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Abstract

The joint general model of reliability and availéti of complex technical systems in variable opiera
conditions linking a semi-markov modeling of thestgyn operation processes with a multi-state apjpraac
system reliability and availability analysis anddar programming considered in the paper Part Apéed
in maritime industry to reliability, risk and avallility optimization of a port piping oil transpation system.

5. Reliability, risk and availability evaluation steel pipe segments of diameter 350 mm. The

of a port oil piping transportation system terminal partC is designated for the loading the rail
. L L _ cisterns with oil products and for the wagon segdin
The oil terminal in @bogorze is designated for the 1, he railway station of the Port of Gdynia and

rece_ption from ships,_the storage_and send_ing BYirther to the interior of the country.
carriages or cars the oil products. Itis alsogtesed  he i pipeline system consists three subsystems:
for receiving from carriages or cars, the storage a _ the subsystemS, composed of two identical

loading the tankers with oil products such likerpet =~ _
pipelines, each composed of 178 pipe segments of

and oil.
The considered system is composed of three termin@n9th 12m and two valves,

partsA, B andC, linked by the piping transportation - the subsystemS, composed of two identical
systems. The scheme of this system is presented pipelines, each composed of 717 pipe segments of
Figure 1[7]. length 12m and to valves,

The unloading of tankers is performed at the piers the subsyster8, composed of three different
placed in the Port of Gdynia. The piers is conriéctepipelines, each composed of 360 pipe segments of
with terminal part A through the transportation ejther 10 m or 7,5 m length and two valves.
subsys'terTSl built of two piping lines composed of The subsystems,, S,, S, are forming a general
steel pipe S(_egments W't.h dlamgter of .60.0 mm. In thSort oil pipeline system reliability series strugu
partA there is a supporting station fortifying tankers irowever, the pipeline system reliability structure

pumps and making possible further transport of o nd the subs A . .
. ystems reliability depend on its clmangi
by the subsysteny, to the terminal parB. The in time operation states [7].

subsystens; is built of two piping lines composed of Taking into account the varying in time operation

steel pipe segments of the diameter 600 mm. T : N
terminal parB is connected with the terminal patt rk?rocess of the considered system we distinguish the

by the subsyster&;. The subsyster; is built of one following as its eight operation states:
piping line composed of steel pipe segments of the
diameter 500 mm and two piping lines composed of
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to part B using one out of three pipelines in
subsystens;, 04
an operation state, - transport of one kind of | 082
medium from the terminal part B through part A| pg7
to piers using one out of two pipelines in~

subsystemS, and one out of two pipelines in

0.6 0 0 0
016 O 0 002
0 0 033 0

* an operation state, — transport of one kind of 0O 0O 006 006 086 002 ]
medium from the terminal part B to part C using| 0 00 0 0 0 0
two out of three pipelines in subsyst&n 0 0 0 0 0 0 0
* an operation state, — transport of one kind of 0 0 0
medium from the terminal part C (from carriages) (42)
0125 0 O 0 0125 0687 0.063
00
00
00

0
0
0
0 O 0 0 0
0
0
0
0

Unfortunately, it was not possible yet to determine

subsystens,, ) o A .
y nSl . the matrix of the conditional distribution funct®n
an operation state, — transport of two kinds of _ _

[H, ()], Of the sojourn timeg,, for b,I =12,...8,

medium from the piers through parts A and B tob | :
part C using one out of two pipelines in #l, [1], [6] and further consequently, according to

subsystemsS, and two out of three pipelines in [H, ()l Of the unconditional distribution functions
subsystens;, of the sojourn timeg, of this operation process at

an operation state, — transport of one kind of he operation states,, b=12,...8. However, on the

medium from the piers through part A to B usingpasis of the preliminary statistical data comingir
one out of two pipelines in subsyst&nand one  experiment it was possible to evaluate approxingatel
out of two pipelines in subsyste® the conditional mean values
an operation state; — transport of one kind of \_=g[g,], b1=12..8 b#l, of sojourn times

medium from the terminal part B to C using twojn the particular operation states defined by (®).
out of three pipelines in subsyste®, and the pasis of the statistical data given in Table91

