nlant

2, Deep tube 110+ 3 80 21 20
well : :

3. Water majins 616G, 4 277,0 262.,0 2240
{(miles)

4, Reservoir 3 5 3 4
(1 MG.each) . :

5. Water Service 87487 30000 20000 200040

Connection
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The .propased Capacity of the water purification plant
at Demra is 100 mgD and there will be a Provision in the plant

for increasing the capacity Upto 150 MGD after 2000 A,p,

Bgt aueeto shortage of fund, the project is being delayed,
In the second project from July, 1979 to June, 1985 Dhaka
MASA'has sunk 45;was ang has.construeted i?ﬁ miles of major
water main apnd also has connected 34000 water Service connec-
tions., Moreaver as an interim measure, DEaka WASA will sink
25 more DTW from 1386 to 1939, whicﬁ may Belp to overcome the
worst water crisis in Dhaka city before impleﬁentation of the

. ]
Costly project of surface water treatment plant at Demra('B).




. CHAPTER 4

ANALYTICAL APPROACH

4,1 Iﬁtroduction

A simplified method of solution. for water distribution
networks is presented in this chapter. The method is-a mogi-
fication of Newtop- -Raphson metthJearller pPruposed by Shamir
and Howard(BT). Ubtaining the solution,” as definegd herein,
consists of finding the values Df the specified unknouns

which satisfy-the followmng physical laws offthe netuwork:

i) preservation of mass continuity at each node;
and ii) that for each element there is a knouwn relationship

between discharge ang Ehergy gradient,

The Hazen-Williams equations most commonly used for
water distribution studies, was selécted as the lauw reiation.
pipe Gischarge to energy loss, Uther Bouivalent equations
LT

-t
0 3

sired, .

o

—
[

fal

can be selec

The present work takes full advantage of the Neﬁtonm
Raphson method to sglve dlrectly forrcombinations of unknowns

which may include heads, Consumption and element resistances,

The main 2dvantages of the method are that the number

e analyzed, Moreover BITOrs converge quadratically by Newton-

Raphsaon method
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4,2 Solution of Pipeline Networks

Lonsidering the ‘network having NJ nodes, NJ UNKNown s

can be solved by Egn. (2.9). Say, the set of announ héads-

- is denoted by H, the set of unknown consumptions by €, and
. 1

the set of unknoun resistances by R, Egn. (2.18) can nou

be used for NJ simultaneous eqguation for the corrections

are
= - = 8 F . § F
FJ("H’C) + Z__ "?_""J'AH +Z '!"-‘JAH.
R..eR & R.. ij = i
ij ij HiEH SH
B .
+ E: ~ =0 _ ' 4.1
C e . 1580 C4

tn which Hiefl signifies 'H. is in the set B' (i.e H, is an
unknown), and Gij is the kroneker delta (5ij = 1, when i =

and 6ij.= U otherwise). -

The partial derivatives in egn. (4.1) are given by

0.54 "~ F

0,48 H

. F, CFL - ' o
v .,..Q_ = = 1 - ) K 4.2
Hl

Q;Q-SalH.-Hf
ij joi

2B —
I

o - 2 b - 4.3
J i#3 i

J




D 54] ~H, ]D 54 .
and _.._J_ = _______ PRI |
"R N ¥.5% R.. . 4.4
J : ij . Ji '

Egn. (4.4) is a modified form which was proposed earlier by

Shamlr and HDward(31)

Eqn._(4.1) can be written innmatrix form as.foliloys

[r F F ~ -
1 1 1 [
R LI Y H LI Y C H . -FT
Pg s t Pa Sy
. . g = : 4,5
n Fn Fn Ct _Fn—
. L Y C L _ L
Pq S : E_J

The matrix of deriuatiueé On the left side is called
the Jecobian of the set of eguations, The numerical values
in this matirix and on the right side uaryﬁfrom.one iteratiqn
to the next, as they are computed at each iteration with a
new set of values for theJunknowns The solutlon of eqgn. (4, 5)

.wa&s readily DDtalned for gach 1teratlon By u51ng the Gauss .

elimination procedure.




