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\ ABSTRACT

A comprehensive methodology for the design of municipal
water distribution systems that explicitly incorporates reliability
and performance into the system design is developed. The complex
design problem is decomposed within the context of a three-level
hierarchically integrated system of models. The first and second
level models combine to select the links in the distribution system
layout. The third level model accomplishes the detailed system
design for the layout from the upper level models. Two alternative
first level models, a shortest path tree and a nonlinear programming
model, are developed to select the minimum cost tree layout. Two
second level, complementary 0-1 integer programming models are
developed to select the loop-forming links for the minimum cost
tree layout. The third level nonlinear programming model optimizes
the detailed distribution system design (1ink diameters, pump capa-
cities, elevated storage heights, and valve resistance) of the
resulting network layout with respect to distribution system per-

formance under expected emergency loading conditions (fire demand,
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broken links, pump outage). This detailed design is performed

subject to satisfying steady state conditions, minimum performance
levels under normal loading conditions, and maximum budget level.

The methodology is applied to the design of a real life water

distribution system.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction to Water Distribution Systems

1.1.1 Major System Components

A water distribution system generally consists of a set of
sources, pipes, pumps, and valves that supply water to a set of
demand points. In network terms the source and demand points may
be represented by nodes and the pipes may be represented by links or
arcs connecting the nodes. Source nodes bring flow into the network
while demand nodes withdraw flow from the network. A special type
of source, the balancing storage reservoir, has a dual function of
filling up with water during periods of low demand (night) and
releasing water during periods of high demand (late afternoon/early

evening).

1.1.2 Conservation of Energy

Flowing water contains both kinetic and potential energy.

It possesses kinetic energy due to its motion. It contains two

1

%m ﬁﬂiiiﬂéﬂ%bnaw .“....,_




VG n o ———

forms of potential energy, one by virtue of its elevation and the
other by virtue of its pressure. The energy per unit weight (E/g’)

of a fluid is the sum of these three energy components:

2
E P v
- = EL + — + — 1-1
g Y 29’ (1-1)
due due
energy/unit weight = to + to + Kinetic

elevation pressure

where EL is the vertical distance above some datum plane, P is
the fluid pressure, vy the specific weight of the fluid, g’ the
acceleration of gravity, and V the velocity of the liquid [1].
Since the units of energy are force times length and gravity is a
force, the dimension of equation (1-1) is length (more correctly
energy per pound). Each of the terms is designated as a "head,"
i.e., EL , is the elevation head, P/y 1is the pressure head and
V2/2g' is the velocity head. The sum of EL + P/y is denoted as the
piezometric or hydraulic head and the sum EL + P/y + VZ/Zg' is the

total or stagnation head.

Whenever fluid flow passes a fixed wall or boundary, fluid

friction exists. Thus, between any two distinct points in a pipeline

ey

there is a frictional head loss AHF due to pipe resistance and valve

F—




resistance. The calculation of frictional head loss will be dis-
cussed in section 1.1.3.

A pump is associated with a link and adds pressure head to
each unit weight of fluid passing through the pump. The pressure
head or head 1ift added by a pump will be denoted by XP.

Figure 1-1 depicts water flowing from point 1 to point 2 in
a link with a pump adding head in between the two paints. Ber-
noulli's equation for incompressible fluid flow accounts for the

change in energy level that occurs between the two points:

P v 2 P v 2

EL1+_]+?;—’+XP=EL T (1-2)

Y 2 vy 29

In pipeline design problems the velocity head is usually negligible

compared to the other head components simplifying equation (1-2) to

P] PZ
EL,l +7+XP = EL2+T+AHF (1-3)

1.1.3 Frictional Head Loss Equations

There are several equations which may be used to evaluate a
link's frictional head loss, i.e., the conversion of energy per unit
weight into a nonrecoverable form of energy. These equations are

categorized as either empirical or rational equations. The empirical

.
e
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frictional head loss equation for a link has the general form

n

D

where Q 1is the link flow rate, D its diameter, L its length, K
constant which is determined by the roughness of the pipe and the
particular units of measurement, and n and m are positive con-

stants. The most widely used empirical equation is the Hazen-

Williams equation [2]

10.471 @ 8%2 |
AHF 1.852 4.87 (1-5)
(uw) ' -8%2 p%-

where HW is the Hazen-Williams roughness coefficient, flow Q is
given in gallons per minute (GPM), link length L 1is given in feet,
and link diameter D is given in inches. Empirical equations were
specifically derived for waterworks practice and do not take into
account variations in gravity, temperature, or type of liquid.

In contrast the newer rational equations were developed
analytically and verified by extensive, systematic laboratory test-
ing. Unlike the empirical equations any consistent units of meas-
urement and Tiquids of different viscosities and temperatures may

be used. The Darcy Weisbach equation is the most widely used
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rational equation:

where f’ is a dimensionless friction factor. The friction factor
depends on several factors including the type of flow, i.e.,
laminar, turbulent, the Reynolds number (Re), and the relative
roughness of the pipe wall (e'/D). For water flowin closed conduits

the Colebrook-White equation is usually used to calculate f’ .

(1-7)

In most cases the rational equations cannot be solved
directly because of the requirement to use iterative techniques to
solve for f' . Thus, although theoretically more sound the rational
equations are somewhat more difficult to use than the older empiri-
cal equations.

The general form of the empirical head loss equation (1-4)
will be used throughout this paper. A1l mathematical models and
numerical examples presented in this paper use the Hazen-Williams
formula (1-5) with units of flow rate in gallons per minute, diame-

ter in inches, and link length and head loss in feet.
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1.1.4 Steady State Flow Conditions

To properly design a water distribution system it is neces-
sary to study its behavior under steady state flow conditions, i.e.,
where flow does not change over time. The laws of conservation of
flow and energy characterize steady state conditions.

