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Abstract

Reliability is an important indicator to ensure the operation of Water Distribution Net-
works (WDNs). To optimize the operation of WDN, it is necessary to incorporate the re-
liability of active components (such as pumps and tanks) besides the reliability of pipes.
In this research, a concept is suggested to calculate the reliability of WDNs’ pumping
stations. A computer code is provided in Visual Basic and is linked to EPANET2.0. To
evaluate the proposed methodology a real f MNAnear the city of Tehran is considered.
According to the obtained results, it is concluded that by increasing the demand of the
WDN during a day, the reliability of pumps decrease. Therefore, it seems that decision-
making is necessary if high demand hours are considered, in order to increase the
reliability of the system. On the other hand, it is observed in this research that using
variable speed pumps not only reduces the energy cost of the network, but also the re-
liability of the pumping stations with variable speed pumps is higher than single speed
pumps. Therefore, using VSP is highly recommended in WDNSs.

1 Introduction (C24)

Reliability of WDNs is an extremely important indicatof for estimating the level of WDNs’
service sustainability. For managers of WDNs, providing customers with desirable head
and dlscharge at a partlcular moment is a prima goal +n—ethef—we+=ds—a—elee|s+en-

whreh—eaFHeepa%dlze—WDNs—seﬂﬁees— Accordlngly, overcomlng the crltlcal S|tuat|ons

as well as meeting the required head and discharge is a major concern in decision-
making.

Water pumping stations are the cornerstone of water distribution networks not only
because they are essential for providing efficient and sufficient pressure and discharge
of water, but also development of pumping stations in a water distribution network,
their operation, and maintenance are costly. Therefore, a careful analysis of pumping
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stations should be conducted, and the number of installed pumps in pumping stations
should be calculated by an accurate cost analysis. In many pumping stations, several
pumps are used to increase the reliability, efficiency and flexibility of WDNSs.

In the past conducted studies, optimization of water distribution networks is based on
using single speed pumps. Multi-pattern of electricity tariff is employed to optimize the
energy costs in such studies (Broad et al., 2010). Therefore, the energy consumed, re-
mains constant with single speed pumps and therefore, they cannot generate tangible
solutions in saving energy consumption. However, on th{(C25) nd, variable speed
pumps are studied in order to make the system’s pregéurl@ €1 _|sonformity with the
efficiency curve (Wood and Reddy, 1994). The deferenee between single speed pumps
and variable speed pumps is in the speed control system which is used to change the
speed of the pumps’ electromotor by means of changing the frequency of electricity in-
put (Samatv_1980\ Variable speed pumps are perfectly beneficial as they can reduce

the ener{variable ptrtxl especially in wate o blabnciation o
et

demand. Hashemi (2011) investigateq
works by means of varica speed pumpg. T

up to 5.43 percent

minimize the energy consumption in p mpr NN ore

According to Tabesh (1998), a water system is rd(c27) Because ”;?“zldiffererl‘t di
enough water for consumers with an adequate parameters are highly correlated in
. . . WDNS, reliability analysis of WDNs is
WDNs is a major concern among professionals gnd s

— . i , very complicated.
deflnltlons of rellablllty, there is no single accgpted |

dl#ereﬂt—parametere Gupta and Bhave (1994) found some major parameters that pIay
important role as follow: quality and quantity of water available at source, failure rates
of supply pumps, power outages, roughness characteristics, pipe breaks and valve
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failures, variation in daily, monthly and seasonal demands, as well as demand growth
over the years.

@)
=
@)

Reliability of a system is the extent to which a system
thus determined by the reliability of its elements and by water discharge with acceptable
elements. In consideration of the reliability of an element)jefined pressure is a hydraulic
bility of failure is an essential issue. When a system or pafifailure. The mechanical failures or
more desired functions, it is known as failure. The state dincrease in water demand are the

different ways. Such a way that leads to failure is kfown gsource of this type of WDN's failure

to Misirdali (2003), hydraulic and mechanical failupe mode{(Tabesh, 1998).

