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ABSTRACT

The whole range of our work reported in this ditgen is covered into four chapters which
are described as:

Chapter I:
A review of literature pertaining to the theory m@iability and modelling is given in this

chapter. This also includes some basic concepts asi@robability distributions, stochastic
process, profit function, etc.

Chapter II:
This chapter has been designed with a view to stetigbility modelling and analysis of

single unit Continuous Casting (CC) Plant. It siggg@ modelling strategy of CC plant. The
operative unit is subject to transit to any of tladed states depending on the type of
failure/breakdown. The failed unit is attended by tepairman as soon as it fails. The system
regenerates and works like a new one after eadurrapplacement or reconditioning and
reinstallation. This chapter outlines the modellgtigategy embedded by the types of failures
actually depicted into data and important reliapiindices such as the mean time to system
failure and steady state availability are obtainesing semi-Markov processes and
regenerative point techniques.

Chapter lll.

In this chapter, we study reliability modelling aadalysis of a two unit Continuous Casting
plant. There are systems wherein the two-unitsoperating in parallel with full-reduced
installed capacity and the concept of inspectiamsisd to identify the type of failure. There is
a single server who comes immediately at the commpéelure of the unit for doing its repair.
Various Reliability characteristic such as ReligpilMean Time to System Failure(MTSF),
Steady State Availability, Busy Period Analysis,pegted number of visits by server are
obtained and finally the profit function is determaiby using Semi-Markov process and
Regenerative point technique.

Chapter IV.
In this chapter, we discuss the finding of chaptérand chapter — IlI.
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Notations and Symbols

: pdf and cdf of first passage time from regative state i to a regenerative state |

or to a failed state j withatgiting any other regenerative state in (0,t].

. direct (one step) transition probability fromtst&i to Sj without passing into any

other state.

: cdf of the first passage time froagenerative state i to a failed state.

. contribution to mean sojourn time in statevBen the system transits directly to

statej S ,S € E) so thati = X, mij where m = (1 gj(t)dt =] dQj(t) andpi is
the mean sojourn time in s&it€ E.

. probability that the system is upregtant t, given that system entered into
regenerative state ito t=0.

. probability that the server is buayan instant t given that system entered into the
regenerative state i at t=0.

. probability that the system, initiallip in the regenerative state i, is up at time t

without passing through any ottegenerative state.

. probability that the server is busythe state iSupto time t without making any
transition to any other regetigeastate or returning to the same state via ane o
more non-regenerative state.

. state of the system at time t=0.

: set of regenerative states {Si}.

. set of non regenerative states {Si}.

: Laplace Stieltjes Transform.

. Laplace Transform.

. probability density function.

: cumulative distribution function.

: symbol for Stieltjes convolutionge

AM(S)B() F; Bt — w)dAu)

: symbol for Laplace convolution, e.g

f(t) © g(t) %, g(t — w)df (1)

: symbol for L.T.



CHAPTER-I
INTRODUCTION

Reliability is both a desirable as well as neagssfactor in the present day

technology for achieving healthy economic progiess nation.Now a days, reliability is not
only a subject of study for scientists and acadamg but also a serious concern to the
practicising engineers, manufacturer, economistisgamvernment leaders as well. Reliability
considerations make more effective use of resous®$ it results in an increase in
productivity and decrease in wastage of money, mahi@nd manpower. In the innovation of
new and improved technological systems, reliabistyacquiring special importance as one
among the many important system measures suchré@meance, cost, etc. Unreliability
usually results in prohibiting high cost of repairaintenance as well as down time and as
such reliability is an economic necessity, moréasaeveloping countries.

Reliability has now a well establishead a well formulated science of predicting,
estimating and optimizing the probability of suraile of an equipment or system or mission.
In the past not much importance was attached tabibly and it was recognized only in
gualitative sense. It was only after certain stsid@rried out during the past Second World
War period, revealed many surprising results aedattention of scientists and engineers was
drawn for further serious investigation towardswith technological advancement and
increase in complexity and sophistication of systemliability has acquired prime
importance in the present age.

