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Abstract

The operation process of the complex technicalesyss considered and its operation states areduntex.
The semi-Markov process is used to construct a rgergrobabilistic model of the considered complex
technical system operation processes. Further,nargkereliability analytical model of complex twtate
technical systems related to their operation psE®s constructed. An exemplary application of thodel to

a simplified fragment of the main water supply natkvoperating at variable conditions is presentedell.

1. Introduction and are the subject of many research and
implementation work [12]-[13], [16]-[17], [20]-[22]
Water supply network, whose main aim is to deliver The result of water pipes failure may be a break in
water for inhabitants of urban and rural areas,the water supply for a number of consumers or may
consists of functionally interrelated subsystems,be revealed in lowering the pressure in the water
which create an integral whole. The primary andnetwork below the required value, which results in
basic subject to which the concept of water safetya lack or limitation of water supply to consumers,
concerns is the water consumer. The secondargspecially those who live in the upper floors of
subject is the supplier — the manufacturer of waterbuildings. Hydraulic conditions in the main network
The water supply technical reliability considered co-decide about the changes of the physico-chemical
here means providing stable contribution conditionsand bacteriological water composition (so-called
allowing to satisfy a current demand for water in biological and chemical stability of tap water),[6]
sufficient quantity in convenient time for water [12], [17]. Another aspect of this is also a
consumers. Whereas, the technical unreliability ofsignificantly oversized water pipes, their age
main water network causes both water loss,(technical condition), resulting in secondary
interruptions in water supply or delivery the water ~ pollution of water in the network [6], [12].
customers with quality incompatible with the The paper does not consider the quality of water
standards. The most commonly reported adverséitended for human consumption, only quantitative
events in water network are water pipes failurag an analysis dependent on the basic hydraulic parameter
failures on water fittings. This also refers to thaks ~ of water mains which are the flow ra@ and the
on water pipes, and there is no need to discorthect pressureP. In the reliability engineering theory to
section of pipe from operation. Due to the speityffic estimate the indicators of the reliability of main
of work of water pipes the failures removal processnetwork and thus to ensure water supply,
is inherent with maintaining the reliability of vemt  distributions of the random variable of suitability
network, and the priority is to provide consumers Of objects, such as exponential, Weibull and normal
with water of appropriate quality, at a suitable are used.
pressure at any time. Water pipes failures, itsesu
effects, methods of detecting and counteractingewer
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2. Operation of water main 3. Modelling complex technical system

The water mains are water pipes forming theoperatlon process

skeleton of the water supply system, whose mairThe operation processes of real technical systems
operating task is to distribute water throughowt th which include collective water supply system are
supply area with the required operating pressune. T very complex and it is difficult to analyse these
water mains constitute a system of pipes of givensystems reliability with respect to changing indim
diameter, connected in a geometrical sense in ringheir operation conditions that often are esseitial
systems (closed, circular) (favorable from thethis analysis. The complexity of the systems’
reliability point of view) or branched systems. operation processes and their influence on changing
The direction of flow is regulated by means of in time the systems’ structures and their compaient
suitably located valves. The basic hydraulic reliability characteristics is often very difficuti fix.
parameters of the water main operation are the flonJsually, the system environment and infrastructure
rate Q and the pressurB. The pressure losses in have either an explicit or an implicit strong irdhce
water network are due to the hydraulic resistarfce oon the system operation process. As a rule, some of
pipes and flow rate and their value can be caledlat the initiating environment events and infrastruetur

from the relation: conditions define a set of different operationestaif
the technical systems in which the systems change
Ah =K - Q? (1) their reliability structure and their components
reliability parameters. A convenient tool for
where analysing this problem is semi-Markov modelling
Ah— drop in pressure in water pipe fanllength, [1]-[3], [5], [7], [11], [15] of the systems operan
K-resistance of in segment, %, processes proposed in this paper.

