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(Revised version received June 2004)

This paper describes the optimal selection of pipe diameters in a network considering
steady state and transient analysis in water distribution systems. Two evolutionary
approaches, namely genetic algorithms (GA) and particle swarm optimization (PSO), are
used as optimization methods to obtain pipe diameters. Both optimization programs,
inspired by natural evolution and adaptation, show excellent performance for solving
moderately complex real-world problems which are highly nonlinear and demanding. The
case study shows that the integration of GA or PSO with a transient analysis technique
can improve the search for effective and economical hydraulic protection strategies. This
study also shows that not only is the selection of pipe diameters crucially sensitive for the
surge protection strategies but also that more global systematic approaches should be
involved in water distribution system design, preferably at an early stage in the design

process.
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1. Introduction

Water distribution systems (WDSs) abound throughout
the world and vary tremendously in form, function,
complexity and cost. The primary purpose of a WDS is
to deliver water to individual consumers in the required
quantity and quality with a sufficient pressure. A
tremendous amount of capital has been, and will be,
spent on the design of new WDSs and the rehabilitation
of existing networks in both developing and developed
countries. The goal of WDS optimization is to obtain the
minimum cost of construction, operation, and mainte-
nance while satisfying demands with an adequate residual
pressure. Also, the flow of water in a distribution network
and the nodal pressure heads must satisfy the governing
laws of energy and mass conservation, in addition to
prescribed boundary conditions.

Until now, numerous optimization approaches, some
general and others specific, have evolved in order to achieve

*Corresponding author. Email: jung@ecf.utoronto.ca

economy of design, construction, operation and mainte-
nance of these systems. However, it suffices to say that most
of the pipeline optimization methodology is concerned with
the optimization of systems under steady or nearly steady
flow conditions. Consideration of transients often takes
place after assuming that the cost of controlling transients
represents a small portion of the overall pipeline cost. At
the same time it is generally recognized that pipe costs
constitute, on average, as much as 70% of the total pipeline
price, and that wall thickness is a strong determinant of
these costs.

There are important feedback mechanisms between the
steady and transient portion of an optimized system. The
selection of pipe diameter, pipe material and pipe wall
thickness strongly influences the nature of the pipeline
transient response. Also, the system must deliver sometimes
large and sudden fire flows at adequate pressures. While
these fire flow demands occur infrequently at the various
nodes in the system, they may, however, be the constraining
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factor in the design of some systems. The design procedure
should consider the ability of the network to serve fire-
fighting demands at all nodes. Even though the occurrence
of simultaneous fires at all, or even some, nodes is
improbable, there is still a wide range of fire fighting
demand patterns to be considered.

Another challenging problem associated with pipeline
transients is water quality risk posed by transient intrusion.
It was until recently often assumed that the quality of water
that entered at one end of a distribution system was
essentially equivalent to that leaving at the other; even
when transformations are now considered, they are still
often analyzed through a steady state lens. However, since
all pipeline systems leak and hydraulic transients occur
routinely in most distribution systems, it is not surprising
that low pressure transient waves present considerable risk
of drawing untreated and possibly hazardous water into a
pipeline system (Karney 2003). More recently, soil and
water samples were collected near drinking water pipelines
and then tested for the presence of total and faecal
coliforms, Clostridium perfringens, Bacillus subtilis, coliph-
age, and enteric viruses (Karim er al. 2003). Indicator
microorganisms and enteric viruses were detected in more
than 50% of the samples analyzed. The results of this study
suggest that during negative- or low-pressure events,
microorganisms may directly enter the treated drinking
water through pipeline leaks. Therefore, the designer
should never overlook the effect of water hammer or surge
pressures in the design of WDS and the determination of
ultimate system cost. This means that any optimized design
which fails to properly account for water hammer effects is
likely to be, at best, suboptimal, and, at worst, completely
inadequate. Therefore, despite its difficulties, transient
analysis is essential for WDS design.

Optimal design of distribution systems has been ap-
proached from many angles and using a number of
optimization tools. Traditionally, the design of water
distribution networks has focused on mathematical ap-
proaches including linear, nonlinear, and dynamic
programming (Anperovits and Shamir 1977, Bhave 1985,
Quindry et al. 1981, Schaake and Lai 1969). However, these
deterministic methods cannot guarantee a global optimal
solution. Also, they require that the functions satisfy
certain restrictive conditions (e.g. continuity, differentia-
bility to the second order, etc.) that cannot be generally
guaranteed for a WDS. Recently, genetic algorithms (GA)
has been a popular optimization choice for solving
problems that are difficult for traditional deterministic
optimization methods (Goldberg 1989, Simpson et al. 1994,
Dandy et al. 1996, Back et al. 1997). The main advantage of
such an evolutionary algorithm is its ability to find the
global optimum by using function values only. More
recently, Kennedy and Eberhart (1995, 2001) developed
an evolutionary optimization algorithm which is called a

particle swarm optimization (PSO). In this technique, the
population of potential solutions is called a “swarm” and it
explores the search space rather like a flock birds searching
for food. As in the GA approach, there is a global exchange
of information between the individuals searching the
feasible region. Also, as in GA, the PSO approach is
proving to be an efficient algorithm in solving hard
optimization engineering problems (Jung and Karney
2004a, 2004b).