(C28) On the other hand, inability of a|
system in providing the demanded

distribution networks. Failure in pipelines, valveg, pumps, ana etc. are e SOUrces or
mechanical failure of WDNs. ; i i i ich

Reliability ofsystem in terms of the mechanical failure has been studied by many_in
dividuthe ely, Mays and Cullinane (1986), Wagner et al. (198%b2; x* etal. (1987),

and . On the other hand, Bao and Mays (1990) and et al. (2001)
only considered the hydraulic reliability of the system. The reliability analysis is mere
accurate when both mechanical and hydraulic failures are considered.<&eupte
Bhave (1994) considered both hydraulic and mechanical reliability of the water distri-
bution networks. Zhao et al. (2010) considered hydraulic failures and quality of water in
reliability analysis of water distribution networks. Yildiz (2002) made use of simulation
method in order to analyze the mechanical reliability of WDNSs.

Cullinane et al. (1992) offered different indicators for reliability of WDN’s pipes which
are linked to different components such as pumps, tanks and valves via different equa-
tions. They assessed the mechanical reliability of these pipes which are connected
to pumps, tanks and valves, as a function of the design discharge of pump, the ca-
pacity of tank and the diameter of a related pipe respectively. Accordingly, information
about the failure of each component must be available for a particular time period.
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Duan and Mays (1990) presented the reliability analysis of pumping station in water
supply systems. They considered both mechanical and hydraulic failures and used bi-

5NoSI(]

variate analysis and conditional probability approaches to model the ava|(C31) In this research, reliability of pumping stations in
WDNSs is calculated through linking the optimization
model in Visual Basic by simulation in EPANET2.0. In the
simulation, the failure scenarios of pumps in pumping
stations are considered.

of pumping station as a continuous-time markov process.

Due to the fact that pumping stations are economically important in
and proper definition of pumping &N appropriate sary in or
costs and improve the performance of a network through™a-gooa

sset

tions) management. The reliability of the water distribution networls in terms of pipeline

fallures was conducted |n prewous researches +n—th+s—Fesea+eh—Fel+abm%y—ef—pump+ng

mmps—m—p&mpmg—s#aﬂens—afe—eendﬂeted— In addition, the reI| (C32) |of pumping sta-

tions in the city of Vardavard with two different types of s!ngle SPeoapumps (SSP) and
variable speed pumps (VSP) is studied-in-thisreseareh.

(C11) In the EPANET2.0 model which uses Demand-Driven
2 Methodology [Simulation Method (DDSM), the network satisfies the nodal
demands but it is possible that the head goes below the

In this study, the p{allowable head and sometimes the negative pressures are

water to consumptif!se possible.

rovide enough
able software,
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demand. Although the demand may b isfied in nodes, the minjfhu

T PTCOooOUTG 1T

such as EPANET2.0 is developed based on hydraulic analysis which sati§ (C8) Nodal pressure

those nodes may be not fulfille is research three different relationships are
introduced to be applied in reliability analysis and their advantages are investigated.

The first fuzzy equation proposed for the reliability of pumping stations with several
nodes is as follow

OHAV if HAV(;; 5o <HMIN(; ; o0
Coef; 1 sc) = W’Jiﬁ; if HMIN( ¢ sy < HAV (1, 50) < HDES; 1, 5c) ()
1 it HAV ;1 s¢) > HDES; ; 5¢
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Wthe ilable pressure in node / at time t and in the sc-th scenario,
= MAINiMUf o Isired pressure in node / at time ¢ and in the sc-th scenario,
and MIN(, t,50) = fnin n absolute standard pressure in node / at tlme t andin t
sc-th scenario’ all in meter unit. Maximum allowable pressure is no in this
equation. For a node with higher pressure than th m allowable pressure, the
coefficient is assumed equal to one.

