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Multi-objective optimization of transient protection
for pipelines with regard to cost and serviceability
S. Mahmood Jazayeri Moghaddas, Hossein M. V. Samani and Ali Haghighi

ABSTRACT
Transient protection is an important issue in pipeline design. As protective devices impose a huge cost
on the project, it is better and more efﬁcient to use optimization models for determination of their
position and type with the aim of cost reduction. Except for the cost, the other important issue in
obtaining the number and locating of protective devices is the consideration of important operational
parameters during the utilization of the pipelines. This paper introduces a new objective function called
‘serviceability factor’ for achieving the best layout for protection devices by considering ﬁve main
operational parameters. A double-objective model has been used to optimize the protective devices to
obtain the minimum of cost and the most appropriate level of operational parameters. The presented
model utilizes the non-dominated sorting genetic algorithm (NSGAII) simultaneously with transient
analysis through the method of characteristics. A real pipeline has been optimized using this model
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and the results are presented in the form of Pareto optimal solutions.
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INTRODUCTION
Water is one of the main elements in human communities

pipeline failures. To prevent undesired effects of these press-

and its transmission from resources to consumers is a very

ures, the use of protective devices is necessary, including air-

signiﬁcant topic. A common and reliable method for this

chambers and air-inlet valves. In pumping pipelines, the air-

purpose is the use of pressurized pipelines. However, the

chamber can appropriately control positive and negative

huge implementation cost of such projects, on the one

pressures (Stephenson ); however, its use imposes a

hand, and their technical sensitivities, on the other hand,

considerable cost on the project. The air-inlet valve can

intensify the necessity for optimal designing with minimum

effectively reduce negative pressure consequences (Zhuqing

cost and maximum safety and efﬁciency.

et al. ) and its price is less than an air-chamber. Thus, for

Transient ﬂow due to water hammer is one of the factors

designing a lower cost system, it is better to use air-inlet

considerably affecting the cost and safety of pipelines. In

valves in the pipeline to reduce negative pressure and, con-

pipelines with pumping stations, this mostly occurs due to

sequently, decrease the number and volume of air-

sudden pump trip following a power failure.

chambers; in this way, due to the lower price of air-inlet

Transients can introduce large pressure forces and rapid

valves, the total cost of the system would also decrease.

ﬂuid accelerations into the system. These disturbances may

In this circumstance, locating air-chambers and air-inlet

result in pump and device failures, system fatigue, or pipe

valves in appropriate positions could have considerable

ruptures. Also, transients in pumping systems can lead to

effects in reduction of the number and sizes of these protec-

water column separation, which can lead to catastrophic

tive devices and decrease the system protection cost. On the
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other hand, apart from the cost, the other important issue in

connected to a pump and a reservoir. They used a complete

obtaining the number, types, and locating the protective

enumeration scheme for steady state and transient ﬂow

devices, is the consideration of important parameters

analysis and system design.

during the utilization of pipelines.

Lingireddy et al. () developed an optimization

In the last three decades, numerous studies have been

method to minimize the cost of compressed air-chambers

performed on the transients analysis methods in water trans-

simultaneously with respect to the pressure constraints.

mission and distribution systems. Karney & McInnis ()

Their study was performed based on a bi-level genetic algor-

analyzed the distribution systems under a wide range of ﬂow

ithm (GA) model.

conditions, with relatively few restrictions, using modern

Jung & Karney () studied the effects of transient

computer techniques. They presented examples of the dan-

ﬂow in a selection of optimum diameters in a water supply

gers of oversimplifying either the physical system or the

system with consideration of the design criteria of steady

operating conditions. In another work, McInnis & Karney

state. They used GA and particle swarm optimization

() addressed the relatively unexplored area of transients

(PSO) for problem-solving and perceived that the combi-

in complex pipe networks. They presented a new formu-

nation of GA and PSO in a transient analysis method

lation, permitting system demands to be represented as a

could considerably improve the efﬁciency and cost of pro-

distributed pipe ﬂux. Their approach was compared with

tection against the transient ﬂow.

two conventional methods for modeling demands in pipe

Jung & Karney () combined GA and PSO methods

networks. Moreover, they compared the results of their

for optimization of the size and location of water hammer

model with a ﬁeld test in a major transmission.

protection devices in water distribution systems. They mini-

Boulos et al. () provided a basic understanding of

mized maximum pressures, maximized minimum pressures,

the physical phenomena and context of transient conditions

and minimized minimum and maximum pressure differ-

and presented practical guidelines for their suppression and

ences. Moreover, they presented several strategies based

control; ﬁnally, they compared the formulation and compu-

on surge tank application and pressure regulating valves.

tational performance of widely used hydraulic transient

However, their study only included the hydraulic perform-

simulation schemes.

ance of protective strategies without consideration of its

Some researchers have studied the effects of transient

cost.