Conservation of flow requires that the flow rate entering a
node must equal the flow rate leaving a node. For each node i

this requirement can be expressed mathematically as

:E: Qk - ZE: Qk
ke Ti

ke 0,
j

i
o
—
—
]
oo
~—

.
1}

1, ... » NNODE

where Qk is the flow rate on link k, Oi is the set of links with
flows leaving node i, Ti the set of links with flows entering node
i, bi the external flow at node i, and NNODE the number of nodes in
the network. External flow bi is positive if it enters a node
(source node) and negative if it leaves a node (demand node). The

seven conservation of flow equations for the network in Figure 1-2

are written below.
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-1200

= -1450

O
[Sa)
+
O
o
1

-Q, = -850

Any one of the equations in the linear system of equations (1-8) may
be deleted as redundant leaving NNODE - 1 equations in NLINK unknown

link flows.

For an arbitrary network of NLINK links and NNODE nodes

there are
NLOOP = NLINK - NNODE + 1 (1-10)

non-overlapping loops in the network [3]. For a tree network
NLOOP = 0 and NLINK = NNODE - 1 [3]. Thus, for a tree network the
number of independent nodal equations is equal to the number of

unknown link flows and the system (1-8) can be solved directly

for Qk. |
Conservation of energy requires that the net frictional head i

losses around any loop equal zero. For a network with NLOOP loops %
‘

i
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we have the system of NLOOP equations

ke LOOPi (1-11)
i = 1, ... , NLOOP

where LOOPi is the set of 1inks in loop i and AHF, is the fric-

k
tional head loss on link k. Using the general empirical frictional

head loss relationship (1-4) results in

>

K Q L

1+

x 3|x
~
[0
o

ke LOOP 0 (1-12)

i = 1, ... , NLOOP

where Qk is the flow rate on link k, Lk its length, Dk its
diameter, and Kk a constant which depends on the Tink's roughness
coefficient (Hwk for the Hazen-Williams equation) and the particu-
lar empirical equation and units of measurement chosen. The sign
of each head loss term in (1-12) depends on the direction of flow
in the link with respect to the direction (clockwise or counter-
clockwise) that the loop is traversed in writing the equation. The
two loop equations for Figure 1-2 are written below. Both Toops

are traversed in a clockwise direction. Each link is assumed to

have a pipe of a single diameter Dk'

EFIE IR D T 3
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n n n
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o oF 0
LOOP 11
n
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Combining the set of NNODE - 1 Tinear equations of (1-8)
and the NLOOP = NLINK - NNODE + 1 nonlinear equations of (1-12)
results in a system of NLINK equations in as many unknowns. The
unique flow solution to this nonlinear system of equations charac-

terizes steady state flow in the network.

1.2 Steady State Network Analysis

Because of the fundamental importance of balancing the net-

work, i.e., finding steady state flow conditions, inany distribution
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system analysis or optimization model, a great deal of research has
been devoted to finding efficient techniques to solve this problem.
The two most widely used methods for network balancing, the Hardy
Cross and the Newton-Rhapson methods, will be treated in detail.

This section will conclude with a summary of the major features of

alternative balancing methods.

1.2.1 Hardy Cross Method

The Hardy Cross method [4] (1936) is the oldest and most
widely used method for pipe network analysis. This method is an
iterative scheme originally developed for hand computation. With
the advent of the digital computer it was used as the basis for
numerous programs (Hoag and Weinberg (1957) [5], Graves and Brans-
come (1958) [6], Adams (19€1) (7], Bellamy (1965) [8], and Dilling-
ham (1967) [9]).

To satisfy steady state conditions both the system of nodal
conservation of flow equations (1-8) and the system of conservation
of energy loop equations (1-12) must be satisfied. By appropriate
choice of unknowns, the Hardy Cross method can be applied to solv-
ing either nonlinear system of equations, (1-8) or (1-12), where
the remaining system is linear and is automatically satisfied at all

times. However, before discussing the specific application of the

L st B by T YT WA Slrn e bR
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Hardy Cross method to the nodal or loop equations, we will discuss
its use in solving a general system of nonlinear equations.

In general, given a system of N simultaneous nonlinear

equations

; ) = 0 (1-14)

where X = (X1""’XN) is a vector of unknowns, the Hardy Cross

method attempts to solve the system of equations by making correc-

. . . A K
tions to one equation at a time. Let xk = (x1,..., xﬁ) be the

value of the unknowns at iteration k. If hi (ik) = 0 for all i

then ik is the solution. Otherwise, we seek corrections to the

k k

~k ~ N
unknowns, AX = (Ax] yeues Ax:) such that |hi (xk +Ax )] <

Ak . . . . .
'hi (x7)|. Using a Taylor series expansion of equation i about

the current point §k but only perturbing a single variable x, ,

i.e., Aik = (0, ..., Axg , 0, ...), we obtain
Kk K D)
h, (X7 +A%") = h, (X)) + ax ™
J
(1-15)
~k
1, k2 32“1‘ (x7)
+ == (AX) +
2!
9 X
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where SL hi (x") /3 x§ is the &th partial derivative of hi

with respect to x. evaluated at ik Retaining only the first two

terms of the expansion (1-15), setting the right hand side equal to

zero, and solving for the correction term gives us
— (1-16)
3 hi (x™)

The above algorithm continues until the convergence criteria are

satisfied, e.g., | h, (x| < e for i=d, . N or

[ A x? | <eg, for j=1, ..., N, ey €5 0.

