Journal of Water Sciences Research,
ISSN: 2251-7405 elSSN: 2251-7413
Vol.7, No.1, Autumn 2015, 1-12, JWSR

The Least Cost Design of Water Distribution Networks
Using Water Quality Constraints

M. Tabesh'", M. Zabihi?, M. Dini®

1. Professor, Centre of Excellence for Engineering and Management of Civil Infrastructures, School of Civil Engineering, University of Tehran,
Tehran, Iran

2. M.Sc., School of Civil Engineering, College of Engineering, University of Tehran, Tehran, Iran

3. Civil Engineering Department, Azarbaijan Shahid Madani University, Tabriz, Iran

Received: 1 October 2014 Accepted: 20 January 2015

ABSTRACT

Water quality is a very important issue related to people health, but it is not usually considered in
water distribution networks (WDNs) design. In this paper, new constraints such as free residual
chlorine and the quality performance index are incorporated into the least cost design of water
distribution networks. EPANET2 was applied for the hydraulic and quality analysis of water
distribution networks. GA was also used to solve the optimization problem. The method was
evaluated using a well-known test network. Results showed that inclusion of quality constraints
leads to a higher cost. In addition, sensitivity analysis of velocity constraints showed that hydraulic
and quality constraints are required for the least cost design of WDNs. On the other hand, the

optimum design should satisfy the design criteria at both the start and end of the design period.
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1. Introduction

Water distribution networks are generally
composed of many interconnected pipes,
reservoirs, pumps, valves and other hydraulic
elements that carry water to demand nodes
from the supply sources, with specific pressure
levels to provide a good service to consumers.
Providing safe drinking water to consumers,
free from pathogenic and other undesirable
organisms, is the primary goal of all water
utilities. The least cost design of water
distribution networks has been extensively
investigated in many research studies in past
decades (Alperovits and Shamir, 1977; Eiger et
al., 1994; Vairavamoorthy and Ali, 2005; Broad
et al., 2005; Haghighi et al., 2011). Normally
pipe diameter is used as the decision variable
and hydraulic parameters of nodal pressure and

pipe velocity are the most common constraints
for optimizing the problem. Besides the
hydraulic parameters, quality of water should
be maintained within a standard range during
the life cycle of any WDN. Quality of water is
normally determined by measuring some
specific parameters such as residual chlorine,
fluoride, water age, etc. However, during the
design procedure usually quality constraints
have not been considered. Instead, there are
several researches about optimizing residual
chlorine during the operational period. In these
researches residual chlorine is normally
considered by sampling from different nodes
(Munavalli and Mohan Kumar, 2003; Ostfeld
and Salamons, 2006; Tabesh et al., 2011). All
the aforesaid studies are often viewed as a
single-objective,  however  multi-objective
optimization of WDN is recently growing
(Prasad & Park, 2004; Kapelan et al., 2005; Di
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pierro et al., 2009; Kang and Lansey, 2010;
Bafios et al., 2011).

To optimize the problem, several methods
and algorithms have been applied besides linear
programming (Alperovits and Shamir, 1977,
Hsu et al., 2008) and nonlinear optimization
models (Varma et al., 1997). In recent years,
direct search methods have been very popular
to solve complex problems such as water
distribution  systems.  Genetic  Algorithm
(Vairavamoorthy & Ali, 2000; Parasad et al.,
2003; Samani and  Mottaghi,  2006;
Weickgenannt et al., 2010), Tabu Search
method (Cunha & Sousa, 1999), Simulating
Annealing (Lippai et al., 1999; Banos et al.,
2009), Ant Colony systems (Maier et al., 2003;
Zecchin et al., 2005; Diwold et al., 2010),
Particle Swarm Optimization algorithms (Yang
and Zhai, 2009; Niu et al., 2011) and Shuffled
Frog Leaping algorithm (Eusuff & Lansey,
2003; Chung and Lansey, 2009) are some of the
examples for search methods and their
applications in optimization of WDNs. Among
these methods, GA has been more developed
for applying to WDN (Savic and Walters, 1997;
Ostfeld and Karpibka, 2005; Blobnesi et al.,
2009).

