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Abstract—The primary objectives of the National Water Policy 
of India 2002 are to improve the performance and cost 
effectiveness of programmes in the field of drinking water 
supply and to ensure the availability of an adequate quantity of 
drinking water of acceptable quality on a long term basis. This 
is possible only by providing low cost but practical and 
effective solutions to identified problems, associated with the 
supply of drinking water, through the application of available 
scientific and technological inputs.  For effective and 
economical management of water supply systems, the National 
Water Policy identified thrust areas which need intensifying 
research efforts. These areas include economical designs for 
water resource projects, better water management practices, 
and improvements in operational technology. This paper 
reviews the methods for analysis and design of multi reservoir 
multi junction water transmission networks which are 
important components of every water supply system. Recent 
improvements in design methods which incorporate cost 
aspects are also discussed in paper. 
Keywords : National Water Policy, economical, WTP 
 

I. Introducti on  
In order to ensure safe drinking water to the entire population in 
sustainable manner, authorities are compelled to develop water 
supply systems from different available sources under the 
restricted water availability constraints. Due to this, multi 
reservoir water transmission network shall commonly be used in 
future water supply systems. Such networks may have parallel 
lines on some routes and also pipelines on some of routes, which 
can be avoided. These additional lines increase the cost of water 
transmission networks and also expenditure towards operation 
and maintenance. Since, the water losses are correlated to the 
length of network, additional pipelines would make the network 
prone for higher water losses. In such networks, optimal 
allocation of the available water to the demands of service 
reservoirs remains a trial and error approach without coordinated 
activities.  

A large amount of money is spent every year around the 
world for water supply projects. Even a fractional percentage of 
saving, due to improvement in design, results in considerable 
saving in the overall cost of projects.  
 Water and air are the essential elements for human life. 
Drinking water has been described as a physical, cultural, social, 
political, and economic resource (Swamee 2008). A safe supply 
of potable water is the basic necessity of mankind in the 
industrialized society; therefore, water supply systems are the 
most important public utility. Every water supply system is 
unique built by a combination of engineering, economic, local 
and other factors. Although unique, these systems in general 
consist of the following four main components viz.:  

1. Water sources and intake works; 
2. Water treatment works and storage;  
3. Water transmission network; and  
4. Water distribution network. 

 Raw water from water source is taken to water 
treatment plant (WTP) through intake works and is treated at 
WTP to make it suitable for drinking purposes. Once the raw 
water has been treated at the WTP, it needs to be delivered to the 
end users or consumers. The piping systems that deliver the 
water to the consumer consist of two types of pipe networks: 
water transmission and water distribution networks. Water 
transmission networks consisting of water transmission mains 
are principally dedicated for conveying water from the WTP to 
storage reservoirs and also provide connections to distribution 
mains. Transmission mains are somewhat analogous to 
highways – these are designed to carry large volumes of water 
efficiently between reservoirs. The transmission mains are not 
intended to serve as distribution mains. Although they may have 
a few individual service connections, water distribution 
networks consisting of water distribution mains are intended to 
be the primary method of delivering water from transmission 
mains to individual consumers which are analogous to urban 
streets. The distinction that is made in the definition of 
transmission network versus distribution network is a function of 
the size of the water supply system itself. Thus, this distinction 
will vary from system to system, and the actual function of the 
mains in the system is more important than the size in 
determining what category a main falls under. For the purpose of 
this research, transmission mains are defined as those pipelines 
which convey water between reservoirs in the water supply 
system. The grid of transmission mains along with their 
accessories that convey water from one reservoir to another 
reservoir situated at various locations in a water supply system is 
known as water transmission network. Thus, there are no 
intermediate withdrawals of water in a water transmission 
network.  
 The water transmission network varies in its complexity 
from a simple, rural town gravity system to a computerized, 
remote-controlled, multisource system for a large city. Complex 
water transmission systems are formed when several reservoirs 
are connected by water mains having a number of junctions. A 
typical multisource multi junction water transmission network 
has more than one source (supply reservoir), a number of 
intermediate junctions (nodes) and a number of sinks (receiving 
reservoirs). The water transmission networks have mainly the 
following three types of configurations: 