To solve the nonlinear system of loop equations (1-12) first

an initial flow distribution is chosen that satisfies the nodal con-

servation of flow equations (1-8). For the resulting loop equations

we have

i T (1-17)

i = 1, ..., NLOOP
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The value of hi at the current flow distribution is the head

imbalance on loop i. The correction term s AAQi, the flow change

on loop (equation) i. AQi is applied to every link in the loop,

i.e., je LOOPi, according to the link's flow direction. If AQi >0

the flow increases by | AQi | in those links with plus signs in Toop

equation i and decreases by | aqQ, | in those links with minus

signs. I[f AQi < 0 , the direction of link flow change is reversed.

To compute AQi we compute

3 h, nk Q7Y L.
) iioi
30 Q. m (1-18)
T getooe, 0,

and substitute (1-17) and (1-18) into (1-16) to obtain

-y: KJ.Q'?L

M

je LOOP

A Qi = (1-19)

n K. Q
je LOOP
or - Z & HF
je LOOP
A qQ,

i (1-20)
E A HF. |
je L 0P
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[t is common in the Hardy Cross method to apply only one
iterative correction to each equation before proceeding to the next

equation. The algorithm terminates when either | hi | < e, or

1
A Qi | < g, for all loops where €y €5 > 0. A detailed state-

ment of the Hardy Cross loop method and its application to a two-

loop network is presented in Appendix A.
Alternatively, the Hardy Cross method may be applied to the
nodal conservation of flow equations (1-8). Applying the empirical

head loss equation (1-4) to link k and solving for Qk we have

m
Dk A HFk

< (1-21)

Q
k k "k

Substituting (1-21) into (1-8) results in the following nonlinear

system of equations

m m
Z DkAHFk Z DkAHFk b . =0
ke K K

o

i i

i = 1, ..., NNODE -1
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Heads at all nodes (except fixed head nodes) are arbitrarily
initialized thus automatically satisfying the conservation of energy
Toop equations (1-12). The 1ink head losses AHFk are computed by
subtracting the nodal heads at the end of the 1ink. The direction
of 1ink flow is from the node with the higher head to the node with
the lower head. The magnitude of the flow rate Qk is computed
using equation (1-21). However, now nodal conservation of flow
equations (1-8) may be violated. Similar to the loop method, nodal
head corrections are applied in such a manner as to satisfy nodal

conservation of flow equations using the correction term

2 Q- Y q -b,
ke 0, k ke T, k
. - (1-23)
‘ %
n A HF

ke O,UT, 3
{ i

i = i, ..., NNOOE - 1

where A Hi is the head change at node i. Early implementations of
the Hardy Cross method used the loop method ([5], [6]) while later
work ([7], [8]) tended to use the node method principally because
of the relative ease in specifying the input data. For large and

complex networks the Hardy Cross method frequently converges very

slowly if at all.
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1.2.2 Newton-Rhapson Method

The Newton-Rhapson method, also referred to as Newton's
method, differs from the Hardy Cross method in that it computes cor-
rections to all unknowns simultaneously rather than individually and
therefore uses either the entire system of nodal (1-8) or loop
(1-12) equations at once.

Given the system of simultaneous nonlinear equations (1-14)
and a current point 2:, each equation is expanded in a Taylor
series about ﬁk allowing all unknowns to be perturbed simultane-
ously. Retaining only first order terms in the expansion and set-
ting each equation to zero results in the linear system of equations

at iteration k

K N 93 h, (ik)
h, (%) + ¥ —L— ax; =0 (1-24)
i - 2 X, J
j=1 J
i = 1, ...,N

The vector of corrections A?k is the solution of the

simul taneous system of linear equations

ack 2= s n 29 (1-25)

where JACk is the Jacobian matrix

ca as v we
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3 h1 3 hT
3 x7 3 xN
anck = . . (1-26)
) hN ) hN
3 X 3
° N
. "‘k Ak /\k
evaluated at the current point x and h (X ) = (h] (XY, . ..,
hN (ik)). The new values of all the unknowns can be computed
immediately
FOULI (1-27)
J J J

The above algorithm continues until the selected convergence cri-
teria are satisfied.

Martin and Peters [10] in 1963 first applied the Newton-
Rhapson method to the network analysis problem. Since then several
researchers have refined its application to network analysis and
incorporated it as part of optimization models (Shamir [11] (1964),
Shamir and Howard [12] (1968), Epp and Fowler [13] (1970), Zarghamee
[14] (1971), Lemieux [15] (1972), and Donachie [16] (1973)). In

general, the Newton-Rhapson method is superior to the Hardy Cross
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method assuming that the necessary matrix storage is available.
However, because of the nonconvexity of the system of Toop and

nodal equations, for a general starting point, the inverse Jacobian

may not be positive definite or may not even exist. Thus, a poor

initial solution may not yield a direction of descent and the algo-

rithm may not converge (Luenberger [17]).

1.2.3 Alternative Methods

Wood and Charles (1972) [18] developed a linear theory

method for solving the network analysis problem. Linear theory

transforms the NLOOP nonlinear loop equations into linear equations

by approximating the head loss in each link by

-1

K L ()"

A HFk = - Qk (1-28)
k

where QS is an initial estimate of the flow rate in each link and
Qk is unknown. The NLOOP linearized equations are then combined

with the NNODE - 1 nodal equations to form a linear system of NLINK

equations in as many unknowns. The solution of the system of linear

equations provides flow estimates for the next iteration. In prac-

tice, initial flows are automatically set to 1 flow unit. The

authors claim convergence in a relatively small number of iterations.
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In a similar manner, Collins and Johnson (1975) [19] applied
the finite element method to the network balancing problem. Using
one dimensional finite element analysis, a system of linear equa-
tions was derived. Iterative solution of the resulting system
balances the network.

Kesavan and Chandrashekar (1972, [2G] developed a graph-
theoretic model for network analysis. Unlike previous approaches
which automatically satisfy either conservation of flow (1-8) or
conservation of energy equations (1-12), the graph-theoretic model
directly utilizes both sets of constraints. The main advantage of
this approach is that the formulation procedure is independent of
the numerical technique used to solve the resuiting set of nonlinear
equations.