This paper aims to evaluate the effects of
quality constraints and pressure dependent
analysis on least cost design of WDNs. Based
on the standard codes, optimum bounds for
residual chlorine are determined and a
performance index is introduced in this regard.
Then, the minimum cost of water distribution
network is obtained using GA considering both
hydraulic and quality constraints.

2. Methods

2.1. Optimization Approach

In general, a water quality-hydraulic-based
optimization problem aims to minimize the
cost, while constraints on the pressures and
chlorine concentrations at demand nodes are

within certain bounds. The optimal design
formulation used in this paper is given by Egs.
(1) to (5) (Alperowts & Shamir, 1977).

Min Cost = 1*2 L, D (1)
i=1

D < {Comercial List} )

Houn = H, =H (3)

Vmin = V <V (4)

Coin <C,; <C (5)

where L; is the length of pipe i, Dj is
diameter of pipe i, Hnin and Hpmax are the lower
and upper limits of operation pressure head in
the network, respectively. Hpin is assumed to be
30 m. Vmin and Vpax are the lower and upper
limits of flow velocity in network pipes,
respectively. Cpin and Cpax are the lower and
upper limits of chlorine levels, respectively,
that may be obtained from the standard codes
such as WHO. In this paper, Cnin and Cpax are
assumed to be 0.2 mg/l and 0.5 mg/l,
respectively. H; and C; are the head and
chlorine concentration in node j, respectively.

GA was applied to solve the optimization
problem. Decision variables include pipe
diameters that were considered as integer
values. Viravamoorthy and Ali (2005) method
was applied to obtain the initial population.
This methodology improves convergence of the
solution. Here, 20% of the initial population
was produced randomly, to maintain diversity.
Arithmetic crossover and Gaussian mutation
(Viravamoorthy and Ali, 2000) were also
applied. To optimize this problem with GA,
constraints were converted into penalty
functions. Penalty functions for pressure head
and chlorine concentration are given by Eq. (6):

NJ
PF =Rx Y [max{0, (Hpn — H ), (H; = Hog ]
& (6)

NJ
PF =3 Rx [max{0,(Cpin ~C).(C; ~Crna0)]
J=
in which PF is the penalty function, R is the

penalty multiplier for pressure head ($/m) that
is obtained by using sensitivity analysis.
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The Fitness Function (FF) to each
chromosome is given by Eg. (7) that was
minimized during optimization:

1
= = - 7
FF=1(D) Cost+ Y PF 0

in which cost is calculated by Eg. (1) and
ZPF is the summation of penalty functions for

all constraints.

2.2. Simulation Approach

For Hydraulic analysis of water distribution
network, the EPANET2 software (2000) was
used. It is an open source program that can be
easily integrated with an optimization model.

For quality analysis, the Discrete Volume
Element Method (DVEM) was used. This
method, originally introduced by Rossman et al.
(1993), is a dynamic explicit approach. It is a
one-dimensional model which assumes full
mixing at nodes and ignores longitudinal
dispersion. The algorithm was predicted on a
mass balance equation that accounts for both
advective transport and reaction kinetics.

In the DVEM, each pipe was divided into a
number of volumetric elements. The
concentration in each element was determined
considering the initial concentration of
upstream and downstream nodes after reaction
and was transferred into the next element. The
nodal concentration was updated assuming full
mixing at nodes.