simultaneously transport one kind of mediumjn [7] (Appendix 1A) their approximate evolutions
from the piers through part A to B using one outyre as follows:

of two pipelines in part§ and one out of two

pipelines in subsystes, _ M, =720, M, =420 M, =69895 M,, =480
» an operation state, —lack of medium transport
(system is not working) M., =750 M, =564 M, =7487, M, =54Q

an operation state, — transport of one kind of

medium from the termir)al par't B to C using oneM61 =360 M, =360 M, =9753 M, =8724,
out of three pipelines in parts;, and
simultaneously transport second kind of medium , _ _
from the terminal part C to B using one out of'\/|78 =600 M, =900 M, =420 (43)
three pipelines in pa&. - o _
At the moment because of the luck of sufficientience, by (2), the unconditional mean lifetimes in
statistical data about the oil terminal operatiorfhe operation states are
process it is not possible to estimate its all
operational characteristics. However, on the bihsis M, =E[6,]= p;M;s + pM + p,M,; + p Mg
still limited data, given in [7], the transient

probabilities p,, from the operation state, into the = 0060720+ 0061420+ 086169895

operations statez, for b,1=12..8 b#l, were

preliminary evaluated. Their approximate values are
included in the matrix below

+002[480C 6791,
M 5 = E[Hs] = p51M 51 + p56M56 + p57M57 + p58M 58
[Py] = =0.125[750+ 0.125[564 + 0.687[7487

+0.063[540C 71263,
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Mg = E[6,] = PsuMe; + PssM g R, (t,2) = 0340R(t,2)]Y +0[R(t,2)]®
= 04[360+ 0.6[360= 360, +0 [l;ﬁ(t,Z)](s) + Oﬂ;ﬁ(t’z)](“)

M, =E[6,]= pM; + My + prgMog + O,lﬂ;ﬁ(t,Z)](s) + O_OZ[Eﬁ(t,Z)](e)

= 082[(9753 + 016[8724 + 002(600 + 053[R(t,2)]™ + 001[R(t,2)]®] (49)

£ 95133 fort=0,
Mg = E[6,] = psuMg, + P, My, where [R(tD)]®, [R(t,2)]®, b=12,...8, are fixed
in [7].
= 0671900+ 033[420[ 7416. (44) In [7] (Appendix 1B), it is also fixed that the nrea

values of the system unconditional lifetimes in the

Since from the system of equations (5) given here iparticular reliability state subsefs2} and{2} are:
the form

M, (1) =0364 , (2) =0.304
[77.1’”2’77.3’”4'77-5’”6'”7'77.8]
:[77;]_! ﬂ21n31 ﬂ41r[;5 ’ ﬂ@ ’ ﬂ7 ’ 77-8][pb| ] ILIZ (1) = 08077 ILIZ (2) = 0666’
o+ TG, + 7T, + 7T, + 7T, + T, + 7T, + 71, =1,
M, @) =0307, 1, (2)=0218
we get
u, (@0 =0.079, u,(2)=0.058
n,=0396 n,=0, n,=0, n, =0, 1, =0.116
M (1) =0.307, u;(2) =0.218
n, =0.038 n, =0435 n, =0015 (45)
D =0.079 2) =0.058
then the limit values of the transient probabiitie Hs () Hs @)

p, (t) at the operational statez, according to (4), () =0.11Q 4, (2)=0085

are given by
p, = 034, p, = 0, p, = 0, p, = 0, p;= 01, Hg (1) =0.364 Hg (2) =0.079 (50)
p, = 002, p, = 053 p, = 00L (46) After considering (46)-(50) and applying (11), the

mean values of the system unconditional lifetinmes i

the reliability state subse{d,2} and{2}, before the
From the above result, according to (34)-(35), the y 82} {2}

unconditional multistate (three-state) reIiabiIityOpt'm'Zat'on' respectively are:
function of the system is of the form
M@ =Pty @) + P, @) + Popls @) + Py, D)
R, (t.D=[1, R, ¢, R, t.2)], (47)
+ P s ) + Po s M) + Py 4, @) + Py 4 ()
with the coordinates given by
= 034[0.364 + 00000.807 + 000[0.307
R, () = 034QR(tL)]® +0[R(]®
+ 0000.079 + 010[0.307 + 002[0.079

