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ABSTRACT

The paper presents possibilities and limitations associated with technical state predicting
procedure of devices, as well as it indicates the necessity of improving the present schedu-
ling methods of preventive maintenance operations of ship power plant devices. It has
been also showed that by making transformation of the wear rate distributions of device
elements into the distributions of time of their correct- to-limit-state operation it is possi-
ble to predict their technical state and to suitably schedule their maintenance operations.
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INTRODUCTION

In the process of predicting technical state of a device, in
a result of which an optimum prediction containing a date and
range of the next testing of the state is formulated, the device’s
user generates information which makes it possible to control
keeping the device in the state of serviceability. An essential
element of such control is to know prediction methods of devi-
ce’s state, containing procedures for scheduling a date and ran-
ge of the next testing and the possible scope of overhaul opera-
tions resulting from it.

Due to a complexity of ship devices, their profitability and
operational safety, the preventive maintenance strategy realized
on the basis of their wear value is the most important. In order
to elaborate such strategy it is necessary to choose an appro-
priate strategy for predicting working time resources of a given
object with taking into account its service conditions [9,11].

When analyzing prediction methods it is not possible to
unambiguously show a greater suitability of any of them aga-
inst other ones because it depends on which kind of objects is
subjected to predicting investigations [1,6].

In the present phase of knowledge and practical experience
dealing with predicting problems in diagnostics, it is today hard
to select an algorithmic procedure which would contain clear-
-cut recommendations and would exactly precise which me-
thods have to be used for elaborating an optimum prediction in
given conditions. Experience shows that in very many situ-
ations there is no general method which could be applied as
arule in realizing the process of choosing right diagnostic pre-
dictions.

If the ageing of the object is considered as a set of results of
actions of processes limiting its service effectiveness, a question
arises if it is possible to predict amount of wear of a repairable
object and to assess cost-effectiveness of its further using with-
out its replacement or carrying-out its major repair.

For this reason the attempt to present possibilities and limi-
tations which concern the predicting of technical state of devi-
ces, as well as to indicate a necessity of improving the current
methods of planning preventive maintenance operations of ship
power plant devices, has been undertaken.

One of the possibilities may be to elaborate models of fai-
lure predicting and scheduling maintenance operations, in which
wear phenomena of device elements would be accounted for.
A way of transforming the wear rate distributions of device
elements into the distributions of time of their correct-to-limit-
-state operation, was demonstrated. It makes it possible to esti-
mate service life indices for devices, e.g. their working time
resources, and to schedule their maintenance operations ap-
propriately.

POSSIBILITES AND LIMITATIONS
OF THE PREDICTING OF STATE
OF DEVICES

Physical ageing of devices usually occurs due to destructi-
ve processes taking place in them, associated with friction,
corrosion, errosion, cavitation and fatigue of structural mate-
rials of their elements. Along with time of their operation it
leads to often and often occurring failures and in consequence
to lowering their reliability.

Service reliability investigations are aimed at determina-
tion of reliability function of an object, changeable with time
of its operation, on the basis of data obtained in service.

Any decrease of reliability level cannot exceed a permissi-
ble value, hence it should be assumed that if such event hap-
pens the object in question will be taken out of service.

Below has been undertaken an attempt to present some es-
sential possibilities and limitations associated with the predic-
ting of reliability of devices , in order to show that searching
for new predicting methods is necessary.

The irreversible wear processes occurring in devices in ser-
vice cause a monotonically changeable trend of values of diag-
nostic control parameters to occur.

A basic condition to succeed in predicting the state of devi-
ces is to assume a uniform wear rate of their elements, i.e. that
a trend of measured quantities is known (failure rate - in case
of reliability considerations).