The second fuzzy relation is as below:

C8
o N_Ics)

HAV(i,t,sc) _HMIN(i,t,sc)
HDES(,",’SC)—HMIN(,’,!SC) ’

(i,t,sc)™ (i,t,sc)

HDES; ; 5¢)~HMAX; 1 s¢) ’
a)

the
where HMAX(,-J’SC)_=X+n sure (in m) in node
sc-th scenario. This fuzzy coefficient (Eq 2) is shown in Fig. 1.

The third f'H-Z-Z-y equation thatis-considered-inthiss otuuy is Eq. (3) which is proposed

by Tabesh ancF(E 2003

(C8) B). H1(j t,sc)» H2(i t,5c) @Nd H3; ; 5c) are shown in Fig. 2.

i HAV(i,t,sc) < HMIN(/J,SC)
it HMIN( sy < HAV(; ; ooy <HDES ;; 5
if HDES; 1 5c) < HAV; 1 5) < HMAX;

it HAV(; £ s0) > HMAX 7 o)

Coef(i,t,sc) =<

. J(C8) Nodal pressure

i/at time t and in the

(0
0.25(HAV ; ; 5c)=HMIN(; 1 <))
(H1 (i z‘sc)_HMIN (i,t,sc) )
0. 25(HAV(, t SC)+H2(I t sc)—ZH

(H2; t,sc %‘H1(/,t,sc))
0. 25(HAV(/ t sc)+ H3yi t,5¢)=3H2; ¢,5¢))

it HAV(; 1 5¢) S HMING; 4 50
,|f HMIN(/,I‘,SC) < HAV(i,t,SC) < H1(i,f,$0

Jf HY s sy <HAV 160y S H2( 1 50
i H2; 1 50y <HAV; 1 50y S H3(j £ 50
it H3( ,sc) <HAV; 1 50y <HDES; 1 50

1, SC)
Grsol jf HDES; ; sc) < HAV(; t 5¢) < HMAX; ¢ 5¢)
it HAV; ¢ 50) > HMAX; £ 50

1(/,1‘,50))

Coef; =
(I,t,SC) < (HS(/ t sc) —-H2; tsc))
0. 25(HAV(, t SC)+3 DE (i ,t,5¢) —4H3(, fSC))
HDES (i,t,s 6‘H3(1 tsc))
(2HMAX(, ¢ Sc)—H Sii t,sc)~HAV
(HMAX(/ tsc)_HDES(/ tsc))

| 0.25

(3)
356
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equation. Therefore, it does not reflec
the real behavior of WDNSs and it is
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(C9) This equation to some extent
corrects the first equation and it
can model the nodal pressures
more accurately.
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(C9) According to Tabesh and Zia,
his equation better reflects the real
behavior of a WDN in terms of nodal
pressure calculation. Therefore, this
equation plays a major role in this
research and the first two equations
are used as a means to compare.

(C13) H1, H2 and H3 are some
sample values which are introduced
o describe a better behavior in the
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(C8)
Aforementioned ﬂﬂﬁq: (1), (2), (3) are used to form the Eq. (4) as a reliability of
pumping station in this research.

N

1Coef(,-,t’sc) X DEM(/,t,SC)

j=

I:‘Ep,z‘,sc = (4)
. DEM(i,t,sc)

M=

/

where N =the number of demand nodes, DEM; ; ;) = the required discharge (m3s™)
in node / attime ¢ and in the sc-th scenario, and RE,, ; ;. is reliability of pumping station
at time £ and in the sc-th scenario. In this equation, DEM; ; . is used as a weighting
factor in order to increase the accuracy of the reliability calculation.