This procedure was repeated at any quality
time step until the next hydraulic time step.
Normally, quality time steps were much less
than the hydraulic ones to consider any short
travel time which might occur inside the pipes
(Rossman et al., 1993). Discharge and velocity
values were constant during a hydraulic time
step. During this period, the concentration
values in the pipe i, point x and time t, [Ci(x,t)]
were determined using Eqg. (8):

oC, (x,t) u oC, (x,t)
ot OX

where u; is the mean velocity of water in
pipe i and r[C,(x,t)] is the reaction rate, which

for the first order reaction, is equal to:

r(C,)=a C, 9)
where ¢ denotes a coefficient of

concentration decay (negative) or growth

(positive) rate and is zero for conservative

substances, calculated using Eq. (10) (Walski et
al., 2003):

—rlc(xp]=0 @

kwkf
fo (K, +Ky )

in which ks is the mass transfer coefficient,
bulk fluid to the pipe wall and ry is hydraulic
radius of pipeline and k, and k, are bulk and
wall reaction coefficients, respectively.

EPANET 2 (Rossman, 2000) was used for
DDSM and quality analysis and HDSM model
of Tabesh and Dolatkhahi (2006) was used for
hydraulic and quality analyses. For quality
constraints, two different scenarios were
considered. In the first stage, values of nodal
residual chlorine were bounded between 0.2-0.5
mg/lit (recommended by standard codes such as
WHO (2003) and IMPO (2013)). In the second
stage, a quality performance index was applied
using the penalty curves shown in Fig. 1 for
residual chlorine (Coelho, 1996). In Fig. 1, for
the optimum range of 0.2-0.5 mg/lit, the
performance index was 1 which is excellent.
Values of 0.175 and 0.6 mg/lit were considered
as good performance, shown by an index of
0.75. Values of 0.15 and 0.7 mg/lit, which show
the index of 0.5, were considered acceptable.
Residual chlorine values more than 0.8 mg/lit
were considered as unacceptable values and
ranked as 0.25. Finally, cases of chlorine
concentration less than 0.1 mg/lit corresponded
to no service, which is completely unaccepta-
ble.

a=Kk, + (10)
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Fig. 1. Penalty curve for residual chlorine (Coelho 1996,
Tabesh and Doulatkhahi, 2006)

To generalize the quality performance index
of different elements of the entire network, the
following equation was used.

NJ
ZQ;eq.Plj
Ply =W(PI))=——

Q"
=

where Ply is the network performance index,
Pl; is the performance index for node j and NJ
is the total nodes.

(11)

Start

The proposed methodology can be
summarized as Fig. 2. A computer code was
prepared in Matlab 7.1 to solve the problem.
The specifications of GA to solve the
optimization problem obtained by sensitivity
analysis were as follows: the population size =
50, no. of generation = 250, no. of best solution
that is transferred to the next generation without
change = 5, probability of crossover (Pc) = 1,
probability of mutation (Pm) = 1/8 (Viravamo-
orthy and Ali, 2005). The penalty value of
quality constraint was 1010 and for pressure
constraint, it was considered in four ranges. For
pressure values more than 30 m, in the range of
20-30 m, in the range of 10-20 m and less than
10 m deviation from the constraint bound,
penalty values of 108, 54, 39 and 27 were
applied, respectively.

Determine input parameters (no. generations, population, probability of crossover and mutation, reaction
factors. initial chlorine in souree )

v

Produce initial population using Vairavamoorthy & Ali (2005) Method
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Fig. 2. Flowchart of the proposed methodology
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3. Results and Discussion

The well-known two loop network of
Alperovits & Shamir (1977) shown in Fig. 3
was considered to evaluate the proposed
methodology. Nodal data are presented in
Table 1. Pipe lengths were 1000 m and
Hazen-Williams coefficient of pipes was 130.
Desired head at each node was 30 m. Pipe
costs are presented in Table 2.

1 2

3
- 1 * 2 I

3 7
i 4 5
4
5 8
B 5 r
.
Fig. 3. Layout of the test example (Alperovits & Shamir,
1977).

Table 1. Nodal data for the test example (Alperovits &
Shamir, 1977).