Collins, Cooper, and Kennington (1976) [21] show that the
pipe network analysis problem is mathematically equivalent to a non-
Tinear optimization model. The nonlinear functions are replaced
with piece-wise linear functions. The resulting model is a linear
network flow problem for which excellent solution techniques exist.
This method makes solution of quite lTarge network analysis problems

possible.
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1.3 Distribution System Layout Models

The first major task in water distribution system design
involves determining the layout of the major links in the network.
Although restricted somewhat by the requirement to use public
rights-of-way and private easements, there remains considerable
flexibility in selecting the links to connect the source nodes to
major nodal concentrations of demand [22]. In contrast to recent
work in sewer system design and layout (see Mays et al. (1976) [23])
existing methods ([24], [25], [26], [27]) of selecting the network
configuration generally make no real attempt to explicitly generate
and evaluate alternative network configurations in terms of their
ultimate impact on total system cost and on reliability of water
service. Existing methods provide Tittle guidance to the design
engineer in selecting links other than on the proper use of contour
maps, the benefits of looped vs tree-shaped systems, and the impor-
tance of proper location of elevated storage reservoirs. Although
the cost of pipes account for well over half of the total distribu-
tion system cost [28], the water distribution system engineer must
rely on an assortment of rules of thumb in selec.*ing the network
layout that must serve as the foundation for his detailed design

effort.
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1.4 Optimization Models for Distribution System Design

A number of water distribution design optimization models
have been developed to assist the water engineer. Given a specific
set of 1inks in the network layout, the optimization models deter-
mine pipe diameters, pump capacities, heights of elevated reser-
voirs, valve locations and other design parameters subject to satis-
fying steady state flow conditions and various bounds placed on pipe
diameters, flow rates, and nodal heads. The objective function of
these models focuses exclusively on monetary cost including acquisi-
tion, operation, and maintenance costs. Important capabilities of
the models include the type of system analyzed (branched and/or
Tooped), the number of sources allowed (single or multiple), the
number of Toading (demand) design conditions handled. Solution
techniques range from linear programming to sophisticated nonlinear
optimization techniques.

The first significant optimization model was developed by
Shamir [11] in 1964. The decision variables were pipe diameters.
The objective function considered a single loading (demand) condi-
tion and was related to the energy loss in flow through all the
pipes. The steady state hydraulic solution was obtained by the
Newton-Rhapson method with the Jacobian of the solution used to

compute the components of the gradient.
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Pitchai [29] in 1966 used a random sampling technique to
search for the optimal diameters of a pipe network operating under a
number of loadings. The objective function contained the initial
and operating costs. Constraints on heads were taken into consider-
ation by adding penalties on constraint violation to the objective
function to te minimized.

Jacoby [30] in 1968 used a numerical gradient technique to
treat the same problem. Diameters were handled as continuous vari-
ables and the values obtained in the unconstrained optimization were
rounded to the nearest commercially available size. This rounding
could cause the selected design to be infeasible. The objective
function to be minimized was the combined cost of pumps and pipe-
lines, and penalties for violation of loop and nodal equations.

Karmeli et al. [31] in 1968 handled the design of branching
networks. Unlike the looped network, the steady state flow condi-
tions can be computed directly once supply and demand at each node
are given. Since the frictional head loss on a pipe and its cost
are linear functions of its length, by selecting the pipe lengths
as the decision variables, Karmeli et al. formulated a 1inear pro-
gramming model. Like previous researchers, the model only consid-

ered the initial cost in the objective function.
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Lai [32] in 1970 developed a dynamic programming model to
handle water distribution system capacity expansion. However, his
analysis was limited to tree shaped networks only.

Deb and Sarkar [33] present a method based on the equiva-
lent pipe diameter concept which allows a pipe with a single diame-
ter to replace a set of series or parallel pipes. The diameter of
the new pipe can be chosen to provide the equivalent frictional head
Toss as the set of pipes it replaces. The authors handled only a
single source network requiring nodal heads to be specified in
advance. Costs of pipe, pumping, and the storage reservoir are
included.

Kolhaas and Mattern [34] in 1971 used separable programming
to determine not only the optimal diameters but also the pumps and
reservoirs for a looped system with all heads known. With heads
given the constraints become linear if flows are decision variables.
Diameters can be computed directly from the Hazen-Williams equation
with heads and flows fixed. The nonlinear objective function con-
tained the cost of pipes, pumps, and reservoirs.

Kally [35] in 1972 extended the method of using pipe lengths
as the decision variable to looped networks. To find the network
flow solution involved iteratively changing the decision variables,

approximating the resulting change in head pressures, and solving
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the new linear program until convergence is achieved. The objective
function only considered the initial cost of the pipe.

Cembrowicz and Harrington [36] in 1973 minimized the initial
pipe cost of a network subject to a single loading. Using graph
theory, the problem was decomposed so that the nonconvex total
objective function is separated into subsets of convex functions.
tEach function, which relates to either a pipe or a loop, is mini-
mized separately using the method of feasible directions [37]. Con-
tinuous pipe diameters are assumed.

Swamee, Kumar and Khanna [38] in 1973 handle the problem of
minimizing the cost of a single source tree distribution system.
Using dynamic programming, the authors developed a closed form solu-
tion with an objective function covering pipe, pump, and elevated
reservoir capital and maintenance cost plus pumping energy costs.

Lam [39] in 1973 developed a discrete gradient optimization
technique for a water distribution system consisting only of a
single source, pipes, and demands. Pipe diameters were treated as
discrete variables. This technique avoids the rounding of a con-
tinuous diameter variable to the nearest commercially available
size.