protection devices in pipelines and presented methods for

Jung et al. () formulated the optimum design of a

the proper design of these devices. Lee & Leow ()

water supply system under transient conditions using a

studied the effect of air-inlet valve speciﬁcations on mitiga-

multi-objective optimization algorithm. Their optimization

tion of pressurized waves in pipelines due to sudden pump

objectives were the minimization of pipeline cost and max-

trip and showed that locating air-inlet valves in the higher

imization of hydraulic reliability. In contrast to most

points of the pipeline could have a more signiﬁcant effect

optimization models where the demand is considered at

on controlling negative pressures.

the highest possible level, their method assumes demand

Wang et al. () studied the effects of air-chambers in

during system designing as different.

controlling water hammer in pumping systems at high press-

Jung et al. () considered a multilevel optimization

ures and concluded that in these systems, the key parameter

method for determination of the pipeline sizes in a water

is the volume of the air-chamber.

supply system as inﬂuenced by water hammer. They intro-

Stephenson () presented good nomographs for esti-

duced criteria, called wave damage potential factor, as the

mation of required volume for the compressed air-chamber

ﬁrst objective function and construction cost of the system

as a transient protection design and Zhuqing et al. ()

as the second objective function. Then, they utilized non-

researched the correct oriﬁce diameter of air-inlet valves.

dominated sorting genetic algorithm (NSGA) for optimiz-

Many methods have been proposed for the optimization

ation of objective functions. In their study, no method or

of pipelines and protective devices. Laine & Karney ()

device was used for protection against the transient ﬂow

applied an optimization model for a simple pipeline

and optimization was only performed on the pipeline size.
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Fathi-Moghaddam et al. () used a GA method for the

The value of the cost objective can be determined by

optimization of a water penstock tunnel and speciﬁcation of

adding the price of devices and their installation cost. How-

surge tank for a hydroelectric power plant where the objec-

ever, for calculation of serviceability, various criteria should

tive function was a beneﬁt to cost ratio. Jung & Karney

be considered where some have quantitative, and some have

() optimized the design of a water distribution system

qualitative aspects. Here, the use of multi-attribute decision-

for the worst transient condition in two steps. In the ﬁrst

making (MADM) could be beneﬁcial for adding together the

step, a PSO model was used to introduce the critical

various mentioned criteria in the form of an objective function,

points with the highest effect on the transient ﬂow. In the

called serviceability factor. On the other hand, since the gen-

second step, a double-objective optimization based on

eral aim of this modeling is to protect the pipeline against

NSGA was performed to determine the optimal sizes of

the pressures due to water hammer, determining the two men-

the pipeline to simultaneously minimize the cost and the

tioned objectives should be done with preservation of system

probability of occurrence of transient ﬂow damage

pressures at a permissible level. Thus, the presented optimiz-

measured through wave damage potential factor.

ation model should be constrained by the allowable pressures.

In the context of the previous studies, the importance

To prepare this model, it is necessary to use the double-

of transient effects and the necessity of pipeline protection

objective optimization algorithm simultaneously with a

against them and the application of optimization models

method of transient analysis of the pipeline. In this paper,

for more economical use of transient protection devices

the method of characteristics (MOC) has been utilized for

is an approved issue. However, what has been neglected

the transient analysis while it is combined with NSGAII

is the proper layout of protective devices concerning the

optimization algorithm.

utilization and serviceability issues. Devices located in

In the following, after explaining the MOC transient

various points of the pipeline might be different regarding

analysis method, the approach of deﬁning objective func-

serviceability and maintenance, for example, the possibility

tions and the used optimization algorithm are presented,

of quick serviceability. In this regard, since the pipelines

and then the combination of ﬂow analysis and double-objec-

pass through suburban areas, other aspects, such as

tive algorithm is described. Finally, the model is used for a

environmental effects and general security of installing

super large-scale real pipeline and the results of optimiz-

devices in each location also should be considered. Thus,

ation are presented in the form of Pareto optimal solutions.

in order to perform optimization, it is necessary to consider
an objective function that takes into account the serviceability in addition to the cost of water hammer protection
devices

in

pipelines

and

make

a

GENERAL ANALYSIS OF WATER HAMMER

double-objective

optimization.
Thus, in this paper, in the optimization of pipeline transient protection devices along with the cost, another

The continuity and momentum equations governing transient ﬂow in pressurized pipelines are as follows (Wylie &
Streeter ):

objective called ‘serviceability factor’ is proposed and
a double-objective optimization is presented. The cost
objective is to reach the minimum cost via the proper com-

@H Q @H a2 @Q Q
þ
þ
þ sinθ ¼ 0
@t A @x gA @x A

(1)

bination of protective devices, such as different types of airinlet valves besides the air-chambers. The serviceability
factor objective is to achieve the best operation during the

gA

@H @Q
@Q fQjQj
þ
þQ
þ
¼0
@x
@t
@x 2DA2

(2)

project utilization with a selection of the most appropriate
layouts for protection devices by considering factors such

where x is the distance along the pipe; t is time,

as: difﬁculties in servicing during utilization, environmental

H ¼ Hðx, tÞ is the total head; Q ¼ Qðx, tÞ is the ﬂow dis-

effects of the use of each device in any location, and general

charge; D is the pipe’s inside diameter, A is the pipe’s

security of installation locations.