Q - flow ratem’/s.
3.1. Semi-Markov model of system operation
The changes in flow rate in the water pipe aretdue process

the changing conditions of water uptake by water

consumers per day. These changes are characteriz9(€ assume that the system during its operation
by the indicators of hourly inequality and network Process is taking,vIN, different operation states

hydraulic calculations are primarily referred taclsu  z,z,,..., z,. Further, we define the system operation
values of flow rateQ as: QOUHY averag®a [M7h],  processZ t() t0<0+w), with discrete operation
hourly maximumQmax [m/h] and hourly minimum  gaie5 from the set{z,z,...,z}. Moreover, we

Qminh[ m3/h] . . .
; ; assume that the system operation process Z(t) is
Flow rate values are regulated automatically in the semi-Markov process [3], [5], [7], [11], [15] Wit

water pumping stations which often cooperate with® . : ) :
water tanks and the priority is to ensure stable"® conditional sojourn time#, at the operation

conditions of water uptake by consumers in eacrstates z, when its next operation state ig,

operating condition of water supply network. The b | =12...v, b#l. Under these assumptions, the

studies of water supply netwqu failure rate [@]3] system operation process may be described by:
[16]-[17] showed that the failure rate depends not.” ,a vector of the initial probabilities

only on the technical condition of the pipe butoals 0.(0)=P(Z(©0) =z) b=12..v, of the system
on the variable operating conditions. S iy o . .

It has been shown in the literature that the faikate operation procesa(t) staying at particular operation
of water pipes is influenced by many factors, e.g_states at the momeu=0.
unstable ground, the age of the pipe, functionipé p
(transit, main, distribution and water supply [P:Ol., =[P.(0).p.().....p, (0)] (2)
connections), water mains pressure, flow rate,

ground corrosivity, pipe material, the method of - the matrix of probabilitiesp,, b,I = 12...v, b#1,
joining pipes. The studies show also the impact ofof the system operation procegt) transitions
the seasons and related to it air, ground and watesetween the operation statesand z

temperature, on water pipes failure rate [6], [12]-

[13], {201 Py P B,
le pZZ e pZV

[P, = 3)
pvl va pVV
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where by formal agreememt, =0 for b= 12...,v;

- the matrix of conditional distribution functions

H, @) =P, <t), bl =12...v, b#I|,of the system
operation procesg(t) conditional sojourn times,
at the operation states

Hll(t) H12 (t) e HlV (t)

o =| PO 00

H,OH,©O...H,(®

(4)

where by formal agreemeit,, (t) =0 for
b=12..,v

It is possible to show the matrix of the conditibna o B
density functions of the system operation process P, = lim p,(1) = 3

Z(t) conditional sojourn times), at the operation

states corresponding to the conditional distritrutio

functions H, (t)

h, () h,()...h, (1)

e LACERORNO

h,(h,®)...h,©

(5)

where
d
h, (t) =a[Hb|(t)] for b, = 12...,v, b#l,

and by formal agreemet, (t) =0 for b=12,...,v.

The mean values of the conditional sojourn tires
are given by [11]

M, =E[8,] = [tdH, (t) = [th, (t)dt, b,l =12,...v,
b#l. (6)

From the formula for total probability, it follovibat
the unconditional distribution functions of the
sojourn timesg,, b= 12...,v, of the system operation

processZ(t) atthe operation states, b= 12...,v,
are given by [3], [5], [7], [11], [15]

H,(®) = X p,H, 1), b=12...v. (7)

127

Hence, the mean valuesE[g]of the system
operation proces« t (Unconditional sojourn times
g,b=12,...yv, atthe operation states are given by

M, =E[6] = >p,M,, b=12..v, (8)

where M, are defined by the formula (6) in a case of
any distribution of sojourn timeg, .