Watanatada [40] in 1973 developed an optimization technique

for multiple source networks and applied it to real networks of
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moderate size. The constrained nonlinear optimization problem was
converted to an unconstrained optimization problem by incorporating !
the constraints into the objective function with appropriate penalty

terms. Minimization of the resulting function was performed using

the variable metric [41] and conjugate gradient [42] methods.

Shamir [43] in 1974 extended his earlier work by developing
a methodology for handling both the cptimal design and operation of
a water distribution system under one or several lgading conditions.
Optimization was obtained by a combination of the generalized
reduced gradient (GRG) and penalty methods. The objective function
included initial cost of the design and cost of operation. The
author claims that physical measures of performance and penalties
for violating constraints may be incorporated into the objective
function but offers 1ittle guidance on properly defining these meas-
ures of performance.

Delfino [44] in 1975 formulated a nonlinear programming
model to minimize the cost of pipe and pumping for a looped network
using continuous pipe diameters. He used the generalized reduced
gradient (GRG) method to solve the problem.

Deb [45] in 1976 considered a distribution network with the

decision variable as the size of pipes, pressure surface over the
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network, height and location of the elevated service reservoir, and
capacity of the pumping station. A gradient-like technique is used
to perform the optimization. The objective function encompassed
the initial cost of pipes, pumps, and elevated storage reservoir;
operation costs; and maintenance costs.

Alperovits and Shamir [46] in 1977 employed a method called
the linear programming gradient (LPG) method in optimizing a dis-
tribution system including pipes, pumps, valves, and reservagirs.
Decision variables have been expanded to include reservoir eleva-
tions and operational parameters such as the pumps to be operated
under each of the loading conditions. The objective function
included overall capital costs.

Cenedese and Mele [47] in 1978 minimize the capital cost of
pipe for looped networks by incorporating the constraints into the
objective function with a change of variable and by the addition of
a penalty term. The decision variables for the modified objective
function are the loop flows. Loop flows and nodal heads are alter-
nately changed using a direct search technique until a local mini-
mum is reached.

Deb [48] in 1978 developed a simple mathematical model for
a single source pumping system. Including the cost of pumps, pipes,

operation and maintenance, and energy, he formulated an equation
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for the total system cost as a function of pipe diameter (all pipes
are assumed to have the same diameter). Differentiating the objec-
tive function with respect to pipe diameter and setting the exprec-
sion to zero, a closed form solution for the single optimal diamete -
is derived for this special case.

Bhave [49] in 1978 developed a manual iterative approach for
minimizing the cost of a single source distribution system. The
heads at the demand nodes are treated as independent variables and
iteratively changed until convergence to an optimal solution occurs.

Diameters are continuous rather than discrete variables.

1.5 Reliability/Performance Models

The previous section reflects the great amount of research
devoted to minimum cost design of water distribution systems. The
emphasis has been placed on designing the system to function under
normal loading conditions, e.g., peak hour demand, maximum daily
demand, etc. This section reviews the work done on abnormal or
emergency loading conditions such as fire demand, pump failure, and
broken link loading conditions.
In 1970 de Neufville et al. [50] described their systems
analysis on the design of proposed additions to the primary supply ;

network of New York City. The authors examined four primary
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measures of water distribution system design: (1) overall perform-
ance; (2) fail-safe reliability; (3) distribution of performance;
and (4) cost.

These measures were used to evaluate the desirability of
manually generated major design alternatives. The authors recog-
nized the shortcomings of available optimization methods and their
simplistic cost oriented objective functions, stating that "avail-
able optimization methods do not reflect the several criteria where-
by distribution networks are usually evaluated." They further con-
cluded that "mathematical techniques do not now consider all the
relevant factors of quality, reliability, and distribution of the
benefits." Most significant was their effort to quantitatively
evaluate water distribution system performance (nodal head values)
under realistic emergency loading conditions and to examine the
cost/benefit trade-offs associated with designing this performance
into the system.

Damelin, Shamir, and Arad [51] in 1972 developed a simula-
tion model to evaluate the reliability of supplying a known demand
pattern in a given water supply system in which shortfalls are
caused by random pump failures. An economic model is developed that
allows the user to evaluate the benefits (additional water obtained)

vs the cost of making specific improvements in the reliability of
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the system. The researchers strongly emphasize the difficulty of

evaluating water distribution system reliability as follows:

Reliability has an economic value. Perfect reliability is
not necessarily the best economic solution as already has been
mentioned. To be able to compute the penalty due to imperfect
reliability, one has to assign an economic loss function to
shortfalls according to their magnitude and the time at which
they occur. We consider this assignment of economic loss
function to be impossible, at least for the moment, since the
actual value of water as a resource used by some production

system, say agriculture, has not been defined to everyone's
satisfaction.

Rao et al. [52] developed a simulation model to evaluate the
performance of an existing water distribution system under a variety
of loading conditions including both normal and emergency conditions.
The behavior of the sy;tem was examined over a 24-48 hour period.
Emphasis was placed on the detailed operation and control of the

system including the level of the storage reservoirs.

Several researchers have discussed the need for research
into developing explicit measures of water distribution reliability

and performance under emergency loading conditions. Kolhaas and

Mattern [34] claim to handle the requirement for reliability of
supply to each demand node in a looped network by simply imposing

non-zero lower bounds on minimum pipe diameters. Watanatada [40]

discusses the need to explicitly incorporate measures of reliabil-

ity into an optimization model to predict the way the system will
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perform under emergency loading conditions. He identifies the need
for future research into a model in which various failure condi-
tions are contained explicitly. Shamir [43] proposes the maximi-
zation of weighted nodal heads as a potential measure of system
reliability. Delfino [44] formulates a combined minimum cost lay-
out and detailed design problem for a network requiring two alter-
nate paths from the source to each demand node. However, the author
only examines possible solution approaches and leaves the problem
as a subject for future research. Shamir and Alperovits [46] con-
clude that there is a need for additional distribution system per-
formance criteria (other than cost) in the objective function and
that a more basic definition of reliability of the network shouid
be developed instead of setting arbitrary constraints on minimal

pipe diameters.

