to digital c3:~eforf These methods have virtually replaced other earlier ones largely on
account of their-accuracy and efficiency. The Hardy Cross method is a relaxation technique,
which, through successive iterations, applies a series of linearly approximated correction to
either assumed flows or head losses of all the pipes of the network.

10.6.2 METHODS OF BALANCING
(a) Hardy Cross Method
(i) Balancing Heads
In this method, from the knowledge of system inflows and outflows, the flows in all the
pipes of the network· are distributed so as to meet continuity constraints at all the nodes.
When inflows and outflows are explicitly known, this will involve assigning as many flo~s as
there are primary loops in the system. The requirement than the sum of head losses around
all primary loops should equal zero gives rise to a system lof as many equations. Solution of
the exactly determined system of non-linear equations is effected by a .systernatic relaxation
inthe Hardy-Cross method. In the Hardy Cross method of balancing.heads, which is a trial
and error process, the correction factor for assumed flows (necessary formulae are made
algebraically consistent by arbitrarily assigning positive signs· to clockwise · flows and
associated head losses and negative. signs to anti-clockwise flows and associated head losses)

ti.Q in a circuit is calculated by the formula:
!!,.Q =

Where Q

H

n.L.

H /_

/Q

Quantity of flow
Head loss

Constant, 1.85 for Hazen William's formula
n
The assumed flows are corrected accordingly and the procedure repeated until the
required degree of precision is reached. This is essentially a repetitive procedure. The
sequential steps are presented below:
·
(i)

Assume suitable values of flow Q in each pipeline such that the flows 'coming into
each junction of the loop are equal to flows leaving the junction,·

(ii) . Assign positive' sign to all clockwise flows and negative sign to all anti-clotlhvise
flow,
(iii) Compute the head loss H in each pipe by use of the friction formula with the help
of chart or monogram giving the same sign as for the flows,
'
'
(iv) Compute LH (i.e. algebraic sum of the head losses) around each loop and if this is
nearly equal to zero in all loops (within allowable limits of ± 0.15 rn), the assumed
flows are correct,
(v)

Otherwise, if

LH is not equal to O for any loop, compute the error in flow
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and the correction factor is of the opposite sign. Add the correction factor to the
assumed flows with due regard to the sign of flows.
(vi) PipOs operating in, more than one circuit draw corrections from .each circuit
However, the second correction is of the opposite sign as applied to the first circuit,

(vii) Repeat the cycle, till :EH (around each loop) is nearly equal to zero within the
allowable limits. Then the final values of flows are the actual values in the pipelines, .
(viii) If during the correction process, the head difference in an element becomes zero,
the pipe should be omitted from the particular balancing operation in which this .
occurs.
'
A computer program for solution of the head balance problem could be written.
In setting up the program, the following guidelines will be helpful.
(i) Each primary loop is first numbered, (i) serially starting from I (i= I, 2

ITT'

N),.:

.ii!..

(it) · The pipes in each loop are' then numbered, (i,j) with the loop number first and pip~:·,-..
number second, serially starting from (i, 1) G =1, 2, .... NP),
··
(iii) Flows in the clockwise direction in the pipe of any loop is considered positive, anti·;,
clockwise negative. This applies to correction ~Q also. The sign of head loss ~.i is. ·
the same as that of Q,j· The ratio H/ Q or Q/H is thus always positive,
(iv) Successive corrections to flows (~Q;) ate calculated from·Equation
n

~H-·
.i.J I,}
flQ; = -

i:l

(10.1)

H

nL~
Qi,j
j=l

.

Here n is the exponent of Qin the simplified pipe flow formula ~.i = ~iQni,j· These · · •

. corrections are applied to Q, by the computer and the balancing operation repeated until a/,
4

desired tolerance for either ~Q. or I 1:HJ is obtained, at ~hich the program terminate~. ·
Specification on this criterion is a nontrivial problem reflecting the desired accuracy.

(v) Pipes common to two loops i :U,d k receiv; flow corrections from both.1th due.;
regard to signs. When the pipe is being considered in loop i, corrected Q. = (Q,,;+:,, ·
~Q - ~Q0 whereas when being considered under loop k as pipe (k,l), corrected Q0 ·. ·

= (~,1+ ~Qk - ~QJ•
In case of smaller networks, the calculations could be made manually as well.
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A typical problem of balancing head loss by correcting assume d flows by hand
computation is presented in Appendix 10.3.

,._.