To illustrate the structure of eqn. (4.5), it is
written for the network shown in Fig. 4.1, an example

network, with NJ = 5, NL = 7,

Fig. 4.1 Example nstwork .

The unknowns for this example are

n
1
—
™
]

and egn. {4.5) takes the forn

48
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Fq
0 0 7 1 0 Ha =] -F 4.9
M3
F F
4 - 4
C= 0 s J 1 C -F
R, M 3 4
Fg Fg 0. 0 c -F
0 - 4 5
L 1 3 I R R

in which the derivatives are given by eqns. (4.2), (4.3) apd
(4.4). Since the. Pontlnu1tv gquations involve enly differences
betuween heads 1t is necessary to Specify atleast one head to
establish a datum, If the problem is to solve for al)] the heads
in the netwo;k, all the CODSUWleDﬂ and resistance are given,
Then it is necessary-to fi% one head, considering a Tesistancs

as unknown,

4.3 Computer Progfamme

A computer pngramme, -based on the ‘theory (sec, 2.3;4
and 4, 2) is written in FORTRAN IV, which may be run on both

th

(V]

IBM 370-115 zng 18M 4q31 Computers installed at the Lomputer
Center, BUET, Total reaj Memery of IBM 370-115 and IBM 4337 ape

256 KB  and 2 mB respectively, The virtual memory assigned to a




3

particular. partition may vary, however the programme .can be
Tun using 576 KB virtual memory on IBM 370-115 and 2188 KB on

I8m 4331 K02 system.‘

The Computer pProgramme consists of a main programme and
a subroutlne. The name of the main programme and the subroutine
are '"MAIN' and 'RESIS! fespectiuely. A flow chart of the

Computer programme is given in Appendix-B, .

The following are the functions of the main programme

and the subroutine,

Main Programme

The main programme reads the necessary input data for
the analysis of water distribution network, The 1nput data
reguired for. uhE computations are number. of node, number of
pipe, Hazen- Williams Coefflclent node to node relation,i
designation of nodes connectlng each npode, starting and end
node number of pipes, pipe number, pipe length-and pipe

diameters. Heads of each node are given for initial iteration.

The main Erogramme computes pipe resistances in each
pipe. In any iteration, the main programme 2180 compute
netflomé in each node, form z banded coeffiéient-matrix and
solve for unknowns Unknouns are used as corrections of nodes .
head., Also . there is @ provision to check whether the netfloy

in each node is less, egual or greater than a given allowable




value. And_finally Prints the results of computations, when

The maln programme calls Subroutine RESIS, in Computing
netflows and formation of coefficient matrlx. Memory feqﬁireu
ments for analysis ang design of the water distribution network
-Df Dhaka city are 227 KB and 237 KB re5pect1uely. To analyze
the network of water distribution system of Dhaka city, time
require per 1terat10n on IBM 370-115 and IBM 4331 computers.

are about 15 minutes ang 1 minute 30 seconds Tespectively,

Subroutine RESIS

This subroutine is mainly used to reduce the ﬁemory
storage of the computer proéramme. By using starting and end
node number, Corresponding pipe numbers are Sélected to use
pipe resistances in the Computation of. netflows apd in matrix

formation,

4.4 Analysis of Water Distribution System

4.4.1 General ;
The netwark of water distributidn Sysﬁem 0f Dhaka city

includes 761 number of pipes having dlameter 4 1ncn Or more

and 536 nodes that were shown in Fig. 4 1. The network was

analyzed by Nemten-ﬁaghson method and Hazen-Williams coepffj-

cient (CHm) Was assumed as 120, Water connections to houses

A




b2

2

are usually made at intermediate points between tuwo Subseguent
nodes (shown in Flg. 4.2) but for the analysis it was assumed
that all water was Consumed from nodes only, Though difference

in elevations of most parts Df Dhaka City varies wlthln 3

in the Computer programme number of pipes, humber of
nodes, Hazen—williéms coefficient, node consumptions, pode
to node relations along with length dlameter, startlng nadE'
number and end nade number of pipes were Supplied as data,
To calculate the flow in each Pipe by Hazen-Williams EDUEtlQn;
heads were assumed in each node initially, After calculating
netflow (i,e, inflow-outflow) of nodes, A Jacobian of the
535 eguations was formulated by using eqns (4.2), (a. 3) and
(4.4), The Jacecbian was a pon- Symmetric .banded matrix haUlﬂg
band width 77. The llnear Bquations formulated by Jacobian as
lefi side matrix and netflows with negative sign as rightside
column matrix were solved for unknowns, by Gauss elimination