1.6 Summary

A review of the literature indicates that considerable
research has been done and numerous models have been developed and
solved in the areas of steady state network analysis and minimum
cost optimization for a given network layout. However, there is
almost a complete absence of engineering design tools for the criti-

cal network layout problem. Likewise, very little work has been
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performed on developing basic measures of reliability/performance

for water distribution systems under expected emergency loading con-

ditions such as fire demand, link failure, and pump/power outage.
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CHAPTER 2

STATEMENT OF THE PROBLEM/SOLUTION APPROACH

2.1 Introduction

A review of the literature revealed two specific areas in
the design of water distribution systems that merited further
research effort:

1. Optimal network layout.
2. Reliability/performance of the distribution system under
emergency loading conditions.

Moreover, there appears to be a need to develop a comprehensive,

unified methodology for the total water distribution design process.

Such a methodology would be applicable not only to the design of a
new system but also provide a framework for the capacity expansion
of an existing system.

This chapter presents a verbal statement of the problem,
examines the potential solution approaches that were considered
during the process of the research, and outlines the three-level
hierarchical approach that resulted. Emphasis will be placed on
analyzing important conceptual aspects of the problem and its

34
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solution rather than detailed discussion about specific mathematical

models and solution algorithms. Our purpose here is tc lay a solid

conceptual foundation for the detailed description of the solution

technique presented in Chapters 3, 4, and 5.

2.2 Verbal

Statement of the Problem

The

following is a verbal statement of the problem presented

in the format of a mathematical programming problem:

of source nodes and associated flow capacities.
of demand nodes.

of potential links and any unusual (high excavation/ -

right of way) extra costs for pipe installation.

GIVEN:

1. Set
2. Set
3. Set
4. Set
5. Set
6. Set

and
7. Set

and
8. Set

of normal loading (demand) conditions.

of emergency loading conditions.

of potential pump locations, maximum capacities,
costs.

of elevated storage reservoirs, maximum elevations,
costs to elevate.

of commercially available pipe diameters and costs.

i
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9. Minimum performance levels for normal loading conditions.

10. Maximum annual capital and operating budget.

FIND:

1. Layout of network links.
2. Link diameters.
3. Pump capacities.

4. Additional height for elevated storage reservoirs.

IN ORDER TO:

Maximize the distribution system performance under emergency

loading conditions.

SUBJECT TO:

1. Satisfying steady state flow conditions.

2. Satisfying minimum performance levels under normal loading
conditions.

3. Not exceeding the maximum annual budget.

4. Not exceéding maximum storage heights.

5. Not exceeding maximum pump capacities.
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The statement of the problem is intended to reflect the
general situation encountered by the water distribution system
design engineer during the reconnaissance stage of the design
process for a new system, i.e., selection of major system compo-
nents. The general nature of the problem statement allows it to
subsume important special cases such as capacity expansion of or
extensive modification to an existing system. Further, it is
important to note that this problem involves design of both the
network layout and major system components rather than assuming
a given layout. Also, by incorporating reliability directly into
the objective function, the problem statement explicitly addresses
the evaluation of water distribution system performance under emer-

gency loading conditions.

2.3 Water Distribution System Reliability

As revealed by the literature survey, there is no accepted
definition or measure of reliability for water distribution systems
although researchers often use the term. In the literature of sys-
tems analysis reliability is usually defined as the probability that
a system performs its mission within specified 1imits for a given
period of time in a specified environment [53]. To analytically

compute the mathematical reliability for a large system with many
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interactive subsystems requires knowledge of the precise reliabil-
ities of the basic subsystems and the impact on mission accomplish-
ment due to the set of all possible subsystem failures. Except
perhaps for the pumping subsystem there is little data available

on the mathematical reliability of water distribution subsystems
[54]. Thus, in analyzing water distribution systems conventional
mathematical reliability measures appear inappropriate.

The mission of a water distribution system is to deliver
water to its users in an economical yet reliable manner. Under
normal loading conditions (usually defined in terms of peak hourly
or maximum daily demands) the emphasis must naturally be on econ-
omy. However, under emergency loading conditions, i.e., critical
pump failures, high fire demands, and broken links, quantity and
quality of service may degrade catastrophically unless the system
design adequately considers these conditions. Thus, consistent
with de Neufville etal. [50] reliability for a water distribution
system will be defined in terms of the system's performance under
emergency loading conditions. The specific measure of performance
and hence reliability will depend on the specific nature of the
emergency loading condition. In general, the quantity of service
(flow rate) and/or quality of service (nodal head pressure) will

serve as measures of performance.
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2.4 Potential Solution Approaches

2.4.1

Single Integrated Mathematical Programming Model

Attempts to formulate a single integrated mathematical

programming model to solve the problem revealed the following:

1.

€ A~ G b b+t
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The requirement to select the network layout requires
integer (0,1) variables.

The nonlinear frictional head loss terms result in a non-
linear constraint set.

To measure the nodal head pressures and incorporate them

as a constraint requires knowledge of a set of links
forming a path from a fixed head node to each node of
interest. Likewise, for multiple source networks con-
servation of energy requirements dictate knowledge of

a set of links forming a path between each pair of fixed
head nodes. If the loop conservation of energy constraints
(1-12) are used to enforce steady state conditions, the
appropriate set of loop constraints must also be identified.
Thus, the formulation of the appropriate steady state and
other layout dependent constraints may involve enumerating
all possible constraints associated with each potential

network layout.
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4., Depending on the specific constraint formulation, it may be
necessary to introduce additional 0 - 1 variables to insure
the network satisfies connectivity requirements.