(ii) Balancing Flows

~

When using the method of balancing flows at junctions or nodes of the system, pressures
at nodes are assumed on the basis of given pressure surface elevations at some nodes (e.g.
fixed elevation reservoirs) and the flows in the pipes are estimated.
In the 'method of balancing flows' (modification of original Hardy Cross Method), which

is applicable to junctions and nodes, the flows at each junction are made to balance for the
assumed heads at the juncbons and the corresponding head losses in · the pipes. The
correction factor for assumed head losses in the pipes (H) is calculated using the formula :
w,=+1

.

ss

LQ

.. L(~)

The steps in the computation are as under :
(~ Assume heads at all the free junctions such that the sum of the head losses in
clod.. cw
ise direction equals the sum of the head losses in the anti-clockwise direction
in all the loops,
(ii) · Assign positive sign to head losses for flows towards the junction and negative sign
to those away from the junction,
(iii) Compute the flows in each pipe by use of't,he friction formula with the help of chart
or monogram giving same signs as for the head losses,
(iv) Compute ~Q (i.e. algebraic sum of the flows) at each free junction and if this is
nearly equal to zero at all junctions (within allowable limits of± 2%), the assumed
(v)

head losses are correct,
Otherwise, if LQ is not equal to zero at any junction, compute the error in head loss
.

'

The correction factor is of the opposite sign. Add the correction factor to the
assumed head losses with due regard'to the sign of head losses,
(vi) Pipes common to . more than one loop receive corrections from each loop.
However, correc!ions to the companion circuit is, of the opposite sign to that of the
first circuit,
/
·
.
'
(vii) Repeat the cycle till L.Q ~ 0 at each node or junction when the final corrected values
of Hare obtained.
367

I

.~

·~- the Hardy Cross Method is rational and mathematically correct, drastic
Although
skeletonising of the network because of the complexity, the time consuming nature and the
tedium of calculations, particularly for the large size networks and the uncertainty of
convergence of values impose serious limitations on this method.
i~
",;

. In setting up a computer program, the following guidelines will be helpful:
(i)

(ii)

Each junction of the system is numbered serially, starting from 1, except those with
an unknown inflow or take off, where usually a fixed water elevation is specified (i =
1,2, ... N) .
All pipes joining node i are numbered (i,j),j denoting the pipe number at junction i

O

= 1, 2 ... NP;)
(iii) Heads and flows towards the node are considered positive; away from it, negative.
The same applies to correction LiHi also. H/ Q and Q/H are always positive
(iv)

At each node, i, a test of LQ·,I is then made to see whether it is zero. If not, •the head . , t
correction LiHi to be applied to all the head losses Hi,i in pipes (i,j) meeting at'''
junction i is calculated from equation

;•'

n

n}:QiJ

(10.2)

}=1

Mi.I,}. = -=--Q
.

±i

j=lH_iJ

..

and applied. The-process is repeated until either

Max\Ml;\

or Max }:Qi,j
j

is less than the prescribed limit.
(v) Pipes comm;,n to more than one junction receive ,Afl correction from both wit!{•
due regard to signs, as stated before. ,
·
·'
It is pointed out here that any network balancing problem can be solved by either of th'.€' • .
two methods-head or flow balance. Where there are two or more resezyoirs with fixed wat¢; .
elevations in the system, synthetic or artificial loops can be introduced betwee~ them
introduce exactly as many additional equations as necessary to make the systehi exactly. ::
determined. Although,the Hardy-Cross method can be used to solve network problems· tc/~
any desired degree of accuracy, it is highly time-consuming for large and complicated,~ ~
networks. More powerful rapidly converging methods are now available.

ik , ,

(b) Newton-Raphson Method: Balancing Heads
Network balancing using Newton-Raphson method is again an iterative process but the.
method seems to be faster and convergence much more rapid froin a reasonably good start.
The principle of this method is explained most simply by reference to solution 0£ a single
equation f (p) = 0. According to Newton's rule, if p is an approximation to root of f(p),

a

- then (p

+ Lip) is a better approximation where;
368

(10.3)

/lJJ = _ ,f(P)

--

f'(p)

The nature of this result can be recognized from the Taylor series expansion of f(p-f6j,i),
viz.

(10.4)

f(p + f¥J)=f(p)+(f¥J.f '(p) + (~p)2 .f"(p) + .. :. +'

2!

terms involving higher powers of (~p).
f(p + ~p) is equal to zero if (p + ~p) is in reality a solution to f (p)= 0. If, in the above
equation, the terms involving powers of bp higher than the first are neglected, one obtains
Newton's rule. The method can be extended to the solution of n simultaneous e·quations
with n variables.
In setting up a water distribution network for balancing heads by· Newton-Raphson
method on the computer, it is useful to note the following steps and observations; Flows in
the pipes are assumed so as to_ meet all the continuity constraints. The flows in all -pipes of
loop i are assumed to be in error by ~Q;, correction· from both loops, the one coming from
the loop under consideration · being algebraically added, the other being algebraically
deducted.
Equations-to balance head losses around loops ate then framed in terms of corrected
flows.
In general, the arranged loop head loss equations take the following form:

: (10.5)

Where the second summation on the L.H.S extends only for the cornrnon pipes of loop i.
The number of equations in the system is the same as the number of pi;imary loops in the
system. For the i"' loop on the L.H.S (~ ~) .

for aJl pipes of the _ loop . forms\ . the

coefficient of ~Q;, the correction for all pipes of the loop. The other non-zer~ terms are of
· the form (with loop

1.