Changes of values of diagnostic parameters obtained from
particular state investigations may differ seriously, and their
probability density functions are usually not known.
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Therfore it can be assumed that :

& the scheduling of the successive diagnostic test of a device
is possible as a result of the technical state prediction which
consists in determination of future changes of diagnostic
parameters and in comparison their instantaneous values
with those limiting [12,13,15]

& assessment of a trend depends on all observations of a va-
riable, but a weight attributed to relevant realizations de-
creases in function of the time passing from the instant of
observation up to now. It means that the longer time ago an
event has occurred the smaller the weight, and that its im-
portance decreases with the time passing from the instant
of occurence of the event [5].

The main tasks for realization of the so described
prediction process are the following :

X selection of optimum diagnostic parameters describing
a current state and its change during operation of a device

X determination of a predicted value of a diagnostic parame-
ter behind the time horizon of the diagnosis, by using an
optimum diagnostic method

X scheduling the time of the sucessive diagnostic test.

When considering the real operation processes one has to
do with both deterministic and random processes. The random
processes cause that [8] :

% to formally describe phenomena is not possible or very com-
plicated

3% the considered phenomena are non-measurable, by conven-
tion

3% the considered objects and phenomena are subject to conti-
nuous changes.

For this reason the following components appear in descrip-
tion of the real processes which occur during operation of
a device :

< deterministic ones — possible to be calculated by using in-
ductive methods

<~ stochastic ones — possible to be determined by using de-
ductive methods on the basis of statistical data,

< or not being a basis for any predictions.

The reliability theory contains only a few theoretical mo-
dels whose application makes it possible to obtain an exact
description of influence of different factors on reliability cha-
racteristics of technical objects; therefore further elaborating
and testing the mathematical models for reliability investiga-
tions of such objects, is justified.

However in any case an empirical mathematical model is
simplified and it belongs to an a priori determined class. Usa-
bility and properties of some mathematical models important
for reliability investigations of ship equipment are presented in
[6]. In the case of ship equipment traditional methods for veri-
fication of statistical hypotheses by means of tests may be not
sufficient to select the most suitable model. Knowledge of
a kind of device failure (e.g. sudden or progressive) can facili-
tate the selecting of an appropriate mathematical model [6,17].

The systems for reliability prediction of objects, described
in the subject-matter literature and used in practice, are based
on investigations of influence of many factors which determi-
ne failure rate analytically described in an empirical model.
Accuracy of such models and credibility of reliability predic-
tions resulting from them, depends mainly on accuracy of em-
pirical data obtained from laboratory tests or service investiga-
tions.
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Wear phenomena in object elements are very complex and
many factors influence their course therefore to take all of them
into account is impossible; hence to make choice of an opti-
mum set of diagnostic parameters is difficult.

Predicting the technical state of machines on the basis of
values of diagnostic parameters changeable in service and re-
lated to a longer time period, is associated with a risk that
the predicting diagnosis would be based on an out-of-date
model, i.e. that whose elements (an optimum set of diagnostic
parameters and an optimum prediction method) do not reflect
real relationships between the technical state of the system and
the predicting diagnosis, any longer . Hence the optimum pre-
dicting diagnosis should be stable within the entire period of
state predicting. If it appears unstable then it may be applied to
a dynamical operation system of machines. Otherwise should
be made a decision to modify assumptions and limitations, e.g.
by deliberate not-accounting for factors causing unstability and
decreasing versatility of the obtained solution.

If in a performed predicting action the statistical informa-
tion required for the used model is unavailable then it becomes
necessary to apply a testing procedure which makes it possible
to test in conditions of incomplete data. It is usually associated
with the necessity to limit the range of predicting analysis to
a short-range horizon.

Diagnostic prediction not always provides results expected
from the point of view of its rightness and accuracy. The pre-
diction rightness can be determined by probability of fulfil-
ment of the prediction. The more fully and objectively are pa-
rametrized realization conditions of a process the greater the
prediction rightness.