The limit values of the system operation proceg$
transient probabilities at the particular operation

states
p,(t)=P(Z(t) = z,), t0<0+0),b=12,..v,
are given by [3], [5], [6], [10]-[12]

M,

,b=12...v, 9
27TM,

whereM,, b=12,...v, are given by (8), while the
steady probabilitiesz, of the vectof{7z,], , satisfy

the system of equations

1xv

[7.]1=[m]p,]

Zv;ﬂ =1 (10)

In the case of a periodic system operation process,
the limit transient probabilitiesp,, b=12,...v, at

the operation states defined by (9), are the leng t
proportions of the system operation process ()

sojourn times at the particular operation statgs
b=12...v.

Other interesting characteristics of the ayste
operation procesZ t ( possible to obtain are its total
sojourn times@?b at the particular operation states
z,b=12..v, during the fixed system operation
time. It is well known [3], [5]-[6], [10]-[12] thathe
system operation process total sojourn tim%sat
the particular operation stateg, for sufficiently

large operation timeg, have approximately normal
distributions with the expected value given by
M, =E[4]=p,f, b=12,...v, (11)

where p, are given by (9).
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3.2. Operation process of main network

- S;: d=400mm [=300,

The considered water main network supplies in water - S: d=600mm 1=300,

town to a town with a total capacity 76 886/d.
Average daily production of treated water is
40000m*/d.

- S0 d=500mm [=300.

Since the particular components of the subsystem

The total length of the main water supply netwark i =123 have an exponential reliability function

50km
The cityX also exploited:
- emergency water intake with a capacity of 240
m/d,
- 34 water pumping stations,

R(t) =expit],

=123 (12)

then the reliability function of the subsyste®,

- 11 clean water tanks with a total capacity of | = 123is given by

34,4007, :
- 186 public wells which are located on city R(t)=expQlt], i=123 (13)
propertyX,
- Qanaverage hourly water demand where
characterized by the irregularity of the A — the failure rate of a subsysterd,i=123
partition of water during 24 hours, components
- Qy efficiency of second stage pumping station, I— the number of a subsystenS,i=123
- The network operates under varying v
components.

conditions of water demand:
* Qn<Quan,
d Qh>Qah.

Taking into account expert opinions on the varying
in time operation process of the considered piping
system, we distinguish the following operation etat

The system is composed of three subsystems (maiw]’ [10], [12]:

pipes)s,, S, ands,. The general functional structure

of the system is showed kigure 1

Figure 1. The scheme of the system functional
structure

S
Qn S, Qn
® s
A B
S3

Figure 2.The analyzed main water network

However, the pipeline system reliability structure
and its subsystems and components reliability -
depend on its changing in time operation states [8]
[10], [12]. The scheme of analysed system - the
annular main network —consists of three main water
pipes (each pipe 1260long), composed of 300
components(each elememh4ong) with the lengtid

and the number§ of the particular pipes segments
respectively:

12¢

an operation stateg — transport of water from

part A to B using three out of three pipeline
subsystents, S, and S(a series reliability

structure) with condition of water demand
Qn<Qan.The subsystenss, S, and Sare each

composed @¢£300 components with failure
ratesl, =0,00028j=1,2,3;

an operation sta® — transport of water from

part A to B using three out of three pipeline
subsystemss;, S and S;(a series  reliability
structure) with condition of water demand
Qn>Qan The subsystents, S; andS; are each
composed of = 300 components with failure
ratesA = 0,00032j=1,2,3;

an operation statez, — transport of water

from part A to B using two out of three
pipeline subsystems, SS, and 3 (a "2 out of
3" reliability structure) with condition of water
demandQ,<Qa. The subsystenS;, S andS;
are each composed bf= 300 components
with failure ratesA = 0,00028j= 1,2,3;

an operation statez, — transport of water

from part A to B using two out of three
pipeline subsystems; SS, and S (a "2 out of
3" reliability structure)with condition of water
demandQ,>Q,. The subsystenS;, S, andS
are each composed bf= 300 components
with failure ratesA, = 0,00032j=1,2,3.
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The above assumptions mean that according to (13)s not possible to estimate exactly its operation

the subsystems the subsyst&ni = 123 depending

parameters. However, even on the basis of the

on the operate states, have the following relighili fragmentary statistical data coming from expeits, t
main network system operation process

probabilities p,, of transitions from the operation

functions:

R (t) =expF0.0002830Q] = expf-0.0084],

water

state z, into the operation state , b,1=1,2,...,4

can be evaluated approximately. Their
approximate evaluations are given in the matrix

1=123(14) bzl,
at the operation statg; below:

R (t) =expF0.0003230Q] = expf-0.0094],

=123 (15) o=

at the operation state;

R(t) =expF0.0002830Q] = expF-0.0084],
=123 (16)

at the operation state;

R (t) =expF0.0003230Q] = expf-0.0094],
=123 17)

at the operation statg,.

The influence of the above system operation states
changing on the changes of the pipeline system
reliability structure. At the system operation etat,

and z,, the system is composed of the subsystems

S, S andS3¥howed inFigure 3

S
Qn S, Qn
® °
A B
S3

Figure 3. The functional scheme of water
transportation system at the operation stgndz,

At these operation states, the piping network is a
series system in the reliability sense.

At the system operation statgandz,, the system is
composed of either two out of three subsystems or
three subsystems. The functional combination of
working main pipes were showedFHigure 4

At these operation states, the piping network g a
out of 3" system in the reliability sense.

To identify the unknown parameters of the water
main network operation process the suitable
statistical data coming from its real realizations
should be collected. The lack of sufficient statest
data about the system operation process causes that

O

Unfortunately,

0,75 0,2 0,0
0,2 01

(14)
0 02

0,4 01 O

is not possible to identify
completely the matrix of the conditional distrilmrti

functions [H,(1)],, of the sojourn timesg, for

b,1 =1,2,...,4b#1, and consequently, it is also not
possible to determine the vectoH, (t)]
unconditional distribution functions of the sojourn
times g, of this system operation process at the

operation stateg,, b,1 =1,2,...,4 given by (7).

of the

Ix7

S; works

A

S, doesn't work Qn
—4

S3 works

S; doesn't work

S, works
TB

S3 works

Sq works

S, works l Qn
B

S, Qn

Figure 4. The schemes of water transportation
system at the operation statandz,
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Presented methods are based on the basis of datas, = 0205. (18)
coming from practice and collected by experts

operating this piping system, some hypotheses@n thapplying the formulas (14) and (9) we get the limit
forms of the distributions describing the systemygjyes of the piping system operation process

operation process. S transient probabilitiesp, (t) at the operation states
In this case, having these distributions identifieds 2 b=12,..%

possible to evaluate the mean valneg = E[g,] of
the conditional sojourn timeg,at the particular

operation states, using the general formula (6).
Otherwise, if the collected statistical data is not
sufficient to test and to accept the forms of the
distributions of the piping system operation praces Considering the above result, after applying (19,
conditional sojourn timesd,, their mean values expected values of the total sojourn times,
M, =E[g,]may be estimated by applying the b=1,2,..,0f the system operation process at the

formula for the empirical man values of the particular operation stateg,, b=1,2,...,4during

conditional sojourn times at_the particular openati the fixed operation timeg=1 year = 365 days,
states. As the results of using the last of these t amounts to:

possibilities, the approximate evaluations of these
mean values, are as follows:

p,=0.3601 p,=0.3109, p,=0.1775,
p, =0.1516. (19)

E[él] =0,3601year= 131, 4day
M, =993 M, =674 M = 410 M ,= 386
M,, =2207 M,,= 2207 M,,= 2080 M ,,= 10C (15)
M,, =2650 M,,= 2608 M,,= 1999 M ,,= 261 E[é3] =0,1775year= 64,8days

E[6,] =0,3109year= 113,5da)
(20)