Today, is an era of indadtigrowth. Reliability consideration has occupiad
increasing important place in all engineering ¢iBoes. As the demand for the system that
perform better and cost less have increase, se the economical requirement to minimize
the probability of failures whether the failuresnply increase cost and inconvenience or
threaten the public safety. However, to think afyatem without failure is quite impossible.
The system might falil in its operation due to vasgeasons natural, human and mechanical.
But even after these errors, a system can be meglmbdle and reliable to use by providing
proper maintenance and repair facilities at cett@anel of damages. Thus, sincere efforts and
these precautions can maximize the reliabilityhef $ystem with minimum costs.

During last few decadés teliability model of maintained systems opegtimder
strict control of weather conditions have been ulised by various scholars and engineers
due to their importance in varied of areas suchmal#tary, industry, health and the
environment. In [1953], Epstein and Sobel begankwaorthe field of life testing. After
[1956], system maintainability problems were alsnsidered besides reliability. Gaver
[1963] was the first who generalized repair timstrbution to analyses his model.



An excellent account of the early depehent of the mathematical theory of reliabilitysha
been given by Barlow and Proschan [1965].

Branson and Shah [1971] aplp8emi-Markov method when repair time distribution
was general with exponential failure time. Srinasasand Gopalan [1973] highlighted the
regenerative point technique for analyzing a twad-aystem with warm standby and single
repair facility. Nakagawa [1976] analyzed the systgith replacement of the unit at certain
level of damage. Gopalan and Marathe [1978] evetu#te availability of one server two
dissimilar unit system with slow switch.

Ramamurthy and Jaiswal [1982] analyzed a twoirdit® unit cold standby system
with allowed down time. Murari and Goyal [1984] nead comparison of two-unit cold
standby reliability models with three types of regacility. Singh [1989] evaluated the profit
of two-unit cold standby system with random appeegaand disappearance time of the
service facility. Gupta and Bansal [1991] studieafip analysis of a two-unit priority standby
system subject to degradation. Tuteja and Malik9f19discussed single-unit reliability
models with different types of repair policies kging regenerative point technique. Gupta et
al. [1993] discussed profit analysis of a two-upitiority standby system subject to
degradation and random shocks. Yang and Dhillo@%]18@nalyzed a general standby system
with constant human error and arbitrary systemireptes.Mokaddis et al. [1997] discussed
a two-unit warm standby system subject to degradati

Grewal [2003] has proposed reliability models oh#dentical units with different
repair policies of server. Kadyan et al. [2004] hasmde a stochastic analysis of non-identical
units reliability models with priority and differenmodes of failure. Chander [2005]
investigated reliability models with priority forperation and repair with arrival time of
server. Chander and Singh [2005] have evaluatefit pirad reliability of an electric supply
system. Chand et al. [2007] discussed availakalitglysis of cotton mill. Malik et al. [2008]
discussed stochastic analysis of an operating raystiéh two types of inspection subject to
degradation. Chander and Singh [2009] developethbibty model for a 2-out-of-3
redundant system subject to degradation. Jitendemaf [2010] developed Reliability
modeling and cost-benefit analysis of redundanttesys subject to degradation and
inspection. Renbin Liu and Zaiming Liu.[2011] deyatd Reliability analysis of a one-unit
system with finite vacations,Management Scienceidtrial Engineering (MSIE). Kumar, J.
and Kadyan, M. S. [2012] developed Profit anaiggig system of non identical units with
degradation and replacement.



RELIABILITY ENGINEERING

Reliability engineering is the discipline of ensigithat a system (or a device in general) will
perform its intended function (s) when operatea@ ispecified manner for a specified length
of time. Reliability engineering is performed thghout the entire life cycle of a system,
including development, test, production and operati
Reliability may be defined in several ways:
* The idea that something is fit for purpose withpeg to time;
* The capacity of a device or system to perform agyded;
» The resistance to failure of a device or system;
 The ability of a device or system to perform a resgph function under stated
conditions for a specified period to time;
* The probability that a functional unit will perforits required function for a specified
interval under stated conditions.