cross-sectional
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Darcy–Weisbach friction factor and g is the gravity acceleration. The most common is the MOC. This method is fully
described by Wylie & Streeter ().
It is worth noting that the analysis of transient ﬂuid was
developed based on the following assumptions: (1) the ﬂow
is one-dimensional, (2) the ﬂuid is slightly compressible, (3)
the pipe walls are linear elastic, and (4) the conduit has
expansion joints throughout its length.
The friction factor for unsteady ﬂow is also determined
using Brunone formula (Brunone et al. ).
Figure 1

PUMP POWER FAILURE, AIR-CHAMBER, AND
AIR-INLET VALVE

|

Air-chamber in a pipeline.

Boundary conditions of the pump trip are explained in
Wylie & Streeter () and equations and details of airchamber and combination air-valve conditions can be

When a pump trips in a pipeline system because of power fail-

found in Chaudhry (). In these references, the boundary

ure, the ﬂow discharges and the head decreases at the

conditions are developed based on the following assump-

location immediately downstream of the pump location and

tions: (1) for air-chambers it is assumed that the air

a negative pressure wave propagates downstream along the

enclosed at the top of the chamber follows the polytropic

pipe. If the pipe’s longitudinal proﬁle is such that the hydrau-

relation for a perfect gas; (2) for air-combination valves it

lic grade line intersects with the pipeline, the pressure might

is assumed that the airﬂow into the pipeline is isentropic,

be reduced to the liquid vapor pressure which, in turn, might

the entrapped air remains at the valve location and is not

result in a column separation. A positive pressure wave fol-

carried away by the ﬂowing liquid, and the expansion or

lows the negative wave which results in an increase of the

contraction of the entrapped air is isothermal.

pressure. This issue may cause the pipe to break. If an airchamber is installed at a location immediately after the
pump, during the negative pressure wave, the ﬂuid ﬂows

OBJECTIVE FUNCTIONS

from the chamber toward the pipe to avoid pressure dropping
below water vapor pressure; while, during a positive pressure

The optimization model herein presented considers two

wave, the ﬂuid ﬂows from the pipe towards the chamber

objectives: the ﬁrst objective evaluates the cost of the project

resulting in air compression inside the chamber and dropping

and the second objective considers servicing and mainten-

of pipe pressure in the pipeline. Figure 1 shows a schematic of

ance during utilization, which is deﬁned as the project

an air-chamber in a pipeline.
The air-inlet valves considered in this research are combination air-valves in which a large oriﬁce is provided for air
inﬂow and a smaller oriﬁce for the air release. When the
combination air-valve is utilized, during a negative pressure
wave for which the pressure inside the pipe becomes less
than outside, the combination air-valve lets the air enter
the pipe and balances the pressure difference. In the next
cycle, when the positive pressure wave occurs, the inside
pressure becomes higher than outside, the combination
air-valve releases inside air to the outside of the pipe.
Figure 2 shows a schematic of an air-inlet valve in a pipeline.
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could be deﬁned as follows:

used and this algorithm acts based on the evolution of a
population of solutions, it is necessary to calculate the

G ¼ gðG1 , G2 , G3 , G4 , G5 Þ

(4)

value of objectives for each member of the population.
Here, every member is a speciﬁc protection plan with

where G is the serviceability factor, G1 is the index of dis-

some certain protective devices in the speciﬁed locations

tance from the service station, G2 is the index of distance

of the pipeline.

from the road, G3 is the index of distance from the power
source, G4 is the environmental factor, and G5 is the general security factor. In this paper, the environmental factor

Cost

is an indicator that reﬂects the impact of pollution caused

The total cost of protective devices in each protection
plan constitutes the cost function through the following
equation:

F¼

Na
X
i¼1

Cai þ

by repair and maintenance of protection devices installed
along the pipeline. Also, the general security factor refers
to the level of deliberate sabotage risk that threatens the
pipeline.

Nv
X

Since any protection plan can include some devices,
Cvi

(3)

i¼1

each of the mentioned indexes from G1 to G5 could be calculated from the following equation:
PNumDevice

where F is the cost function; Cai is the cost of ith airchamber; Cvi is the cost of the ith air-inlet valve; and Na

Gj ¼

Gij
for j ¼ 1, 2, 3, 4, 5
NumDevice
i

(5)

and Nv are, respectively, the number of air-chambers and
air-inlet valves in the pipeline. Since the cost of any device

where Gj is the average amount of jth serviceability index in

is speciﬁed based on its type, it is possible to calculate the

a protection plan.

F value having the number and speciﬁcations of the devices,
for any member of the population.

