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Abstract

In the paper a Semi-markov processes are usedngtraot a general model of complex industrial syste
operation processes. Main characteristics of tlidehare determined as well. In particular caseafport oll
pipeline transportation system, its operation state defined, the relationships between them izeel fand
particular model of its operation process is cartdrd and its main characteristics are determiRerther, the
joint model of the system operation process andsytstem reliability is defined and applied to tleéability

and risk evaluation of the port oil pipeline traogption system.

1. Introduction In practice a convenient assumption is th@j is a
semi-Markov process [1] with its conditional sojour

The complexity of the systems’ operation processe?imeS g. at the operation state, when its next
bl b

and their influence on changing in time the systems
structures and their components’ reliability operation state isz,, b,1=12,...,v, b#I. In this

characteristics is often very difficult to fix artd case the proceﬁt) may be described by

analyse. A convenient tool for solving this problem . the vector of probabilities of the system openati
is semi-markov modelling of the systems operationprocess initial states

processes proposed in the paper. Therefore, the
common usage of the system’s reliability evaluation [ )] =[p, (0), p,(0).....p, (0)],
methods and semi-markov modelling the system’s
exploitation process in order to construct a gdner
system reliability model related to its operation
process is proposed in the paper. Moreover,
statistical methods of the general model unknown

parameters estimation are proposed and applied in ] )
pipeline transport. - the matrix of probabilities of the system opeati

process transitions between the operation states

here

p, (0) = P(Z(0) = z,) for b=12,...,v,

3. Modelling of system operation process

We assume that the system during its operation P Prz - P

process has different operation states. Thus we can [Pyl = P21 Pzz -+ Pav , (1)
define the system operation procesZ(t), W .

t 0< 0,+ >, as the process with discrete operation P Py - Py,

states from the set
where p,, = Ofor b=12,...,v,
2={z,2,,...2,}. - the matrix of the system operation process
conditional sojourn timeg}, distribution functions
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Hll(t) HlZ(t) et Hll/ (t)

[Hy L, =| 2O HO a0

Hvl(t) Hvz(t) e HVV (t)

()

where
H, ) =P@, <t) for b,1=12,...v, b#l,
and

H,, () =0 for b=12,...v.

Under these assumptions, the mean values of the
system operation process conditional sojourn timed

g, are given by
M, = E[6,]= JtdH, (1), b,1=12...v, b#1.(3)
0

By the formula for total probability the unconditial
distribution functions of the sojourn time4 of the

system operation proceg@qt) at the operation states
z,, b=12,..v, are given by

\
H,(t) = Elpb'Hb' t), b=12,...,v. 4
Hence, the mean valueg[6,] of the system
operation process unconditional sojourn tingsin
the particular operation states are given by

\i
Mb = E[gb] = Iglpblel ] b: lz,---,v’ (5)

where M, are defined by (3).
Moreover, it is well known [1] that the limit valse

of the system operation process
probabilities at the particular operation states
P, ()= P(Z(t) = z,), t0<0+0), b=12,...,v,

are given by

.My _
V—’ b_112!"'!vl
IzlniMl

Py = lim Py ()= ©)
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transient

where M, b=12,...,v, are defined by (5), whereas
the probabilitiesrz, of the vector{rz ],,, satisfy the
system of equations

[72,] =178 ][ Pu ]
i m =1

1=1

()

Other interesting characteristics of the operation
processZ(t )possible to obtain are its total sojourn

~

times g, in the particular operation statey
b=12,..v. It is well known [5] that the system

operation process total sojourn timﬁ in the
articular operation stateg, for sufficiently large

operation time 8 , have approximately normal
distribution with the expected value given by

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

where p, are given by (6).

3. The oil terminal in Debogorze description

The oil terminal in Bbogo6rze [9] is designated for
the reception from ships, the storage and sending b
carriages or cars the oil products. It is alsoglesied

for receiving from carriages or cars, the storage a
loading the tankers with oil products such likerpket
and oil [9].