The objective of the current paper is to obtain an optimal
design of a WDS considering both steady and transient
states. As an optimization method, PSO is introduced and
compared to GA. A formulation using PSO and GA is
developed for the optimal design of WDS and applied to
the well-known New York City tunnel problem. Finally,
the performance of PSO and GA are compared using a case
study.

2. Optimization of pipeline systems

Whether designing a WDS using trial-and-error methods
or with formal optimization tools, a broad range of
concerns must be considered. Cost is likely to be the
primary emphasis and includes the costs for construction,
operation and maintenance. The initial capital investment
for the system includes pipes, pumps, tanks, and valves.
Energy consumption occurs over time as the system is
operated. The main constraints are that the demands are
supplied at an adequate pressure. Also, the flow of water
in a distribution network and nodal pressure heads must
satisfy the governing laws of conservation of mass and
energy.

In this paper, water distribution network design is
formulated as a least-cost optimization problem with pipe
diameter selections as the decision variables. In addition to
the general constraints, transient analysis is included in
order to protect the system from negative transient
pressure. The pipe layout, nodal demand, and minimum
head requirement are assumed known. The optimization of
water distribution networks can be stated mathematically
as:

minimize (D1, .., Dy,,) = Y Ce(DeLi) (1)
KEN pipe

Subject to the governing transient equations (Wylie and
Streeter 1993)

n—1
= = 2
o, o T ox Al =0 @
0H d* 00
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and a set of algebraic constraints:
H,'(Z) = C],Qf(l) = C,, where t = 0,Vi € Nyppe (4)

S(H;(1),0:(t)) = C3, where 1>0,i = boundary nodes (5)

Hl'(l) > Hmmj, where 1 = 07 Vie Nn()zl(' (6)
H;(1) > Hgatumi, where 1 > 0,Vi € Nyoqe (7)
Dy € {D}» Vk € Npipe (8)

where Dy,..., Dy = discrete pipe diameters selected
from the set of commercially available pipe sizes {D}[equa-
tion (8)]; Ci(Dy Li) = cost of pipe k with diameter D, and
the length L,. Equations (2) and (3) represent the
momentum equation and mass conservation for transient
flow in closed conduits (Wylie and Streeter 1993). x is
distance long the centreline of the conduit; 7 is time;
H = piezometric head; Q = fluid discharge; D, = inside
pipe diameter; a = celerity of the shock wave; 4, = cross-
sectional area of the pipe; and g = acceleration due to
gravity. The friction term in the momentum equation
comprises a steady portion and an unsteady portion (Zielke
1968). However, the characterization of unsteady friction is
a challenging question and research is still on-going. The
implicit assumption is that many fundamental conclusions
arising from the study of simpler governing equations have
considerable merit for an extended set involving unsteady
friction or other higher order effects. Therefore, steady
friction is assumed here and represented as

Darcy — Weisbach: R :prx/ZgDpAi, 9)
Hazen Williams: R = Ax/(0.278CD2%)/** (10

in which f, = Darcy-Weisbach friction factor; and C = Ha-
zen-Williams roughness coefficient. Two hyperbolic partial
differential equations in equations (2) and (3) are subject to
initial conditions in equation (4) and boundary conditions
in equation (5), where C;, C, and Cj5 are constants. Initial
conditions are typically taken as steady. Simple boundary
conditions of constant reservoir level and fixed demand are
assumed, but combined relationships between H and Q are
typical for most boundaries. Equations (6) and (7) require
that the nodal pressure H for any node i (where total
number of nodes is N,,4) is equal to or greater than a pre-
specified minimum pressure H,,;, for steady state and a
design datum Hg,m under transient conditions, respec-
tively.