To calculate the G value in each protection plan, it is
necessary to summarize the effect of G1 to G5 indexes in
an objective function. To this end, MADM concepts are

Serviceability factor
In this study, serviceability factor includes parameters that
inﬂuence utilization after project implementation. Locat-

used to apply the effect of ﬁve indexes in G function according to their amount of signiﬁcance. The considered MADM
model is formulated in the form of D decision-making
matrix as follows:

ing protective devices in any point of the pipeline has its
special conditions of utilization, serviceability, maintenance, and environmental effects. Thus, serviceability
factor should be deﬁned such that it indicates the value
of each protection plan based on the above factors.
Thus, it is required to identify the effective indexes for
these factors in this function. In this study, ﬁve indexes

plan
A1
D ¼ A2
A3
..
.
Am

G1
r11
r21
r31
..
.
rm1

G2
r12
r22
r32
..
.
rm2

index
G3
r13
r23
r33
..
.
rm3

G4
r14
r24
r34
..
.
rm4

G5
r15
r25
r35
..
.
rm5

(6)

have been taken into account, including the distance of
devices from a repair and maintenance station, the dis-

where A1 to Am are pipeline protection plans (members of

tance of devices from an access road, the distance of

optimization population), each one with speciﬁed numbers,

devices from the power source, the environmental effects

types, and locations of protective devices, and r is the value

of installation locations, and general security of the

of each index in any protective plan.

location of devices. Thus, the serviceability factor for

Of the ﬁve mentioned indexes, G1 to G3 are quantitat-

each protection plan (each member of the population)

ive and measured through distance (unit of km), G4 and
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appropriate judgment on each other in pairs and the following matrix is constructed:
Figure 3

|

Qualitative spectrum with bipolar scale.

G5 are qualitative and a qualitative spectrum (from very
good to very bad) has been used for their determination.
Thus, to determine function G from the ﬁve indexes, it
is necessary ﬁrst to change all indexes to quantitative
values. To this end, the measurement of qualitative

G1
G
W ¼ 2
G3
G4
G5

G1
a11
a21
a31
a41
a51

G2
a12
a22
a32
a42
a52

G3
a13
a23
a33
a43
a53

G4
a14
a24
a34
a44
a54

indexes was performed with bipolar scale as shown in

w1
w1
w2
G5
a15
w1
w3
a25
¼
a35
w1
w4
a45
w1
a55
w5
w1

w1
w2
w2
w2
w3
w2
w4
w2
w5
w2

w1
w3
w2
w3
w3
w3
w4
w3
w5
w3

Figure 3.

w1
w4
w2
w4
w3
w4
w4
w4
w5
w4

w1
w5
w2
w5
w3
w5
w4
w5
w5
w5
(9)

Based on this scale, the best possible value can be
measured for the index from 1 to 9. The value 5 is the break-

where W is the weights matrix and aij is the weight of index i

point between desired and undesired condition.

with respect to index j (aij ¼ wi =wj ); moreover:

After quantiﬁcation of all indexes, parameter D with
quantitative values is formed. Now, due to the heterogeneity
of measurement scales, it is necessary to make the values

aik :akj ¼ aij , a11 ¼ a22 ¼ a33 ¼ a44 ¼ a55 ¼ 1

(10)

dimensionless. In this study, fuzzy descalization was used
(Zeleny ). Accordingly, each rij is transformed into

To determine each array of matrix W, it is sufﬁcient to
determine the signiﬁcance of each index with respect to

dimensionless value nij using Equation (7):

other indexes with empirical judgment. For example, if the
nij ¼

rij  rjmin
rjmax  rjmin

(7)

signiﬁcance of index 1 is two times more than index 2, a12
will be equal to 2 and a21 is equal to 0.5.
Now, it is possible to calculate the weight of each index

where

rjmax

and

rjmin

are, respectively, the maximum and

minimum possible values for jth indexes.
Now, the dimensionless Dn decision-making matrix is

aij
Wj ¼ P5
k¼1

formed as follows:

plan G1
A1
n11
n21
D n ¼ A2
A3
n31
..
..
.
.
Am nm1

through normalization of each j column of matrix W, i.e.:

G2
n12
n22
n32
..
.
nm2

index
G3
G4
n13
n14
n23
n24
n33
n34
..
..
.
.
nm3 nm4

akj

for j ¼ 1, 2, 3, 4, 5

(11)

At the end, the value of function G for every protection
G5
n15
n25
n35
..
.
nm5

plan, in other words, for every member of the solution population, can be calculated through the following equation:
(8)

The next stage for determination of G values in each

G ¼ W1 G1 þ W2 G2 þ W3 G3 þ W4 G4 þ W5 G5

(12)

CONSTRAINTS HANDLING

protection plan is to determine the weights for indexes to
obtain the effect of each index in the value of the G function

In every protection plan, it is necessary to make the

for each protection plan. Here, the weights of indexes on

pressures on all points within allowable limits. In this

each other are assumed stable and consistent; thus, for

study, the pressure constraints are added to each objective

their determination, it is possible to use mutual judgments.

function in the form of a penalty function. Concerning mini-

This means those indexes are weighted based on an

mization of the optimization model, this function is deﬁned
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Since the main issue of optimization is minimization, the