The considered system is composed of three terminal
partsA, B andC, linked by the piping transportation
systems. The scheme of this system is presented in
Figure 1.

an

3 ot
s u—(‘g& (O
\\‘2&,«—“
[TERMINAL DEBOGORZE |

Figure 1.The scheme of port oil transport system.

The unloading of tankers is performed at the pier
placed in the Port of Gdynia. The pier is connected
with terminal part A through the transportation
subsystents, built of two piping lines composed of
steel pipe segments with diameter of 600 mm. In the
partA there is a supporting station fortifying tankers
pumps and making possible further transport of oil
by the subsystens, to the terminal parB. The
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subsysten; is built of two piping lines composed of
steel pipe segments of the diameter 600 mm. The
terminal parB is connected with the terminal p&t

by the subsyster§;. The subsysterS; is built of one
piping line composed of steel pipe segments of the
diameter 500 mm and two piping lines composed of
steel pipe segments of diameter 350 mm. The
terminal partC is designated for the loading the ralil
cisterns with oil products and for the wagon segdin
to the railway station of the Port of Gdynia and
further to the interior of the country.

The Port Oil Transportation system consists ofdhre
subsystemsS,, S,, S;. (seeFigure 1)

SubsystemS consist of k, 2 two identical
pipelines, each composed df = 178 elements. In
each pipeline there are:

- 176 pipe segments,

- 2 valves.

SubsystemS, consist of k,
pipelines, each composed df
each pipeline there are:

- 717 pipe segments,

- 2 valves.

SubsystemS; consist of two pipelines of the first
type and one second type, each composed,of
362 elements. In each pipeline of the first typer¢h
are:

- 360 pipe segments (8=350mm),

- 2 valves.

In pipeline of the second type there are:

- 360 pipe segments (8=500mm),

- 2 valves.

2 two identical
719 elements. In

4. The port oil pipeline transportation system
operation process and its preliminary
statistical identification

Taking into account the varying in time operation

process of the considered system we distinguish the

following as its eight operation states:
* an operation stat& — transport of one kind

of medium from the terminal part B to part C
using two out of three pipelines in
subsystens;,

an operation stat&, — transport of one kind

of medium from the terminal part C (from
carriages) to part B using one out of three
pipelines in subsyste®,

B C

[TERMINAL DEBOGORZE |

Figure 3.The scheme of port oil transportation

system at operation state

an operation stat&, — transport of one kind

of medium from the terminal part B through
part A to the pier using one out of two
pipelines in subsystei® and one out of two
pipelines in subsystef,

S

[TERMINAL DEBOGORZE |

PORT GDYNIA

Figure 4 The scheme of port oil transportation

system at operation stage

an operation statez, — transport of two

kinds of medium from the pier through parts
A and B to part C using one out of two
pipelines in subsyster®;, one out of two
pipelines in subsysten%, and two out of
three pipelines in subsystesy)

S,
S w @ m R
\\“t\" o —
— L

TERMINAL DEBOGORZE

PORT GDYNIA

ii
an

B C

[TERMINAL DEBOGORZE |

Figure 2.The scheme of port oil transportation
system at operation state
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Figure 5.The scheme of port oil transportation

system at operation state

an operation staté&; — transport of one kind

of medium from the pier through part A to B
using one out of two pipelines in subsystem
S, and one out of two pipelines in subsystem
S
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Figure 6.The scheme of port oil transportation

. Figure 9.The scheme of port oil transportation
system at operation stage

system at operation stage

an operation stat&; — transport of one kind In the Table 1there is given an example realization
of medium from the terminal part B to C of the conditional sojourn times in particular
using two out of three pipelines in operation states of the oil pipeline system openati

subsystemS;, and simultaneously transport Process.