The remaining and challenging question is how to apply
an optimization method to the problem of water dis-
tribution optimization. Gradient-based mathematical opti-
mization methods (Anperovits and Shamir 1977, Bhave

1985, Quindry et al. 1981) have been widely applied and
have provided efficient computation procedures for achiev-
ing a lower cost solution but the methods suffered from
some disadvantages, such as: (1) being ineffective at
reaching the least cost solution due to the zero-gradient
optimality criteria, which easily trapped a search process at
a local optimal solution: (2) lack of flexibility in handling
discrete design variables and optimizing a partial network
that is often required for many practical engineering
designs: and (3) complexity of implementing and using
the technique (Wu and Simpson 2001). Recently, GA has
been integrated with hydraulic network solvers for the
optimization of WDS (Simpson et al. 1994; Dandy et al.
1996, Wu and Boulos 2001). It has been shown that the
GA is robust for searching optimal combinations of pipe
diameters and rehabilitation actions for WDSs. More
recently, Ant Colony Optimization (Maier et al. 2003) and
Shuffled Frog Leaping Algorithm (Eusuff and Lansey
2003) have been introduced for obtaining specific optimal
designs of WDSs.

Figure 1 depicts a flowchart of the procedure for
optimizing the pipeline system considering both steady
state and transient conditions. First, an optimization
program initializes the system characteristics like pipe
diameters, and then the cost of these choices is calculated.
The steady state model analyzes the given system and then

~ ™~

7 \
+ Preliminary System Specification
AN 4

—» Set System Characteristics }—b Cp = Pipeline Cost ‘

Steady State Analysis ‘

-':'.“",':"_HGL < min. required head ™

Transient Analysis ‘
4

N h yes ‘

" HoL<Datum im——— =K xHead Dift
- ,_ln-"" : i
no

Telal Cost=C, + C, +C, ‘

» C, = K_ » Head Diff.

Stop Optimization ? \

(\ Stop

Figure 1. Flowchart of pipeline optimization.
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uses the optimization program to check if the solution
satisfies the minimum allowable total head. Similarly, the
transient program checks the system to consider whether or
not negative pressures occur in the system. The procedure
calculates the pipe cost and violation penalty cost for
steady and transient head deficits. With the total cost, the
optimization method evaluates the system and creates a
new set of system alternatives for the next iteration.

Transient analysis is a complex topic and no attempt has
been made here to be comprehensive. There are numerous
techniques for controlling transients in water distribution
systems. Design considerations influencing transients in-
clude strengthening the pipe (e.g. increasing its pressure
rating), re-routing pipelines, using larger diameter pipes
(lowering the pipeline velocity), changes in the pipe
material, or strategic changes in system topology. Opera-
tional considerations like adjusting opening and closing
times, increasing pump inertia (addition of a flywheel in
prolonged pump run down) can modify the transients
directly. Also, surge control devices can be directly
employed including relief valves, check valves, bypass
components, surge tanks and air chambers. Such additional
protection devices permit fluid to be drawn into, or expelled
from, the piping system in order to reduce the rate of flow
changes. At present, selection among these kinds of
approaches is difficult, thus this paper focuses on initial
system design, specifically regarding the selection of pipe
diameters.

3. Transient analysis in pipeline systems

The pressure fluctuations created by a flow disturbance in a
closed conduit propagate as a pulse wave throughout the
pipe. If the friction force is modelled by the steady state
Darcy-Weisbach equation, the resulting momentum and
continuity equations are presented in equations (2) and (3).
They are nonlinear hyperbolic partial differential equations
and a general analytical solution to them is not available;
however, the governing equations can be transformed by
the method of characteristics (MOC) into two pairs of
ordinary differential equations. The transformed equations
can be integrated to yield finite difference equations, which
are conveniently handled numerically. Despite their con-
venience, MOC-based techniques entail a computational
shortcoming that the two ordinary differential equations
are valid only on the characteristics line, described by dx/
dt= ta.

A pipe comprises one or more basic computational units
with possibly uneven lengths Ax. A single long pipe is often
viewed as a simple network with several computational
units connected in series. The time step A¢ is chosen as the
shortest wave travel time in all of the computational units.
The Courant number of the computational unit with wave
speed a is C, = aAt/Ax. If either the Courant number is not

unity or the wave transmission time in the two computa-
tional units is different, the resulting characteristic lines do
not meet at a space-time mesh, and some interpolation
between them becomes necessary. Thus, a primary
disadvantage of the method of characteristics is that it
requires interpolation or adjustment between points in the
x—t plane when the wave travel time in all computational
units is not an integer multiple of the time step Ar. Since
interpolation introduces errors to the solution at each
calculation step, a good choice of discretization approach
is crucial to a reliable transient analysis. There are various
kinds of interpolations ranging from linear to higher order.
Generally, higher order interpolations would be expected
to yield greater accuracy in the sense that they may
describe many variations better than the linear counter-
parts, but they require more computation time. Also,
Ghidaoui and Karney (1994) have pointed out that all
interpolation schemes involve a numeric alteration of the
wave speed plus a diffusion of the true values and higher-
order methods that involve more and more nodal points
essentially increase the physical distortion of the problem.
They recommend that the only way of achieving accurate,
general solutions for hyperbolic equations is to keep the
time step small and the Courant number as close to one as
possible. In this paper, linear timeline interpolation is
employed. If the characteristic is extended backward from
the unknown time level n + 1 (node P in figure 2) to
intersect a known timeline at point A, the interpolation can
be done along that line between nodes (n-1, i-1) and (n, i-1)
for the head value at A as