+0[R(t,1)]® +0[R(t,1)]“
RG] RG] +0530.110+ 001[0.364 [0.218, (%)

+ 001[R(t,1)]® + 002[R(t,1)]®
H(2) =Pty (2) + P, (2) + P3ths (D) + P,y (2)
+ 053[R(t,1)]™ + 001[R(t,1D]®] (48)
fort=0, * P s 2+ Ps s @+ P, i, (2 + Ps Mg @)
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= + + -

03410.304 + 000[0.666 + 000(0.218 E™ (1) = P(S, (1) <1) DFN(O,l)(tO 202.2\1/%N),
+ 000 0.058+ 010[0.218+ 002[0.058 £ 0 (~e0, c0), '
+0530.083+ 001(0.304 [ 0.173, (52) ii) the expected value and the variance of the time
S, (M until the Nth exceeding the reliability critical
and according to (14), the mean values of the Bystegiate 1 of this system take respectively forms
lifetimes in the particular reliability statas=1 and

u = 2, before the optimization, respectively are E[S, (1)] = 0.218N, D[S, ()] = 0.051N
N . ’ N . '

AQ=p@) - p(2)=0045 i) the distribution of the numberN(1) of
e _ exceeding the reliability critical state 1 of tkigstem
AR2)=p(2)=0173 (53) up to the moment, t >0, for sufficiently larget, is

Further, according to (13), the variances and stahd approximately of the form

deviations of the system unconditional lifetimes in

iahili 0.218N -t
the system reliability state subsets are P(N@t1)=N)OF ezt
(NED=N) N(o,l)(o_488&/f)
o?(l) = 2]t R, (tDdt—[#L)]? 00.052Q B
0 M), N =012,..,

-F
von 0.4884/t
o() C0.228 (54)

iv) the expected value and the variance of the
a?(2) =2°j°t R, (t,2)dt —[£(2)]> 00.0342 number N (1) of exceeding the reliability critical
o state 1 of this system at the momdnt >0, for

sufficiently larget, approximately take respectivel
0(2) £ 0185 (55)  orma oo AFP Y pecively

where R, (), R, (t,2) are given by (48)-(49) and H (1) =4.587, D(t]) = 5.0095.
u@, u(2) are given by (51)-(52).
If the critical safety state is=1, then the system risk Further, assuming that the oil pipeline system is

function, according to (7), is given by repaired after its failure and that the time of the
system renovation is not ignored and it has thenmea
rt) =1-R, (t,1) fort=0, (56) value 1, (1)=0.005 and the standard deviation
0, (1) = 0.005 applyingTheorem 3.2we obtain the
where R, (t,1) is given by (48). following results:

Hence, the moment when the system risk function —
exceeds a permitted level, for instangde = 0.05, i) the distribution function of the timeS, () until

from (8), is the Nth system’s renovation, for sufficiently larde
o has approximately normal distribution
r=r7(9 L 001lyears. (57) N(0223N 0.2279/N) , i.e.,

Further, assuming that the oil pipeline system is

repaired after its failure and that the time of the F tD = p(gN @ <t)OF (M),
system renovation is ignored, applyiigeorem 3.1 "% 0.2279/N
we obtain the following results: t 0 (-00,00), N =12,...,

i) the distribution of the timeS, (Quntil the Nth iy the expected value and the variance of the time
exceeding of reliability critical state 1 of thigssem,
for sufficiently largeN, has approximately normal

distribution N (0.218N ,0.228\/W) , e,

§N (D until the Nth system’s renovation take
respectively forms
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state 1 of this system up to the momertt= 0, are

E[Sx (1)] 00.223N , D[Sy (1)] 00.0519N .
[Su)] [Su ()] respectively given by

i) the distribution function of the timeS_ (1) until t+0.005 -

the Nth exceeding the reliability critical state 1 of H (1) D227 D (1) 0468t + 0.005),
this system takes form T

" ix) the availability coefficient of the system dtet
F tD = P(éN M <t) momentt is given by the formula

t - 0.223N + 0.005 A1) C 09776, t=0,

V0.051N _0-000025) x) the availability coefficient of the system ineth
t0(-,0), N=12,..., time interval<t,t +7),7 >0, is given by the formula