one kind of medium from the pier through

part A to B using one out of two pipelines in Table 1.Realization of conditional sojourn times in

parts S, and one out of two pipelines in operations states during one week.
subsystens,,
Condition Realization of conditional
s ((T—(T;_(_) al sojourn| - spjourn timesé, in operation
ST S [ times 6, state
\‘\t“@ 0t A0 C) (C (& in
T T T i
[PORT GDYNIA | 017
P ith | 15h | 8h
Figure 7.The scheme of port oil transportation " 30m
system at operation state 0., 7h 21h
30m | 10m
e an operation statez, —lack of medium s 4%2] 41h
transport (system is not working) 6. 15h
10m
S,
s (- s 16h
S ( (O (N
'\t““&, T (i
‘t‘ - - It is assumed that one week of working of the syste
— is a single realization of its operation proceske T

conditional sojourn timed}, at the operation states

z, when its next operation state isz,

b, = 123456,78 b#l, of each single realization
of the pipeline system operation process are given
. : separate line. In [4] there are collected realuratiof
*  an operation staté; — transport of one kind the conditional sojourn times in particular operati
of medium from the terminal part B to C states of considered system on the basis of a sampl
using_one out of three pipelines in P&  composed oh =10 realizations.
and simultaneously transport second kind of ¢ jdentify all parameters of the pipeline system
medium from the terminal part C to B using gperation process the statistical data about this
one out of three pipelines in p&t process is needed. The statistical data that hes be
collected up to now is given in [4]
From data given in [4] the following basic operatio
process statistical data are fixed:
- the number of the pipeline system operation msce
states

Figure 8.The scheme of port oil transportation
system at operation state
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v=8;

- the pipeline system operation process

observation/experiment time
© =70 days = 10 weeks;

- the number of the pipeline system operation @sce
realizations

n(0) = 10;
- the realizationn, (0)of the number of the pipeline
system operation process transitions in the paaticu
operation stateg, at the initial moment= 0

n, (0)=7,n,(0) =0, n;(0) =0, n, (0) =0,

n,(0) =1, n,(0) =1, n, (0) =1, n, (0) =0,
where

n (0)+ n, (0)+ n; (0) + n, (0) + ns (0) + ng (0)

+n,(0)+ 1, (0) =10;

- the vector of realizations of the numbers of the

pipeline system operation process transitions & th
particular operation stateg, at the initial moment
=0
[n,(0)]=[n, (0),n, (0),n; (0),n, (0),
N, (0).n, (0),n, (0),n; (0)]
= [70001110]

- the realizationn, of the numbers of pipeline

n,=2n,=0n;=0,n,=0,n,=0,
ng, =2, n, =11, n, =1,
N, = 2,Ng, =0, N, = 0,0, =0, Ngg =3,
Nes =0, N;; =0, Nz =0,
n, = 45, n, = 0, n, = 0, Ny, = 0, Nos = 9,
ne=0,n,=0,n,=1,
Ny =2, N, =0,n,=0,ng, =0, N, =0,
Ngs =0, Ng; =1, ng; =0;

- the matrix of realizations,, of the numbers of the

pipeline system operation process transitions from
the statez, into the statez, during the experiment

time © =70days

[Ny ]
I nll n12 n13 n14 n15 n16 rl17 n18 1
rl21 n22 n23 n24 rl25 n26 r]27 n28
n3l n32 n33 n34 n35 n36 n37 n38
— n41 n42 n43 n44 I’]45 n46 n47 n48
n51 n52 n53 n54 n55 n56 IF]57 n58
n61 n62 n63 n64 n65 n66 n67 n68
n71 n72 n73 n74 n75 n76 rl77 n78
_nSl Ng, MNgg Ny Ngg Ny Ny nsa_
[0 0 0 0 3 3 43 1]
0 00000 OO
000000 O O
|loooo0oo0o0 0 0
|2 0000 2 11 1|
2 00030 0 O
45 00090 0 1
2 00000 1 0