1. Branched configuration; 
2. Looped configuration; and 
3. Branched and looped configuration. 
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 A branched configuration is a transmission network 
having a number of dead ends without any loops. A transmission 
pipe network in which there are one or more closed loops but no 
dead ends is called a looped configuration. Branched and looped 
configurations consist of loops as well as dead ends.  
 In the branched configuration, only one path is 
available for transporting water from a source to a particular 
sink. Thus, if a pipeline portion of such network is closed for 
repairs or replacement, all the reservoirs situated downstream of 
this pipeline portion are completely cutoff from the source. 
Hence, branch configuration is less reliable. Looped networks 
are preferred from the reliability point of view. If one or more 
pipelines are closed for repair, water can still reach the 
downstream reservoirs by a circuitous route incurring more head 
loss. 
 Branched configuration is cheaper and easier to analyze 
than the looped configuration. These are commonly used for 
industrial water supply and irrigation projects. Looped 
configurations are costlier and comparatively more difficult to 
analyze. But, because of their high reliability, these are 
commonly used in water distribution networks for large 
communities. 
 In the modern water supply systems, most of the 
transmission networks are composite type consisting of multiple 
number of sources and multiple number of sinks. Reservoirs 
may be located at dead ends as sources or sinks or at junctions 
i.e. at intermediate nodes. When these are located at junctions, 
water enters in to the reservoir when supply rate exceeds 
demand rate and water flows out of reservoir when the demand 
rate exceeds supply rate. 
 Water transmission system consists of the pipelines, 
storage facilities, pumping stations and related infrastructure. 
Proper design, operation and maintenance of such transmission 
system ensure that consumers receive reliable and safe drinking 
water for consumption. The major share of the capital 
investment in a water supply system goes to the water 
transmission network for which long distance pipelines having 
large diameters are generally used. Therefore, it is essential to 
know the behavior of a transmission network under different 
conditions. This knowledge can be obtained by carrying out an 
analysis of flow of water in the transmission networks. 

II. Evolution of Methods for Analysis and Design of Pipe 
Networks 

A pipe network may be viewed as a graph composed of edges 
and vertices that correspond to pipes interconnected at nodes, 
respectively. Pipes, which are characterized by their length, 
diameter, and hydraulic resistance, transfer water across the 
Water Distribution Network (WDN) and may contain other 
components and fittings such as pumps, bends, and valves. For 
hydraulic modeling purposes, pipes are interconnected through 
nodes in a specified topological configuration, with all demands 
allocated at nodes (unless a node represents a reservoir). The 
flows and pressures in the WDN are governed by a set of laws 
viz ; 
  (1) Conservation of mass, or the continuity principle,  
  (2) Work-energy principle (Relation between fluid 
friction and energy dissipation.)  