- . . B
method for nen-s mmetric_-banded s stems( ).
Y

4.4,2 Phase .1: Analysis.gf Existing Network

In this phase eéxisting network of Dhaka WASA water supply
System was analyzed, Ohaka WASB operates 106 tubeyells but

103 tubewells were consloered in the analysis (exclu01ng two




A @7
/ a- o

. BURM GANGA RIVER

Q Node Number
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Pipe Line

“Fige 4.2 Network of Dhaka WASA water supply system
(Source: Dhaka WASA, 19084),
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tube&ells in’bttara and one in ‘Baridhara). The netﬁork was
solved considering onehead of a node (node number 1) as fixed.
and one diametér of a pipe (pipe number 73, connected by node
number 1 and node number 2) as unknown along wlth other unknouwn
node heads.hTDJanalyze the existing network, 46 iterations

were required to balance the fiow of all ﬁodes.

-

4.4.3IPhase_2: Design of the Network Based an Ground Water

In this phase, the network uwas designed for the distrj-
bution of water, uhiﬁh would fulfil the demand of Dhaka city
in 1980, It was eéxpected that population of Dhaka city in the
existing water éUpply area would be about 4.millicns, At the
rate of 40 GPCO, total water demand in 1980 wouiq be 160 MGD,
Assuming the production capécity of existing tubewell would
decrease by about -20 percent,Athe network was- designed by
proposing 64 new DTUs. to fulfil the water demand in 1880,
Lacaticn and discharge Capaciiy of GTus were snown in Fig. 4, 2
and in Appendix-B respectively. The netuwotk was designed
considering the velocity of flow betwsen 2 and 5 fps in pipes.
Computer programme was modified to design the network. A
provision to check the UelDClty of flow in the Pipes and accor-
dlngly to adjust pipe diameter was incorporated in the program,

A total of Sixty seven iterations was Teauired to obtain the

sizes of the pipes in the network.




4

4.4.4 Phase 3: Design Based on Surface Water

“In this phase,.the main network c0n51st1ng of large
diameter plpES i.e pipes connectlng primary reservoir System
(descrlbed in Ehapter 3 ang shown in Flg. 4.3) was analysed,
In thls case, total water propnsed to be supplied by DTws
(proposed in Phase 2) ié'ndw assﬁmed to be collected from
.Surface water source and supplied through these three primary

reservoirs, Assumlng 54.8, 54,0 and 54,0 cfs through Fakirapool,

4.4,5 Phase 4: Design Based on Both Surface. and Ground wWater

In this phase, the network described in third phese of
study was redesigned Conslderlng both surface .and ground .water
@s sburces of water supply to meet ‘the .additional water demand
in 1990. It is expected that additional 25 DTus having Capacity
two cfs could.be sunk in the periphery .of Dhaka city, without
interferring existing DTWS,"The rest demand of water those
were-descfibed in the.thlrc-phase.of study, would be obtained
from surface water source -and Supplied by three primary reser--
veirs, In thlS case, "37,95, 37.4 and'B?.d"cFS‘uatef would flow

through Fakirapool, Mohakhkali and Lalmatia Frimary reservoirs

Tespectively,
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Fig. 4.3 Network of Dhaka WASA water supply system:
-7 showing primary network by thick line
(Source: Dhaka WASA, 1084).
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CHAPTER 5

RESULTS AND DISCUSSIONS

In this study the method used to analyze water metwork

system is Newton-Raphson method. Wood and Charles summarized

(35)

the comparison made by Liu that number of iterations

required to analyze a 58-pipe network by Hardy-Cross and
Newton-Raphson method Qére 635 and 24 respectively. The Hardy-
Cross method adjustments each‘loop independently providing

na direct intgraction between the basic npetwork eguatiens.