T At —1
hy=—h"+——n 11
Ol Vi By VR (1
A
Time ¢
1, P |+, i
c
n, 1 n, f
T
A

n-1, 1 n-1,7 _
Distance x

Figure 2. Characteristic line of linear timeline interpola-
tion.
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4. Evolutionary computation

Evolutionary Computation (EC) algorithms provide solu-
tions to many hard optimization problems that would be
difficult to cope with using the traditional gradient based
methods, due to the possibility of discontinuities in the
search space, non-differentiable objective functions, im-
precise arguments and function values (Back er al. 1997).
The main advantage of EC algorithms is the usage of a
population of potential solutions to explore the search
space simultaneously, exchanging information among trial
solutions and using only objective function values (and not
its derivatives).

4.1 GA approach

The most well-known and widely applied paradigm of EC
algorithms is the GA. According to GA theory, the
population is binary encoded and genetic operators,
inspired by biological DNA evolution procedures, are
applied to the population in order to evolve it and thus
explore the search space efficiently (Goldberg 1989). The
GA approach does not require certain restrictive conditions
(e.g. continuity, differentiability to the second order, etc.)
that can seldom be guaranteed for water distribution
problems, particular under transient states.

4.2 Particle swarm approach

Recently, a new research field, called Swarm Intelligence
(SI), has arisen. SI argues that intelligent human cognition
derives from the interaction of individuals in a social
environment and that the main ideas of socio-cognition can
be effectively applied to develop stable and efficient
algorithms for optimization tasks (Kennedy and Eberhart
2001) . The particle swarm optimization (PSO) technique is
an SI technique, which is mainly used for continuous
optimization tasks and has been originally developed by
Kennedy and Eberhart (1995). In this technique, the
population of potential solutions is called a “swarm” and
it explores the search space by simulating the movement of
a flock of birds searching for food. There is a global
exchange of information among all individuals, which are
called “‘particles”, and each particle can profit from the
discoveries of the rest of the swarm. PSO has been shown to
be efficient in solving hard optimization problems and
engineering applications, including neural networks train-
ing and Human Tremor analysis (Kennedy and Eberhart
2001). Many variants and techniques have been developed
to improve further its performance.

In this paper, a version of the algorithm derived by
adding an inertia weight to the original PSO dynamics has
been used (Shi and Eberhart 1998). Assuming that the
search space is D-dimensional, we denote by X; = (x;;, x;»,

..., X;p) the ith particle of the swarm and by P; = (p;, p.2,
..., pip) the best position this individual ever achieved
within the search space. Let g be the index of the best
particle in the swarm and V; = (v;;, v, ..., vip) the velocity
(position change) of the ith particle. The swarm is
manipulated according to the equations.

Via = wviq + c1r1 (Pia — Xia) + ¢2r2(Pgd — Xia) (12)
Xid = Xid + Via (13)

where d =1,2,....D; i = 1,2,...,N and N is the size of the
population; w is the inertia weight; ¢; and ¢, are two positive
constants; r; and r, are two random values into the range
[0,1]. Equation (12) is used to calculate the ith particle’s new
velocity, taking into consideration three main terms: the
particle’s previous velocity, the distance of the particle’s
current position from its own best position, and the distance
of the particle’s current position from the swarm’s best
experience (position of the best particle). Then, the particle
moves to a new position according to equation (13). The
performance of each particle is measured using a predefined
fitness function. The inertia weight w plays an important
role for the convergence behaviour of the technique. It is
used to control the impact of the previous history of
velocities to the current velocity of each particle, regulating
in this way the trade-off between the global and local
exploration abilities of the swarm, since large values of w
facilitate global exploration of the search space (visiting new
regions) while small values facilitate local exploration (i.e.
fine-tuning the current search area). The initialization of the
swarm is done using a uniform distribution over the search
space. By gradually decreasing the inertia weight from a
relatively large value to a small value through the course of
the PSO run, the PSO tends to have more global search
ability at the beginning of the run while having more local
search ability near the end of the run.

