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Thig paper presents a methodology for the optimal
design of a water transmission system, given a source
of supply and demand values for water from various
zonal divisiong in the city, The Linear Programning
Model developed considers the detailed design of

the water transmission gystem including the choice
of pipe lengths and dismeters, and the computation
of presswe logses due to friction, and pumping

head required to meet minimur allowable digcharge
pressure at each demand centre.

1. Introduction

Most cities in India are facing an ever increasing
demanci for water due to population and industrial growth and
some of ‘them have to go to considerable distances away
from the c_ity and sperd large amounts for water devalopment

* Now with EDP Consultants, Ahmedzbad.
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and transmission systems to obtain water supply for the

urban population and industrial requirements., Water
requirements in urban areas increase with the growth of

the population, industries and commercial activities and
also to the location of new industries and other economic
activities., The population in the cities and towns in

India are growing at a faster rate than the national rate

of population growth and in spite of repeated assurances
regarding decentralisation of industrial locations, still
most of the new indugtries are being located in the urban
areas which are already congested. To satisfy the additional
water demand due to such population and industrial growth

in the urban areas, there is always a need to find new sources
of water near the urban areas, building of treatment faci-
lities and laying up extensive and long water transmission
and water distribution pipelines to cover such areas. Major
water development projects irxvolw're high financial investments,
long gestation periods of 5 - 6 years amd therefore advanced
plaming as well as better economic analysis of alternative
investment possibilities is very eassential for any urban
area facing the growing demand for water supply and waste

disposal facilities,
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A large quantity of water will be available to Ahmedabad
city following the completion of Dharoi Dam project on the
Sebarmeti river, A new water transmission network will
have to be cons'b;ucted to eommect the three existing head
works at Acher, Bhadreswar and Dudheshar to recudve water

from ‘bhe. Dharoi reservo:i.z: and to distribute through the exist-
| ing digtribution gystem in the receiving areas. The costliest
parts of the water swply system are the transmission faciw
lities which include the pipeline network as well as the
pumping and storage facilities. Almedabad does not have
alternative sources of water except fram the boreholes at
the Sabarmati river bed and the various tubewells that
has been sunk at various locations in the city. A dNew. rk
programming model to evaluate alterpatives for supplying
water from various sources amd to satisfy future demard
for multiple water uses in an urban area ai; ninimam annuel
cost has been presented elsewhere, (6,73. As in the case
of Almedabad, such alternative sources do not exist, it was
decided to concentrate on the optimisation of the water
transmigsion system to receive and distribute the water avai=

lable when the construction of the Dharoi project is completed,
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This paper presemts a methodology far the design of a
water trangmission gystem, given a source of supply and
damand values for water from wari.vg zonal divisiong in the
city. The linear programming model developed congiders
the detailed design of the water transmission system includ-
ing the choice of pipelength\and diameter and computation
of pressure losses due to friction. The pumping head
required to meet minimum allowable discharge pressure ?.t
each demand centre need also be computed using this approach.
The linear programming model is illustrated with a case
study of the watcer transmission_ gysten that will be required
for the distribution of water available from the Dharoi
reservoir to various locations in the Western zone of Ahmedabad,
on the West Bank of Sabarmati river., It was decided to study
the pipeline network system because it contributes most to
the total cost of the whole water s;.pply system. This can
be seen from the following allocation of Rs.16 crores for

the ancillary works for Dharoi water project (1) as shown below:~

1. Cost of lamd Rs Q.25 crores
2. Head works Rs 5,00 crores
3, Transmission lines Rs 6.00 crores

4. Distribution lines Rs e5 crores
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(1)

In this model we are considering the problem of
det.emining the optimal diameters and lengths of pipes
in the transmission system, which will maintein the
required net head at demand points considcring the fric-
tional losses in the pipeline system, for a given pumping
head and will also minimise the total cost of the pipeline

systenm.

2. Degeription of the Water Transmission System

It was proposed that three headworks will be ingtalled
at Acher, Bhadreswar and Dudheshwar when water from the
Dharoi reservoir will be available for swplying to the
city of Almedabad, At each intake or headworks, a high
capacity pump will be installed to deliver water to elevated
reservoirs in each district through transmission lines.

From the elevated reservoir water will be suplied to custo=-
mers through distribution lines in each district, Each of

the zones will have one headworks amd separate transmission
and distribution networks. A study of one such zone in
Almedabad will be sufficient to illustrate the lLinear Programm-

ing Methodology proposed in this paper, Thc Western Zone
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of the city on the right bank of Sabarmati river was

selected for illustrating the model.

The water transmission system for this zone congists of
the following elements: (a) A single source of supply fram
headworks at.Acher with a booster pump, (b) multiple demand
centres each with an elevated reservoir from which water will
be supplied to adjoining areas in each dis_ aict of western
zone and (¢) a water tramsmigsion system consisting of pipe
line elements of different diameters and lengths connecting
the source to the demand centres. A map of Ahmedabad showing
the different water supply zones, the location of the three
headworks and the Western Zone transmission system are shown
in figure 1. A schematic diagram of the western zone water
transmission system is shown in figure 2, The flow required

at each of the 13 demand centres are shown in table-1.