The Newton-Raphson method adjusts all lobps simultaneously

and thereby, greatly improves the tonvergence to the solution.

Martin and Peter(2a), MCCormick(2b), Epp and Fomler('s), Shamir

(31)

and Howard and others used the Newton Raphson methoo to

solve for unknpouwns of the network and found, the Newton-

Raphson technique converges rapidly.provided a reasonable
initial assumption is made. In this method netflow {i.e. error)

F33) '
yL * hence in

[&X}

in any node of a network converges guwadratical

b2

a few iterations the flow in a network can be balanced. A
typical pattern of convergence has been shown in (Fig. &.1).
-MDreovei énj type of netwbrk, whethei closed or branced can be
solved by Neutoﬁ:ﬂapﬁsah Method, Thdﬁgh the calculations of
the method are difficult, the author utilized the full advan-

Lre,

2
cl

tages of the use of IBM 4337 Computer of BUET Computer Le

=

The most commonly used friction formulae in the wa

(e
]

r

supply systems is the Hazen-Williams formulae(31). For smooth
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and most rough pipes Hazen-William coefficients (CHm) are 140
and 100 r95pectiuely(g). fiost of the recently constructed pipe
lines by Dhaka WASA have considerably smoother PUC pipes.
Again many pipe lines of Dhaka WASA are guite old, Moiéouer
due to some_df the valves not-beihg operated, velocities of
water in some of the pipes are very low. Growth of algae, and
deposition of insoluble salts, iron cxides and suspended and
colloidal particles inside the pipes in nonsupply hours may
make the pipe semirough. The authbr, therefore found it more
iogical to use the Hazen-wiliiams frietion formulae with CHw
as 120 for network analysis.

A simplified method of solution for water distribution
system has been presented in Chapter 4, uﬁich is a modification
‘of Newton-Raphson method earlier proposed by Shamir and Howard(31%

(31)

Shamir and Howard presented egn. (4.4) as

J 5.9

But, using this eguation the author found that more tﬁan one
identical eguations had.been~formed in the analysis of a network
that made the solution of equation nat Feasible-@hén‘camputed
both -by hand and by éomputér programming. By observing egn.(2.12)
it is found fhat flaw‘in.alpipe depends on head difference of

the connecting nodes of that pipe. Also, for any direction of




k]

flow, magnitude of resistance is always positive. Moreover,
from computation, it is found that egn. (4.4) gives.the general
solution instead of egn. (5.1), which was simplified and used

by Shamir and Howard(31).

Population of Dhaka city.was about 2,66 million in-1981(4)
'.and.épproximately present {Uct. 1984) estimate is about 3.4
million of which Dhaka WASA serves water for 3.2 million through
a network of distribution system shoun in Fig. 4.1 énq private
agencies and other institutions serve for the rest(18). Popula-
tion in Dhaka city increases mostly in periphery. Rate of
population increase in the existing Dhaka WASA water supply

area is expected not to be chenged significantly in future.

For thiszreascn the author estimates the rate D% growth initia-
'liy as 6.5 percent upto 1984 and an average of 3,5 percent for
the next years upto 17990, Becausg growth of population approa—
ches towards Lhe saturation point in the existing water distri-
Gution arsa. The expected papﬁlation of Dhaka city in the
existing water 'supply:areanwould be about 4.0 million in 7990.

A survey was:candQcted by the author to assess water
consumption;féfe of some resisential a:éas. The results o©f
sdrvey are shown in Appendix-A. It appears.from the,éurvey that
the Cﬁnsﬁmption rate is as high as 70 GPCD in some high class
residential areas like Gulshan, Chanmondi etc., Water consumption

{ .
‘2). In this study

fte

n some slum areas are around 15 to 20 GPLCD




an average. rate of water consumption has been assumed as

40 GPCO.,

The total water supplied by Dhaka WASA was about 91 MGD .