In the context of the presented possibilities and limitations
it is necessary to search for ways to improve current methods
of planning. One of them can be to elaborate such models in
which wear phenomena of the object’s elements would be ta-
ken into account. To this end may serve the transformation of
the wear rate distributions of device elements into the distribu-
tions of their correct-to-limit-state operation, which would
make predicting their technical state and appropriate schedu-
ling their maintenance operations, possible.

TRANSFORMATION OF THE WEAR RATE
DISTRIBUTION MODELS INTO THE
MODELS OF TIME OF CORRECT-
-TO-LIMIT-STATE OPERATION
OF DEVICE ELEMENTS

To assess service life of devices at the initial stage of their
operation is only possible by analyzing their wear processes,
to this end failure predicting models accounting for wear phe-
nomena of device elements, are the most suitable [14].

The reliability model of element’s wear can be presented
in the following form [14] :

t oo
[fit)dt, =[fr(dz =0 ()
0 zZ

g

where :
f)(ty)— density function of the serviceability time T, for :
0<t <t
f,(z) — density function of the wear z for the fixed va-
luet=0
ty  — current duration time of the process of the wear z.

The formula (1) expresses equality of the probability of the
event consisting in that in the instant ¢ or earlier a failure of the
object occurred, and the probability that in the instant ¢ the
object attained the wear value zg or greater. The relationship
(1) is illustrated in Fig.1 [14].
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Fig.1. Schematic diagram of service life assessment on the basis of wear value taken as a random variable

Making use of the equality (1) one can perform service life
assessment by determining the density function fj(t) on the
basis of distribution characteristics of the wear described by
the function f5(2).

If the function f5(z) for the instant ¢ is determined on the
basis of observations of changes of wear distribution para-
meters, performed in the instants earlier than 7, then by ap-
plying the equality (1) one can predict object’s service life.
To perform such prediction it is necessary to know the allo-
wable wear value zg and stochastic model of wear process
(see [14]).

A wear rate analysis of elements of ship devices shows that
their distributions can be approximated by some theoretical
distributions : normal, Rayleigh’s and Weibull’s one. The two-
-parameter Weibull distribution is the most versatile. In some
special cases the exponential distribution can be also applied
[2,4,6,7,15].

The wear rate distribution empirically or theoretically de-
termined can be transformed into the distribution of time of
correct-to-limit-state operation. By assuming that the wear rate
distribution g(u) was obtained for the sufficiently large set of
n, monomial elements, the number of elements n(T) which

reached the limit state within the time t = T can be determined
by means of the following equation :

n(T)=n,-F(T) )
If G(u) = P(Ug < u) is the cumulative distribution function

of wear rate, and g(u) its density, then the unreliability func-
tion F(t) can be expressed as follows [2,3] :

V4
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Ug

. 3)
z
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Hence :
zg/t
R()=1-F(1)= [g(u)du @

Tab.1 presents the solutions of tl;e equation (3) for the den-
sity functions of wear rate g(u) according to the normal, Ray-
leigh, Weibull and exponential distributions.

Tab.1. Transformation of wear rate distributions into the distributions of time to correct- to-limit-state operation

Wear rate distributions of elements Distributions of time to correct- to-limit-state operation
Distribution density Probability of Failure rate Probability density function
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For instance the way of transforming the density function
of wear rate g(u) according to Weibull distribution is the follo-
wing [2,3] :

o > ! o)
F(t) = Ig(u)du: J.—(;j exp —(gj du=

a
v v k .
=—ex {—ET o =exp|— Ze
p a 7, [t p at
Making use of the relationships :
dF(t)
f(ty=——=
(t) it (6)
and :
Mo =—_ ()
1-F(t)

one obtained the expressions for the distribution density func-
tion of time to correct-to-limit-state operation, f(t), and the
failure rate function A(t), presented in Tab. 1. This way the wear
rate distributions were transformed into the distributions of
time to correct-to-limit-state operation of elements. The para-
meters of the wear rate distributions and the allowable limit
wear value of element, zg , become the parameters of the new
distributions.