The goal of the paper is to develop a reasonably
comprehensive pipeline optimization model using GA and
PSO, considering both transient and steady states. Figure 3
shows the composition of an optimal hydraulic device
model. As a decision variable, pipe diameters in the system
are selected in a GA and PSO program, the hydraulic
model then analyzes the pipeline system with the given set
of specified pipe diameters.

MAIN decision SUB
variable
Optimization Model 1~ Hydraulic Model
GA or PSO Steady state & Transient Analyses
fitness

Figure 3. Optimization of hydraulic device in pipeline
system.
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5. Case study: the New York City water supply tunnels
problem

The case study is based on the well-known New York water
supply tunnels. The case study network shown in figure 4
has been extensively studied for steady state conditions.
The profile comprises 20 nodes, 21 pipes, one source, and
20 demand nodes. The system is a gravity driven and draws
water from the reservoir to a downstream network. The
purpose of the optimization is to identify pipes for
installation in parallel with the existing 21 pipes to ensure
that adequate pressure head is supplied as the demands are
increased to a predefined level determined by population
growth. A single demand pattern (2017.5 ft*/s or 57130 1/s)
was considered for the improved tunnel system, and a
corresponding minimum allowable total head and con-
sumption were specified at each node. Details of the
demand pattern and minimum head constraints are given in
Dandy et al. (1996). The example is presented in traditional
units since this is how it has appeared in previous works.
Since the system was first examined in 1969 by Schaake
and Lai, numerous subsequent researchers have used it to
demonstrate the capability of their respective techniques

Hillview Reservoir

10

Figure 4. New York City water supply tunnels.

(Gessler 1982, Morgan and Goulter 1985, Dandy et al.
1996, Savic and Walter 1997, Lippai and Heaney 1999,
Eusuff and Lansey 2003, Maier et al. 2003). However, these
approaches for the NYC system focused on steady state
optimization only. In this paper, not only the steady state
problem is considered like previous approaches, but also
the transient analysis is included in the optimization
process. By doing so, it is shown that different decisions
would be made, and the restrictive search based on limited
operating conditions is likely suboptimal for a broader
range of loadings.

To introduce transient conditions into this case study, a
variety of possible causes could be selected. For conve-
nience, a valve opening to increase demand at node 10 (1
ft3/s to 170 ft3/s; 28 1/s to 4814 1/s) is chosen to characterize
the transient performance of the system. In order to
consider the severity of transients, two different valve
opening times (1 and 30 s) are used here. This increased
demand may represent a fire flow, a pipe burst, an operator
error or temporary increased water consumption. The
datum is assumed to be 180 ft for the whole system. Due to
the demand increase at node 10, a reduced pressure wave
moves through the system. This wave is reflected from the
upstream reservoir and then propagates back and forth in
the system, being tracked numerically using the method of
characteristics. The different pipe lengths and sizes in the
system create uneven computational lengths in the char-
acteristic grids. The smallest Courant number in the system
is 0.019 and it can be adjusted to unity by dividing the pipe
into smaller computational units. The process of discretiza-
tion is repeated until the smallest Courant number exceeds
0.75. After the discretization, the smallest Courant number
and the computational time step are 0.755 and .11 s,
respectively. For the uneven computational units, a linear
timeline interpolation is used to obtain head and flow at a
grid point in the characteristic mesh.

A typical goal of transient design, and the one specifically
adopted here, is to keep the minimum pressure above the
pipeline profile in order to avoid negative pressures. Based
on the steady state optimization result of Maier et al.
(2003), figure 5(a) shows the transient response in the
system at node 19. It is not surprising that the optimal
steady state solution does not satisfy the transient criterion,
allowing the negative pressures to appear in the system.
Negative pressure may cause the collapse of thin-walled
pipes or reinforced concrete sections. It might also cause
the backflow of dirty water (pathogen intrusion) into the
distribution system through pipeline leaks (Karney 2003,
Karim et al. 2003).

There are many strategies to protect a system from
transient events. These range from direct control ap-
proaches such as adjusting the operation speed and
modifying the system characteristics (system layout, pipe
size, material and thickness) to the use of specialized surge
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Figure 5. Head trace at node 19.

control devices. However, these systematic and global
approaches are not considered here as this paper focuses on
pipe diameters which are consistent with previous steady
state optimizations. Also, the issue of operating speed for
surge protection is given some attention. Altering the pipe
diameter changes the velocity for a given flow rate. If the
diameter is increased uniformly along a line, the resulting
decrease in the velocity will reduce the magnitude of the
initial pressure wave and the transient performance of a
piping system can be improved. Since in the Joukowsky
equation (14) the head change is directly proportional to

velocity change, doubling the diameter reduces the magni-
tude of pressure fluctuations by a factor of about 4.