Node No. 1 2 3 4 5 6 7
Demand - 100 100 120 270 330 200
(m*hr)

Elevation(m) 210 150 160 155 150 165 160

Table 2. Cost of pipes (Alperovits & Shamir 1977).
Diameter (mm) Cost ($/unit length of

pipe)
254 2
50.8 5
76.2 8
101.6 11
152.4 16
203.2 23
254 32
304.8 50
355.6 60
406.4 90
457.2 130
508 170
558.8 300

609.6 550

Table 3. Optimum cost and pipe diameter for the test
example.
Pipe diameter (mm)

Pipe Savic Abede & Cunha
Present . &

study &Walters Solomatine Sousa

(1997) (1998) (1999)

1 457.2 457.2 457.2 457.2
2 355.6 254 355.6 254
3 355.6 406.4 355.6 406.4
4 25.4 101.6 25.4 101.6
5 355.6 406.4 355.6 406.4
6 152.4 254 25.4 254
7 355.6 254 355.6 254
8 254 25.4 304.8 25.4
Cost 420 419 424 419

First, the construction cost and pipe
diameters were calculated without
considering the quality constraints. In Table
3, results are compared with the other
available research outputs. It can be seen that
the minimum cost obtained in this paper is
close to the other research results and the
observed differences are because of the
various approaches applied.

Then, to show the effects of the quality
constraints on optimum design of the WDNSs,
the effects of bulk reaction coefficient, ky, and
wall  reaction  coefficient, k., were
investigated. Cost and Pl values were
evaluated when these two coefficients varied
(between 0-5) and chlorine concentration was
within the range of 0.2-0.5 mg/lit. Results are
presented in Table 4 for two case; demand at
the end of the design period (Case A) and
demand at both the start and end of the design
period (Case B). Demand at the end of design
period was considered because pressure
constraint was critical at this time and demand
at the start of design period was considered
because demand and velocity in pipes were
low. Therefore, at the start of design period,
chlorine decay was high and conseque-ntly,
chlorine concentration was critical. It should
be noted that the initial chlorine at source



Least Cost Design of WDNs... M. Tabesh et al.

node was 0.5 (mg/lit) and an evaluation was
performed after 48 hours, when the residual
chlorine became stable in the system. Since
the data of minimum demand was not
available for this network, therefore one third
of the maximum demand was considered as
the minimum demand.

It was seen that for some values of these
two coefficients with available diameters, the
problem does not achieve to the feasible
solution in which all quality constraints at
each node can be satisfied. Therefore, PI
values were less than 100% (underlined data).
This situation was more critical in case B
when both start and end demand values were
considered. It means that when the demands
of the start of design period are considered,
satisfaction of quality constraints is getting
worth. It was observed that the solution was
not sensitive to low values of the coefficients
and it was going towards infeasible solution
for high values of the coefficients. Therefore,
it can be concluded that assuming k, and k
equal to 2.5 was suitable. It was observed that
most of the researchers have used the same
value. On the other hand, there was not a fix
trend between the increase of two
coefficients, k, and ky, and the cost because of
the confliction between the two pressures and
quality constraints. In fact, satisfaction of
pressure constraints leads to an increase in the
diameters and satisfaction of quality
constraints leads to a decrease in the
diameters. Table 5 shows the results of the
test example network when k, and ky
coefficients were constant and equal to 2.5
and chlorine concentration was within the
range of 0.2 to 0.5 mg/lit. For evaluation of
the quality constraints, the demand values at
the beginning of the WDN life cycle was
considered besides the design demand,
because velocities were lower and therefore,

residual chlorine at nodes were reduced. It
means that in contrast to pressure, the start of
the WDN life period is more critical for
quality constraints.

Table 4. Variations of cost and PI against k,, and kp.