NJ
X

functions must be such that their minimization is on the

 

j
j
max 0, Pmin:all  Pmin

desired side. F1 is related to the cost, and its minimization

j¼1

þM

Journal of Water Supply: Research and Technology—AQUA

NJ
X

is desired. Also the minimum amount of F2, that depends

 

j
j
max 0, Pmax  Pmax:all

(13)

where M is the penalty factor, NJ is the number of compuj

tational nodes of the pipeline, Pmin

on serviceability indices, is appropriate (based on what was
previously mentioned; the reduction of G1 to G5 is desired

j¼1

j

and Pmax

are,

respectively, the minimum and maximum pressures at node
j

j, Pmin:all is the minimum allowable pressure at node j, i.e., a
safe pressure value far enough from the water vapor pressure
j

at that node, and Pmax:all is the maximum allowable pressure
at node j, which is determined according to the wall thickness
of the pipe. Equation (13) indicates that PF should be zero
when all nodal pressures are in the allowable ranges and it
equals a positive large number when they are violated. The
penalty factor M is an arbitrary positive number determined
by trial and error to achieve the best performance of GA in
terms of both constraint handling and searching for the
global optima in the feasible decision space. Using the penalty
function causes that performance impact of protection devices
to be tested in the model. Smaller values of PF indicate better
capability of devices (air-chambers and air-valves).
Thus, objective functions are shown in the form of F1
and F2 in their ﬁnal form for optimization:

and improves the serviceability of the system). Thus, the
reduction of serviceability factor and F2 is favorable.
Unlike one-objective optimization, multi-objective problems yield a collection of solutions rather than a certain
solution such that each solution from this set could be an
optimum. Multi-objective optimization methods can be
divided into three general categories: evaluating methods,
non-Pareto methods, and Pareto methods. Among these,
Pareto methods are more ﬂexible and stronger for engineering problems since they can obtain optimum multi-purpose
solutions of Pareto in one implementation. In this paper,
NSGAII (Deb et al. ) has been used, and is an evolutionary elitist algorithm through the Pareto method and based
on GA.
Decision variables in objective functions are cost and
serviceability indexes that are dependent on the location
of air-chambers and their volume, the location of air-inlet
valves and the diameter of their oriﬁce. In this study, to
deﬁne the permissible space of decision variables, ﬁrst
some locations are chosen to place each protection device

F1 ¼ F þ PF

(14)

F2 ¼ G þ PF

(15)

and for the speciﬁcation of each protection device, certain
predetermined selections are considered according to a
list. The location and type of the protection devices can
vary in this way in the deﬁned space. To determine objective
functions, the price of each device is included in its speciﬁ-

OPTIMIZATION MODEL

cation list and for each candidate place, the distance from

In this study, two objectives are followed to determine the
best combination of protective devices and their localization
in the pipeline. This optimization is double-objective with
the following general form:

the service station, access road and power station, the
environmental index, and the general security index are
deﬁned beforehand.
Accordingly, the optimization algorithm includes the
following steps:

minimize Hð XÞ ¼ fF1 ð XÞ , F2 ð XÞg
X ¼ ðx1 , x2 , . . . , xn Þ

(16)

1. The same as the GA method, an initial population of
decision-making variables are randomly produced in

where H is the objective space, F1 and F2 are objective func-

the permissible space. Each member of this population

tions, and X is decision-making vector including all decision

includes a set of decision variables that are called

variables.

chromosomes.
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2. With deﬁned speciﬁcations for each chromosome,

of the member to other members of the population in

hydraulic analysis of water hammer is performed in the

each front. Now, the population members are sorted

pipeline due to the predetermined scenario for pump

ﬁrst based on the front number and the second based

power failure and the objective target values for each

on the crowding distance criterion such that the

chromosome is obtained using its results. It is such, that

member with a lesser front number is in a higher rank

concerning the protective devices in each member of

and the member with higher dj value is in a higher rank

the population, the total cost is computed and ﬁve

if some of the members have the same fronts.

indexes constituting serviceability factor also obtained.

5. A new generation of chromosomes is produced using the

Then, using Equations (4)–(15), F1 and F2 values for

parent selection method through the binary tournament
method (Haupt ) and application of crossover

each chromosome are calculated.
3. The population is sorted based on non-dominated sorting
according to the values of functions allocated to chromosomes, such that the members in the ﬁrst front are a fully
non-dominated set by all other members of the popu-

through BLX-a (Eshelman & Shaffer ), and they
replace bad chromosomes in the population.
6. A few genes except genes of the best chromosomes that
are in the ﬁrst front are randomly mutated.

lation. The members of the second front are dominated

7. Convergence criterion is controlled. If GA chromosomes

just by the members of the ﬁrst front, and this trend con-

are sufﬁciently similar, optimization is stopped; other-

tinues in this way on other fronts so that all members in

wise, this algorithm returns to step 2 to iterate with a

each front will get a rank based on the number of the cat-

new population.