a a
AH =-AV =—AQ0 14

. o, (14)

The two optimization methods, GA and PSO are
considered to satisfy equations (1)—(8). In the GA, the
probability of mutation is 0.02, the probability of (uniform)

crossover is 0.5, the population size is 500, and simulations
are run for 200 generations. Tournament selection and
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elitism (in which the best individual is copied to the next
generation) are selected. The number of available pipe
diameters is 16 (2*) and the number of pipelines is 21 so the
length of each chromosome is selected as 84. In the PSO,
the population size and the maximum velocity are 500 and
3, respectively. From an empirical study of PSO (Shi and
Eberhart 1999), a linearly decreasing inertia weight is used
which starts at 0.9 and ends at 0.4, with ¢; = 2 and ¢, = 2.
As in GA, a total of 200 runs for each experimental setting
are conducted. The procedural flowchart for optimizing the
pipeline system considering both steady and transient states
is shown in figure 1. GA and PSO initialize the population
about pipe diameters, and then calculate the cost of
pipelines and the violation penalty cost for steady and
transient head deficits. With the total cost, GA and PSO
evaluate the fitness of the individual in the population and
create a new population for the next generation.

During the simulation, nominally infeasible GA or PSO
designs demonstrate substantial cost savings with some
small violations of pressure head constraints. Infeasibility
may be acceptable in some circumstances, particularly if a
small hydraulic deficiency is accompanied by a large cost
saving. The pressure violation penalty multipliers K, and K,
are introduced to penalize a hydraulic grade line violation
per foot of pressure head deficit for the steady state and
transient analysis, respectively. The total head at all nodes
is compared with the minimum allowable total head in
steady analysis and the design datum in transient analysis.
The selected values of penalty multipliers are important to
find the near-optimal infeasible solutions. Generally, trial
and error adjustment of the pressure violation penalty
multiplier is necessary. In this paper, the penalty value
(K = $5.0 million/foot) of Dandy et al. (1996) is used for
both the steady and transient analysis.

Table 1 presents the GA and PSO optimization results
and shows each optimal pipe system for different transients.
The pipe costs of GA and PSO optimizations considering
transients is more expensive than that of the Maier et al.
(2003) steady state design ($38.64 million), but they ensure
a greater capacity to safeguard against negative pressures
than the optimal solutions of other studies focusing
exclusively on steady state considerations. It also demon-
strated, as one would expect, that the total costs of GA and
PSO approach the steady state cost as the severity of the
transients diminishes. Figure 6 depicts the evolutionary
procedures of GA and PSO to find the optimal pipe size
considering demand increases at node 10 for 1 and 30 s.
Both optimization results show the convergence speed is
fast for the first 20 s but become slow to converge to
optimized pipe sizes. In this numerical test, PSO exhibits a
faster convergence but produces a slightly less optimal
result than GA. Figure 5(b) shows the head trace
considering transient optimization design at node 19.
Compared to figure 5(a), the transient responses are mild

Table 1. Optimization result considering transient.

Pipe diameter, inches

GA PSO
Pipe ls 30s ls 30s
1,2,3,4,5,6 - - - -
7 108 120 — —
g _ _ _ _
9 144 - 144 -
10, 11, 12, 13, 14 - - - -
15 - - - 120
16 108 96 108 84
17 120 108 120 96
18 72 72 72 96
19 84 84 84 72
20 - - - -
21 72 72 72 72
Pipe cost ($ million) 46.14 38.72 42.64 39.97
Steady head deficiency 0.02 0.25 0.77 0.02
Transient head deficiency 0 0 0 0
Total cost ($ million) 46.27 39.97 46.49 40.06
100
90 —o—30s - GA Best
80 ——30s - PSO Best
——1s - GA Best

70
@ ——1s - PSO Best
g 60
=

50

40

30

20

0 50 100 150 200

generation

Figure 6. Evolutionary procedure for 1s and 30s
demand increase.

and no negative pressures appeared at node 19. Different
random seed values would almost certainly generate at least
some variation in these results. In total, over 100000
transient simulations were executed to obtain results for
this analysis.

5.1 Discussion

Fluid transient analysis is one of the more challenging and
complicated flow problems in the design and operation of a
WDS. Even though there are many strategies from system
design and operational consideration to surge control
devices, the complexities of transient analysis render the
systematic approaches difficult. This case study focuses on
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a particular pipeline optimization problem that considers a
small set of transient results. While the surge protection
strategy of this study is limited, several interesting and
specific observations arise from it:

1. Various kinds of transient protection methodologies
may be implemented for specific purposes. Generally,
pipe diameter is selected first based on steady state
design considerations, and then surge protection
devices are included in the system. However, this
simplified design construction is not only expensive,
but also can not take into account the specific system
characteristics due to transients; in fact, such an
approach may make the response worse. Initial system
design for surge protection is the first effective way to
remove or, at least, relieve surge damage. This paper
focuses on system design considerations, more specifi-
cally the selection of pipe diameters.