H)

bQ,, where ,',Q,. is the correction for loop k which has a pipe in co~on

Q ..
Th~·~ommon
pipe is called (i,j) in loop i, and by some other name like (k.l) in
'

.

.

..

.

loop k. If loop t has no pipe in common with loop i, the coefficient of D.Qt in the equation
for loop i, will be zero,. On the R.H.S of the equation, we have the unbalan~ed head in loop i
with a negative sign, multiplied by the inverse of exponent n in the pipe flow formula
chosen.
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A· general Fortran Program for network head balance according to Newton-Raphson
Method could be written to compute H;,i from input Qi,i values and set up the coefficientj,
matrix A for solution for 'L'.\Q;'s. The set of linear simultaneous equations could be solved by ·
calling appropriate library subroutines. The computed 6Q; are applied to all pipes oftthe
network as explained under Hardy Cross method giving due consideration to common pipes
between loops and the iteration proceeds. The program terminates at the allowable head
tolerance or when iterations exceed a certain prescribed limit.
The success of the Newton-Raphson technique lies in the selection of a good starting
approximation. If the approximation is poor, it can result in the divergence of the solution.
Computer programmes are readily available for the Newton-Raphson technique.
(c) Linear Graph Theory
The analysis of water distribution network requires that the node and loop continuity
equations be satisfied. Linear graph theoretic approach differs from other methods in a
fundamental way. While in other methods, it is customary to change the value of either the
assumed flow or head loss using one set of continuity equationsand · satisfying the other set
as constraints, this method depends on the simultaneous utilisation of both sets of equations
(node equations and loop equations).
In the graph theory approach, the water supply distribution pipe network is treated as a
linear graph (consisting of points or vertices and lines or edges). By the properties of graph
theory and matrices, the system equations involving the three physical laws of fluid flow, i.e.,
Kirchoff node law, Kirchoff loop law and pipeflow formula are combined to form a single
set of non-linear equations involving one set of variables i.e., either head loss-variables or
flow variables. These non-linear equations are then solved by iterative methods. After one set
of variables are obtained, the other set of variables are calculated from the pipe flow formula.
In this approach, by dividing the variables as primary and secondary variables according
-to 'tree' and 'co-tree' pipes, the decision variables are confined to only the primary variables.
· 'I 'he application of the Graph theory helps considerably in formulating the hydraulic equation
and also in deriving a good starting approximation to ensure fast convergence.
(d) Linear Theory Method
This method, proposed by Wood and Charles is useful for network balancing through
"balancing heads by correcting assumed flows". This is also an iterative rnethdd, said to
converge faster than the Hardy Cross method.
In the methods of balancing described earlier, it is necessary to assume certain values for
the variables to start the iterative procedure. Naturally, therefore, the number of iterations
depend upon the initial guess. No such initialization is needed in the linear theory method.
The linear theory transforms the loop head loss non-linear relationships into linear
relationships by approximating the head loss in each pipe by

(10.6)
370

.

\

.~

!;

•.

in which Q, is the assumed flow in pipe P: Thus the pipe resistance constant r, is replaced by
f)

0

-

(r\ so that, (r'), = (rQ -\

All the nonlinear loop head loss relationships become linear. These linear equations and
the node flow continuity linear equations are solved simultaneously to obtain all Q, values.
The solution, however, will not be correct as the obtained Q, values will not be the same as
assumed Q, values. However, it is ·claimed that by repeating the process several times; the
obtained and the assumed values will be found to be identical, thus giving the correct

!
I

!1

IiI
\1

solution.

\,

In the linear theory, for the first iteration, all the Q values are taken as i giving (r')p = rp.
(fhis amounts to assuming the flow to be laminar
the first iteration). It will be observed
that this method, if used just as suggested earlier, yields pipe flows which tend to oscillate
about the final solution. To obviate this, Wood and Charles have suggested that after two
iterative solutions, for all the iterations thereafter, · the initial flow rates to be used in the
computations should be the average of the flow rates obtained from the past two iterations.