At each of the demand poimts a minimun required pressure
must be maintained at all times in addition to supplying
the required quantity of water. The total head required for
covering losses in the water distribution system deperds on
the topographic elevation at the service are;a as compared

with the head works and the minimum pressure required at
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ultimate conswmer supply points. Thus, for determining

the pressure requirements at each demand centre from which
the adjoining areas are swpplied through the distribution
systen, sound cngineering judgenent must be oaxercised before
the problen of computing optimal computer diameters and

pipe layouts corprising transmission system could be taken ups

It is possible to formulate the pinimuwm cost water
trangmission design problem as a limear programing problen,
This is obtained from a mathematical model of the whole
pipeline system which is used to choose the right cambination
of various pipe sizes and dianeters to mininise the cost &
lincs and at the samec timo satisfying the demand for water
delivery at required presswe., Hazen-Willianms' farmula is
ugsed to rclate presswre losses in a pipeline as a function
of its diameter, length and the friction factor, The presswre
losses in any open loop of the tra;).sn:i.ssion systen is then
expressed -as a linear ﬁmctioml'of the lengths of different
diameter pipes used in loop. As the maximum pressure loss
in an open loop is specified, thig linear functionals become
the constraints of the linear programing model along with
the other constraints on the total length of each pip‘e which
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could be composed of differemt diamcters. The objective
function to be nininised is the total cost of pipelengths in
the network which also includes the cost of laying down the
pipeline transmission system. The Linear Prograﬁming approach
would be highly efficient because of the high computational
efficiency of modern linear programming codes. Jnother charace
teristic of the optimal solution obtained by the use of this
model is that in the final solution water is available at

each given demand centre only at the required ninimum pressure

and as such no encrgy is wastess.

The data requirud for illustrating this model was collected
for transnmission of water from the Dharoi project to various
localities in the Western Zone of Ahnedabad, In the schenatis
c}ia_gram for the Western zone transmigsion system (Fig.2),
generated head at source and net head required at different
demand ccmtres are specified, These data were obtained from
the water supply department of ihmcdabad Municipal Corporations
Distances between the various dem;,rﬂ points and the head works
are taken from the relevant maps following the given lay out
of the water transmission gystem. The flows required at each
demand cemtrc are shoyn in Table 1, The solution of the model

required only minimal computer efforts and provided an acceptable
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design for the pipclirie system. The total cost of the optimal
pipeline system was much lower than the original system des-

cribed in the project report (1).

3. Formulation of the lLinecar Prograrming Model
for Water Trangmission Systen

Various mathematical approaches for modelling water
transmission systen are reported in the literature (3,4,5,8).
Due to linearity of the wderlying system, a linear progranme .
ing model of the water transmission system as presentéd
by Gupta (3) was applied for the water trangmission gysten
in Ahmedabad, Gupta usee a hypothetical example for illustra-
ting his nodel while in the particular study the nodel was
applied to the rcalistic system of water transnigsion at
Lmedabady

A linear programing model foz: analysis of a water supply
systen presented by Gupta (3) was used for the study.

The model used the Hazen-Williams! formula to determine
frictional loss,

The formula is given by

v = 131.8 8%+63 g0-54 —(1)

also Q= V.4 -—=(2)
a= (IOPV4 ~—-(3)

= D/4 ~—=(4)

..o..‘-.‘]O



Where,

Q = Discharge, cubic feet per second

D = Intermal pipe diamecter, feet

A = Area of cross section of pipe, square feet

R = Mean hydraulic radius

S = Frictional logs of head in feet per foot length

of pipe

V'= Average velocity in feet per socord
Using Equationg 2,3 ard 4, the Hazen-Williams'! formula can be
rewritten as

s = 0.887 x 102 ¢ 1182 e (5)

&.870
For a given discharge am a constant diameter pipe, S remains

congtant, Thus hecad loss is linearly proportional to length

or H= x L -—==(6)

Whex= .71 = head loss between two ends of the pipe, fect

L = length of constant diameter pipe, feet.

An open loop is defined as imaginery pipeline from water
source to an individual demand centre., A Line is defined

as a part of the system connecting either two adjacent nodes,
a node and an adjacent centre or the swply point and either

an adjacent node or dcnand ccntre,



For a given pump at the source and pressurc head requircd
at cach demand centrc, the hcad loss in any open locp can be

computed as -

-H - 4 | _—
H=H - (H +h) (7)
where, H = naximm allowable friction loss in an open loop
¥ »
HP= puwp head at source

Hy= nininun head requircd at demand point

h = is the difference in clevation bctween the demand
centre and the sowrce,
In each open loop, frictional head logs should not exceed H,

which can be written mathematically as

n
;> SH LWL B ---(8)
F %.,
=1 1tk
where, 8ij = frictional head loss per foot length of pipe in

line i, diameter j.