In this way, the water main network operation E[6,] =0,1515year= 55,3days

process is approximately defined and we may predict

its main characteristics. Applying (8), (12) an@)1 4 Reliability of complex technical system at
the uncond|t|o_nal mean sojourn times of the PIPINgy ariable operation conditions

system operation process at the particular operatio

states are: Most real technical systems are structurally very
complex and they often have complicated operation
M, = E[6] = p,M,+ pM -+ p,M processes. Large numbers of components and
M, = E[8] =0, 75993+ 0,21220% 0,05 2650 1318, subsystems and their operating complexity caude tha
the evaluation and prediction of their reliability
M, = E[6,] = PyMy+ PosM o5t PoM 4, difficult. The time dependent interactions between
M, = E[6]] =0,65[B74+ 0, 712207 0,15 2608 1271 the systems’ operation processes operation states

changing and the systems’ structures and their
components reliability states changing processes ar
evident features of most real technical systemg Th
common reliability and operation analysis of these
complex technical systems is of great value in the
M, =E[6,] = puM it PM ot PuM 45 industrial practice. The convenient tools for
M, =E[6,] =0,5[886+ 0,411009- 0,0 2616 85€ analysing this problem are the two-state system’s
reliability modelling [7], [11] commonly used with
Considering (12) in the system of equations (18) th the semi-Markov modelling [3], [7], [11].
takes the form

(16)
M3 = E[GS] = p31M 31+ p32M 32+ p34M 34
M, = E[6] =0,6[210+ 0,212088- 0,2 1999 106

4.1. General approach to reliability analysis

{[ﬂi, T, 7T3:7T4] :[ﬂl’ UPHUE ITJ[ pbl]4x4 (17) of complex systems

mrm it =1 We assume that every operation state of the object
operation proces<(t), t[1(0,+x), described in

we get the solution: section 2, have an influence on the object religbil

[7]. Therefore, the object reliability at the padiar
7z = 0317, 7, = 0284, 77, = 0194,

13C
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operation statezZ,, b=1,2,...,\, can be described [Rif“)(t)](b), b=12,..,4 (26)
using the conditional reliability function
with the exponential coordinates

(v) (b) — [ 101®
RY (1) = P(T® >t|Z(t) = z,), t {0, +eo), [RIV(0]® =exp[H{A”171, 27)

b=12,...v, (21) different at various operation states b=1,2,...,4
and with the failure rates respectively
that is the conditional probability that the object
conditional lifetimeT® is greater thart, while the [A"1”, b=12,..,4 (28)
object operation procesZ(t) is at the operation
The influence of the system operation states

stateZ,, b=12,...v [7]. _ N _ changing on the changes of the system reliability
Further, we denote the object unconditional lifetim strycture and its components reliability functidss

by T and the unconditional reliability function of zs follows.

the object by . At the system operation state, the piping
network has the reliability series structure conagbs
R(t) =P(T >t), t (0, +00). (22) of the subsystems;SS, and Swith functional

structure illustrated in Figure 3 and the subsystem

In the case when the object operation tiéhes large reliability functions are given by (14), i.e.

enough, the unconditional reliability function dfet

@ty = RO(t) = - .
object is approximated by [7] R™(t) = R¥(t) =exp[-0.084 i = 123. (29)
v Thus, at the operation sta#&, the pipeline system
(b +
RE) D; PRT(L), 1L (0 +<0), (23) conditional reliability function is given by

where p,, b=12,...,v, are the object operation

3
process limit transient. The mean value of theabje R®(t) = I_J RO(t) =[ RY(9]° =[exp[-0.084t]]*
unconditional lifetimeT is given by i

=exp[-0.252 |

HOX PA, (24)
- . At the system operation sta®, , the piping

network hasthe reliability series structurecomposed

where are the mean values of the object : o
Ho ) of the subsystems; SS, and S illustrated in Figure

conditional lifetimesT *” at the operation stat&,,  3,and the subsystems reliability functions are mive
b=12,...Vv, given by by (15), i.e.
+oo R (t) = R?(t) = exp[-0.096 ]i = 123. (30)
Uy = j R® (t)dt, b=12,...v, (25)
0