If the pumping station consists of several pumps with different failure scenarios, it is

much easier for decision-makers ’:{g@a the reliability of pumping station at the

specific time through weighted aveyag ation. In this respect, if the probability of
occurrence of *@rcenario sc is rg, the reliability calculation is as follow:

21 REp,t,so X Ige

SCc=

REp,t = NP (5)
z loe (C51) scenarios

sc=1 {

where NP =the number of i i ien, and REp,t =the reliability

of pumping station at time ¢ for the total probable failure scenarios. Moreover, in this

equation rg\, should be calculated through failure analysis of pumps.

3 Case study

To assess the proposed method for evaluating reliability of pumping stations in me-
chanical failure condition, the real water distribution network of Vardavard city (West of
357
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;—'FK (C17). The low zone of this network, |
Tehran) is considered&thi , that does not have any tanks or reservoirs, con-

)
=
sists of 113 pipes, 1 pumping station with 4 pumps that works in parallel and 78 nodes. g
It should be mentioned that, these pumps have the same characteristics. The dewner =
zone of this WDN is shown in Fig. 3. (C34) low

If the pumps of pumping stations are operated with their full capacity, it is possible
that the nodal demands will be satisfied with the pressure above the minimum allowable
value. It is possible that sometimes the demand is reduced and therefore the pressure
goes above its allowable range and causes more leakages and thus the reliability of

um nina otatinne doanrancne Maronunr niimnina with tho movi'num ca aCIt causes
p_ (C19) For this network, the pumping scheduling after developing the pacity
h nd also the consump-

. umping station with VSP is presented in Table 1 [
i np e & herefore, an accurate

umplng schedullng is crumal for the WDNs.

wﬁh—VSP—a%e—presen%ed—m—'FablH— In thls study, smgle speed pumps are evaluated as

well. Thus VSPs are replaced by SSPs. Therefore, pumps’ status is changed from off
to on and vice versa. Table 1 denotes the pumping station scheduling which is obtained
from optimization modeling with its linkage to EPANET2.0, for two types of pumps (VSP,
SSP). It is important to note that in this table, 0 and 1 represent the fact that the pump
is off or on, respectively. Moreover, for the variable speed pumps the numbers below 1
means that this pump operates, however, its speed is lower than the normal speed.

It can be seen in Fig. 4 that if all the four pumps work in the station, the demand
multiplier fulfills till 2.4 and the demand will be completely satisfied even in the peak
time which is at 13:00. If one of th fails and the other ones work, the demand
multiplier fulfills till 1.9. Likewisg;, (eem)d b one working pump(s) in the network, the
fulfills till -4 and 0.7, respectively. It is clear that if all the four pumps
will be completely satisfied.

demand mji(C11)
work, thérll e
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Vardavand’s network, there is no tank and all the demands will be satisfied by the g

pumps operation. Therefore, the nodal press (C35) If mechanlcal fallure occurs in the system and the pumps in aVESD
station. pumping stations are failed accordingly, spare pumps are working

In WDNs, the pumping stations work autonjand satisfy the nodal demand. However, the nodal pressures
pumping scheduling three pumps are requirellower than the minimum allowable pressure in WDN may occur
efficiency of the pumping station will be mairymore probably.
gins its operation automatically. For this case, Tmepump
as well.

Title Page

mereaseel— Table 2 presents the pumplng station rellablllty for two types of pump (VSP
SSP) by using Egs. (1), (2) and (3) through four scenarios. The required, maximum
allowable and minimum absolute pressure values in each node are assumed as 30m,

50 m and 0 m, respectively. Using Egs. (1) to (5), the weighted ulajg 794
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by a 0'01(;/0 the fact that each scenario may occur. For this pum t& t rq,to o Tables FigUres
(falu ability of 1, 2, 3 and (C54) s) are considered as 8-5-% +6-% 4% and 2