. Iij = Iength of pipe section of dianeter j in line i

]

n = nunber of various pipe diameter available
n = nuber of linesg !
L second restriction on the length of each line in any open
loop must be given

I
Z Iij = Ji for each line i = 1,2, ssecnar ln(9)

whely, L‘I" 12

Lm = length of lines in line
nubers 1,2, sseey 1 re3pect:i;_(§

000012
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bjective funcbion is bo mininize the totel cost of pipes

in 21l m lines and is given by

n m
S s
Minimize z.__§ 2. Oy —-(10)
j=1 i=1

An open locp consist of onc or more set of lines and
2 line consists of onc or marc pipes of diffcrent diametcrs,
In the objective function, Cj represents per foot cost for

pipc of diameter j.

\

4o Application of the MA Progreuning Mbdel

4is seen from Fig.2, in the Western zone water transmission
systen there are 24 lines and 13 open loops. Flow rates
throughout the system were computed from the data givenA in
table 1 for demand at individual centrecs, Values of !S!
were computed by an awillary programme. The cost of pipe
lcngt};s of differcnt diameters from 6 to 36" as per laid
foot length werc obtained from a schedule of rates and this
as shown in table,2, Using the above data in the equations
of the Linear Programming Model and applying a computer code
utilising the simplex method, a solution was obtained which

provides values of optimal diameter and lengths and thisg is



shown in table 3. The optimal solution is alsoc shown in the
schematic diagram in Fig.3.

The total cost of the optimal water transmission amounts to
%5476,23,030 as comparcd to tﬁe total cost of Rs.2,66,68,000
mentioncd in the projcet report based on the existing engineering
design with cast iron pipes, It should be noted that in the
optimal solution the pressure at all demand points remains the
same and no pressure head was wasted at the swply side, This
is not go as secn from an analysis of the design carried out

by the Enginecering department.

It is alsoc possible to determine the optimal size of the
pump at the swply end to minimise the total cost of the pipe-
line and the present worth of the cost of pumping for overcoming
friction losges in the pipeline system for its entire life,

Thig is obtained by a minor modification of the model.

L]
[ XN XX RY



ITABLE =1

Water Districts in Westorn Zone and Regpective anaxﬁ§+

Dist., No. MNamc of District Flow Required
in cub.ft. /sec.

I Sabarmati 4e 81
II New Vadz] 6.73
11T V.daj 1,93
v Naranpura 6.19
v Mennagar 6.2
VI University 3. 19
VII Gulbai Tekra 2.78
VIII Ambawadi 5.72
X Usnanpura Tel3
X Stad ilﬁ 8,97
XI V.S. Hospital 9.75
XIT1 Paldi 5.26
XIII Vasana 8.20

¥ These demands has boen cstimated on the basis of a projceted
population of 25 lacks for jhmedabad to be reached by 1991 or

carlier,
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4 ABLE-2"

Inbour and material cost of different diameter C.Jl. pipes per foob leng‘E_ﬁ_

S.No. Diameter | Inbour + maberial cost in Rs.
1 6 12455
2 9" 17.38
3 12" 2473
e 15" 3,51
5 18" 43.83
6 21" 54406
7 24, | 65454,
8 27" 82,40
9 30 95.46

10 3 140,27

11 % 157.97

+ Sourcc : Schedule of Rate ~ yoar 1969-’50
Executive Engincer's Public Health Department, Goverrment of

Gujarat.,
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TABLE =3

Qotimal IP Solution Showing Pipc Diamoters for Fach line

Line Noe Total Iength:ft, Compogition of the Linc Iength
N in ft, (Dianeter in inches)

1 2079 962(27) + 1117 (30)

2 11913 11913 (27)

3 339 3399 (24)

4 2640 2640 (36)

5 4983 3332(30) + 1651(36)

6 4686 4686 (30)

7 7326 7326 (24)

8 990 321 (6) + 669 (9)

9 924, 415 (9) + 509 (12)

10 26/, 264 (6)

11 1188 512 (12) + 676 (15)
12 594 305 (12) + 289 (15)
13 500 96 (9) + 404 (12)
14 2970 28 (12) + 2942 (15)
15 528 528 (24)

16 18262 14002 (30) + 4280 (36)
17 12231 12231 (30)

1€ 6435 . 6435 (24)

19 3465 662 (21) + 2803 (24)
20 792 400 (9) + 392 (12)
21 3663 | 276 (12) + 3387 (15)
22 1762 1342 (15) + 440 (1€)
23 1056 1056 (15)

R4 264, 264, (21)
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MAP OF AHMEDABAD CITY
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Fig. 3

Schematic Diagram of (ptimal
Weter Transmission System.



