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Abstract

In the paper the environment and infrastructurkiérfce of the ship-rope elevator operating in N&apyard
in Gdynia on its operation processes is considérbd.results are presented on the basis of a denedel! of
technical systems operation processes relatedeto énvironment and infrastructure. The elevatografion
process is described and its statistical identificais given. Next, the elevator is consideredanying in time
operation conditions with different its componemafiability functions in different operation stateFinally,
the reliability, risk and availability evaluatiori the elevator in variable operation conditionpriesented.

1. Description of the ship-rope elevator in ¢ ihor analysis we will discuss the reliability thfe
Naval Shipyard in Gdynia rope system only.

Ship-rope elevators are used to dock and undock
ships coming to shipyards for repairs. The elevator
utilized in the Naval Shipyard in Gdynia, with the
scheme presented Kigure 4 is composed of a steel
platform-carriage placed in its syncline (hutchieT
platform is moved vertically with 10 rope-hoisting
winches fed by separate electric motors. Motors are;
equipped in ropes “Bridon” with the diameter 47 mm =
each rope having a maximum load of 300 tonnes.!
During ship docking the platform, with the ship
settled in special supporting carriages on the#
platform, is raised to the wharf level (upper posi}.
During undocking, the operation is reversed. While
the ship is moving into or out of the syncline and #
while stopped in the upper position the platform is ¥
held on hooks and the loads in the ropes are egiev |
Since the platform-carriage and electric motors are .
highly reliable in comparison to the ropes, which “#
work in extremely aggressive conditions, in our

Figure 1.The ship-rope transportation system (upper
position)
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The system under consideration is composed of 1@omposed of 22 strands. We assume that the rope is
ropes linked in series. Each of the ropes is coegbos "5 out of 22" system, so we consider the ship-rope
of 22 strands: 10 outer and 12 inner. elevator as a regular ”5 out of 22"-series system.
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Figure 2.The scheme of the ship-rope elevator

_ _ ~ On the basis of the statistical data coming from
The assumption that ropes satisfy the technicabyxperts using the shipyard ship-rope elevator in
conditions when at least one of its strands safisfi Naval Shipyard in Gdynia [6] the transition
the;se condltlon§ is not always true. In realitysit probabilities p,, from the operation stat, into the
said that a rope is failed after some number ahsis operation state z bl=1.6 bzl  were
use. Therefore better, closer in reality approadiné SR ;
system reliability evaluation is assumption thag th

ship-rope transportation system isn“out of |-

evaluated. Their approximate evaluations are given
in the matrix below.

series system. Further we assume that5. [p,]=

2. Operation process and its statistical 0 02931 02931 0.2414 0.1207 0.0517]
identification 1 0 0 0 0 0
Considering the tonnage of the docked and undocked | 1 0

ships by the rope elevator in Naval Shipyard in 1 0 0 0 0 0
Gdynia we can divide the system’s load, similady a

in the previous ships’ transportation system, sito 1 0 0 0 0 0
groups and due to fact that the rope elevator syste |1 0 0 0 0 0

depends mainly on the tonnage of docking ships we

can distinguish the followingv(= 6) operation states o the pasis of the realizations of the operation
of the rope elevator system operation process:

- an operation statezz — without loading (the
system is not working),
- an operation stat&, — loading over 0 up to 500

process Z(t ) conditional sojourn times§g, |,
bl =12,...6, b#l, in the statez, while the next
transition is to the state , given in [6], there were
formulated hypotheses about the distributions ef th

tonnes, » : _
~ an operation state, — loading over 500 up to conditional sojourn timesé, .These hypotheses
1000 tonnes, allows us to estimate the conditional mean values
~ an operation statg, — loading over 1000 up to Mu =E[6y], bl =12...6, b#l, of the lifetimes
1500 tonnes, in the particular operation states:

— an operation state; — loading over 1500 up to
2000 tonnes,

— an operation state, — loading over 2000 up to
2500 tonnes.

In all six operational states system has the same

structure. There are 10 rope-hoisting winches M3, =5800 M3, =3718 M, =18321]

equipped in identical ropes and each of the ropes i

M,, = 305706, M, = 331912, M, =1040607,

M, = 468786, M,, = 554000,
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Mg, =12450, Mg, =27000. We consider the strands as basic components of the

system. The system of ropes is in the reliabiliates

Hence, by [10], the unconditional mean sojournSubset{123},{23},{3}, when all of its ropes are in
times in the particular operation states arethis state subset and each of the ropes is in the
determined from the formula reliability state subsef123}, {2,3},{3}, if at least 5

of 22 strands are in this state subset. Thus, we

s . :
M, = E[6,] = |Z p M, b=1..6, conclude that the ship-rope elevator is a regufar 4

states “5 out of 22"-series system composedt,cf
10 series-linked subsystems (ropes) wlith= 22

and takes values: parallel-linked components (strands).