Case A (Cost Kw
*103 $) 0 1 2 3 4 5
0 Cost 429 442 442 452 424 434
Pl 1 1 1 1 1 1
1 420 442 442 429 424 505
Pl 1 1 1 1 1 1
5 Cost 442 420 442 424 498 572
K Pl 1 1 1 1 1 1
3 Cost 442 442 442 505 534 624
Pl 1 1 1 1 1 0.980
4 Cost 442 442 420 505 554 582
Pl 1 1 1 1 0.999 0.960
5 Cost 420 442 424 514 544 544
Pl 1 1 1 1 % 0.942
Case B Kw
(Cost*103$) 0 1 2 3 4 5
0 Cost 420 427 754 2302 2638 2868
Pl 1 1 1 1 0.985 0.982
1 Cost 423 536 643 994 2047 2533
Pl 1 1 0931 0.888 0.860 0.843
2 Cost 442 553 466 434 567 844
K Pl 1 1 0.891 0.789 0.700 0.695
3 Cost 442 502 436 436 434 464
Pl 1 0999 0787 0.686 0.612 0.567
4 Cost 438 553 436 436 436 436
Pl 1 0918 0744 0.609 0.544 0.502
5 Cost 438 544 436 436 436 436
Pl 1 0.889 0.650 0.545 0.483 0.444

Table 5. Pipe diameter, cost of design and total PI for
the test example (k, = k,, =2.5)
Optimum Diameter (mm)

Pipe No. Case A Case B
1 457.2 508
2 355.6 355.6
3 355.6 355.6
4 152.4 25.4
5 355.6 304.8
6 101.6 25.4
7 355.6 355.6
8 254 254

Cost 429 436
PIN 1 0.7997

Comparison between Tables 3 and 5 shows
that considering quality constraints leads to an
increase in the design cost, so that the costs of
design with quality constraints (429) was
higher than the costs of design without quality
constraints  (420). Considering  quality
constraints, when demands at both start and
end of the design period were evaluated,
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design cost increased and performance value
decreased because of the confliction between
the pressure and quality constraints. To
consider this problem, optimization results are
illustrated in Table 6 for cases A and B and
different sets of demands.

The results showed that incorporation of
quality constraints and different set of
demands leads to an increase in design cost.
On the other hand, to satisfy the quality
constraints at both start and end of the design
period, higher cost and lower PI were
obtained from the network design. It can be
stated that to satisfy pressure constraint at
nodes, pipe diameters increased by the
optimization procedure. In contrast, to satisfy
the quality constraint, the model increased the
velocity of pipes that leads to a decrease in
pipe diameters.

It was seen that when the design demand
was considered in cases 2 and 3 in this
network, diameter of pipes 4 and 6 increased
and decreased, respectively in comparison to
case 1. When the demand at the start of
design period was considered, diameter of
pipes 3 and 6 increased and diameter of pipe 8
decreased in case 2.

Table 6. Optimum diameters (mm) and costs ($US)

Case A Case B

No. Case  Case
1 2

Case3 Case3 Case2 Casel

4572 4572 4572 4572 4572 1508
355.6 3556 355.6 355.6 355.6  355.6
355.6 3556 355.6 355.6 1406.4 355.6
254 1203, 1144 254 254 254

2
3556 3556 355.6 355.6 355.6 1304.8
144 1254 1144 144 172032 1254
3556 3556 355.6 355.6 304.8 355.6
8 254 254 254 254 1203.2 254
Cost 420 427 429 436 420 436
Case 1: Only pressure constraint (30m<H;)
Case 2: Pressure and quality cons. (0.2<C; <0.5, 30< Hj, ky =
2.5)
Case 3: Pressure and quality cons. (0.2< C; <0.5, 30< H;, k, =
ka=2.5)
T = Diameter increase, ¥ = Diameter decrease

~N o oA WN

When demand at the start of design period
was used, besides the design demand, the
feasible  solution  which satisfies all
constraints was not obtained in case 3. In this
case, pressure at node 8 was 29.98 m and
residual chlorines at the start of the design
period in nodes 7 and 8 were 0.1814 and
0.1184 mg/lit, respectively. In this situation,
the problem cannot reach a feasible solution
by increasing the diameter of further pipes
and increasing the diameter of the closer pipes
to the reservoir. In this example, the proposed
algorithm tried to reach a solution with
minimum cost, considering penalty functions
by increasing diameter of pipe 1 and
decreasing diameter of pipes 4 and 6. This
represents the criticality of considering both
coefficients of k, and k, and demand at both
start and end of the design period.