I

£or'

I

!I

1

Thus, for the ith iteration,
. Qp ~ (i-l)Q,: (i-2)Qp

(10.7)

in which the subscript i, i-1 and i-2 denote the i"', (i;1)'\ and (i-2)"' iterations respective\y.

l

'
I

I
I·

t

(e) Use Of Models For Analysis

I

1t

A model must truly represent the system under consideration so that the pressure drops
and discharges can be measured directly without trial and error procedures. The variables like
head loss, flow and head loss coefficients in a pipe, as also circuits, junctions, and friction
laws that govern the system should be properly iepresented in the analogous model devices.
Two kinds of models, namely hydraulic models and electric analogue models hive been used.
The hydraulic models ~owever have not.proved very popular.
(f) Electric Analogue Model

r
fr

I'
!

In the direct electrical analogue mode which is used for pipe network analysis, the
analogies existing between hydraulic and electric systems are considered. The use of
non-linear resistors in electrical systems has made possible the representative simulation of
the hydraulic syStem.
·
·\
The source of supply in the hydraulic system is represented in the electrical analogue by a
constant voltage generator or battery, take-offs by load resistors or electronically controlled
devices and pipes by non-linear resistors. Camp and Hazen built the first electric analyzer
designed specifically for the hydraulic anal)'Sis of water distribution systems. Mcilroy
continued this approach to network analysis and developed an analyzer that is manufactured
commercially. For each branch of the system, the pipe equation, H = KQ" is thus replaced
by an electrical equation, V = J<..l", where V is the voltage drop in the branch, I is the
current and K. is the non-linear resistor coefficient whose value is suited to the pipe
co.efficient 'K for the selected voltage-head. loss and the amperage-water flow scale ratios. If
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the current inputs and take-offs are made proPortional to the water flowing into and out of
the system, the head loss will be proportional to the measured voltage drops.
The most important advantage of the direct electric pipeline network analyser is the
physical feel of the network system experienced by the designer or operator. Once the pipe
network is simulated in the electric network analyser, results can be obtained in a few
minutes for alternative sizes of pipes or alternative flow conditions.
The analyzers give the pressure losses and flows in pipelines at an instant in time and the
accuracy of the results dipends only on the precision of physical elements and measuring
instruments involved and the accuracy of the daia introduced.

10.7 DESIGN OF PIPE NETWORKS

The problem of design of pipe networks essential!)' involves determination of pipe sizes
which will meet the physical and operational requirements imposed on the network at
minimum
cost.
The constraints
include the hydraulic laws and operatioO:al ones, such as the ~imum

permissible sizes, restriction to commercially available sizes, and mainly, minimum residual
pressure requirements at critical nodes. The total cost of the network is generally assumed to
include the cost of the pipes, pumps and other components and the present value. of the
maintenance and operating costs. Several approaches have been sug!lcsted for handling this
economic design problem over the years. Some significant attempts are Summarized in the
following sections.

10.7 .1 APPRdXIMATE METHODS

These .methods are simple, approximate and are used as a quick check for an existing
system or for obtaining preliminary pipe sizes for a new network befotc subjecting it to
detailed analysis. Such methods include methbd of sections in which the network is cut by
imaginary section lines (chosen with regard to the critical points in the. distribution system),
for an assumed hydraulic gradient (usually 1 to 3 pet 1000) and velocity (0.6 to 1.2 mps).
The capacity of the pipeline cut by the lines are matched with the actual demand in the areas
to be supplied. Any deficiency in the pipe siz_es is rectified by the addition of an extra pipe or
replacing by a larger size pipe and rechecking in a similar way. ·

10.7 .2 EQUIVALENT PIPE METHOD

A network can be simplified considerably to obtain useful preliminary inform•ti?ri on the
flows and head losses at important junctions by this .method, whete a complex system of
pipes is replaced by a single line of hydraulically equivalent capacity, The pipes of the sizes
smaller than 150mm in the mote elaborate systeffis as well as the conneCting pipes with, no
appreciable pressure differential may be omitted to skeletonisC the system to a workable one.
The various combinations of pipes between selected junctioris could be replaced by
hydraulically equivalent pipes ,educing the number of units to be analyzed
In 1969, Teng, O'Connor, Stearns and Lynch published an 'equivalent length method' of
balancing hydraulic networks and indicated that an approximate solution to the problem of
372

.~

economic pipe sizing can be simultaneously obtained therefrom. Using Hazen-William's
formula for pipe flow, a new term L, was introduced which was
fJ

1(100/c)1·85

(10.8)

86

i, =
(0.667 /D)4"
Where Le is the length of a 'pipe of standard diameter (8-in) and standard Hazen Williams
C-Value of 100. 'this pipe is hydraulically equivalent to a pipe whose actual length 1,
diameter D and Hazen Williams coefficient is C. Instead of applying the Kirchoff's loop law
to the sum of the head-losses °LH in the loops, the equivalent length method distributes the
available head loss to the several pipes ·directly meeting the requirements Ml = 0, and
attempts to balance the relative pipe resistance's in the fonn of equivalent lengths, L. in all
the loops of the network i.e.
(10.9)