+%, respectively. HDES in anéE during a day could be different especially in § P "
the low-demand hours. iabitit S

by-0- In this table, 3, 2, 1 and 0 pump(s) on, means that[css) 871,682 (Rials) |PS are ) >
failed, respectively. Figure 5 shows the reliability of pumiz@ (1USD=20,000 Rials) li;o(hy(CSS) 654,767 (Rials) e
using a weighted average in each equation. According 0 the optimization model &t the

network, the costs of the electricity consumptionsare 694.-78$kw=" and 59775$kw=" Full Screen / Esc

for the network which consists of pumping statign with single speed and variable speed
pumps, respectively. Therefore, reducing €per day }Sts through variable speed pumps
are recommended over single speed pumps: (C8)

In Fig. 6, the comparison of two types of pumping stations (VSP, $SP) for the four
scenarios are illustrated by means of employing three different fuzzy equations. As it
was expected, in the peak hours of a day in which higher numbers of pumps are failed,
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In

the reliability of the system tarks by using water stored in the tanks when facing crisis
and to some extent compensating lack of pressure by providing enough head.

When considering the reliability of pumping station in a real WDN, it is necessary to
study and collect data about the possibility of pump failure. Moreover, it is appropriate
to generate equations to calculate the mechanical reliability of pumping station.
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Table 1. Pumping schedules for the two types of pumping station (VSP, SSP) in one day.

Hour (1) Pumping Status (VSP) Hashemi et al. | (2) Pumping Status (SSP) g
Pumpi Pump2 Pump3 Pump4 | Pump1 Pump2 Pump3 Pump4 %
1-5 0.96 0 0 0 1 0 0 0 S
6-8 1 0.88 0 0 1 1 0 0 D
9 1 0.89 0 0 1 1 0 0 3
10 1 0.91 0 0 1 1 0 0 -
11 1 1 0.9 0 1 1 1 0 —
12 1 1 0.91 0 1 1 1 0
13 1 1 1 0.95 1 1 1 1 =
14-15 1 1 1 0.93 1 1 1 1 2
16 1 1 0.91 0 1 1 1 0 )
17 1 1 0.9 0 1 1 1 0 S
18 1 0.91 0 0 1 1 0 0 A
19 1 0.9 0 0 1 1 0 0 g
20 1 0.89 0 0 1 1 0 0 -
21-23 1 0.88 0 0 1 1 0 0 —
24-25 0.96 0 0 0 1 0 0 0
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Table 2. Reliability of pumping station in four different scenarios and weighted average of four
scenarios for the two different types of pumps (VSP, SSP).