If the parameter W :
Zg
W=—= ®)
u

is introduced and the expressions for the expected wear rate
values u for particular distributions are assumed, the following
forms of the function f(t) are obtained :

for normal distribution of wear rate,

where : z, =W-u 9

wa | (W)
JV2mot? - ——

f(t)= (10)
for exponential distribution,
where : zg:W-ﬁ a=A" (11)
f(t)=Ezexp(—Ej (12)
t t
for Rayleigh’s distribution,
where: U = TC_Cz (13)
' 2
nW? (WY
f(t)=———exp|——| —
(=5 —5exp 4(tj (14)
for Weibull’s distribution,
where : ﬁ=a-l—‘(%+1) (15)
k 1k 1
f(t)= e exp _{TF[E—HH (16)
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Because the Weibull’s distribution is the most versatile, the
equation (16) may be taken as the general form of f(t) which —
for selected values of the parameter k — yields particular solu-
tions.

Hence :

» for the parameter value k = 1 the equation (16) is transfor-
med into the equation (12)
» for k=2 the equation (14) is obtained.

The equation (16) is the probability density function f(t)
for the two-parameter (W, k) distribution of time of correct-to-
-limit-state operation , shortly called the W distribution [2].

In this case the reliability function R(t) which expresses the
probability that a device will not reach its limit state, can be

represented as follows : .

¢ WF(EH)
R(t)=1- [f(t)dt =1-exp{- — | (7
0

The function R(t) may be used to determine, a.o., y-percent
resources of working time of devices, hence for scheduling
their maintenance operations. A good conformity of the course
of the function R(t) and results of statistical investigations on
diesel engine cylinder liners is shown in [3]. Therefore, depen-
ding on information at one’s disposal, service data or theoreti-
cal relationships can be used for assessing the process of run-
ning down the working time resources of device elements.

ASSESSING THE PROCESS OF RUNNING
DOWN THE WORKING TIME RESOURCES
OF DEVICE ELEMENTS

Working time of a device, after which its working time reso-
urce is exhausted, can be determined on the basis of the working
time resource specified by the device’s producer or that deter-
mined with the use of statistical data obtained from service.

A course of running down the working time resource of
any device element is exemplified in Fig.2, at accounting for
the following assumptions [11] :

< the worn-out element (that of exhausted time resource) is
replaced with a new one

< atthe beginning of the service process or just after replace-
ment of an element the ratio of the working time resource #;
and the time resource ¢, (specified by the device’s produ-
cer) equals 1, and it equals 0 when the working time reso-
urce is run out, i.e the limit state is attained

< the running-down process of working time resource of an
element in service, is linear.

The diagram shown in Fig.2 presents the way of determi-
ning the time after which an element is to be replaced with
a new one or subjected to major repair.

In the course of operation one does not usually let the limit
state of device elements to occur, therefore their replacement
is made in advance. In Fig.2 such procedure is represented by
dotted lines. Technical state of an entirely used up (worn out)
element of the device whose values of control parameters are
contained within the interval between allowable and limit ones
[2], is so low that further use of the device in which such ele-
ment is installed is associated with greater and greater expen-
ditures. Hence the in-advance replacement of an element with
a new one as a matter of fact shortens its working time, how-
ever it also makes it possible to restore the demanded technical
state of the device and to reduce its operational cost.
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Fig.2. Running-down process of working time resource of an object

In the case of replacement of the entire device with a new
one the system (e.g. power plant) in which it has been instal-
led, becomes restored , however if only one of its elements is
replaced then the device (or power plant) becomes restored
partly. Therefore it can be assumed that in the first case the
device’s technical state and working time resource become re-
stored to their maximum values, whereas if the object is sub-
jected to overhaul its technical state and working time resour-
ce can be maintained at a given level or restored , however
they will no longer reach their initial values (those at the be-
ginning of the device’s use) and the device in question will be
no longer considered as ,, a new one”. It means that in the case
of repaired objects the line of the maximum relative working
time resource shown in Fig. 2 will monotonically descend. The
entire problem in question is presented a.o. in [12].