system operation process transitions from the state

z, into the statez during the experiment time
© =70 days

n,=0n,=42,n,=0,n,=0, n, =3,
ne =3, n, =43, n, =1,
n21 0' 22 O’ n23 = o’ n24 = O’ n25 = 0’
n26 0’ 27 O’ n28 O'
n31_0’ 32_0’ n33_o’ n34_0’ n35:07
n36_o’ 37_0’ n38_0'
n41_0’ 42_01 Ny = 0, n44—0, n45:01
n46_0’ 47 01 n48—0,
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- the realizationn, of the total numbers of the
pipeline system operation process transitions from

the operation statez, during the experiment time

© =70days (the sums of the numbers of the matrix

[, 1)

n=n,+Nn, +n;+n,+ng+ng+n,+ng,
=50,

N, =Ny +N, + N+, F N+ Ny + 1N, + 1N, = 0,

Ny =Ny + Ny, N+, + N+ N+ Ny + 0y = 0,

n,=ny,+n,+n,+n, +n,+n,+n,+n, = 0,
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n, =ng, +n,+n,+n,+n,+n,+n_+n, =16, process it is not possible to estimate its all
N, =N, +Ng, + N + N, +N +N, +N,, +n, =5, operational characteristics. Namely, it is not fies
a _ to determine the matrix of the conditional
N, =Ny + Ny, + Ny + Ny + N5+ Ny + Ny +1 = 55,

distribution functions[H,, (t)],,, Of the lifetimes

g, for b,1=22..8 b#l, (2) and further

- the matrix of realizations of the total numbefshe  consequently, according to (20) [5], it is also not
pipeline system operation process transitions fronpossible to determine the vectpH, (t)],,, of the

the operation state, during the experiment time ynconditional distribution functions of the lifetas

© =70 days g, of this operation process at the operation states
z,, b=12...8 However, on the basis of the

preliminary statistical data coming from experiment
it is possible to evaluate approximately the

=[50.00016 555 3] conditonal ~ mean  values M =E[§,],
b, =12,..8 b#l, (3) of lifetimes in the

particular operation states. On the basis of the
statistical data given inables 1-10in [4] their
approximate evolutions are as follows:

n8 = n81+n82 +n83+n84+n85 +n86 +n87 +n88 = 3’

[nb] :[nl’nZ’n3’n4’n5’n6’n7’n8]

On the basis of the above statistical data it Esjibe
to evaluate

- the vector of realizations

[p()] = [07,0,0,0,0.1010.10] M, =720 My, =420 M,, =69895 M, =480
of the initial probabilitiesp, (0), b= 123456,78, Mg, =750 Mg =564 M, =7487, M =540,
(1) [5] of the pipeline system operation process
transients in the particular states at the moment M, =360 M, =360
=0

M, =9753 M, =8724, M =600
- the matrix of realizations

Mg, =900 M,, =420
[Py ] " 7

Hence, by (5), the unconditional mean sojourn times

O 000 006 006 086 002] in the particular operation states are given by:
0 000 O 0 0 0
0 000 O 0 0 0 M, =E[6,] = pisM 5 + PM g + p,My, + pM g
= 0 000 0 0 0 0 = 0061720+ 006420+ 08669895
0125 0 0 0 O 0125 0.687 0.063
04 0 O O 06 0 0 0 + 0020480 679.1,
082 0 0 0 016 O 0 002
i 067 0 O O 0 0 033 0 | Ms = E[gs] = p51M 51 + p56M56 + p57M57 + p58M58
of the transition probabilities  p,, = 0125(750+ 01251564+ 06871 7487
bl = 1,23456,78, (1) of the pipeline system +0.063540 71263
operation process from the operation stageinto
the operation statg, . M, = E[6,] = psM g + PesMgs
5. The port oil pipeline system operation = 040360+ 0.6[360= 360,

process characteristics evaluation

At the moment because of the luck of sufficient M; = E[6;]1= puMy, + prsMys + prMo,

statistical data about the oil terminal operation
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= 082[(9753 + 016[8724 + 002[600
[ 95133
Mg = E[6,] = pg, Mg, + P, My,
= 0671900+ 033[420[ 7416.
Since from the system of equations below (7)