5. Introducing broken link emergency loading conditions into
such a model would be virtually impossible since the net-
work layout is itself a decision variable.

Thus, based on the above observations not only solving but
even formulating the problem as a single integrated mathematical
programming model is extiremely difficult and cumbersome, if not
actually impossible. Further, such a model would be almost certain

to defy solution even if it were formulated.

2.4.2 Two-Level Hierarchical Integrative Approach

Recognizing the difficulty of solving the problem with a
single, large, detailed, integrated model, the problem was initially
decomposed into a two-level ([55], Bradley et al.)or two layer
(Haimes [56]) hierarchically integrated system. This approach
recognizes the need for decomposing the elements of complex problems
within the context of a hierarchical system that links higher level
(strategic) decisions into lower level (tactical/operational) deci-
sions. The complete decision-making (design) process is partitioned

to select adequate models to deal with individual decisions at each

§o, 28 A
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hierarchical level. Linking mechanisms are developed for the
transferring of the higher level results to the lower hierarchical
levels.
The initial decomposition of the problem elements parti-
tioned the design process into two levels:
1. Strategic - Selection of a set of links forming a spanning
tree in the network.

2. Tactical/Operational - Selection o. :he loop forming 1links

and the detailed system design.

Thus, the network layout was split among the two models.
Two heuristic models, to be discussed in Chapter 3, were developed
to handle the selection of the "primary" links in the “core" tree.
The presence of a spanning tree in the network eliminated many of
the formulation difficulties of the single integrated model but
there still remained the task of developing a solution algorithm
for the resulting nonlinear integer programming model (selection
of redundant links).

Considerable effort was invested in developing an algorithm
to solve this nonlinear integer programming model. A complex heuris-
tic algorithm based on comparing the benefit/cost ratio [57] of add-

ing (deleting) each candidate loop-forming "redundant" link to (from)
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the core tree was developed. Although the mechanics of the algor-
ithm worked well, unexpected results on a small, two-looped network
for a single normal and emergency (fire demand) condition led to
further decomposition of the model. For the fire demand loading
condition the benefit/cost ratio of adding a redundant link to the
' core tree was negative. This result led to the recognition that
the real value of redundant links was their ability to provide con-
tinuing service in case of failure of the larger primary links.
Thus, selection of the redundant links (which is based on satisfy-
ing the broken primary link emergency loading conditions) became
the task of a separate intermediate level model. The third level

{ of the hierarchy accomplishes the detailed system design using the
| network layout from the first and second level models and takes
into account the remaining emergency loading conditions (fire

demand, pump outage).

2.4.3 Three-Level Hierarchical Integrative Approach

The approach chosen to handle the problem involves a hier-

archy of three models:
1. Strategic - Selection of the core tree of primary links.
2. Tactical - Selection of the loop forming redundant links.

3. Operational - Detailed design of the system.
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For each level it was necessary to develop an appropriate
model properly integrating the results of the higher level model(s).
The first two models combine to design the system layout while the
lowest Tevel model optimizes the detail design of the resulting lay-
out with respect to performance/reliability under the selected non-
broken 1inks emergency loading conditions. The resulting decomposi-
tion eliminated the requirement to solve a nonlinear integer program
but more importantly it represents a logical, comprehensive approach
to solution of the problem. The specific description of and ration-

ale for selecting each of the three models is presented in Chapters

3, 4 and 5.
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CHAPTER 3

SELECTION OF TREE LAYOUT

3.1 Introduction

Let us consider the problem of connecting a set of demand
nodes to a single source node with a set of poteﬁtia] links. The
minimum number of links required to satisfy all nodal demands is
NNODE - 1 where NNODE is the total number of nodes. This set of
NNODE - 1 links forms a spanning tree for the network. For rural
water distribution systems where demand nodes are far apart it is
not unusual to install a tree shaped distribution system because of
the high cost to provide multiple paths to each demand node. Muni-
cipal water distribution systems, on the other hand, usually are
looped providing at least two paths to each demand node. In this
chapter we will consider the problem of selecting the optimal tree
layout for the distribution system. After fully characterizing the
nature of the optimal tree, we will examine existing techniques for
identifying this optimal tree and complete the analytical develop-
ment of a recently proposed technique [49]. Then, we will present

a new technique that remedies the difficulties of existing
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techniques. Finally, efficient methods for generating alternative

near optimal tree layouts will be discussed.

3.2 Properties of the Core Tree

3.2.1 Definition

The minimum cost spanning tree under the normal loading con-
dition will be termed the core tree and the links in the core tree,
the primary links. The links not in the core tree will be referred
to as the non-tree links or candidate redundant links. Non-tree
links which are eventually selected as part of the full network

layout (see Chapter 4) will be called redundant links.

3.2.2 Economy

3.2.2.1 Problem Pl

Consider the following problem of minimizing the total costs
of designing a looped distribution system subject to satisfying
steady state conditions and minimum head levels under the normal

loading condition:
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PROBLEM P1
NLINK 2 NPUMP
Minimize I = z g] Dk '-k . o Ox
k =1 i
NST
’ 2 STC, XSy
k =1
subject to
Z % - Z Q = b,
ke0; keT,
X i
i € DNODE U SNODE
n-1
k k ) k k "k "k k
1 2
k = ], ceny NLINK
Hy o= EL o+ z (10, + X5,)
kePS,
i
i € SNODE
H, > EL, + HMIN,
i = i i
i ¢ DNODE
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(3-1)

(3-2)

(3-8)

(3-5)
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where

i € DNODE

[ ]
v
O
x
]

T, ..., NLINK (3-7)

XP

v
o
~

"

...» NPUMP (3-8)

XS

Itv
(]
=

[]]
—l
.