2. This study of pipeline optimization follows previous
investigations in using pipe diameter as a decision
variable, but differs by including transient considera-
tions in the optimization procedure. The objective of
transient analysis in the case study was to keep the
minimum pressure above the pipeline to avoid negative
pressure. The Joukowsky equation indicates that the
selection of pipe diameters is clearly sensitive to the
system design for transient and steady state. Interest-
ingly, the total cost of transient design for the 30 s
valve opening in the case study ($39.97 million) is
closer to the cost of the Maier et al. (2003) steady state
design ($38.64 million), which indicates that the initial
system design for surge protection is crucially impor-
tant in reducing cost in addition to curtailing surge
damage.

3. One of the other strategies to prevent water hammer is
to take into account system operation like adjusting
valve opening and closing times. Steady state system
designs can be vulnerable in the case of rapid transients
(e.g. sudden valve closure). In this study, two transients
(valve opening at node 10 for 1 and 30s) are
introduced to compare the degree of transient severity.
The total cost of transient analysis is more expensive
than the steady state design of Maier et al. (2003) since
negative pressures are disallowed in the system.
However, the cost of the transient analysis converges
to the cost reported in Maier et al. (2003) as the valve
opening time increases. It also indicates that a
successful transient design might be obtained by
adjusting operating speed without changing the system
characteristics.

4. Two optimization methods, GA and PSO, are applied

to minimize the total cost considering steady state and
transient design in the pipeline system. Both programs
are population-based stochastic optimization ap-

proaches and show similar evolution in their quest to
obtain the optimal pipe diameters. After 50 genera-
tions, both show similar optimal results with respect to
total cost. The GA shows a slightly better total cost
while the PSO converges more quickly. It is difficult to
say categorically which one performs better since each
optimization method has its own characteristics;
however, when each algorithm has the same population
size and number of iterations, PSO performed as well
as the GA in this test. The role of the random seed also
influences evaluations for individual studies.

5. The infeasible GA and PSO designs in table 1
demonstrate substantial cost savings for some small
violations of the pressure head constraints. In the case
studies with GA and PSO, slightly infeasible steady
state designs that violate the minimum allowable total
head are tolerated in this system, while no transient
head violations are permitted. It may indicate that the
transient constraints are more important than those for
steady state and that the infeasibility of the steady state
design is acceptable if large cost savings are realized.

6. Although this paper is limited to the selection of pipe
diameters for surge protection, there are many other
design criteria like system topography, pipe material,
pipe thickness, surge protection devices selection and
location. Also, the design of water distribution net-
works needs to achieve several other objectives in order
to minimize operating cost and risks and to maximize
reliability and water quality. The goal is to find the best
solution, which corresponds to minimum or maximum
values of a single objective function that lumps all
different objectives into one. Usually, it is not possible
to improve on one objective without making the other
objective worse. Therefore, a multi-objective decision
support structure should be attempted for the ultimate
goal of WDS design.

6. Conclusions

Transient fluid analysis is a complicated problem and so is
the optimization of a transient control strategy for water
distribution systems. The purpose of this paper is to obtain
the optimal design of a pipe network considering both
steady and transient states. Two global optimization
methods, genetic algorithms (GA) and particle swarm
optimization (PSO), are employed to find optimal pipe
diameters in a system with allowance for water hammer
conditions. In this application, both approaches exhibit
similar evolution histories and optimal results. The case
study of the New York City tunnels problem shows that the
previous approaches considering steady state design only
are inadequate for coping with water hammer events.
Therefore, the proper sizing of pipe diameters to prevent
water hammer is highly dependent on the transient
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conditions encountered and the other specific character-
istics of the system being studied. The optimal selection of
pipe diameter is not only crucial to system performance and
reliability, but also effective in decreasing costs. Although
this paper introduces the optimal selection of pipe
diameters for a surge protection strategy, a more global
and comprehensive approach is ultimately necessary.
System optimization should also consider the transient
properties (operation speed), system characteristics (system
topography, pipe material and thickness) and transient
protection devices, in addition to pipe size. That would
offer a more complete range of systematic surge protection
strategies.

References

Anperovits, E. and Shamir, U., Design of optimal water distribution
systems. Wat. Resources Res., 1977, 13, 885—900.