= FN (01 (

iv) the expected value and the variance of the time o__
S, (@ until the Nth exceeding the reliability critical AT D4'484£ R, tDdt, t20, 7>0.
state 1 of this system take respectively forms

6. Reliability, risk and availability

E[Sw (1)] J0.218N + 0.005N - 1), optimization of a port oil piping
transportation system
D[éN (1] 00.0519N + 0.00002%N - 1), The objective function (15), in this case as the

critical state isr =1, takes the form

v) the distribution of the numbelﬁ(t,l) of system’s (@) = p, [0.364+ p, [0.807+ p, (0.307
renovations up to the momentt = 0, is of the form

+p,[0.079 + p, 0.307 + p, (0.079

N 0.223N -t
P(N@t)D)=N)OF —_—
(NED ) OF e 0482/t ) + p,[D. 110+ p, [D.364 (58)
0.223N +1) -t The lower p, and upperp, bounds of the unknown
_FN(O,l)( —) N=12,..., .. . _
0482/t limit transient probabilitiesp,, b =12,....8,

coming from experts are respectively:
vi) the expected value and the variance of the

number N 1) of system’s renovations up to the P. =025, p, =001, p, =001 p, = 001,
momentt, t = 0, take respectively forms p; = 008, p, = 001, p, = 040, p, = 001;

p, = 050, p, = 005, p, = 005, p, = 005,

H (1) 04484, D¢l O 468,
¢ ) p, = 020, p, = 005, p, = 075, p, = 005.

vii) the distribution of the numberN(t]) of

exceeding the reliability critical state 1 of tkigstem
up to the moment, t = O, is of the form

Therefore,according to (16)-(18), we assume the
following bound constraints

- 0.223N -t - 0.00 2P, =1 (59)
PN D) = N) OF, o, ( ) =
0.482Jt + 0.005
_F 0.223N +1) -t —0005> N =12 025< p, < 050, 001< p, < 005,
von 0482t-0005 L2 001< p, < 005, 001< p, < 005,
008< p, < 020, 001< p, < 005,
viii) the expected value and the variance of the 040< p, < 075, 001< p, < 005. (60)

number N (t]) of exceeding the reliability critical
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Now, before we find optimal valuep, of the limit % = iX =078 §=1-x =1- 0.78=0.22 (67)
transient probabilites p, , b=12..v, that i=

maximize the objective function (58), we arrange th
system conditional lifetime mean values, (),

b=12,...8, in non-increasing order

and according to (25), we find

=0, x°=0, x°=-x°=0
=001 x' =005, x'-x" =004
X? =026 x*= 055 x*-x*=029,

X X(
1

Oz 402 402 402 402 402

D= p@. T
Mo @)= pe () x® =078 x® =170, x*-x®=092 (68)
Next, according to (19), we substitute . . ,
gto (19) From the above, as according to (67), the inequalit
X, = p, = 000, x, = p, = 034, x, = p, = 001 (26) takes the form