Then, taking into account above remarks, we obtain

M, [ 523313 M, L5800, M, L3718 the reliability function of the considered ship-eop

elevator given by the vector

M, 018321, M 012450, M, 027000.

RtI=[LR(D . R(2), R(t3)]

Since from the system of equations below [10], [11]

{

(7, 7T, 7T, 714, 7T, T ] :[773.’”21]T3’7T4’7T5'n6][pbl]

=[L RS, ¢, RS, .2, Rk, t.3)], t0<0,0).(2)

T+ 70, + 7Ty + 7T, + 7T + 71 =1, We assume strands as a basic components of a

system with the reliability functions given by the

we get vector
7, =05, n,=014655 77, = 014655 R(t) =[R¢.0),RtD, Rt 2, REt3)] t0< 0,),
n, =0.1207, 71, =0.06035 77, = 0.02585 with the co-ordinates

Then the limit values of the transient probabittie

R(t,u) =P(S(t) 2u|S(0) =3) = P(T (u) >t)

p, (t) at the operational states,, according to _
results given in [5],[7], are equal to: for t0<0,), u= 0123 and R({0)= 1. T(u) is

3.
elevator

p, =0.0083 p; =0.002§ p, = 0.0026

independent random variable representing the

p, =0.981Q p, = 0.0032 p, = 0.0021 lifetime of system components in the reliabilitptst

subset {,u+1,...,3}, while they were at the reliability
(1) state 3 at the momeht= 0 andS(t) are components’

reliability states at the momett 0< 0, ).

Moreover we assume that the components of the

ship-rope elevator i.e. strands have multi-state
reliability functions

Reliability of the shipyard ship-rope

According to rope reliability data given in their
technical certificates and experts’ opinions based ~ R® (t,)1= [L, R® ¢ ), R® (,2),R® (t,3)],
the nature of strand failures the following rellapi

states have been distinguished:

a reliability state 3 — a strand is new, withouy an with exponential co-ordinates  R™(t1),

defects, R® (t,2) and R® (t,3) different in various operation
a reliability state 2 — the number of broken wires _

in the strand is greater than 0% and less than 250/%tateszb, b=12...6.

of all its wires, or corrosion of wires is greater At the system operational sta# the strands in the
than 0% and less than 25%, ropes have following conditional reliability funatis
a reliability state 1 — the number of broken wires co-ordinates:

in the strand is greater than or equal to 25% and

less than 50% of all its wires, or corrosion of R® (1) = exp[-0.1613],

wires is greater than or equal to 25% and less than
50%,

® - _
a reliability state 0 — otherwise (a strand isefd)l R™(t.2) = exp[-0.2041],
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RY (t,3) = exp[-0.232&] for t = 0. At the system operational stag the strands in the
ropes have following conditional reliability funetis
Thus the conditional multi-state reliability funmi ~ co-ordinates:

of the ship-rope elevator at the operational sztes

given by: R® (¢, = exp[-0.2041],
[R@.019 =[1 [REDI?, [RE2I,[RE3)] ], R® (t,2) = exp[-0.2564],
where R@ (t,3) = exp[-0.2941] for t = 0.
[RED]® =[RE,, )] Thus the conditional multi-state reliability furti
of the ship-rope elevator at the operational sigtés
=[1-3(%)exp[-0.1613t] given by:
i=1
| [R(t01® =[1 [RED]I®, [RE2D1?,[R(t3)]?],
[1- exp[-0.1613]] 21", 3)
where

[R(t2)]® =[RS, t2)]? _ _
[REDI® =[RS, tD]?

=[1- i (2)exp[-0.2041t]

=[L- i (2)exp[-0.2041t]

[1- exp[-0.2041]] %", (4) .