egory (according to Figure 4). This sorting is the basis for
At the end of the model, optimum Pareto solutions that

non-dominated sorting.
4. Crowding

distance

controlling

parameter

for

any

member of each front can be calculated through objective

are members of the ﬁrst category in the solution population
are obtained (according to Figure 5).
Using the obtained solutions and based on the engineer-

functions from the following equation:

ing judgments, it is possible to select the appropriate answer
dj ðkÞ ¼

2
X
Fi ðk  1Þ  Fi ðk þ 1Þ
i¼1

Fimax



Fimin

to preserve the values of objective functions in the desired
(17)

level from the Pareto front.

where k is the number of members, dj ðkÞ is crowding distance, k  1 and k þ 1 are the number of members beside

CASE STUDY

the intended member in the related front, Fi is ith objective function and Fimin and Fimax are, respectively, the

The presented optimization model was used for a super

minimum and maximum values of ith function in the

large-scale real pipeline project with a discharge of

intended front. Crowding distance indicates the closeness

8.5 m3/s, called the ‘Qadir project’, in the southwest of

Figure 4

|

Non-dominated sorting.
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The longitudinal proﬁle and plan of the Qadir pipeline.

Iran and the results are presented in this section. The pipe-

appropriate. Since the pipe approaches the river at some

line, with a length of 127 km and a diameter of 2,250 mm,

points, the maintenance and servicing of protection

transfers water from the Karkheh dam reservoir to Ahvaz

devices of water hammer in some areas could create

city. The plan and proﬁle of the pipeline are presented in

environmental problems. To perform water hammer analy-

Figure 6 and the speciﬁcation of the pipes and pumping

sis and predict the positions for locating protective

station are shown in Table 1.

equipment, the pipeline has been divided into 64 sections

In Table 1, the maximum allowable pressure is con-

concerning ground proﬁle, such that, ﬁrst the pipe connec-

sidered with respect to pipe wall thickness and the

tions are at the slope change points, and second, the pipe

minimum allowable is selected as water vapor pressure

lengths do not exceed 2,000 m for better protection of the

for cavitation prevention. The upstream end of the pipeline

pipeline in the uniform slope. Table 2 presents the lengths

is located at the height of 115.6 m and its downstream at

of 64 pipes constituting the pipeline and Figure 7 shows

the height of 22.3 m of sea level. This pipeline passes

this division in system plan. The connection points of

through desert and agricultural areas parallel to the Kahr-

these sections for locating equipment such as air-chambers

kheh River and there is no accessible asphalt road along

or air-inlet valves is predicted. Moreover, in Figure 7, the

its path. Two servicing and maintenance stations are

situation of the access road, the power station and service

located at the beginning and end of the pipeline. Accessibil-

centers, the relative status of the environmental index,

ity to the power source is also limited. Security in

and general security of all connection points of pipe are

agricultural areas is good, but in the desert area it is not

shown.

Table 1

|

The speciﬁcation of pipes and pumping station of the Qadir project

Pipeline properties

Pump station properties

Pipe diameter

2,250 mm

Pump type

Horizontal centrifuge

Max allowable pressure

37 bar

Number of pumps

10

Material

Steel

Total head

160 m

Min allowable pressure (water vapor pressure)

0.13 bar

Total discharge

8.5 m3/s

Thickness

19 mm

Rotational speed of each pump

1,760 rpm

Wave speed

1,000 m/s

Outlet diameter

520 mm
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60

2,000

power failure in this pipeline, all connection points of

2,000

59

According to the explained model, for optimization

pipes have been considered as candidate points for locating protective devices. Seven types of air-chamber with

2,000

58

2017

of transient protection devices against pump station

different volumes and three types of air-inlet valves
with different oriﬁces were considered as possible selections for candidate points. Table 3 shows the list of

2,000

57

45

2,000
2,000
2,000
2,000.05

44
43
42

protective device speciﬁcations that are usable in this

2,000

56

ization

model

selects

decision

variables

for

each

candidate point from these two lists. Although in the
device for each candidate point, it is the state that noth-

2,000

55

2,000

41
40

2,000.04

ing is selected from the options presented in a

54

2,000

53

2,819.41

To determine the weights of serviceability indexes, it is
necessary to form a relative weight matrix with engineering
judgment. This matrix is formed for this issue based on the
regional condition and the facilities for servicing and maintenance according to Table 4.
Using W matrix and Equation (10), for each column

2,000

52

of W matrix, the weight of each index is calculated

2,244.13

2,000
2,000

The population is considered to be 200 and the

64

51
50

2,000

49

W1 ¼ 0:25, W1 ¼ 0:125, W1 ¼ 0:125, W1 ¼ 0:166,
W1 ¼ 0:334

mutation rate is assumed to be 0.02. A maximum number
of permissible generations for implementation are also set

2,000

63
62

2,000
2,015.33

61

2,000
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Length (m)

48

2,072.78
2,000
Length (m)

Pipe #

46

47

as 1,000.

Pipe #

2,000
2,000

39
38

1,317.12
2,000.02

2,000.05

36
35

2,000.02

2,000.03

33

2,000.03
2,083.88
Length (m)

Pipe #

31

32

34

37

30

2,000
2,000
2,000
2,000.21

29
28
27
26

1,999.87
2,000.07
1,696.86
2,000.05

25
24
23

2,000
2,000

2,000.05

21
20

2,000.01
1,213.67
2,000.02

19
18
17
16

2,000.01
Length (m)

|

as follows:

2,000

Pipe #

66.5

candidate point.