L LC = 0 for all loops
'An iterative procedure similar to the. Hardy Cross method has been used for balancing Le
in this study . Assumed flows in all the pipes of the network are successively adjusted· to
balance the relative pipe resistances. It is claimed that such a balance leads to a minimum
possible total of all the equivalent lengths and thus to least amount of pipe in a network of
equal-sized pipes. Also, the imposition of the above condition ~ L.= 0, is reported to
establish general 'evenness' of flow throughout the system, and 'optimum' design tor any
set of fixed conditions of topography, pressure requirements, source of supply, draft and
geometric pattern of distribution ne~9rk. The elimination of the trial and error feature of
the Hardy-Cross method was cited as an advantage dftl,iis algorithm.

a

In the search for better methods of water distribution system design, the balancing of
equivalent lengths' technique would appear to have merit particularly in initial studies
preliminary to a comprehensive systems analysis. .However, in networks with· multiple
sources and pump-type boundary conditions, the flow pattern. may not be so obvious and
problems of convergence could arise.

10.7.3 PIPE NETWORK COST MINIMIZATION PROBLEMS
. .

.

.

. f

It can be shown that the problem of minimum-cost design of a distribution pipe network
subject to
(~ the provision of required domestic and fire flows at specified draw off junctions,
and

(ii")

the maintenance of minimum residual pressure at critical junctions

can be cast as one of non-linear, integer programming. Such a model and an engineering
approach to its solution are. briefly discussed. More detailed exposition and reference to
. earlier works in the topic can also be found in literature.
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10.7.3.1 Pormulatlon Of The Objective Function
The principal part of the total cost function of a distribution pipe network is the cost of
pipes. The installed first costs of pipes can be related to their diameter by an empirical tJ
exponential function of the form:
.
·

C'

(10.10)

al D11

Where C' is the cost, l is the length of pipe and D is the diameter, a and T) are parameters
to be determined locally. Then the total installed cost of all the pipes in the networks is
C=

L
all

a

1;1

(10.11)

D" ,.1

i,j

Where the paired subscript (i,j) denotes the jth pipes in loop i.
In addition to pipe cost, the cost offriction losses in the pipe network constitutes another
important component of the total cost. In pumped systems, it represents the cost of energy
required to overcome pipe friction. In gravity systems, the same is an indirect 'cost' on the ·
system if we consider that higher pressures are desirable at the draw-off points. As such, the
energy cost of pipe friction losses can be incorporated in the objective function for all
supplies. Relating this cost to motive power prices (here assumed as electricity); the present
value of costs associated with pipe friction losses in the· system can be computed and
incorporated in the objective function to be minimized. Such a total cost function is

(10.12)

Q·.,,, and H-.l,J

stand for the flow and head loss in pipe (i,j) Pv is the present value of
an-annuity of 1 Rupee discounted at rater over the economic ·time horizon T; w is the unit
weight of water; b is a load building factor; E is the unit cost of electricity and 0 is the .
wire-to-water efficiency of pumping.
Where

10.7.3.2 Formulation Of The Constraints
Th~ diameters, flo~s and head losses in ~e pipe network must meet certain constrets ~
the form of hydraulic flow formulae, Kirchoff laws for nodes and. loops and certain
operational constraints regarding minimum pipe sizes, commercially available pipe sizes and
minimum permissible residual pressures. Such constraints can be represented by the
following set;
(

(a)

-1 37
1
H.
- 84.1-1·
· Dki., J ·
I, J
}.
I, J
[
85

(b)

"'Q·
£..J 1,J. + q m = 0

· es
t·
I0--1J o· 36] xQi,i = O co r all PP
.
11

(10.13)

for all nodes

Q0.14)

I,

i,j .
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(10.15)

.a-:·:1

[~n:.,}+ s, ~

(c)

•

l

o

I

for all pipes

(d)

D ..1,1 >D.
mm

(e)

Di,i L (DA)= (D1

(f)

[l:H-.]
1,1 n < h,

I

t

for all loops

......

Da)

for all pipes

over all specified paths (some i,j)

(10.16)
(g)

g(relevant '1n Si)= 0 for all pumps, if any.
'

In the constraints set, (a) is a version of Hazen Williams formula for flow in pipes, (b) arid
(c) are Kirchoffs node and loop laws resp"ectively, (d) assures that all pipes are not smaller
than -the prescribed minimum size Dm;0,(e) specifies .that the sizes shall correspond to
commercially available ones (D1, D2, D3, · ... D...), (f) is the equivalent of maintaining minimum
permissihle residual pressures at draw off nodes, by requiring that along specified pathways ·
in the network the sum of head losses shall not exceed preset magnitudes, and (g) guarantees
that the inflow and pressure at pump nodes shall correspond to the specified characteristic
curves bf pumps. The quantities CJm, S1, and hk stand for inflow (or outflow) at node m,
unbalanced head at loop i, and maximum pressure difference permissible over path k,
respectively.