(October 1984), 71 percent of total water demand in the city,
e e

_ : P
hnalysis of present network are shouwn in Appendix-8B., The

analyéis weés perfdrmed assuming the network to be in a
horizontal.plane as fhe variation in eleuétion in most parts

of Dhaka city-is within 2 to 3 feet. Heads at different nodes
were calculated with respect to a fixed head. In the analysis,
head of node 1, considered as 81 feet (35 psi) fixed head and
relative heads of cther nodes were shown in Appencdix-B, Existing
flow in pipes were shown in Appendix-B. Diameter of pipe 1
become 4 inch after last ite:atidn. From the analyzéq results

it was visualized that 2 large number of pipes conveyling very
small guantity of wafer relative to their pipe size and. 30

pipes conveying less than 0.1 cfs {i.e negligible.flow) flouw.

T

. Y . . ’
at g &5 dummy plpes (O0r gxcess

44

T piges can be*consider

-
m

he
pioes) in the network mains. These dummy pipes are being used

a2s service pipes in the distribution system.

In the year of 1980, ‘fer 4.0 -million expected population,
at the rate aof 40,0 GPCD,.tDtal requirement would be 1850.0 MGD,
In the second phase of the study, the author assumed that

capacity of. the existing tubewzlls would decrease by twenty

percent and ihe balance would be supplied by &4 proposed new




'? . : ’ '62

tubewells, The location of proposed DTWs are shown in ?ig. 4.1

“and Capacity of proposed DTWs ‘are shown in Appendix-B.

Velocity of flow in a water supply pibe should be
3 - 4 fps(3). In designing the network, the aythof cdnsidered
the permissible velocity between 2 and 5 fps. Velocity of
flow'may be reduced because of flow fluctuations. Head at
differént nodes with-respect to node number 1, %low in pipes

and designed diameter of pipes ‘were shown in Appendix-B,

Layout of Dhaka City water dist;ibutiun system is a
combination of radég},_grid iron and dead end'Systems. Source
oFf water in Dhaka city is mostly ground water (i.e Deep tube;
-well), Around most of thé tubewells, Upto some di-stant, layout
of Pipes are almost radial, In many a;éas in the periphery ofH
Dhaka city, where housesxare constructed in a hapazafd way,
rlayouthof'water'disfribution system generally follouws dead Y

. = ’
end one. Other than these, layout of water distribution system
are grid iroﬁ. ' T

(19)

Kanga s%udied on large distribution systems and found
that tree and brapch system are éheaper than any other rnetworks
in growing cities in déueloping countries, With the develogment
of the area, if furtherkstrengtheniné-is r8quired; the cross-
links aré filled,-éstablishing'the ultimate loop network, Some
parts of Dhaka city have gradually developed and are still

Ceveloping in periphery areas, Initially water is .suppliec

through dead end system; which ultimately become grid iron




o

L4599

when' the areas are sﬁfficiently developed., thUQh'it concides
with the findings of Kanga(19), due to improper desigﬁ, water
disfr;butions in Ohaka city are not evenly distributed. It

is found from the analysis that a lazge humbef of pipes con-
Ueyingluery small guantity of water relative to their pipe

sizes,.

It has been observed that out of 185,3 miles analyzed
pipe lines, 125.83 miles plpe would ;equire-reduced diameter
in the network system. It has also been observed that 9,48
miles pipes would be used as dummy, having no ufility in the
distribution system and is indicated by 0.0 inches diameter
as shown in Appendig-Br,As mentioned earlier, water copnection
to houses are usuzlly made at intermediate points between two
subseguent nodes but for the apalysis and design, it was assumed
that water was consumed from nades'only. The later pipes

(i.e. dummy pipes) may serve as service pipes 1n water distri-

0

dution system, Due to ‘improper design.these larger diamzster

pipes have little contribution in the distribution system but .

Fn

have significant influence on the increase in cost of water
Oistribution system, A properly designed distribition system
could save money and prevent incrustation of the pipes in the

network.