[1- exp[-0.2041]] %1%, (8)
[Rt3)]® =[RS, ¢.3)]” _ _

[R(t,2)] @ = [ Rl((?,)zz (t,2)] @

=[1- i (2)exp-0.2326t]

=[L- il (#)exp-0.2564t]

[1- exp[-0.232@]] *']* fort= 0. (5)
[1-exp[-0.2564]] *']", 9)

The expected values and standard deviations of the

ship-rope elevator conditional lifetimes in the (5 2 _B6 2

reIiZbiIi?y state subsets calculated from the above [RE3ND =[Rig% 3]

result given by (3)-(5), according to [4], [8], tite .

operation statez,, in years, are respectively given :[1—Z(f2)exp[—0.2941t]

by: =

22-i 710
1, (D) C6.4415, (2)C5.0007y, ()L 4.4669, (6) L~ €xp0.2941]]™ ] fort=0. (10)

The expected values and standard deviations of the
ship-rope elevator conditional lifetimes in the
reliability state subsets calculated from the above
result given by (8)-(10), according to [8] at the

operation statez, are respectively given by:

o,(1) C1.05630, (2C0.83450, (3)C0.7323, (7)

and further, using (6), from [8] it follows thateth
conditional lifetimes in the particular reliabilistates

at the operation statg,, in years, are:

4, (1) £5.0907 1, (2)C4.0523,

7, (1) C1.3508, 7, (2) C0.6239, 7, (3) [ 4.4669. . () C 3.5335, (1)

0,(1) C0.83457, (2)C0.6639,
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o, (3) £0.5744, (12)

and further, using (11), from [8] it follows thdiet

conditional lifetimes in the particular reliabilistates
at the operation state, are:

M, C£1.03844,(2) £0.51884,(3) C 3.5335.
At the system operational stag the strands in the
ropes have following conditional reliability funetis

co-ordinates:

R® (t1) = exp[-0.2222],

R® (t,2) = exp[-0.285%],

R® (t,3) = exp[-0.3226] for t = 0.
Thus the conditional multi-state reliability funmti
of the ship-rope elevator at the operational sigtés
given by:

[RtN® =[L[REDI?, [RE2)]?[RE],

where

[REDI® =[RG,t)]®

=[1- 3 (%)exp[-0.2224t]

Lbe

[1-exp[-0.2222]] %], (13)

[R(t2)]® =[RS, ,2)]®

4

=[1-3(%)exp[-0.2851t]

i=1

[1-exp[0.2857%]]1 %],

[R(t3]D =[RG5 t:3)]®

4

=[1- 3 (%)exp[-0.3226t]

i=1

[1-exp[-0.322@]]*"']* fort= 0. (15)

(14)

result given by (13)-(15), according to resultsegiv
in [8], at the operation statg,, in years are equal to:

s (1) C4.67604, (2)C 3.6367,

s (3) £ 3.2207, (16)
0,(1) C0.76650, (2)C 0.5956,
0, (3) £0.5273, (17)

and further, from (16) and [8] it follows that the
conditional lifetimes in the particular reliabilistates
at the operation state, are:

H; (@) £1.0393/4,(2) £0.41604,(3) C3.2207.
At the system operational stag the strands in the
ropes have following conditional reliability funetis

co-ordinates:

R (t1) = exp[-0.2702],

R™ (t,2) = exp[-0.3508],

R™ (t,3) = exp[-0.416] for t = 0.
Thus the conditional multi-state reliability furnmti
of the ship-rope elevator at the operational sigtés
given by:

[RE0Y =[L [RED]?, [RE2],[R(E3)]“],

where

[REDI® =[RS, tD]?

=[1- i (2)exp-0.270at]

[1- exp[-0.270&]] =], (18)
[R(t2)]“ = [R5, t.2)]“
=[1- il ()exp-0.3508t]
[1- exp[-0.3508]] %' ]*, (19)

The expected values and standard deviations of the [R(t,3)]” =[REL, t.3)]®

ship-rope elevator conditional lifetimes

in the

reliability state subsets calculated from the above
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=[1- 3 (2 )expl-0.4167t] =[1- 3 (2)expl-0.4762t]
[1-exp[-0.4167]]*']™ fort = 0. (20) [1- exp[-0.476&]]%"]", (24)

The expected values and standard deviations of the (5 G) —r56) ®)
ship-rope elevator conditional lifetimes in the (RO =Rz (3]
reliability state subsets calculated from the above

result given by (18)-(20), according to resultd8h - [1—i(f2)exp[—0.5882t]
at the operation state, are respectively given by: =

,U4 (1) C 38453#4 (2)[ 29618, [1_ eXp[—05882]] 227 ]10 fOI’ t > 0 (25)