10.7.3.3 Analysis

•

This mathematical model for cost minimization of pipe networks assumes that the layout
and lengths of pipes are known and, for the moment, that only one demand pattern is
considered. The problem can now be recognized as one of non-linear, constrained.
minimization in numerous variables. The constraint set (e) restricts the domain of feasible
diameters to a few specific values, thereby discretizing the objective function and the set of
feasible diameters. In this analysis, it is assumed that P v, b, E, e and C are known,
non-negative parameters and l;,;, 'tn, S1, Dmn• D and hk are given input vectors. The three sets
of variables Di,i' Qi,i and Hi,i' are. treated as decision variables, i.e., the solution seeksrthat set
of feasible Di,i• Qi,i' and Hi,i which minimizes the total cost of the pipe network. . For this
non-linear, integer programming problem, an iterative, sequential search procedure has been
developed and the same is briefly outlined inthe following subsections.

10.7.3.4 Constructing A Starting Solution
The most direct way of meeting constraint sets (d) and (e) is to choose diameters as the
variables to be set for a trial, and derive other decision variables (Q and H) therefrom. Then,
while selecting the diameters, only those feasible with respect to (d) and (c) may be chosen.
Such diameter selection is a significant initial step which eliminates the round-off procedures
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ffi! otherwise required. The setting of such a diameter vector

leaves the flows
and head losses to be determined. Solving. for Q,j, and ~.j, with given D1,i from constraint
sets (a), (b) and (c) is the familiar problem of hydraulic network balancing.

that would

1,J

(D
.
. .

10.7.3.5 Constructing A Penalty Function

iJ

If the constraints system is now examined, the method of starting with a feasible diameter
vector and balancing the network to obtain feasible flows and head losses has given rise to a .
solution feasible with respect to all constraints except set (£). The resulting head losses may
either satisfy or fail to satisfy set (£), i.e. head losses summed over all specified paths may or
may not be less than the permissible limits set. A rational approach to the treatment of these
constraints is to weigh them and blend them into the objective function in such a form that
the violation of these constraints will penalize the causative design while ranking alternative
designs. Such is the penalty function approach. This penalty function can be related to the
extent of violation of the (£) type constraints.

10.7.3.6 Sequential Random Search Procedure
Having established the model and formulated a function to rank alternative designs, a
sequential random search should be conducted starting with a trail design (set of diameters) and
improving · it in successive iterations until a terminal design with very: low probability of
improvement results. The rationale of this method differs from that of classical optimization in
that it does not attempt to identify the global optimum with complete certainty; rather, it
provides a statistical estimator of the best design. .
The technique can be summarized as follows:

I '.
II

I

I

I

(i)

Select a starting design from a specified population of starting designs

(ii)

Proceed sequentially from the starting design to an improved terminal design (f.D)
according to a set of rules involving random sampling (sweetening)

/ (iii) Repeat the above steps until several T.D's are obtained. This provides a sample of, say,
n Terminal Designs·
·
(iv) Identify the least costly of then Terminal Designs as the current estimator of the global
optimum (we
call it the 'Optimal Design' hereafter). Such steps (i) to (iv) constitute

will

a search.
The algorithm described is a practical, heuristic tool for a mathematically co~~~x and
computationally laborious prol:>lem.
A schematic flow chart for the sequential random search procedure is presented in Fig; 10. 1.

10.8 RURAL WATER SUPPLY DISTRIBUTION SYSTEM
The water supply in rural areas is effected by one of the following two methods. ·
(i)
(ii)

Shallow well or deep bore well fitted with hand pump
Piped water supply with or without house connection through overhead tank and
standpipes located at strategic points within the community.
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The~stribution system suitable for the situation is the dead end system of branched
system.-:.'.The system is economic, easy to design and operate. The elevation of the overhead
tank is. fixed by taking into consideration the residual pressure to be maintained at the'<
farthest end of the distribution system and the length of the connecting pipe. When water is
supplied ~nly through stand posts, the tank is generally constructed with a staging height ~f 6
m for communities with population .upto 1500 and with a staging height of 7.5 m for
communities with population greater than 1500.
When house connections are also provided, the height of staging may be suitably
increased to ensure minimum prescribed terminal pressure. ·
The distribution system for rural water supply scheme is designed for the peak demand,
which is assumed to be four times the average demand (duration of supply is 6 hrs).
Techniques are available for the optimization of rural water supplydistribution system.
An optimiza~_on method is available for single branch dead end system using Lagrangian
multiplier technique with an equality constraint on the pressure head in the system. The
solution is obtained in the closed form.
A compound water main system consisting of pipes connected in series and with
intermediate. draw off at the end of each pipe has been subject to cost minimization, using
the Lagrangian ,technique. The input data include water pressure at the inlet, the desired
residual head at the extreme end of the pipe, the length of pipes, draw-offs at the end of each
pipe and cost function parameters. The dosed form analytical solution has been derived for
the size of pipe in each leg of compound pipe.
·