The base of the aguifer of Dhaka is at a depth of about
450-500 feet. Generally this layer has coarser material with

the increase in depth and contains medium.and coarse grained
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sand with.grauel. The deeper portions tend to be the most
productive parts of the aguifer. Below 500 feet the aquifer
contains sediments of finer material (mostly silt & clay)
upto a depth of 1, 500 feet. The Observed- aguifer storage
coefficients ang transm1551b111ty of the aguifer are

.5 x 1079 . 1.8 x 107 -and 50,000 - 180,000 gallons/ ft,

Tespectively,

Continuous éround wéter,withdraﬁél in the past 20-30
years has reduced 9round water levels.in the Dhaka metropo-
litan areas to-elevation below local confining layers. The
principal source of.the 9rounc water is the percelation of
abundant Tainfall, which occuré yearly during the monsoon

L . Season of April to September. The Drec1oltat10n enters the

layer and the river system. The confining layer in Dhaka city

area is about 20-30 fi thick and has poor water transmission

tround water w;tndrawal for Dhaka has gradually increased
siHCé th Tfirst use af cround water in ?949.'In response to
this withdrawal, the piezométric sufface has Deen graduaily
Sepressed, Ey comparing the increase in produczlon and decreass
in the static water line it aopears that the two are inversely
proportional, es shown in Fig. 5.2 angd Fig. 3.3. The Fig. 5.2
shows that the yeariy withdrawal of yater is hot fully xechargec

and causing a gradual lome¢1ng of water table as shown in
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Fig. 5.3 Static groundwater level decline and
Dhaka's WASA ground water production
(Source: feasibility report, Dhaka WASA,1881).
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Fig. 5.3. It may be noted that in Fig. 5.3 the production

'scale has been inverted for ease of comparing the variables.

Dhaka WASA began installing water wells in 1949, From
l1949-1959, WASA wells were drilled and constructed to depths
tetween 200-350 feet, using 70-100 feet sloted brass screens.
The hEUSing pipe was 10-12 inches in diameter and about 70 feet
.deep. Between 1858-18960 the mells_were increased to 240-250
feet in depth using 100~150 feet.of slotted brass séreens.

The housing pipes during that period increased in depth to.
S0-110 feet and toc 14 inches in diameter. From 15869-1374,

WASA wells were drilled progressively deeper, ranging generally
from 230-460 feet using 170 feet of slotted stasinless steel
screen. IThe pump housing increasecd in depth to 120 feet_and

the diameter to 16 inches, From 1974 to the present days the
general well cepth has increased slightly and the hDusing pipe
depth has. increased to 160 feet. It is expected that the
mresent cepin of well construction of 380-490 feet usés the

. . . . . aa
maximum thickness of the principal aquzfer( ).

After numsrnus-tests—dnd observations, projected drawdouwn
conditions are expected to be 80-90m, S50m and 30-35m when water
will be extracted from ground water source te fulfil --85;60-
and 35 percent of the projected average daiiy demand for

Uhake metropolitan areas in the year 2010 regpectively.

At the beginning ground water production cost was lower

than that of surface water but, as regiocnal extraction rises,




ground mat?r levels fall and ground water production cost is
increasing rapidly. Mo;éouer, a large increase in ground watér
extréctiﬁn would cause an immediate lowering of the ground
water level in the Dhaka city. Interference of wells reduce
the yield_of wells and greatly reduces the effectiuéness-of
existiAQ wells, which are not designed for extreme liftsAor
extreme regional drawdown. Also the numerous shallow hand

pump wells currently used in periphery of Dhaka city would
probably be useless., Conversely, the greater the level of

surface water production, the lower is the unit cost,

Transports of ground water (distributed scurce) require
lesser cost than a centre source (Treatment nlant). However,

a combinmation of sources is less expensive than an all ground

water system in a high demand.

From the above discussion, it is clear that water in
Qrounc water source is limited and cannot fulfil the long
term neecds of Dhaka city; therefore it is not wise to sink
all proposed DTWs, because of interference of wells become
crucial anc further ground water extracticn and distribution
cost become larger than méter suppl} from surface water sources.
Moreover there would be a problem of Environmental disaster
in the city. Hence it is reguired to take immediate step:tﬁ

collect water from surface water sources.