 The flow in pipe system assumed to be steady and then 
so-called steady-state network analysis problem is solved for a 
given set of boundary conditions (i.e., tank levels, nodal 
demands, pipe hydraulic resistances, pump characteristics, and 
minor losses), resulting in the pipe flows and nodal heads in the 
WDN. In any pipe network analysis problem all of the physical 
features of the network are known, and the solution process 
endeavors to determine the discharge in every pipe and the 
pressure, etc. at every node of the network. Diameters of all 
pipes, their lengths and their roughnesses are assumed to be 
known, as well as where reservoirs, pumps, pressure reduction 
valves, and other fittings are located. Design of pipe networks; 
on the other hand, try to select the diameters of pipes, the 
capacities of pumps, the water surfaces elevations of reservoirs, 
and so on. Thus, a design problem is distinguished from an 
analysis problem by the choice of the variables that are regarded 
as unknown. Design pipe networks are usually more challenging 
to solve than are analysis problems, and design problems usually 
require the simultaneous solution of a larger system of equations 
than do analysis problems. A thorough understanding of the 
techniques of analysis for large networks that are composed of 
known physical features is a prerequisite to the understanding of 
the design of networks. 
 The analysis of a pipe network can be one of the more 
complex mathematical problems that engineers are called upon 
to solve, particularly if the network is large, as occurs in the 
water distribution systems of even quite small cities. Set of 
equations interrelating discharge in each pipe and the pressure at 
each node of the network consists of nonlinear equations and a 
large number of these equations must be solved simultaneously. 
Before digital computers were widely used in engineering 
practice, it simply was not practical to solve such network 
problems, and consequently many existing water distribution 
systems have "grown" with time, based primarily on the best 
professional judgment of engineers, without any thorough or 
detailed analysis of the pressures and discharges that could exist 
in the pipes of the network in response to various combinations 
of demands on the system. The computer has made it possible to 
solve such large network problems with ease. Computers can 
now analyze a problem consisting of several thousand pipes in 
detail when deciding which features should be changed to 
improve the performance and reduce the costs of the system.  
 Conservation of mass and work energy principles are 
effectively used for the development of three kinds of systems of 
equations to describe mathematically the flow in a pipe network 
then to solve these simultaneous equations efficiently. The 
related mathematical problem is partly nonlinear (energy balance 
equations) and partly linear (mass balance equations, provided 
that demands are fixed a priority judgment). The size of the 
problem (i.e., the number of equations versus unknown states) is 
equal to the number of pipes (edges in the topological 
representation) plus the number of nodes (vertices in the 
topological representation). 
 Solution methodologies for the network analysis 
problem have been addressed by a number of researchers. The 
oldest systematic method for solving the problem of steady flow 
in a pipe network is the Hardy Cross method, which is itself an 
early adaptation of the method of moment distribution from 
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structural engineering in 1936.Hardy Cross (1885–1951), who 
was professor of civil engineering at the University of Illinois, 
Urbana-Champaign, presented in 1936 a method for the analysis 
of looped pipe network with specified inflow and outflows. 
 The method is based on the following basic equations 
of continuity of flow and head loss that should be satisfied: 
1. The sum of inflow and outflow at a node should be equal: 
  ΣQi = qj  for all nodes j = 1, 2, 3, . . . , jL, ...(1) 
  where Qi is the discharge in pipe i meeting at 
node ( junction) j, and qj is nodal withdrawal at node j. 
 
2. The algebraic sum of the head loss in a loop must be equal to 
zero: 
 ΣKiQi|Qi| =  0 for all loops k =  1, 2, 3, . . . , kL.........(2) 
                             loop k  
 

                                         …............................….(3) 
Where  
 
  where i =  pipe link number to be summed up in the loop k.  
 In general, it is not possible to satisfy above equation 
with the initially assumed pipe discharges satisfying nodal 
continuity equation. The discharges are modified so that above 
equation becomes closer to zero in comparison with initially 
assumed discharges. The modified pipe discharges are 
determined by applying a correction ΔQk to the initially 
assumed pipe flows. Thus, 
 

ΣKi( Qi + ΔQk) | Qi + ΔQk | =  0 for all loops 
k =  1, 2, 3, . . . , kL…….(4) 

  
 Expanding above equation and neglecting second 
power of ΔQk and simplifying,  
the following equation is obtained: 
 

    for loop k ..........……..(5) 
 Knowing , the corrections are applied as 

  Qi new  =  Qi old +   for all k:  
 
 Before the ready availability of digital computers in the 
late 1960s, this method was prized because it is so well suited 
for hand computations. Then it became the basis of most early 
computer software, but because of convergence problems for 
large systems containing pumps and other appurtenances, it is 
not popular with modern software. 
 The Newton–Raphson method is a powerful numerical 
method for solving systems of nonlinear equations. Over the past 
quarter century the Newton method has proven to be superior in 
solving the nonlinear equations and now networks of 2500 pipes 
or more can be analyzed successfully with a desktop computer. 
 The linear theory method is another looped network 
analysis method presented by Wood and Charles (1972). The 
entire network is analyzed altogether like the Newton–Raphson 
method. The nodal flow continuity equations are obviously 
linear but the looped head-loss equations are nonlinear. In the 