Back, T., Fogel, D.B., Michalewicz, Z. and Baeck, T., Handbook of
Evolutionary Computation, 1997 (Institute of Physics Publishing: Bristol)

Bhave, P.R., Optimal expansion of water distribution systems. J. Envir.
Engng, 1985, 111, 177—197.

Dandy, G.C., Simpson, A.R. and Murphy, L.J., An improved genetic
algorithm for pipe network optimization. Wat. Resources Res., 1996, 32,
449 -458.

Eusuff, M.M., and Lansey, K.E., Optimization of water distribution
network design using the shuffled frog leaping algorithm. J. Wat.
Resources Plann. Mgmt, 2003, 129, 210-225.

Ghidaoui, M.S. and Karney, B.W., Equivalent differential equations in
fixed-grid characteristics method. J. Hydraul. Engng, 1994, 120, 1159 —
1175.

Goldberg, D.E., Genetic Algorithms in Search, Optimization and Machine
Learning, 1989 (Addison-Wesley: Reading, Massachusetts).

Gessler, J., Optimization of pipe networks, in International Symposium on
Urban Hydrology, Hydraulics and Sediment Control, 1982.

Jung, B.S. and Karney, B.W., Particle swarm optimization compared to
genetic  algorithm for calibration of water distribution system,
in Proceedings of 9th International Conference on Pressure Surges,
2004a.

Jung, B.S. and Karney, B.W., Transient state control in pipelines using
GAs and particle swarm optimization, in Proceedings of 6th International
Conference on Hydroinformatics, 2004b.

Karim, M.R., Abbaszadegan, M. and Lechevallier, M., Potential for
pathogen intrusion during pressure transient. J. Am. Wat. Works Ass.,
2003, 95, 134 146.

Karney, B.W., Future challenges in the design and modelling of water
distribution systems, in Pumps, Electromechanical Devices and Systems
(PEDS) 2003 Conference, 2003.

Karney, B.W. and Mclnnis, D., Efficient calculation of transient flow in
simple pipe networks. J. Hydraulic Engng, 1992, 118, 1014—1030.

Kennedy, J. and Eberhart, R.C., Particle swarm optimization, in
Proceedings of the IEEE International Conference on Neural Networks
IV, 1995, pp.1942—1948.

Kennedy, J., and Eberhart, R.C., Swarm Intelligence, 2001 (Morgan
Kaufmann: San Francisco, California).

Lippai, I., and Heaney, J.P., Robust water system design with commercial
intelligent search optimizers, J. Computing civ. Engng, 1999, 13, 135—
143.

Maier, H.R., Simpson, A.R., Zecchin, A.C., Foong, W.K., Phang, K.Y,
Seah, H.Y. and Tan, C.L., Ant colony optimization for design of water
distribution systems. J. Wat. Resources Plann. Mgmt, 2003, 129, 200—
209.

Morgan, D.R., and Goulter, I.C., Optimal urban water distribution design.
Wat. Resources Res., 1985, 21, 642—652.

Quindry, G.E., Brill, E.D., and Liebman, J.C., Optimization of looped
water distribution systems. J. Envir. Engng Div., 1981, 107, 665—679.
Savic, D.A., and Walters, G.A., Genetic algorithms for least-cost design of
water distribution network. J. Wat. Resources Plann. Mgmt, 1997, 123,

67-177.

Schaake, J., and Lai, D., Linear programming and dynamic programming
applications to water distribution network design, Report 116, 1969
(Department of Civil Engineering, Massachusetts Inst. of Technology:
Cambridge, Massachusetts).

Simpson, A.R., Dandy G.C. and Murphy, L.J., Genetic algorithms
compared to other techniques for pipe optimization. J. Wat. Resources
Plann. Mgmt, 1994, 120, 423 —-443.

Shi, Y.H. and Eberhart, R.C., A modified particle swarm optimizer, in
IEEE International Conference on Evolutionary Computation, 1998, pp.
69-73

Shi, Y., and Eberhart, R.C., Empirical study of particle swarm optimiza-
tion, in Proceedings of the 1999 Congress on Evolutionary Computation,
1999, pp. 1945-1950.

Wu, Z.Y. and Boulos, P.F., Using genetic algorithms to rehabilitate
distribution systems. J. Am. Wat. Works Ass., 2001, 93(11), 74-85.
Wu, Z.Y. and Simpson, A.R., Competent genetic-evolutionary optimiza-
tion of water distribution systems. J. Computing civ. Engng, 2001, 15,

89-101.

Wylie, E.B. and Streeter, V.L., Fluid Transients in Systems, 1993 (Prentice
Hall: Englewood Cliffs, New Jersey).

Zielke, W., Frequency-dependent friction in transient pipe flow. J. Basic
Engng, ASME, 1968, 90, 109—115.