Deep tubesuwellis are propused for the sake of design of

the network and just to identify the design deficiencies of
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the existing network by the computer programme developed in
this work. Instead of. establishing all proposed tubewells it
will be better to establish some overhead resé;ub;rs as
center of water supply system, assuming that water from

surface water source will pass through these reservoirs.

Meanwhile, to compensate water demand in the city Dhaka
WASA has taken a measure to establish a tréatment plant at
Demra.to purify surface water. The project is in the final
stage of approval, The route of transportation and the mode
of distribnution of the treated water have not yet beeﬁ designed.
The author assumes that for the better uniformity in distri-
bution of surface water, most of the required treatad water
would pass through primary water reservoirs system and the
author considers these reservoirs as sources to Cesign the
network connected by primary large diameter pipes with these
reservoirs (shown in F ig. 4;2). Oesigned diameters and flouw

5 ar=z shown in Table 5,7.

o

nopip

In the third and fourth phases of the study, 22.88 miles
main pipe network has been taken in the design. It was found
that in the thirs phase of the study, te supply sdditional
water demand in 1980 through primary reservoirs, the diameter

£

of 3.45 miles pipe remained unchanged and 0.72, 1,90, 0.18,
2,03, 3.34 and 7.14 miles. of pipe having diameter 18 inches
would have to be increased to 42, 36, 30, 27, 24 and 21 inches

in diameter respectively. Among the rest of the network 2.0 miles




_table 5.7 Design of primary distribution system based on partially surface water source

Pipe
Jjoining
node
numiiers

L

394-407
373-394
350-373
- 300-350
254-300
225-254
184-225
1864337
309-337
262-309
257262

206-257

Fipe
length
ft

140580.0
3140.0
4960.0
5282.0

982,10

Existing

pipe

diameter
inch

3

18.0
18.0
18,0
18.0
18.0
18,0

18.0

Phase-3

Designed

diameter
incheas

4

J6.0
27.0
18.0
2%1.0
24,0
27.0
21,0

15.0

24,0
27.0

30.0

3
Flowy
cfs

36,23
-18.,57
-03.07

11.83

‘15.93

19,83

-10.0

Phase-r

Uesigned

diameter
inch

5

30,0
24,0
15.0
18.0
21.0
24,0
18.0

12.0

18,0
24,0

24,4

) 3
Flow ~

cfs

25.54
-12.43
'~1.69

8.70

~J
o




Table 5.1

177-206
177184
71-177
71-75
75-99
59120
120-206
337-4Q?
158-225
138-158
138-166
166-196

71-89

L3
tve flow indicates flow From lower node number to higher nodes number.

(Contd..)

339G6,0
4 300,10
18515.0
5850,0
§120.0

5950.,0

5950.,0

7275.0
5125.0
4130,0
3800.0
1325.0

7865, 0

18,0
18.0
18.0

18.0

18,0
18,41
18.0
18..0

18,0

24.0
18,0
21.0
18,0
18.0
21,0
24,0
21.0
36.0
36,0
42,0
21.0

18.0

~13.53
- 3.21
-11.34
- 3.96
-7.96
-11.86
-15, 96
-11.23
33.0

36.0

-44.,0

10,0

18.0

15,0

18.0

18.0

18.0

18.0

21.0
18.0
30.0
30.0
36.0

18.0

12,[].‘.

-8.53
~-2.28
-7.07

~3.,53

-6, 30-

-9.07
-11.84

- 8,22

.8l 22

.24;95
-30. 51
6.934

2,08

-J
—




of 12 inches pipe lines would have to be changed to 15 inches
in diameter and 2.09 miles 18 inches, diameter pipe lines

would require smaller diameters.,

In the fourth phase of the study, to supply required
wafer estimated in Chapter 4 through three primary reservoirs,
it méy be seen in Table 5.1 that about 56.8 percent of the
length of network remains unchanged and the rest 0.72, 1.82,
2,22, 1.78, 1,16, 1.48 and 0,80 miles pipe diameter have ta
be changed to 36, 30, 24, 21, 15, 12 and 4 inches respectively.