Hq (3) £2.4934, (1) The expected values and standard deviations of the
ship-rope elevator conditional lifetimes in the
g,(1) £0.63010, (2)C0.4846, reliability state subsets from the above resuliegiv
0,(3) £0.4074, (22) by (31)-(33), and from [8] at the operation state
are respectively given in years by:
and further, using (21), from [8] it follows thdie
conditional lifetimes in the particular reliabilistates is (@) C3.1173y; (2)C2.1819,

at the operation state, are: U (3) C1.7664, (26)
H,(1) C£0.8835/,(2) £0.46841,(3) [ 2.4934. 0. (1) C0.51030, (2)C0.3574,
05 (3) £0.2894, (27)

At the system operational stag the strands in the

ropes have following conditional reliability funetis 54 further using (26), from [8] it follows thattet
co-ordinates: conditional lifetimes in the particular reliabilistates
at the operation state, are:
R® (t]) = exp[-0.3333],
s (1) C0.93547; (2) C0.41557; (3) L 1.7664.
R® (t,2) = exp[-0.4762],
At the system operational statg the strands in the

R® (t,3) = exp[-0.5882] for t > 0. ropes have following conditional reliability funetis
co-ordinates:

Thus the conditional multi-state reliability furmti
of the ship-rope elevator at the operational sratés RO (t1) = exp[-0.4348],
given by:
RO (t,2) = exp[-0.7143],
[RE.0I® =L [RED]®, [R(t.2)]®.[R(E3)]],

R® (t,3) = exp[-0.9091] for t = 0.
where

_ _ Thus the conditional multi-state reliability funmti

[RED]I® =[RE, D] of the ship-rope elevator at the operational sgtés
given by:

=[1-3(%)exp[-0.3333t]

[RCOI® =1 [REDI®, Rt [RE3N ],

[1- exp[-0.3333]] 27", (23) where

[ﬁ(t 2)] ® = [ﬁl(g,)zz (t,2)] ® [ﬁ(t )] © = [ﬁl((?,)ZZ tD] ©
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=[1- 3 (%)exp[-0.43481] where [R(t,u)]”, i=1...6 are given by (3)-(5),
= (8)-(10), (13)-(15), (18)-(20), (23)-(25), (28)-(30
The mean values and the standard deviations of the

[1-exp[-0.4348]] "], (28)  ground ship-rope transporter unconditional lifetime
in the reliability state subsets, according to [101]
[R(t,2)]® =[§1((?)22(t12)](6) and after considering (6)-(7), (11)-(12), (16)-(17)
: (21)-(22), (26)-(27), (31)-(32) and (1), respedyve
are:

=[1- 3 (#)expl-0.71431]
u(t) =3 p 4 (1) 63887 (34)

i=1

[1- exp[-0.7143] 27 ]%, (29)

o) £1.1336
[R(t3]© =[RS, (t.3)]®

4 H(2) =_§ p. 4 (2) £5.0463 (35)
=1-% () exp-0.9091t] =

o(2) £0.9041
[1-exp[-0.9091]]%"]* fort=0 (30)
6
3) = i (3) C4.426 36
The expected values and standard deviations of the 4O iglpl o @ (36)
ship-rope elevator conditional lifetimes in the
reliability state subsets calculated from the above o (3) L 0.7964
result given by (28)-(30), and from [8] at the

operation statez are respectively given in years by: Next, the unconditional mean values of the ground
ship-rope transporter lifetimes in the particular
U (@) £2.3896 (2)C 1.4546, reliability states, by [8] and considering (34)-)31

Us (3) £ 1.1429, (31) Yyearsare:

0. (1) £0.39187, (2)r0.2378, A= U0 - p2)=13424

0, (3) £ 0.1865, (32) (2) = u2) - u@d) = 0.6197,

and further, from (31) and [8] it follows that the  7(3) = 4(3) = 44266
conditional lifetimes in the particular reliabilistates

at the operation statg; in years are equal to: If the critical reliability state is = 2, then according

to [4], the system risk function takes the form
He(@) £0.93504,(2) C0.31174,(3) C1.1429.

— 6 — X
=1- =1- . ()
In the case when the operation time is large enough r)=1-R(t2) =1 Elp,[R(t,Z)] 120,
its unconditional multi-state reliability functionf
the ground ship-rope transporter is given by theynere R(2)

is the unconditional reliability
vector

function of the ground ship-rope transporter at the
critical state andR(t,2)]", i=1,... 6, are given by
(4), (9). (14), (19), (24), (29).