Thus, at the operation sta#, the pipeline system

, conditional reliability function is given by
R®(t), b=12,...,v, are defined by (19) an¢d, are

given by (9). 3
R&(t) = ” R®(t) =[ R?( 9] ° =[exp[-0.0961]]’
4.2. Reliability of main water network at o
variable operation conditions =exp[-0.288

It is assume for main water network that its e At the system operation sta#,, the piping
subsystemss,, v = 123, are composed of two-state, network has a "2 out of 3" reliability structure

components E”, v= 123 with the conditional composed of the with subsystems, S, and $
three-state reliability functions illustrated in Figure 4 and the subsystems reiigbil
functions are given by (16), i.e.

131
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R®(t) = R® exp[-0.084 ],i = 1,23. (31)

Thus, the network conditional reliability functidos
given by

R®(1) =1-[ [(})RO(®I’[L- RO(O)]°

+(CIROOF - RO(D]]
=1-[[l-exp~0.0843+ 3expf 0.084 |1 e[ 0.G84]
=1-[1-3expF 0.084 + 3expf 0.168] exp[ 0.25Z
+3exp[-0.084 - 6expt 0.1684 3exp[ 0.262

=3exp[0.168 | 2expt 0.252

At the system operation sta’, , the piping

network has a "2 out of 3" reliability structure
composed of the subsystems S and S illustrated
in Figure 4 and the subsystems reliability funcsion
are given by (17), i.e.

R™(t) = R” exp[-0.096 ]i = 1,23. (32)

Thus, the network conditional reliability functiaos
given by

R (t) =1~ [ )R - R(®)]’
+CXRO(OIL- RY(D)7]
=1-[[1-exp[-0.096+ 3expf 0.096 | exp[ 0.09%)
=1-[1-3expF 0.096 } 3exp[ 0.192] exp[ 0.28¢
+3exp[-0.096 I+ 6expt 0.1924 3exp[ 0.288
=3exp[0.192 } 2expt 0.288

For the system of the water main network
unconditional reliability function is given as fols:

R(t) T p, R(t) +p, R?(t) +p, RP(t)
+p, RY(1),

i.e.
R(t) =0,3601R ()Y + 0,3109R (P +
0.1779R ()P + 0.15151R (1)’

fort= 0,

and finally, we get

R(t) C 0.3601expf 0.252
+0.3109expt 0.288
+0.1775[3expt 0.168+ 2exp{ 0.252

132

+0.1515[3expt 0.1921 2exp{ 0.288 (33)

Hence, the mean value of the of the piping
network unconditional lifetime is given by

+O.3109L

0.288

1
.252

1

2

4= [R(t)dt 0 0.360

+0.1775[3—— - 2 j
0.168 ~0.252

1 1.
192 70.288

+0.1515[3

)

The variance of the of the piping network
unconditional lifetime can be calculated as
follows [11]

[15.584tyears.(34)

1
0.25Z°
1

-2 ]
0.252°

o = 2[tR(t)dt - 4% = 2[0.3601

+0.3109— = +0.17753——

0.28¢ 0.16¢*

+015153— -2 L 1 558458
0.192° 0286

L 627432-31.1866= 315566

Hence, the standard deviation of the piping
network unconditional lifetime amounts

0 =+/315566=5.6175years. (35)

The determined values given by (34) and (35) are
convergent to the real values for the consideraémwa
main piping system.

5. Conclusions

Collective water supply system is one of the
technical systems, which reliability is strictlylated
with its operation. Water supply network, which is
the main element of water distribution in supply
areas, works at variable operation conditions. &hes
conditions are associated primarily with changes in
flow and pressure, which affects its reliability.
Therefore, in the paper a modelling of the main
network reliability under varying operating
conditions was proposed. The considered is a
simplified model of a fragment of the main annular
network. The results justifies that this type of
modelling allows to determine the reliability
characteristics of the whole water supply network
operating at the variable conditions. In the futtine
authors plan to consider operation of water supply
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network including changes of the diameter, length
and utilities of the considered partly water networ
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