It should Ge mentioned that these design considerations in

o+

hird and fourth phase of study have been done by assuming
approximately egual guantity of water flow through sach primary
reservoir and node consumptions have been estimated according

to the demand of arsas on population basis.

Detention fime of each primary water reservoir is 49
mibutes and 1 hour 12 minutes in cases of the third and fourth
phases respectively, Utilizing the storage capacity of the

servoirs, ncn-pumping period can only be maintained for 48

©

T
minutes and 1 hour 12 minutes in cases of the third and fTourth
phases of the study respsctively. In case of the ‘fourih phase

of the study, utilizing storage capacity of all existing primary -
and secondary wété} reservoirs, nponpumping pericd may be

increased to 2 hours 45 minutes.




CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

\

—

6.1 Copclusion

A numerical model has been deuelOped based on the model
rperDSEd by Shamir and Howard to analyze and design water
distributiaon Systeﬁ of any type - grid iron, radial, circular
dead end etc. The model has.been used for £he analysis and

: Oesign of the water distribution system of Dhaka city.

The conclusions drawn from this study are summarized

below:

i) The apalysis of existing network of water distribution
system of Dhaka city shows that & large number of
Pipes is conveying very small quantity of water
relative to their pipe sizes and some pipes &are

conveying less than 0.1 cfs of water,

Th

o

design of ths water Zistribution system for 1880

[
FJ-
m

based on ground water reveals that out of the existing

185.3 miles of pipe line, the diameter of only & few

needs 1o b

[

incresaszg; 12

m
mn

miles pips would reguire

to reduce their diameter for effective conveyance of
water in 14990 and diameter of 9.48 miles pipevbecomes
less than 4,0 inches-conveying water with flow velocity
less than 2 ft/sec, which is not desirable. These

pipes are mainly used as service pipes.




‘available data, it appears that ground uwater

urce cannot fuliil the future water supply needs
of Dhaka city. It is essential to take immediate
steps, to estabiish a surface water purification
plant to meet the additional uwater requirements for

growing population,

iv) Diameter of most primary mains is regquired to be
increased when additional water from surface water
sources is feed in the distribution system through.

presently available three primary reservoirs.

v) It is possible tao establish 25 deep tubewells in the
periphery of Dhaka city. Primary network has also
been designeﬁ considering thaf the additional water
reguire in 1990 would be supplementec by surface
water treatment and pass through the primary reser-
voirs. In this case 55 percent pipes of primary
network remains unchanged and ths remaining pipes
are reguired to be increased or reduced in size for

effective copnveyance of water.

6.7 Recommendations for Further Studies

Several avenues of additional study have been openeo

.up by this work and they are summarizes below:

i) The study have been done considering steacy-state
condition. The analysis can be extended for unsteacy

flow.




ii) The.study should be extended for designing the
network by keeping a constant head required for

domestic water éupply at different nodes.

iii) Present configuration of network may be changed
and the study may be extended to design an economic

water distribution system for the city of Dhaka.

iv) The study should be extended for the design of
network of water distribution system, which will

fulfil the water demand of greater Dhaka beyond

2000 A,D,
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APPENDIX-A

PERCAPITA WATER CONSUMPTION




Water Lonsumption of Typical Middle Class Household

Source: Questionnaire Survey

FHB. of . ' . -
Site Popula-- Total yater Per capita
obsgr- tion consumption consumption
vation gallons/month GPLCD
(I Azimpur 6 5000 50,0
2 Bijoynagar 11 13200 4.0
3 Dhanmondi 7 15540 74.0
4 Farmgate 11 S000 27.0
5 Gandaria B - g0 40,0
5 Gulshan | 3 10000 87.0
7 Kelatagzan 40 27064 22,5
8 .Lalmatia . 17 24000 47,0
g Mohammadpur-1 45 28465 _ 22.0
10 . Mohammadpur-11 55 38800 24,0
11 Mohammedpur 111 12 7500 21.0
! 12 Monipuripara o . 30.44
E 13 Moyatola _ GO 8OLO0 : 44;5
; 14 Rampura - 15 23550 48,0
—_—
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APPENDIX-B

(Flow chart and listing of computer programme

aiong

with results are presented in volume 2 )
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