Hence, the moment when the system risk function

exceeds a permitted level, for instande = 0.05,
from [4], is

Rt Y=[LR(tD .R¢,2), R3] t0<00),

where according to [5], [11], the vector co-ordasat
are given respectively by:

— 6 — .
R(tu) = Zl pIR(twI® fort=0,u=123 (33) r=r"(JL 3577 yearsL 3 years 205 days.
i=
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t —5.0477N + 0.0014

P(Sh (2) <t) = Fyy oy ( ooa

' t 0 (-o0,0), N=12,...,

= iv) the expected value and the variance of the time
S, (2) until the Nth exceeding the reliability critical
state 2 of this system take respectively forms

0 E[S, (2)] 05.0463N + 0.0014N -1),

D[S, (2)] 00.8174N ,
Figure 4. The graph of the ship-rope elevator risk B
function r (t) v) the distribution of the numbeN (t,2) of system’s

renovations up to the momentt = O, is of the form
4. Availability of the shipyard ship-rope

elevator = 5.0477N -t
. . . . . P(N (t,2) = N) DFN 0 (—)

In this point the asymptotic evaluation of the basi 0.4024/t

reliability and availability characteristics of mmal

systems with non-ignored time of renovation are 5.0477N +1) -t

determined in an example of the shipyard ship-rope ~ Fuon 0.4024/t )y N=12...,
elevator. The theoretical results of multi-state ’
systems availability analysis can be found in [4],
Assuming that the ship-rope elevator is repairéer af — _
its failure and that the time of the system reniovat nNumber N (,2) of system’s renovations up to the
is not ignored and it has the mean valuemomentt,t=>0, take respectively forms

Mo (2) =0.0014C12 hours and the standard
deviation g, (2) = 0.0002C zhours, applying results = =
from [4], we obtain the following results: H (t,2) D0.1981, D(t,2) [10.0064,

vi) the expected value and the variance of the

i) the distribution function of the timé:SN (2) until vii) the distribution of the numberN(t,2) of

the Nth system’s renovation, for sufficiently lard&  exceeding the reliability critical state 2 of tigstem
has approximately normal distribution up to the moment, t = 0, is of the form
N (5.0477N 0.9041/N), i.e.,

- 5.0477N -t - 0.001
t —5.047MN P(N(,2) =N) OF oy (

—), 0.4024/t + 0.0014
0.904%/N

tO(—o0,), N=12,..., 5.04771N +1) -t —0001 =12

—F . ( N=
NODE T 0.4024/t + 0.0014

ii) the expected value and the variance of the time
viii) the expected value and the variance of the

Sy (@) until the Nth system’s renovation take
respectively forms _ ) S -
number N (t,2) of exceeding the reliability critical
state 2 of this system up to the momernt= 0, are
respectively given by

E ™M) t,2) = P(éN (2) <t) OFy oy (

E[Sn (2)] T5.0477N , D[S (2)] 00.8174N ,

iii) the distribution function of the timeS (2) until M (t.2) 001981 + 0.0003
the Nth exceeding the reliability critical state 2 of ’ ' '

this system takes form _
D (t,1) J0.0064t + 0.0014,

ix) the availability coefficient of the system dtet
FN ¢,2) = momentt is given by the formula
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K (t,2) C 0.9997, t> 0,

X) the availability coefficient of the system ineth
time interval<t,t +7),7 >0, is given by the formula

[4]

K(t,7,2) 001981 R(t,2)dt, t=0, 7 >0,
T

where the reliability function of a system at the
critical stateR (t,2) is given by the formula (33).

[5]

5. Conclusion

In the paper an analytical model of
transportation systems environment
infrastructure influence on their operation procisss
presented. The theoretical results of reliabiliigk

port

and availability evaluation of industrial systenms i g
variable operation conditions are applied to the

shipyard ship-rope elevator in Naval Shipyard in

Gdynia. These results may be considered as an

illustration of the proposed methods possibilitods
application in rope transportation systems religpbil

and

analysis.

Other technical systems reliability

evaluation related to their operation process are
presented for example in [3], [11]. The obtained

evaluations may be discussed as an example in
transportation systems reliability characteristi09[7]
evaluation, especially during the design and while

planning and improving its operation process safety
and effectiveness.

[8]
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