10.9 HOUSE SERVICE CONNECTIONS
10.9.1 GENERAL
The supply from the. street main to the individual buildings is made through a house
service connection. This consists of two parts viz., the communication pipe which runs from
the street main to the boundary of the premises and the service pipe which runs inside the
.premises. The communication pipe is usually laid and maintained by the local authority at the
cost of the owner of the premises while the service pipe is usually laid by the consumer at his
cost.
The service connection including the details of the internal plumbing system should
conform generally to the National Building Code and particularly to the bye-la""s of the
concerned local authority. Extreme care should be bestowed for the design and construction
of plumbing system. The rational design criteria evolved by CBRI for plumbing should be
followed. ·

I.

10.9.2 SYSTEM OF SUPPLY
The water supply in a building may be through one of the following or combinations of
both depending upon the intensity of pressure obtained in the street main and the hours of
· supply.
(a)

Direct supply system, and
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(b)' · [.)own-take supply system with or without sump and pump.
If the pressures near the premises are adequate to supply water for sufficient number of
hours to the water fittings at the highest part of the building, then suitable connections maybe allowed to deliver water directly. In cases, where the pressures in the street mains are not ·
sufficient to deliver water supply directly, the down-take supply system with ground l~d
storage and boosting is adopted, Direct supply system is recommended under one condition
only when the number of floors in a building is not more than two.
In any case, only one connection is to be granted for the whole building to deliver the
total domestic requirement of the day. If there is, however, a non-domestic requirement in
the building, then a separate connection shall be given.
The supply in any case is controlled usually by a ferrule on the main, which is throttled
sufficiently to deliver the required supply at the pressure contemplated. The supply· is also
controlled by a stop cock at the beginning of the service pipe. A meter is to be installed
beyond the stop cock for measuring the flow. Any temporary disconnection of the supply is
made by the stop cock and any permanent disconnection is made at the ferrule. The size of
the ferrule should not exceed a quarter of the nominal diametre of the main and also be less
than the size of th~ communication pipe. If a larger size of connection is required, branch
with the required number of common service pipe can be used. Where the pipe has to cross
a drain, a suitable sleeve pipe may be provided for prevention of cross connection.

10.9.3 DOWNTAKE SUPPLY SYSTEM
· (a) General Criteria
In this system, the supply may be delivered directly to the overhead storage tank or to the
ground level storage tank Separate overhead tanks should be provided for flushing and other
domestic purposes. The capacity of the overhead and ground level storage tanks are decided
by the local bye-laws. Generally.a capacity of 50% of the daily requirement is provided inthe
ground level storage tank. For overhead tanks directly receiving water from public mains, the
capacity should take care of the total daily requirement, which could be reduced to 75% if
the supply is pumped from the ground level tank.
The pumps shall be designed for peak rate at 3 times the average over 24. hours; or
average rate of the 50% of the daily requirement over the actual hours of supply, whichever
is greater. A standby pump set of equal capacity shall be provided ..
. \
(b) High Rise Buildings
(1) Systems: The down-take system of water supply in high rise buildings may be one or a
combination of the following systems viz., overhead storage system, break pressure tank
system and hydro-pneumatic system.

,

(i) Overhead Storage System
In this system, the tanks a~e provided on the terrace. A manifold down-take may be taken
out from the storage tank which should be laid out horizontally in a loop on the terrace to
carry a designed peak load demand. The pressure in the loop at peak demand shall not
379
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Preventive maintenance of water"d1stiiout1ot1 sys'tem'pipeiines· assure·s the ~in- ~bjectives
of preserving the hygienic quality of water in the distribution· qi~i,ns.,.and providing m:>ridlrions
for adequate flow through the pipelines. Sonie of the main functions in the management of
~f~Vet\tive.;~~pects in;the-mainte~_ance 0( m~ins at€Jassessfuetit~ detecti{)n and pteverition of
·:_as~e ~f- water, from pipelines; '·tnaintaining-'the,:capadty :'of pipeiirie''abd \:leaning of
tpelines.
·
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10.10.2 W!\&1E ASSESSMENT AND DETECTION
Wastage is due to leakage in water mains due to corrosion, fracture, faulfy joints, ferrule
connection, service pipe• and fittings inside the cotlsumer's premises due to joints, conosion,
faulty washers on glands in valves and taps; abandoned service pipes and ferrule connections
in mains; and failure to tum off taps in premises willfully or inadvertently. Another
impartant source of waste noticed in intermirtent systems, particularly where metering is not
enforced, is the tendency . of the householder to keep the taps open throughout and also
emptying stored water to replace by a batch of fresh water. Wastage is due to leakage from
reservoirs and treat,µent plant which cannot be accounted for by the normal metering and
can be as high as 40'/,. Pilot studies in a few cities in the country reveal that wastage in the
main~ alone can be 15 to 25%.