[773.’”2’”3’77-4’”5’”6’”7’”8]

=[771.I.’7T2'7T3'”4'”5’”6’”7’77;5][pbl]8x8

T+ T, + T, + 7T, + JT, + 7T, + 7T, + 1T, =1,
we get
n,=0396 n,=0, n,=0, 1, =0,
7, =0.116 n, =0.03§ 77, =0435 7, =0.015

Then the limit values of the transient probabititie
p, (t) at the operational stateg, according to (6),
are given by

p, =034, p,=0, p,=0, p, =0,
p, =01 p, =002 p, =053 p, =001 (9)

6. Reliability of systems in variable operation
process

We assume that the changes of the system operation
processZ(t) states have an influence on the system

components E;, i=12,...,n, reliabilty and the

[R,(t, W= [L[R, 1]V ...[R, (2],
fort0<0p), b=12,...v, u=12...,z, where
[R, & w]® =P(T® (u) >4Z(t) = 2,)
for t0<0,0), b=212,...v, nON,
where
TOW) =T(T” (u), T, (u),....T.” (u))
for t0<0,0), b=12,..v, u=12...,z, nON,
and

[R, (t,u)]®

=R, ([R ¢, W17, [R, ,w]®,...[R, ¢, u)]®)

fort0<0,:0),b=12..v, u=12...,z, nON.

The reliability function [R (t,u)]® is the
conditional probability that the componenE;
lifetime T®(u) in the reliability state subset
{u,u+1,...,7} [5] is greater tham, while the process
Z(t) is at the operation state,. Similarly, the
reliability function [R, (t,u)]® is the conditional
probability that the system lifetim& ® (u) in the
reliability state subsefu,u+1,...,7Z} [5] is greater
thant, while the procesg(t) is at the operation state

system reliability structure as well. Thus, we deno Z- In the case when the system operation time is
the conditional reliability function of the system large enough, the unconditional reliability functio
componentE; while the system is at the operational of the system is given by

statez,, b=12,...v, by

[R(t0N”=[L[R ¢.DI...[R 2]”],
fortd<0p), b=12,...v, u=12,...,z, where

[R (t,u1® =PI (u) >tz (t) = 2,)
fort0<0,),i=212,...,n,b=212,...,v, u=12,...,z,
and the conditional reliability function of the sym

while the system is at the operational
z,,b=12,..v, by

R, 0=[1LR, ¢D..R,2)]]

where

R, (t,u) =P(T(U)>t) O p, [R,LW]®  (10)
b=1

for t0< 0,), u=12,...,2,

where T(u) is the unconditional lifetime of the
system in the reliability state subgetu +1,...,7}

State

and the mean value of the system lifetime is
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p(u) O3 Pty (U), U=12,...2, (1) fort=0,
R, ¢.2) = p,[R, t.2)]” + p,[R, (t.2)]*?
where
o + ps[R, €219 + p,[R, (t.2)]®
Hy(U) = [[R, (&, u)]® dt, (12)
0

+ ps[R, (t:2)]® + p[R, (t.2)]

and p, are given by (6), and the variance of the

™ @
system lifetime is +p,[R, 2] + p R, (t.2)]

O.Z(U) — 2]')‘: Rn (t, u)dt _ [ﬂ(u)]z (13) = 034[ﬂRn (t,2)] O 4 0 [ﬂRn (t ,2)] )

+0[R, (t2)]° +00R, (t2)]“
7. Reliability and risk evaluation of port oil

pipeline transportation system in variable +010R, (t,2)]® + 0020R, (t,2)]®
operation process
After discussion with experts, taking into accoting + 0530R, (t,2)]” + 0010R, (t,2)]®  (15)

safety of the operation of the oil pipeline
transportation system, we distinguish the following fort=> 0,
three reliability states of its components [2]:

» areliability state 2 — piping operation is fully where [R D]V, [R, t1]?, [R (tD]®,
safe,