9
(7]
Reliability (VSP) Reliability (SSP) 2
mber of pumps with status 1 R R »n
pemand | o4y 3 2 1 o| Weighted 3 2 1 o Weighted (28
factor average average (@]
5
0.7 1 0.728 | 0.728 | 0.728 | 0 0721 0.841 | 0.841 | 0.841 | 0 0-832
0.68 2 0.728 | 0.728 | 0.728 | 0 o2t 0.841 | 0.841 | 0.841 | 0 '5-6832 Q
0.66 3 0.77 0.77 077 | 0 0762 0.878 | 0.878 | 0.878 | 0 'D-669 o
0.67 4 0.807 | 0.807 | 0.807 | O 0799 0.911 | 0911 [ 0.911 | 0 ‘902 D
0.69 5 0.789 | 0.789 | 0.789 | 0 6-78L 0.895 | 0.895 | 0.895 | 0 "6-6866- =
0.71 6 0.892 | 0.892 0.86 0 o862 1 1 0.86 0 "b-o84
0.75 7 0.891 | 0.891 | 0.821 | 0 0-679 1 1 0.821 | 0 0-963 B
- 0.84 8 0.888 | 0.888 | 0.729 | 0 B-Sﬁ 1 1 0729 | 0 9-9#9
5 0.96 9 0.9 0.9 0.446 | 0 o872 1 1 0.446 | 0 66
= 1.2 10 0.919 [ 0.919 0 0 6673 1 1 0 0 - O
E 1.5 11 0.948 [ 0.948 0 0 09 1 0.948 0 0 6-945 o
@ 1.69 12 0.875 | 0.664 0 0 g8t 0.995 | 0.664 0 0 o ©)
2 2.24 13 0.93 0.345 0 0 8825 0.93 0.345 0 0 B C
K 2.1 14 0.572 0 0 0 486 0.572 0 0 0 e &
2 15 0.694 0 0 0 - 0.694 0 0 0 - =.
1.7 16 0.679 0 0 0 0577 0.767 0 0 0 0-652 )
1.44 17 0.815 | 0.324 0 0 725 0.925 | 0.325 0 0 '5-619 =
1.2 18 0.602 | 0.602 0 0 0572 0.739 | 0.739 0 [ ‘o702 ")
1.08 19 0.811 | 0.811 0 0 o7 0.948 | 0.948 0 0 s QL
0.96 20 0.854 | 0.854 0 0 6 1 1 0 0 - 8
0.84 21 0.868 | 0.868 0 0 6-825 1 1 0 ) o =
0.8 22 0.882 | 0.882 | 0.446 | O 0-856 1 1 0.446 | 0 7968
0.75 23 0.885 | 0.885 | 0.586 | O "0-064 1 1 0.586 | 0 5973
0.7 24 0.604 | 0.604 | 0.604 | O '6-598 0.729 | 0729 | 0.729 | 0 b722 -
0.7 25 0.728 | 0.728 | 0.728 | 0 o72t 0.841 | 0.841 | 0.841 | 0 '5-832
Ave.=0-764 Ave.=0:856
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Table 2. Continued. g
(@]
0.7 1 0.547 | 0.547 | 0.546 | 0 0-54% 0.410 | 0.410 | 0.410 | O 0406 5
0.68 2 0.547 | 0.546 | 0.546 | 0 e 0.410 | 0.410 | 0.410 | O 6406 (%2}
0.66 3 0.495 | 0.495 | 0.495 | 0 6496 0.354 | 0.354 | 0.354 | 0 '6-350 o
0.67 4 0.447 | 0.447 | 0.447 | O H443 0.297 | 0.297 | 0.297 | 0 0-294 3
0.69 5 0.469 | 0.469 | 0.469 | 0 od64 0.324 | 0.324 | 0.324 | 0 = o)
0.71 6 0.330 | 0.330 | 0.385 | 0 o328 0.075 [ 0.075 | 0.385 | 0 o086 Q
0.75 7 0.331 | 0.331 | 0432 | 0 0-332 0.077 | 0.076 | 0.432 | 0 - o
0.84 8 0.335 | 0.335 | 0.545 | 0 0540 0.080 | 0.080 | 0.545 [ 0 0-098 (0]
0.96 9 0.314 | 0.314 | 0.667 | 0 6-325 0.090 [ 0.090 | 0.667 [ 0 rtr2 -
~ 1.2 10 0.280 | 0.280 | 0.028 | 0 6267 0.110 [ 0.110 | 0.028 [ 0 6105
§ 15 11 0.233 | 0.233 0 0 0.104 | 0.233 o 0 -ttt —_