In the next step, quality performance index
for residual chlorine was applied as the
quality constraint. A range of nodal Pls was
investigated. The results are illustrated in
Table 7. Two different scenarios with fixed
and variable chlorine injection into the
reservoir were considered. It was seen that
when Pl varied from 0.3 to 1 in case C
(constant injection into the reservoir), Ply
increased. However, Pl in node 7 (the farthest
node) decreased. On the other hand, in case D
(variable injection based on the penalty curve)
both Ply and PI; first increased and then
decreased. In comparison to case C, both Ply
and Pl were higher in case D.

Table 7. Variations of cost, Ply and Pl considering
different bounds for nodal Pl

C) Chlorine in the
Nodal reservoir is 0.5 (mg/lit)

D) Chlorine in the reservoir is based
on the penalty curve

P> Initial
Ply Pl Cost Chlorine Ply Pl Cost

1.00 0.812  0.198 386 0.50 0.812  0.198 386
0.90 0.812  0.198 386 0.54 0.855  0.305 584
0.80 0.799 0202 431 0.58 0.852  0.494 454
0.70 0.773 0224 754 0.62 0.853  0.675 514
0.60 0.755 0.285 419 0.66 0.925 0.604 528
0.50 0.737  0.299 507 0.70 0.927  0.659 424
0.40 0.701  0.404 785 0.74 0.881  0.445 420

0.30 0.699 0302 562 0.78 0.894 0554 429

* Based on the penalty curve in Fig. 1
ky=kw=2.5 , Node 7 is the farthest node to the reservoir.
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In another step, to investigate the
substitution  possibility of the velocity
constraint with the quality constraint, Eq. (4)
was replaced with the following relation.

A<y, <25 (m/s)

(A=0,0.2,0.4,0.6,0.81.01.2,1.6,2) (12)

Values of design cost and quality
performance index at the start and end of the
design period for two cases of A and B are
calculated and presented in Tables 8 to 10.

It was observed that performance indices
of all the nodes and the whole network were
satisfied at the end of the design period. This
is shown in Figs. 4 and 5 for node 7 and the
whole network that make known all of the
performance indices were higher than 0.954.
The reason is that nodal demands were higher

at the end of the design period, therefore pipe
velocity was higher, chlorine decay was lower
and residual chlorine was consequently
higher. In contrast, Table 9 and Fig. 6 show
that for the start period, PI values of nodes 5,
6, 7 and the whole network were not satisfied.
The reason is that nodal demands of case B
were lower than case A. Therefore, higher
decay and lower residual chlorine occurred. A
fix trend was not observed between the
velocity constraint and the quality
performance index. Because of the looped
network, decrease in the diameter of one or
few pipes will increase the velocity in pipes;
however, Pl in one or few nodes may
decrease.

Table 8. Effects of the velocity limit on nodal Pl and pipe velocity at the end of design period (case A).

Lower Bound of Velocity (m/s)

0 0.1 0.2 0.4
Ply 0.992 1 0.992 1
Pl, 1 1 1 1
Pls 1 1 1 1
Pls 1 1 1 1
Pls 1 1 1 1
Plg 1 1 1 1
Pl P17 0.957 1 0.957 1
Cost ($) 442000 438000 442000 441000

0.6 0.8 1 1.2 1.6 2
1 1 0.993 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 0.977 1 1 1
1 1 1 1 1 1
429000 425000 452000 490000 483000 411000

Table 9. Effects of the velocity limit on nodal P1 and pipe velocity at the end of design period (case B).