2,808.93

22

2,850
2,000
2,000
2,000
2,000
2,000
2,000

|

model there is the possibility of a lack of protective

2,000.01
2,000.08
2,000.09
150
Length (m)

Pipe #
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optimization along with the cost of each one. The optim-

6

2,000

14
13
12
11
10
9
8
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5

7

|

4
3
2
1

Length of pipes in system

|
Table 2

2,000.01
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RESULTS
In various implementations, the model reaches convergence after about 600 generations. The result of this
optimization is shown in Figure 8 in the form of Pareto
optimal solutions.
In Table 5, the speciﬁcation and location of protection
devices related to some Pareto solutions that are shown in
Figure 8 are presented.
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Figure 7

|
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The division of the pipeline and the status of serviceability indexes in the pipeline.

Any row in Table 5 indicates the speciﬁcation of protec-

the pipe next to the device and the letter indicates device

tive devices for one of the Pareto solutions obtained in the

type. To compare the manner of optimum protection sol-

problem. The position and type of air-inlet valve and

utions shown in Table 5, the graphs of minimum pressures

air-chambers of any solution are speciﬁed in the related

in the pipeline related to two solutions and the plan without

rows, and cost function and serviceability are also shown.

protection devices are shown in Figure 9. According to this

In this table, any device is speciﬁed by a number and a

ﬁgure, mentioned solutions that contain protection devices

letter in parentheses; the number indicates the number of

protect the system as desired, and despite the difference in
the cost and serviceability and pressures in all points,

Table 3

|

these solutions are higher than minimum permissible

The speciﬁcation of protective devices used in optimization model

pressure and the hydraulic constraints are satisﬁed. This
Air-inlet valve

Air-chamber

condition is also established for maximum allowable pressures in all of the solutions.

Oriﬁce diameter
Type

Diameter (mm)

Cost ($)

Type

Volume (m3)

Cost ($)

Concerning the obtained Pareto front in the optimiz-

A

300

7,000

A

10

55,000

ation of this issue, there is the possibility of selecting a

B

450

9,000

B

20

100,000

diverse range of protection plans with consideration of tech-

C

600

12,000

Table 4

W¼

|

C

25

250,000

nical and economic criteria and considering utilization

D

30

300,000

parameters.

E

35

340,000

F

40

367,000

G

60

530,000

The weight matrix of the Qadir project problem

1

2

2

1:5

0:75

0:5

1

1

0:75

0:375

0:5

1

1

0:75

0:375

0:67

1:33

1:33

1

0:5

1:33

2:67

2:67

2

1
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Figure 8
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The optimum Pareto solutions for the Qadir project.
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The speciﬁcation of some of the protection plans present in Pareto solutions

Solution#

Air-inlet valves (location and type)

Air-chambers (location and type)

F1 cost (1,000*$)

F2 (serviceability factor)

1

4(A),8(A),10(A),15(A),33(A),47(A),51(A),56(A),61(A)

27(A), 49(A)

173

0.906

3

4(A),10(A),15(A),29(A),33(A),47(A),56(A),61(A)

2(B), 27(A),49(B)

311

0.642

4

4(A),14(A),33(A),50(A),56(A)

2(B),8(A),27(B),49(A)

345

0.582

7

4(A),10(A),14(A),56(A)

2(B),27(B),32(A),49(B)

383

0.265

8

4(A),14(A),56(A)

2(B),27(B),32(B),49(B)

421

0.196

Figure 9

|

Minimum pressure along the pipeline.

CONCLUSION

solutions and help designers in the selection of the proper
speciﬁcation of protection systems against water hammer

In this study, an optimization model is presented to obtain

with simultaneous consideration of cost and utilization

the optimum speciﬁcation of the pipeline protection plan

issues. The other advantage of the presented model is pipeline

against water hammer due to pump power failure. Here,

hydraulic constraint handling using the penalty functions in

the determination of the locations and speciﬁcation of air-

objectives. This approach means that all solutions are

chambers and air-inlet valves in the pipeline have been con-

achieved with the certainty of pressure justiﬁablity.

sidered. The presented model provides designers with a

However, given that the model is based on GA and

collection of Pareto optimal solutions for decision-making

MOC transient analysis, its main weakness is that it is very

with consideration of two objectives. The ﬁrst objective is

time-consuming. This issue creates signiﬁcant restrictions

cost and the second objective, that is presented for the ﬁrst

for the optimization of long pipelines. Applying transient

time in this study, is the serviceability factor which is

analysis in the frequency domain instead of time domain,

obtained by a combination of ﬁve effective indexes on

and using faster optimization models, can be useful to

system servicing and maintenance using MADM. In the men-

improve the model convergence.

tioned optimization model, NSGAII was used as a multiobjective optimization method combined with transient
ﬂow analysis through the MOC method. This model has