X, = p, = 000, x,=p, = 010, x, = p, = 053,

x'-x' <022, (69)
X, = p, = 000, x, =p, =002 (61)
then it follows that the largest valuel{0},...8}
and such that this inequality holds Is=1.
Therefore, we fix the optimal solution that maximiz
X, =001, x = 095for i =12,....v (62) (63) according to the rule (28). Namely, we get
and we maximize with respect to, i =12,...8, X, =X, = 005,
the linear form (52) that according to (20) takwes t A
form X, = §-xX+ XX,
= 022- 005+ 001+ 025= 043 (70)
U@ =x 10807 +x,[0.364 +x, [0.364
+x,00.307 +x, [0.307 +x, [0.110 X =%, =001, x, =X, = 001, % =X; = 008,
+x,[0. 079+ X, [0.079 (63) X% =X%; = 040, x; =X, = 001, X, =X, = 001.(71)
with the following bound constraints Finally, after making the inverse to (61) substinf
we get the optimal limit transient probabilities
2x =1 (64) b =x =005 p,=x =043 p, =% =00L
p, =%, = 001, p, =% =008, p,=x, =040,
001< x, < 005, 025< x, < 050, b, =% = 001, p, =%, = 001 (72)
001< x, < 005, 001< x, < 005,
008< x, < 020, 040< x, < 0.75, that maximize the system mean lifetime in the
001< X, < 005, 001< x, < 005. (65) reliability state subsefl,2} expressed by the linear
form (58) giving, according to (31) and (72), its
where optimal value
X, =001, x, = 025, X, = 001, X, = 001, (1) = p, 0364 +p, 10807 + p, [D.307
%, = 008, X, = 040, X, = 001, X, = 001; +p,[0.079 + p; 0.307 + pg [0.079
+ p,[0. 110+ p, [0.364
X, = 005, X, = 050, X, = 005, X, = 005, = 043[0.364 + 005[0.807 + 001[0.307
%, = 020, X, = 075, X, = 005, X, = 005. (66) + 0010.079 + 008[0.307 + 001[0.079
+ 04000.110 + 001[0.364 = 0.274. (73)

are lower and upper bounds of the unknown limit
transient probabilitiesc , i =1,2,...8, respectively. ~ Further, according to (32), substituting the optima
According to (24), we find solution (72) in (52), we obtain the optimal sobunis
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for the mean values of the system unconditional ¢(2) C0.237, (80)
lifetimes in the reliability state subggt}

) , _ . where ﬁa D, ﬁs (t,2) are given by (77)-(78) and
£(2) = p, (0304 + p,[0.666 + p, [0.218 4Q), 1(2) are given by (73)-(74).
* 94[0'058 * PS 0.218 + p, [0.058 If the critical safety state is=1, then the optimal
+ p,[D. 085+ p, [D.304 system risk function, according to (7) and (37), is
= 043[0.304 + 005[0.666 + 001[0.218 given by
+ 0010.058 + 008[0.218 + 001[0.058 _
+ 04000.085 + 001[0.079 = 0.220. (74) F(t)=1-R, 1) fort=0, (81)

and according to (36), the optimal solutions fa th

mean values of the system unconditional lifetines i Where R, (t1) is given by (77).

the particular reliability states Hence and considering (38), the moment when the
optimal system risk function exceeds a permitted
Z@M) = @) - 1(2) = 0.054 level, for instanced = 0.05, is
A@) = p(2) = 0220 (78 42 v2(5) L 0.19 years. (82)

Moreover, according to (34)-(35) and (47)-(49), th . . :
corresponding optimal unconditional multistat:Replacmg'u(r) by 4(@) given by (73) ana(r) by

reliability function of the system is of the form o) given by (79) in the expressions for the
renewal systems characteristics pointedhieorem 1
and Theorem 2we get their corresponding optimal

Ryt =11 Ry (D), Ry t.2)] (76) values pointed below.
_ , _ Under the assumption that the oil pipeline system i
with the coordinates given by repaired after its failure and that the time of the
] system renovation is ignored, we obtain the
R, (1) = 043QR({t1]® + 005[R(t,1)]? following optimal results:
+ 001[R(t,1)]® + 001[R(t,1)]® i) the distribution of the timeS; (Quntil the Nth

= ) = ) exceeding of reliability critical state 1 of thigssem,
¥ O'OS[DE(t’l)] o ¥ O'Ol[Di(t’l)] © for sufficiently largeN, has approximately normal
* 040[RED]™ + 00L[RADI™L  (77)  gistribution N (0.274N 0.289/N) | i.e.,

t-0.274N

0289/N )

R, (t,2) = 0430R(t,2)]® + 005[R(t,2)]?
+ 001[R(t,2)]® + 001[R(t,2)]“
+ 008[R(t,2)]® + 001[R(t,2)]®
+ 040[R(t,2)]™ + 001[R(t,2)]®] (78)

FM@E) = P(S, @) <t) OF, o (

t 0 (-0, 0),

ii) the expected value and the variance of the time
S,y D until theNth exceeding the reliability critical

theState 1 of this system take respectively forms

fort>0, where[R(tD]®, [R(t,2)]®, b=12,...8,
are fixed in [7].