] 1.69 12 0.343 | 0.640 0 0 855 0.161 | 0.640 0 0 "6-200
% 2.24 13 0.250 | 0.580 0 0 6-276 0.250 | 0.578 0 0 27
> 2.1 14 0.741 0 0 0 6-630 0.741 0 0 0 - O
£ 2 15 0.608 0 0 0 D517 0.608 0 0 0 B-547 %)
B} 1.7 16 0.628 0 0 0 6-533 0.499 [9) 0 0 Ba2a o
1.44 17 0.430 | 0.548 0 0 oy 0.255 | 0.548 0 0 6272 %
1.2 18 0.703 [ 0.703 0 0 6-668 0.537 | 0.537 0 0 B-516- 17
1.08 19 0.438 | 0.438 0 0 Ot t6- 0.233 | 0.233 0 0 B-ppp- o
0.96 20 0.387 | 0.387 0 0 B-367 0.147 | 0.147 0 0 B-139 5
0.84 21 0.366 | 0.366 | 0.028 | 0 0-349 0.110 [ 0.110 | 0.028 [ 0 B-165
0.8 22 0.345 | 0.345 | 0.667 | 0 6-354 0.090 [ 0.090 | 0.667 | 0 B-112 g
0.75 23 0.340 | 0.340 | 0.687 | 0 oa50- 0.085 | 0.085 | 0.687 | 0 08 =
0.7 24 0.682 | 0.682 | 0.682 | 0 B-675 0.545 | 0.545 | 0.545 | 0 0-540 o)
0.7 25 0.546 | 0.546 | 0.546 | 0 B-54+ 0.410 [ 0.410 | 0.410 [ O 6-405 =
Ave =430 Ave =273
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Table 2. Continued. g
(@]
0.7 1 0.757 | 0.757 | 0.757 | 0 0.629 | 0.629 | 0.629 | 0 6629 5
0.68 2 0.757 | 0.757 | 0.757 | 0 0.629 | 0.629 | 0.629 | 0 5629 %3
0.66 3 0.720 | 0.720 | 0.720 | 0 0.598 | 0.598 | 0.598 | 0 6562 o
0.67 4 0.670 | 0.670 | 0.670 | 0 0.560 | 0.560 | 0.560 | 0 =]
0.69 5 0.707 | 0.707 | 0.707 | 0 0.583 | 0583 | 0.583 | 0 - o)
0.71 6 0.586_| 0.586 0 0 0.352 | 0.352 | 0.616 | 0 B559 Q
0.75 7 0.587 | 0.587 | 0.653 | 0 0.353 | 0.353 | 0.653 | 0 5262 S
0.84 8 0.589 | 0.589 | 0.756 | 0 0.355 | 0.355 | 0.756 | 0 Ba&7 [0)
0.96 9 0.577 | 0577 | 0.816 | 0 0.360 | 0.360 | 0.816 | 0 BT -
® 1.2 10 0.549 | 0.549 | 0.072 | 0 0.374 | 0374 | 0072 | 0 B350
S 15 11 0.511 | 0.511 0 0 0.369 | 0.511 0 0 8865 —
k] 1.69 12 0.593 | 0.820 0 0 0.456 | 0.820 0 0 f )
u?r’ 2.24 13 0.520 | 0.745 0 0 0.520 | 0.745 0 0 S5
o 2.1 14 0.870 0 0 0 0.870 0 0 0 B0 O
£ 2 15 0.804 0 0 0 0.804 0 0 0 6:689 7
E] 1.7 16 0.814 0 0 0 0.724 0 0 0 B-615- o
1.44 17 0.684 | 0.720 0 0 0.523 | 0.720 0 0 - %
12 18 0.851 | 0.851 0 0 0.747 | 0.747 0 0 B0 17
1.08 19 0.676 | 0.676 0 0 0511 | 0.511 0 0 5486 o
0.96 20 0.617 | 0617 0 0 0.449 | 0.449 0 0 B426 5
0.84 21 0.605 | 0.605 | 0.072 | 0 0.374 | 0374 | 0072 | 0 5285
0.8 22 0.593 | 0.593 | 0.816 | 0 0.360 | 0.360 | 0.816 | 0 BT g
0.75 23 0.591 | 0.591 | 0.843 | 0 0.357 | 0.357 | 0.843 | 0 8573~ S
0.7 24 0.841 | 0.841 | 0.841 | 0 0.756 | 0.756 | 0.756 | 0 ] o)
0.7 25 0.757 | 0.757 | 0.757 | 0 0.629 | 0.629 | 0.629 | 0O 6-629- =
Ave.=0512-