.., NST (3-9)

NLINK--the number of links (primary and non-tree) in the
network
2], 22

Dk--the diameter of link k in inches

--constant dimensionless link cost parameters

Lk--the length of 1ink k in feet

NPUMP--the number of pumps in the system

XPk--the head 1ift provided by pump k in feet

QPk--the flow rate through pump k in gallons per minute
PU [ka’ QPk]--the equivalent uniform annual cost in
dollars for pump k. The capital cost

component of PU is a nonlinear function

of head and flow rate.
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NST--the number of elevated storage reservoirs in the system
XSk--the additional height to raise storage reservoir k
in feet
STCk--the equivalent uniform annual cost in dollars per foot
for raising storage reservoir k
Qk--the flow rate on link k in gallons per minute
bi--the external flow at node i 1in gallons per minute
Kk--a constant dependent on link k's roughness coefficient
Hi--the pressure head at node i in feet
F&--the total head at node i in feet which is the sum of
potential head due to elevation (ELi) and the pressure
head (Hi)
ELi--the elevation above a specified datum plane, e.g., sea
level, in feet

k., k,--the two nodes incident to link k

1 72

PSi—-the set of pumps and storage reservoirs at source
node i

DNODE--the set of demand nodes

SNODE--the set of source nodes

HMINi--the minimum pressure head at demand node i 1in feet

The objective function (3-1) composed of 1link, pump, and

storage costs is the total equivalent uniform annual cost of the
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distribution system in dollars. The linear system of equations

(3-2) insures nodal conservation of flow equation (1-8) is satisfied.

Equation (3-3) is the frictional head loss equation for each link.
In this model the total nodal heads (ﬁ}) are explicitly
chosen. Thus, as in the Hardy Cross nodal method (see section
1.2.1) an arbitrary selection of ﬁi automatically satisfies loop
conservation of energy requirements (equation 1-11) but may not
satisfy nodal conservation of flow. The direction of head loss
in equation (3-3) determines the flow direction and sign of Qk.
Equation (3-4) states that the total head at each source node is
the sum of the nodal elevation plus the head added by pumps and
storagé reservoirs located at the node. Inequality (3-5) and equa-
tion (3-6) combine to insure that the pressure head (Hi) at each
demand node exceeds the minimum required pressure head (HMINi).
Inequalities (3-7), (3-8) and (3-9) are the nonnegative diameter,

pump head 1ift, and storage height decision variables, respectively.

3.2.2.2 Theorem I

The following theorem (Delfino [44]) demonstrates the desir-
ability of identifying and using the core tree as a base for the

network layout problem.
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THEOREM

Assuming that Problem P1 has a finite optimal solution,
there is an optimal solution corresponding to a spanning tree of
the looped network.

PROOF: Assume we have a finite optimal solution for Prob-

—_ %
lem P1 with optimal values of the decision variables H, , ic DNODE
* * *
U SNODE; XPk , k=1, ..., NPUMP; XSk , k=1, ..., NST; D, ,
%*
k =1, ..., NLINK; and Qk , k=1, ..., NLINK. Therefore the fol-

lowing inequality holds

* *  — * * —* * X *
z (Dk , Qk s Hi , ka y Xsk) <1 (Dk s Qk’ Hi’ XPk s Sk)
(3-10)
for any feasible Dk and Qk.
—_— — *
Fix H, at Hi*, '€ DNODE U SNODE; XP, at XP , k = 1,

*
.., NPUMP; and XSk at XSk , k=1, ..., NST. Thus, using equation

(3-3) we can obtain the fnllowing expressions:

—_%

1. For links k such that ﬁk* _ H,_ # 0 using equation (3-3)

1 2
we have
1/m
n
K, 1Q.] L
k 'k k
Dk = , - - ﬁ"* ‘ (3-11)
k] k2
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2. For links k with H, - H =
ki Ky

0, D, = 0andQ, = 0.

Let L be the set of links with this property.

Eliminating D

PROBLEM P2
NLINK Ly
Minimize ZZ K Ly Ile
k =1
kgL
subject to
> % D%
ke, keT,
i i
k £ L k ¢ L
where
K = 2 % T
k 1 - % o~ %
H, - H |
1 2
2 = LQ:Z_
3 m

‘ using equation (3-11) Problem P1 becomes

(3-12)
= b, (3-13)
i ¢ DNODE U SNODE
£2/m

(3-14)

(3-15)
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The objective function (3-12) is concave under the condi-

tion that

23 = < 1 (3.16)

For the Hazen-Williams equation n = 1.852 and m = 4.87.

Thus,
the expression (3-16) becomes
1.852 22
23 = “4—§7— < 1 (3-]7)
or
22 < 2.63 (3-18)

For 1976 cost data the value of z] is 1.01 2 is 1.29 [48].
Thus, Problem P2 involves minimizing a concave function
over a convex set. Since Problem Pl has a finite optimal solution,
Problem P2 also has a finite optimal solution which is given by a
spanning forest T of the network. If the spanning forest is con-

nected, it is also a spanning tree. Otherwise, T plus some links

with zero flow, i.e., links with ﬁk - ﬁk = 0, form a spanning

1 2
tree T 1in the network.

Let Q:* be the link flows associated with the spanning

tree T and D:*, the corresponding diameters computed using
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equation (3-11). Thus, we can write

for any feasible Dk and Qk'

From (3-10) and (3-19) we must have

*

— % X* % * — % * X
H1 ’ pk P XSk ) - Z (Dks Qka Hi 'y kay S

*

%% *k
k ]

(3-20)

* * *

* * -—
Since (Dk’ Qk’ Hi s XPk, XSk) is an optimal solution