By applying the way of the determining of working time
resource, presented in Fig. 2, great advantages are obtained by
means of analysis of running-down process of working time

i/t

resources of elements of complex technical objects, e.g. diesel
engine, in order to answer the question : which the engine’s
elements require to be serviced, and after which time of
operation (see Fig.3). Similar analysis can be performed for
e.g. ship power plant. As a result of it specification of the ob-
jects which require maintenance operations in particular years
of ship service would be obtained.

Various possible schedules of servicing can be assumed,
e.g. after every voyage, each year etc; in each case the scope,
time and cost of servicing will be different. It will also depend
on service conditions of particular objects, which greatly in-
fluence working time resources of the objects.

For instance, Fig.4 presents the way of determining the re-
sources of working time to preventive maintenance, routine
repair and major repair, counted from a given service year ¢ ,
at different service conditions.

In the example shown in Fig.4 the object’s serviceability
time was divided into equal intervals in such a way that the
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Fig.3. Running-down process of working time resources of combustion engine elements (an example)
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Fig.4. Influence of service conditions on working time resource of an object and on scheduling its servicing operations
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time intervals to preventive maintenance, routine repair and
major repair were equal (usually given by device producers or
shipowner). Any change of service conditions would result in
changing the working time resource of the device in question ,
manifested by shifting-up the line of running-down the wor-
king time resource of the device, shown in Fig.4.

For instance, an improvment of service conditions stands
for the passing from the point A to the point B and for an ap-
propriate increase of the distances X, y and z determined relati-
ve to a new line of running-down the working time resource.
As aresult it would be necessary to modify the initial schedule
of servicing the device.

FINAL REMARKS

¢ In the subject-matter literature there are no established pro-
cedures for the determining of working time resources of
technical objects in changeable service conditions.

« The presented concept of the predicting of working time
resources may facilitate the scheduling of preventive ma-
intenance of objects and the choosing of optimum servi-
cing plan.

« Usefulness of a given prediction method increases if a com-
prehensive physical analysis of development of wear pro-
cesses and their features are performed in advance.

For all prediction realizations it is important to know history of
development of the to-be-predicted process. Moreover, an ana-
lysis of the conditions which determined past course of the
process, assessment of significance of structural components
influencing its course, as well as estimation of possible influ-
ences in the future, is also important.

¢ Wear rate distributions of device elements can be used for
determining distributions of their working time to limit sta-
te and in consequence to determine service life indices cha-
racterizing the devices e.g. their working time resources.

+ From theoretical and practical point of view the presented
distribution W can be useful in describing progressive fai-
lures.

NOMENCLATURE

a  — scale parameter of Weibull distribution

f(t) — probability density function of time to limit state (time to
failure)

F(t) — failure probability function (unreliability function),
cummulative distribution function of serviceability time

g(u) — wear rate probability density function

h(z) — wear-out probability density function

k - shape parameter of Weibull distribution

n, — number of objects in question

n(t) — number of objects failed to the instant ¢

R(t) — reliability function

t — time

t, — time of correct operation of object at y-percent probability
(y-percent time resource)

T - time to limit state (random variable)

u — wear rate (realization); u = z/t

u, — limit wear rate; u, = 74/t

U — expected wear rate value

U - wear rate (random variable); U = Z/t

U, - limit wear rate (random variable); U, = z,/T

W — expected service life value; W = z,/u

z  — wear (realization); increment of control parameter value
zq — initial (lower) wear value

7, — limit (upper) wear value
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Z  — wear (random value)

A — failure rate, exponential distribution parameter
Mt) — failure rate function

6 — normal distribution parameter; standard deviation.
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