method, the looped energy equations are modified to be linear 
for previously known discharges and solved iteratively. The 
process is repeated until the two solutions are close to the 
allowable limits. 
  After the local linearization method proposed by Cross 
(1936), the work by Martin and Peters (1963) gave rise to a 
number of global linearization techniques characterized by the 
simultaneous solution of all the network equations (e.g., Shamir 
and Howard 1968; Epp and Fowler 1970; Hamam and 
Brammeller 1971; Kesavan and Chandrashekar 1972;Wood and 
Charles 1972; Collins et al. 1978; Isaacs and Mills 1980; Wood 
and Rayes 1981; and Carpentier et al. 1987), culminating with 
the work of Todini and Pilati (1988). They developed the global 
gradient algorithm (GGA), which exhibits excellent convergence 
characteristics and is used in the freely available EPANET 2 
software (Rossman 2000). All these methods are iterative in 
nature and solve a system of nonlinear equations whose size is a 
function of the topological representation of the network. As 
more water utilities adopt the approach of creating models from 
geographic information systems, all-mains models containing 
tens or even hundreds of thousands of pipes and nodes are being 
built (Savic and Banyard 2011). However, attempting to include 
each component of a large system in a WDN model is not only 
an enormous undertaking, but it can also significantly affect the 
computational efficiency of a model being used for real-time 
control and management. Furthermore, optimization of WDNs, 
whether used for planning or operational purposes, often 
requires much iteration, with each involving computationally 
expensive simulations. Therefore, a network hydraulic analysis 
methodology that can reduce the computational burden but still 
provide the required model accuracy is needed. 
 Dev developed a method of optimum analysis of 
branched pipe networks which could be solved with the help of a 
desk calculator. The procedure involves initially solving all the 
single branches in the network containing pipes in series only( 
not branching). This is followed by combining two single 
branches at a time and modifying the coefficients calculated 
previously for the same. Further this linking of pair of branches 
(or modified combined pairs) is continued two at a time with 
recalculation of coefficients each time for all the linked branches 
till the whole network is covered. In real life situations as the 
number of branches increase, the process of necessarily linking 
only two branches at a time involves increasing number of 
computational steps and reevaluations for same branches to 
obtain the final solution. 
 So engineering experience based on sound judgment, is 
often required in defining the most appropriate piping system 
problems to analyze. After the analyst has obtained one or 
several apparently reasonable solutions, the next step is to verify 
by measurements in the actual system that reasonable agreement 
exists between the solution to the mathematical problem and the 
real system. This process is called network verification. If 
significant disagreements occur, their causes must be identified. 
Are some valves in the real system unknowingly closed or partly 
closed; do some major leaks exist in the real system; has the 
skeletonization process inappropriately excluded some pipes that 
carry large flows? These and other possibilities should be 
explored until reasonable agreement does exist.  
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III. Basic Relations between Network Elements: 

 
The two basic principles, upon which all network analysis is 
developed, are  
(1) the conservation of mass, or continuity, principle,  
(2) the work-energy principle, including the Darcy-Weisbach or 
Hazen-Williams equation to define the relation between the head 
loss and the discharge in a pipe.  
 The equations that are developed from the continuity 
principle will be called Junction Continuity Equations, and those 
that are based on the work-energy principle will be called 
Energy Loop Equations. The number of these equations that 
constitutes a non-redundant system of equations is related 
directly to fundamental relations between the number of pipes, 
number of nodes and number of independent loops that occur in 
branched and looped pipe networks. In defining these relations 
NP will denote the number of pipes in the network, NJ will 
denote the number of junctions in the network, and NL will 
denote the number of loops around which independent equations 
can be written. In defining junctions, a supply source will not be 
numbered as a junction. A supply source is a point where the 
elevation of the energy line, or hydraulic grade line, is 
established; a junction, or node, is a point where two or more 
pipes join. A node can exist at each end of a "dead end" pipe; 
this instance is an exception to the usual rule, where only one 
pipe is connected to a node. In a branched system there are by 
definition no loops, and thus NL = 0 for any branched system. In 
branched systems the number of nodes is always one larger than 
the number of pipes, or NP = NJ - 1, unless a reservoir is shown 
at the end of one pipe and this is not considered to be a junction. 
The analysis of flow in pipe networks is based on the continuity 
and work-energy principles. To satisfy continuity, the volumetric 
discharge into a junction must equal the volumetric discharge 
from the junction. Thus at each of the NJ (or NJ - 1) junctions an 
equation of the form of Eq. 1  is obtained: 
   QJj  -  ΣQi = 0………….(6) 
 In this equation QJj is the demand at the junction j, and 
each Qi is the discharge in one of the pipes that join at junction j. 
These junction continuity equations are the first portion of the 
Q-equations.  
 If the elevation of the energy line or hydraulic grade line 
throughout a network is initially regarded as the primary set of 
unknown variables, then we develop and solve a system of H-
equations. One H-equation is written at each junction (or at NJ – 
1 junction if fewer than two supply sources exist). Since looped 
pipe networks have fewer junctions than pipes, there will be 
fewer H-equations than Q-equations. Every equation in this 
smaller set is nonlinear, however, whereas the junction 
continuity equations are linear in the system of Q-equations. 
 To develop the system of H-equations, we begin by solving 
the exponential equation for the discharge in the form 
 