Further, according to (13) and (32)-(33),
corresponding optimal variances and standard
deviations of the system unconditional lifetimettie
system reliability state subsets are

E[S, )] =0.274N, D[S, (1)] =0.084N

i) the distribution of the numberN (1) of

exceeding the reliability critical state 1 of tkigstem
up to the moment, t >0, for sufficiently larget, is

approximately of the form

o2 (1) = 2]t R, (t)dt—[ 4(L)]? 00.084,

o) C0.289, (79)

P(N (D) = N) OF, o (22T L

® . )
0%(2) = 2]t R, (t,2)dt-[(2)]> 00.056, 0.552/t
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0.274N +1) -t

), N=012,..., E[Sx (1)] [10.274N + 0.005(N - 1),
0552/t

N (0.1) (

iv) the expected value and the variance of the D[S~ (@1)]0.0835N +0.00002%N -1),
number N (t,1]) of exceeding the reliability critical

state 1 of this system at the momdnt=>0, for v) the distribution of the numbelﬁ(t,l) of system’s

sufficiently larget, approximately take respectively renovations up to the momentt > 0, is of the form
forms

N 0.279N -t

H (t1) = 3.64%, D(t1)= 406, P(N (D) = N) OF,,, (==t
(NED =N) OFy 4y 054N

Under the assumption that the oil pipeline system i 027N +D -t _ 12,

repaired after its failure and that the time of the ves 0549t
system renovation is not ignored and it has thenmea

value ,(1)=0.005 and the standard deviation yj) the expected value and the variance of the
0,(1) =0.005 we obtain the following optimal

results:
i) the distribution function of the times, () until

the Nth system’s renovation, for sufficiently largé
has approximately normal distribution

N (0.279N ,0.289%/N) , i.e.,

number N (1) of system’s renovations up to the
momentt, t = 0, take respectively forms

H (1) 03584, D(t1) 03864,

vii) the distribution of the numberN(t]) of

) ~0.279N) exceeding the reliability critical state 1 of tsigsstem
F )= P(SN @ <t) OFy 0y (—) up to the moment, t = 0, is of the form
289N
th(ze, ), N =12, - 0.279N -t - 0.00
PINED =) BFven O ot 0,005

ii) the expected value and the variance of the time : '
§N (D until the Nth system’s renovation take 0.279N +1) -t — 000
respectively forms = Fuon 04971 £ 0.005 ,N=12,..,

E[S (1)] 00.279N , D[S (1)] 00.084N , viii) the expected value and the variance of the

B number N(t,l) of exceeding the reliability critical
i) the distribution function of the timeS @ until  state 1 of this system up to the momeytt> 0, are
the Nth exceeding the reliability critical state 1 of respectively given by
this system takes form

o H () D%, D (t1) 03.868 + 0.005),

F (D)= P(Sx @) <t) 0.27¢

ix) the availability coefficient of the system dtet

—0.279N +0.005 momentt is given by the formula

J0.084N - 0. 000023

N (0.1) (

A1) £ 0982, t=0,
t O (-o0,0), N =12,...,
x) the availability coefficient of the system ineth
iv) the expected value and the variance of the timéme interval <t,t+7),7 >0, is given by the
S, () until the Nth exceeding the reliability critical formula
state 1 of this system take respectively forms

A7) 03584 R, tDdt, t=0, 7>0.
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To obtain the optimal mean sojourn times in the 4 0.00433;/]7 _0_01485\/]8:0_

(84)

particular operation states maximizing the mean

lifetime of the port oil piping transportation sgst
we substitute the optimal limit transient probalas

p, determined by (72) and probabilitiegz,

As we are looking for nonzero solutions, we omé th
second equation and we get

determined by (45) into the system of equation (40) -0.2257M, + 0.04988VI, + 0.0163M,

and we get its following form

-0.2257M, + 0.04988V; + 0.01634M
+0.18708V, + 0.00645 ;=0
0.0198M, + 0.0058Vl ; + 0.001M
+0.0217%, + 0.00075M 4= 0
0.00396V1, + 0.00116Vl; + 0.00038Vl,
+0.00433/, + 0.0001M,=0
0.00396V1, + 0.00116Vl; + 0.00038Vl
+0.00433/, + 0.0001M,=0
0.03168Vl, - 0.10672M + 0.0030M , +
0.0348V1, + 0.001M =0