Lower Bound of Velocity (m/s)

0 0.1 0.2 0.4 0.6 0.8 1.0 1.2 1.6 2

Pln 0.992 0.992 1 0.992 1 1 1 1 1 1

Pl 1 1 1 1 1 1 1 1 1 1

Pls 1 1 1 1 1 1 1 1 1 1

Pl Ply 1 1 1 1 1 1 1 1 1 1
Pls 1 1 1 1 1 1 1 1 1 1

Plg 1 1 1 1 1 1 1 1 1 1

PI7 0.957 0.957 1 0.954 1 1 1 1 1 1

Cost ($) 442000 442000 447000 458000 427000 427000 470000 422000 433000 392000

Tablel0. Effects of the velocity limit on nodal PI and pipe velocity at the start of design period (case B)

Lower Bound of Velocity (m/s)

0 0.1 0.2 0.4

Ply 0.740 0.739 0.763 0.538
Pl, 1 1 1 1
Pls 1 1 1 1

Pl Pls 1 1 1 1
Pls 0.660 0.66 0.760 0.853
Plg 1 1 0.997 0
Ply 0 0 0 0.263

Cost ($) 442000 442000 447000 458000

0.6 0.8 1 1.2 1.6 2
0.732 0.732 0.550 0.747 0.581 0.581
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
0.631 0.631 0.893 0.691 0.880 0.922

1 1 0 1 0.111 0.049
0 0 0.274 0 0.283 0.327
427000 427000 470000 422000 433000 392000
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In order to further describe the issue assume
that the two loop network has a pipe diameter
of 600 mm, a bulk reaction coefficient of 2.5
and a chlorine concentration of reservoir of 0.5
(Fig. 7a). Diameter of pipe 3 was changed to
500 mm (Fig. 7b) and 100 mm (Fig. 7c).
Velocities in pipes and chlorine concentration
in nods are shown in Fig. 7.

Based on Fig. 7b, by decreasing diameter of
pipe 3 to 500 mm, velocity in all pipes except
pipes 4 and 5, and chlorine concentration in all
the nodes increased. On the other hand,
performance indices in all nodes except node 6
increased. In Fig. 7c, by decreasing diameter of
pipe 3 to 100 mm, velocity in all pipes except
pipes 3 and 5 excessively increased and
chlorine concentration in all nodes except node
6 increased. Therefore, Pl values of node 6 and
the whole network decreased.

Results of an investigation showed that any
change in diameter of one pipe will directly
influence the other pipes. However, in Figs. 7a
to 7c just downstream nodes were affected.
Therefore, it can be concluded that
consideration of just hydraulic constraints of
velocity and pressure cannot guarantee the
satisfaction of quality constraints. However, in
this example consideration of pressure and
quality constraints can lead to satisfaction of
velocity constraints.

Consideration of design cost with lower
bound of velocity in Figs. 8 to 10 showed that
there is no fix trend between alteration of lower
bound velocity and design cost. Because in the
looped network, a decrease in diameter of some
pipes will increase the diameter of few pipes.
However, constraints on the pressure and
chlorine concentrations at demand nodes are
within the certain bounds.
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Fig. 7. Variations of velocity and chlorine concentration with pipe diameter.
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4. Conclusions

This paper developed an investigation to
assess the effects of considering quality
constraints on the least cost design of water
distribution systems. It was observed that
consideration of quality constraints is necessary
for optimum design of WDN and adding
quality constraints to the optimization problem
leads to higher design cost. In addition,
consideration of both coefficients of k, and ky
together with the start and end of design period
are necessary when quality constraints are
applied. However, selection of suitable k, and
ky values is important because the solution is
not sensitive to low values of these coefficients
and it is going towards infeasible solution for
high values of the coefficients. Therefore,
considering the start and end of the design
period leads to higher costs. In addition,
conventional constraints of pressure and
velocity cannot guarantee satisfaction of
residual chlorine within the standard limits. It
cannot be concluded that a fixed trend exists
between the velocity constraint and the quality
performance index. Because in the looped
network, a decrease in diameter of one or few
pipes will increase the velocity in pipes.
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However, PI of one or few nodes may decrease.
In addition, the best performance index for
residual chlorine was obtained when variable
injection was considered in the reservoir.
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