Qij = (hf ij / Kij )1/nij = [(Hi − Hj ) / Kij ]1/nij………(7) 
 
  Here the frictional head loss has been replaced by the 
difference in HGL values between the upstream and downstream 
nodes. In addition, in this equation a double subscript notation 

has been introduced; the first subscript defines the upstream 
node of the pipe, and the second subscript defines the 
downstream node. Thus Qij and Kij denote the discharge and 
loss coefficient for the pipe from node i to node j.  
 

IV.  Mathematical Procedure for Design of Water 
Transmission Lines considering Cost 

 
Methodologies for the design of water transmission network 
have been addressed by a number of researchers. Mathematical 
procedure of designing water transmission lines using 
Lagrangian function are discussed in this section. 
 
4.1 Design of Gravity Main: 
 A typical gravity main is depicted in Fig. 1 below. 
Pressure head ho on account of water level in the upstream 
reservoir is varies from time to time, so it is neglected. As 
transmission lines are long pipelines, form losses are also 
neglected 
 

 
      

Fig.1 A Gravity Main 

 The head loss  can be expressed as, 

 

 
 

 
  After calculating D for a given discharge, it must be 
checked for minimum and maximum pressure heads. Cost of 
completed pipeline  shows the following relationship with the 
pipe length L and pipe diameter D. 

 
Where  is a coefficient and m is an exponent. 

   

 
 The value of diameter D calculated from above 
equation must be checked for minimum and maximum pressure 
heads. 
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4.2 Design of Pumping Main: 
 Pumping transmission mains are provided for 
sustaining the flow if the elevation difference between the entry 
and exit points is very small or exit point level is higher than the 
entry point level. In pumping mains the average velocity should 
be about 0.6m/s and in no case greater than 0.75m/s(Thrash 
1901). A typical pumping main is shown in Fig 2. The objective 
function to be minimized for pumping main is , 
 

 
  Fig.2 A Pumping Main 
 
    

 
Where is pump and pumping cost coefficient 
 
Constraint equation is,      

  
 The Lagrangian function of the problem is, 
 

 
 For simplicity considering constant friction factor and 
differentiating above Lagrangian function with respect to D, 

 

 +0+  
 

 i.e. ………….iii 
 

Again differentiating Lagrangian function w r t  , 

 
 
                 i.e. λ =  ……………….iv 
 
From iii and iv,  

 
 
To use equation 10, initially arbitrary value of f is used. 

Knowing diameter, an improved value of f can be obtained. 
Using this value of f, an improved value of D* can be obtained. 
The process is repeated until two successive values of D* are 
very close. 

Substituting the value of D* in equation i and ii, we get 
values of optimum pumping head and optimum cost as below, 

 

 
 

 
 
4.3 Single Branch Pumping Transmission System: 
 Single branch pumping transmission system consists of 
pump and number of transmission mains joined in series. They 
allow several withdrawal points as shown in Fig 3. The cost 
function of single branch pumping transmission system is of the 
following form,   
 

 
 

 
 

Fig.3 Single Branch Pumping Transmission System 
   
The head loss constraint of the system is given by, 

 

 
 

Combining  equation i and  ii  following merit function is 
formed, 

 

 
 

Differentiating above equation with respect to Di, 
 

 
 

Differentiating above equation with respect to  , 
 

 
 

Substituting value of  in equation iii, 
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Again an iterative procedure is to be used until the two solutions 
are close to the allowable limits. 