« a reliability state 1 — piping operation is lesfesa [R, @1, IR, (01, [R, (01, [R, (D17,
and more dangerous because of the possibility of [Rs tD]® and  [R (t.2)]%,  [R,(t2)]?,
environment pollution, R, (t2)]?, [R,t2)]Y, [R,(t2]?, [R, (219,

+ areliability state 0 — piping is destroyed. [R,(t2)]7, [R (t2)]® are the system reliability

Next, using the model considering in section 6, thencfions in particular operation states determibgd

results of section 5 and the results given in 4% (23), (29), (41), (56), (69), (84), (99), (105) afad),

and (10), we have (30), (42), (57), (70), (85), (100), (106) given[4).
Since according to the results given in [4], theame
R, (t,0)=[LR, ¢t R, 2, values of the conditional system lifetimes in the

reliability state subsets by (12) in years are:

where
(1) 00.364 14 (2) 00.304

R, 1) =p,[R, tD]Y + p,[R, t1]?

U, (1) 00.807, 1, (2) 00.666
+ p[R, tD]? + p,[R, D]

15 (1) 00307, 14, (2) 00.218
+ po[ R, tD]® + pg[R, (tD]®

(1, 1) 00.079 4, (2) 00.058
+p,[R, (D] + py R, (t1)]®

s (1) 00307, 14 (2) 00.218
= 0340R. (t)]® +00R, (t)]?

s 1) 00.079 4, (2) 00.058
+00R, (tD]1® +00R, (D]

4, (1) 0011, 4, (2) 00.083
+010R, (t1)]® + 002[R (t1)]®

s (1) 00364, 11, (2) 00.304

+053[R, (t1)]? + 0010R, (tD]®  (14)
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then applying (14), (15), (11) and (13), we get the
mean value and the standard deviation of the syste
unconditional lifetime in the reliability state sdis
given by

HO =Py @ + P, D + Py @ +p, 1, D)
+Ps s (O + Pe e D) + P, 1 Q) + P 1y (D
£0.218,

o (1) C 0.228year,
H(2) =Py (2) + P 1, (2) + Pty (2) + Pyt ()
+ Ps s (2) + Pg s (2) + P; 17 (2) + Py s (2)

L 0.173,

o(2) L 0.185year.

If the critical safety state [2] is=1, then the system
risk function, is given by

r(t) =1-R, (t,1)
=1- [034R(D]® + 01[R(t,1)]”
+ 002[R(t,1)]® + 053[R(t,1)]?
+ 001[R(t,1)]®] fort= 0.

Hence, the moment when the system risk functio
exceeds a permitted level, for instarce 0.05, is

r=r*(d C001lyears.

0,9 A
0,8 -
0,7 1
0,6 -

2051
0,4 -
0,3 A
0,2 A
0,1 A

0,2 0,4 0,6 0,8 1,2

Figurel0.The graph of the port oil pipeline system
risk functionr (t)
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8. Conclusion

nIlhe paper proposes an approach to the solution of

practically very important problem of linking the
systems’ reliability and their operation procesSas.
involve the interactions between the systems’
operation processes and their varying in time
reliability structures and components’ reliability
characteristics a semi-markov model of the systems’
operation processes and system conditional
reliability functions are used. This approach gives
practically important in everyday usage tool for
reliability evaluation of the systems with changing
reliability structures and components’ reliability
characteristics during their operation processes.
Application of the proposed method is illustrated i
the reliability and risk evaluation of the port oil
pipeline transportation system. The reliability ubp
data concerned with the operation process and
reliability functions of the components of the poiit
transportation system are not precise. They are
coming from experts and are concerned with the
mean lifetimes of the system components and with
the conditional sojourn times of the system in the
operation states. To improve the achieved reduls i
supposed that the statistical data given in [4] el
collected for the next two years and after thisquer

of time the full identification of the pipeline oll
transportation operation process will be performed
and this process main characteristics will be
determined and used in pipeline transportation
systems reliability, risk and availability more pise
analysis and evaluation.
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