Jaded uoissnosiq

367



NAZLI
Replace

NAZLI
Replace
0.084



NAZLI
Replace

NAZLI
Replace
0.084



NAZLI
Replace

NAZLI
Replace
0.0799



NAZLI
Replace

NAZLI
Replace
0.0743



NAZLI
Replace

NAZLI
Replace
0.0785



NAZLI
Replace

NAZLI
Replace
0.0651



NAZLI
Replace

NAZLI
Replace
0.0652



NAZLI
Replace

NAZLI
Replace
0.0655



NAZLI
Replace

NAZLI
Replace
0.0643



NAZLI
Replace

NAZLI
Replace
0.0605



NAZLI
Replace

NAZLI
Replace
0.056



NAZLI
Replace

NAZLI
Replace
0.0675



NAZLI
Replace

NAZLI
Replace
0.0595



NAZLI
Replace

NAZLI
Replace
0.0870



NAZLI
Replace

NAZLI
Replace
0.0804



NAZLI
Replace

NAZLI
Replace
0.0814



NAZLI
Replace

NAZLI
Replace
0.0756



NAZLI
Replace

NAZLI
Replace
0.0937



NAZLI
Replace

NAZLI
Replace
0.0743



NAZLI
Replace

NAZLI
Replace
0.068



NAZLI
Replace

NAZLI
Replace
0.0667



NAZLI
Replace

NAZLI
Replace
0.0661

NAZLI
Replace

NAZLI
Replace
0.0659



NAZLI
Replace

NAZLI
Replace
0.0933



NAZLI
Replace

NAZLI
Replace
0.084



NAZLI
Replace

NAZLI
Replace
0.0736



NAZLI
Replace

NAZLI
Replace
0.0581



NAZLI
Replace

NAZLI
Replace
0.07



NAZLI
Replace

NAZLI
Replace
0.084



NAZLI
Replace

NAZLI
Replace
0.0402



NAZLI
Replace

NAZLI
Replace
0.0404



NAZLI
Replace

NAZLI
Replace
0.0412



NAZLI
Replace

NAZLI
Replace
0.0493



NAZLI
Replace

NAZLI
Replace
0.0563



NAZLI
Replace

NAZLI
Replace
0.0822



NAZLI
Replace

NAZLI
Replace
0.0595



NAZLI
Replace

NAZLI
Replace
0.0724



NAZLI
Replace

NAZLI
Replace
0.0804



NAZLI
Replace

NAZLI
Replace
0.087



NAZLI
Replace

NAZLI
Replace
0.0595



NAZLI
Replace

NAZLI
Replace
0.054



NAZLI
Replace

NAZLI
Replace
0.0421



NAZLI
Replace

NAZLI
Replace
0.0412



NAZLI
Replace

NAZLI
Replace
0.0404



NAZLI
Replace

NAZLI
Replace
0.0398



NAZLI
Replace

NAZLI
Replace
0.0395



NAZLI
Replace

NAZLI
Replace
0.0394



NAZLI
Replace

NAZLI
Replace
0.0648



NAZLI
Replace

NAZLI
Replace
0.0622



NAZLI
Replace

NAZLI
Replace
0.0664



NAZLI
Replace

NAZLI
Replace
0.0698



NAZLI
Replace

NAZLI
Replace
0.0698



http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/5/351/2012/dwesd-5-351-2012-print.pdf
http://www.drink-water-eng-sci-discuss.net/5/351/2012/dwesd-5-351-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper |

Hmax

Hdes
Pressure

368

T_(CS) nodal pressure

Hmm

XopuJ 20TAT2S JO [2A2]

Fig. 1. Degree of membership of the fuzzy function in Eq. (2).
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Fig. 3. The dewner zone of the Vardavard water distribution network (Hashemi et al., 2011).
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Fig. 5. The comparison of reliability of two type of pumps (VSP, SSP), with weighted average
of four scenarios using three fuzzy equations.
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Fig. 6. Evaluation of reliability of two different pumps (VSP, SSP) using three fuzzy equations.
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