Substituting the value of   in equation i and ii, expression for 
optimum pumping head and optimum cost are obtained as 
below, 

 

 
 
 

 
 

4.4 Multi Branch Pumping Transmission System: 
Multibranch pumping transmission system is the pipeline 
network of several kilometers that transmits water from one 
reservoir to another reservoir in water supply system. In regional 
water supply system long pipelines having larger diameters are 
used where usually topographic advantages are not available. 
The optimisation of such systems is most important due to high 
recurring energy cost. In the optimal design of such systems, 
there is an economic trade-off between the pumping head and 
pipe diameters. A typical multibranch pumping transmission 
system is shown in the Fig.4.  

 

 
Fig 4. Multi Branched  Pumping Transmission System 

  
In multibranch water transmission network system, 

entire network is decomposed in to number of transmission 
mains by identifying flow path for each branch.. The total 
number flow path will be equal to the number of branches in the 
system. One such flow path is shown in Fig 5.Treating each flow 
path as a independent water transmission main and applying 
equation 7 the optimal pipe diameters are calculated. To apply 
equation 7, initially pipe friction f is considered as 0.01 for all 
the pipes, which was improved iteratively until the two solutions 
are close. It can be seen that different diameters are obtained for 
pipes common in various flow paths. To satisfy minimum 

terminal pressures and maintain the desired flows, 

 
Fig 5. Multi Branched  Pumping Transmission System 

 
the maximum pipe diameters are selected in final solution. 
Finally continuous pipe sizes thus  
obtained are converted to nearest commercial pipe diameters for 
adoption. 

As the continuous pipe diameters are converted in to 
discrete diameters, optimum pumping head for each flow path is 
calculated directly as follows, 

 
 

 After calculating pumping head for all flow paths in the 
system, the maximum of all the pumping is the required 
pumping head for the system. 

 
4.5 Multi Input Branched Pumping Transmission System: 

 Water transmission systems for regional water 
supply are multi input branched systems because of insufficient 
water from a single source and reliability considerations. Such 
systems also reduce the pipe sizes of distribution system. In 
multi input branched transmission systems, the flow direction in 
some of the pipes interconnecting the source reservoirs are not 
unique and can change due to the spatial or temporal variation in 
water demand. The location of the input reservoirs, pumping 
stations and supply reservoirs can vary based on the availability 
of land and topography of the area. One such typical multibranch 
pumping transmission system is shown in the Fig.6. 

 
Fig 6. Multi Input Branched Pumping Transmission System 

  
Similar to single input multi branched system, the entire multi 
input branched transmission network is converted in to number 
of independent pumping transmission mains by identifying flow 
paths in the system. Each pumping transmission main is then 
designed separately using the method described in section 2.5. 
The difference in case multi input branched transmission is that 
flow paths for various paths terminate at different sources. Pipe 
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diameters can be obtained using equation 7 which is modified 
and rewritten for multi input transmission system as below, 
 

 
   Where Js(i) is input source node. 
 The pumping head required for the system is obtained 
using equation 11 which is modified and rewritten as , 

 
The pumping head required at the source is the 

maximum of all the pumping heads calculated for flow paths 
terminating at that source. 

 
 

V. Discussion and Suggestion 
Water transmission network is the backbone of all water supply 
systems. Conventional design practice of water transmission 
system in vogue provides a feasible design satisfying the 
functional and safety requirements. Providing a solution merely 
satisfying the functional and safety requirements is not enough. 
The cost of such system has to be reduced to a minimum 
consistent with functional and safety requirements.The 
procedure for designing water transmission network using 
Lagrangian Multiplier technique is discussed. Using this 
methodology, the cost of water transmission system can be 
reducedThe design shall also be consistent with functional and 
safety requirements.  
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