0.00396M1, + 0.00116Ml, - 0.0376 M +
0.00435V1, + 0.00019M =0

0.1584M, + 0.0464Ml; + 0.015M
-0.26IM,+ 0.006M 4= 0

0.00396V, + 0.00116Vl, + 0.00038Vl,

+0.0043%, - 0.01485M = 0. (83)

+0.1870%, + 0.00645M 4= 0
0.03168M, - 0.10672M ; + 0.00304M
+0.03481, + 0.001M =0
0.00396M1, + 0.00116Ml, - 0.0376M
+0.00430 , + 0.00019M 4= 0
0.1584M, + 0.0464Vl; + 0.0152M
-0.26IM, + 0.008VI ;= 0

0.00396V, + 0.00116V; + 0.00038Vi

+0.0043%, - 0.01485 .= 0. (85)

From the above we get nonzero solutions in case
when the rank of the main matrix is not greatentha
4. In our case, since the above system of equaisons

satisfied by any values dfl,, M, and M,, than

after considering expert opinions, it is sensilde t
assume
M, C480, M, [1440,M, [ 480, (86)

and in order to get 4 nonzero solutions of theesyst

Since the above system is homogeneous then it hgs equations (85) to fix one of the remaining

nonzero solutions when the determinant of th@nknown variables for instance, according to (44),
system equations main matrix is equal to zerojfi.e. assuming

its rank is less thar8. Moreover, in this case the

solutions are ambiguous.

M, L 360. (87)

Since the second equation multiplied by five gives

the third equation and the third and fourth equmstio
are identical, then after omitting two of them (the

second and the third ones), we have

-0.2257M, + 0.04988V; + 0.01634M
+0.18703V, + 0.00645 ;=0
0.00396V, + 0.00116Vl, + 0.00038Vl,
+0.00433/, + 0.00018M =0
0.03168V, - 0.1067M + 0.00304V
+0.0348V1, + 0.0012V1,= 0
0.00396M1, + 0.00116Ml - 0.03762M
+0.00433/, + 0.0001M,=0
0.1584M1, + 0.0464Ml; + 0.015M
-0.26IM, + 0.006Mlz=0

0.00396V, + 0.00116Vl, + 0.00038Vl,

After this the system of equations (85) takes trenf

-0.22572M, + 0.04988V . + 0.187059M,
+0.0064, = -5.8824

0.03168M,- 0.10672V .+ 0.0348M,
+0.001M, = -1.0944

0.00396V, + 0.00116i ;+ 0.00435M,
+ 0.0001%1,= 13.5432

0.1584M, + 0.0464Vl .- 0.261M,
+0.006Vl; = -5.472

0.00396V, + 0.00116i ;+ 0.00435M,

-0.01489M 4= -0.1368. (88)

Next, after subtracting the third equation from the
fifth equation, we get
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-0.2257M, + 0.049881 , + 0.18705M,
+0.00643V , = -5.8824

0.03168V1,- 0.10672M .+ 0.0348V,
+0.001M, = -1.0944

0.1584M, + 0.0464Ml .- 0.261M,
+0.008Vl, = -5.472

-0.015M = -13.68.

(89)
The solutions of the above system of equations are

M, C 330,M, [ 210,M, [ 280,

Mg =912, (90)

Unfortunately, the solution of the above system of
equations are ambiguous

7. Conclusion

The joint general model of reliability and availiélyi

of complex technical systems in variable operation
conditions linking a semi-markov modeling of the
system operation processes with a multi-state
approach to system reliability and availability
analysis constructed in the paper Part 1 was applie
to reliability evaluation of the port oil piping
transportation system. The main reliability and
availability characteristics were evaluated and
maximized after its operation process optimization.

Hence and considering (86) and (87), we get thécknowledgements

following final solution of the equation (83)

M, £330, M, £ 480, M, [ 1440,
M, C480,M, C 210,M, = 360,

M, C 280,M, = 912. (91)

Now, substituting in (41) the above mean valiks

of the system unconditional sojourn times in th
particular operation states and the know
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