A systematic waste and leakage survey and detection, fo\\mved by prompt corrective ··
action is of impartance in bringing about a reduction in the wastage· The freqilency and
extent of the su,:vey depends on the cost and the net benefits accruing therefrom.
(a) Assess~ent
.

of Waste

· ln residential areas. where 24-hciur supply is effected, it is possible to assess the total·'
wastage occurring both in the water mains and the consumer's premises when thC ·
consumption is at a minimum which is likely to occur at midnight The difference betweeri'
the minimum night flow in the system and the accountable flow at midnight divided by thf
average daily flow at mid-night can provide .the percentage of waste in an area. J..eve\s of.
wastage upto 10% may be considered as low, 10 to 2rf'/, as average, 20 to 50% as excessive
and over Srf'/o as alarming- Remedial measures are called for, for levels above 10%.
In intermittent supPlies, only leakages related to water mains are assessed. Waste in mainS
in such cases is assessed in a 7,one by closing all the taps or stop cocks in the house service.
connections. The percentage of wastage in intermittent supplid'is the ratio of the flow in the
mains (with stop cocks or tap closed) to the avetage daily doinestic consumption.
Losses at about 5 to 7% may be considered as satisfactory while 10 al\d 20%
unsatisfactory an<;\ action is advisable, a!\d beyond· 2rf'/, \eve\, remedial ineasure,
pasitively indicated.
For any companent of a water s\lpply, the information on papulation, avetage_.1a.ilY flow;consumpnon by mdustry or trade, nununum n,ght flow (m case of conanuous supply) or.
!low in mains with all stop cocks or taps closed in intermittent supply, and uansfer of flow ·
from one zo_ne to the other is required for estimation of the waste.
(b) Waste survey Procedure

The approach of the problem requires careful planning and preparatory work and a large
amount of routine field survey and investigations. Wasie survey consists of the following
<;teps:

3S2

-

1. Preparatory Work

It consists of:
(i)

Delineation of zones and sub-zones of distribution network from field inspection

(ii)

and plans
Collection of stattsttcs of population,
non-metered) of the selected zones -

houses,

connections

(metered

and

(iii) Location inspection, testing and repairing of valves, fittings, taps and meters
(iv) Correct alignment of pipelines by electronic pipeline locator and by inference

(v)

Checking and updating of the distribution networks. of zones and sub zones; and

(V1) Testing for isolation of zones and sub-zones from others by feeding water through a
single feeder pipe with closure of all boundary valves of zones except the feed valve.
2. Waste Assessment
The steps involved are:
(i) · Estimation of total daily consumption of the sub-zone by computation or by flow
gauging and studying the water consumption pattern of sub-zone for the day;

(ii)

'Flow Test' for measurement of waste through the leaks by isolation of sub-zones
and by means of an integrating type water meter or mobile waste water meter; and

(iii) 'Step Test' to assesses and localize the leakage in various parts of the sub-zone by
internal valves.
The daily consumption pattern taken over 'a period of days can-provide data for arriving
at the actual average daily consumption of water in the area surveyed. These figures can be
obtained through house meter readings, or by actual spot measurements by an integrating
meter installed in the pipe feeding a group of houses in metered or unmetered areas.
Otherwise, average daily consumption may have to be suitably assumed for the area.
A section or zone of water distribution system is isolated by allowing water to be fed into
the zone through a single feeder pipe controlled by a valve. The zone is usually divided into
workable sub-zones _with a viable number of connections of about 150 to 300 in each ,ubzone. Each sub-zone could also be isolated from the rest and be fed through a single entry
pipe controlled by a valve. The boundary valves (i.e. the valves connecting the common
pipes of two zones or sub-zones) are located in such a way that the water does not enter or
flow out of the sub-zone from or to the adjacent ones.
The rate of flow in the zone or subzone is measured by a pitometer inserted in the pipe, if
the feeder pipe and the. flows are large. Otherwise, the flows are gauged by a mobile waste
water meter, or integrating meter temporarily installed or by Deacon's water meter
permanently installed in the system.
After gauging of the flows, the next step is to narrow down the area under test to localize ·
the leakage in various parts. This is carried out by the 'step test' by noting the flow into the
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(b) Leakage Detection

Leakage detection survey is confined only to the areas with heavy le~~fffi,-Mir!PXfSt.a!.~r
the wa~~e assessment survey. 'The survey consists of:
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