REFERENCES

been used in a real large project in the southwest of Iran.
The results of this case study show that the use of serviceability objective along with cost can provide a broad range of

Downloaded from http://iwaponline.com/aqua/article-pdf/66/5/340/397787/jws0660340.pdf
by guest

Boulos, P. F., Karney, B. W., Wood, D. J. & Lingireddy, S. 
Hydraulic transient guidelines for protecting water

352

S. M. J. Moghaddas et al.

|

Multi-objective optimization of transient protection

distribution systems. Journal of the American Water Works
Association 97 (5), 111–124.
Brunone, B., Golia, U. M. & Greco, M.  Some remarks on the
momentum equation for fast transients. In: International
Meeting on Hydraulic Transients with Column Separation,
IAHR, Valencia, Spain, pp. 140–148.
Chaudhry, M. H.  Applied Hydraulic Transients. Springer,
New York, Heidelberg, Dordrecht, London.
Deb, K., Pratap, A., Agarwal, S. & Meyarivan, T.  A fast and
elitist multiobjective genetic algorithm: NSGA-II. IEEE
Transactions on Evolutionary Computation 6 (2), 182–197.
Eshelman, L. J. & Schaffer, J. D.  Real-coded genetic
algorithms and interval-schemata. Foundations of Genetic
Algorithms 2, 187–202. doi.10.1016/B978-0-08-094832-4.
50018-0.
Fathi-Moghaddam, M., Haghighipour, S. & Samani, H. M. V. 
Design-variable optimization of hydropower tunnels and
surge tanks using a genetic algorithm. Journal of Water
Resources Planning and Management 139, 200–208.
Haupt, R. L.  Practical Genetic Algorithms. John Wiley &
Sons, Inc., Hoboken, NJ, USA.
Jung, B. S. & Karney, B.  Pipeline optimization accounting for
transient conditions: exploring the connections between
system conﬁguration, operation and surge protection. In:
World Environmental and Water Resources Congress, ASCE,
Cincinnati, OH, pp. 903–912.
Jung, B. S. & Karney, B. W.  Fluid transients and pipeline
optimization using GA and PSO: the diameter connection.
Urban Water Journal 1 (2), 167–176.
Jung, B. S. & Karney, B. W.  Hydraulic optimization of
transient protection devices using GA and PSO approaches.
Journal of Water Resources Planning and Management 132,
44–52.
Jung, B. S., Muleta, M. & Boulos, P. F.  Multi-objective design
of transient network models. In: World Environmental and
Water Resources Congress, ASCE, Kansas City, MO,
pp. 5698–5707.

Journal of Water Supply: Research and Technology—AQUA

66.5

|

2017

Jung, B. S., Boulos, P. F. & Altman, T.  Optimal transient
network design: a multi-objective approach. Journal of the
American Water Works Association 103–104, 118–127.
Karney, B. W. & McInnis, D.  Transient analysis of water
distribution systems. Journal of the American Water Works
Association 82 (7), 62–70.
Laine, D. A. & Karney, B. W.  Transient analysis and
optimization in pipeline-a numerical exploration. In:
Proceedings of the 3rd International Conference on Water
Pipeline Systems, The Hague, The Netherlands, pp. 281–296.
Lee, T. S. & Leow, L. C.  Numerical study on the effects of air
valve characteristics on pressure surges during pump trip in
pumping systems with air entrainment. International Journal
for Numerical Methods in Fluids 29, 645–655.
Lingireddy, S., Funk, J. E. & Wang, H.  Genetic algorithms in
optimizing transient suppression devices. In: Proceedings of
ASCE 2000 Joint Conference on Water Resources Engineering
and Water Resources Planning and Management,
Minneapolis, MN.
McInnis, D. & Karney, B. W.  Transient in distribution
networks: ﬁeld tests and demand models. Journal of
Hydraulic Engineering 121 (3), 218–231.
Stephenson, D.  Simple guide for design of air vessels for
water hammer protection of pumping lines. Journal of
Hydraulic Engineering 28, 792–797.
Wang, L., Wang, F. J., Zou, Z. C., Li, X. N. & Zhang, J. C. 
Effects of air vessel on water hammer in high-head pumping
station. In: 6th International Conference on Pumps and
Fans with Compressors and WindTurbines 2013 IOP, Beijing,
China.
Wylie, E. B. & Streeter, V. L.  Fluid Transients in Systems.
Prentice Hall, Englewood Cliffs, NJ, USA.
Zeleny, M.  Multiple Criteria Decision Making. McGraw-Hill,
New York, USA.
Zhuqing, L., Huili, B. & Fujun, W.  Simple effect of air valves on
water hammer protection in pressure pipelines. Journal of
Drainage and Irrigation Machinery Engineering 29 (4), 333–337.

First received 1 March 2016; accepted in revised form 26 February 2017. Available online 20 June 2017

Downloaded from http://iwaponline.com/aqua/article-pdf/66/5/340/397787/jws0660340.pdf
by guest

|