Reliability engineers rely heavily on statisticprobability theory, and
reliability theory. Many engineering techniques ased in reliability engineering, such as
reliability prediction, Weibull analysis, thermal amagement, reliability testing and
accelerated life testing. Because of the large raumb reliability techniques, their expense,
and the varying degrees of reliability required ddferent situations, most projects develop a
reliability program plan to specify the reliabilitgsks that will be performed for that specific
system. The function of reliability engineeringtessdevelop the reliability requirements for
the product, establish an adequate reliability paog and perform appropriate analyses and
tasks to ensure the product will meet its requireeThese tasks are managed by a
reliability engineer, who has additional relialyilgpecific education and training. Reliability
engineering is closely associated with maintaimgbéngineering and logistics engineering.
Many problems from other fields, such as secunilgi®eering, can also be approached using

reliability engineering techniques.

Subsystem B | _

A
Subsystem A Subsystem B Subsystem C Subsystem D
A A; A A,

Subsystem B
| A, ||

Fig. 1.1 A Reliability Block Diagram



Reliability theory is the foundation of relialtyliengineering. For engineering

purposes, reliability is defined as:

the probability that a device(unit) will perform it s intended function
adequately for a given period of time under stated¢onditions or
environment.

Mathematically, if T is time till the failure of @nit occurs, this may be expressed as,

where

R(t) =Pr (T>t)= | :of (x)dx

f(x) is the failure probability density function @nis the length of the period of time (which

is assumed to start from time zero).

Reliability engineering is concerned with four k&gments of this definition:

First, reliability is a probability. This means ththere is always some chance for
failure. Reliability engineering is concerned witleeting the specified probability of
success, at a specified statistical confidencel.leSmce it is a probability, its
numerical value is always between one and zero, i.e

R(0)=1, REO0
And R(t) is a non-increasing function between tHasés.
Second, reliability is predicated on “intended fima.” Generally, this is taken to
mean operation without failure. However, even ifindividual part of the system
fails, but the system as a whole does not do wilaatimtended, then it is still charged
against the system reliability. The system requeets specification is the criterion
against which reliability is measured.
Third, reliability applies to a specified period tifhe. In practical terms, this means
that a system has a specified chance that it \pagrate without failure before time t.
Reliability engineering ensures that components amaterials will meet the
requirements during the specified time. Units othan time may sometimes be used.
The automotive industry might specify reliability terms of miles, the military might
specify reliability of a gun for a certain numbémrounds fired. A piece of mechanical
equipment may have a reliability rating value imis of cycles of use.
Fourth, reliability is restricted to operation undg¢ated conditions. This constraint is
necessary because it is impossible to design amyfstr unlimited conditions.



Reliability program plan

Many tasks, methods, and tools can be used te\aheliability. Every
system requires a different level of reliability. ddmmercial airliner must operate under a
wide range of conditions, the consequences of railare grave, but there is a
correspondingly higher budget. A pencil sharpenay ime more reliable than an airliner, but
has a much different set of operational conditiomsld consequences of failure, and
correspondingly lower budget.

A reliability program plan is used to documera@&ly what tasks, methods,
tools, analyses and tests are required for a péaticsystem. For complex systems, the
reliability program plan is a separate document.dtimple systems, it may be combined with
the systems engineering management plan. The il@jigbrogram plan is essential for a
successful reliability program and is developedyeduring system development. It specifies
not only what the reliability engineer does, buscathe tasks performed by others. The

reliability program plan is approved by top prograranagement.

RELIABILITY REQUIREMENTS
System reliability parameters

Requirements are specified using reliability gpaeters. The most common
reliability parameter is the mean time betweerufag (MTBF), which can also be specified
as the failure rate or the number of failures dyngiven period. These parameters are very
useful for systems that are operated on a regalsispsuch as most vehicles, machinery and
electronic equipment. Reliability increases as MiEBF increases. The MTBF is usually
specified in hours; but can also be used with amtyaf duration such as miles or cycles.

In other cases, reliability is specified as pin@bability of mission success. For
example, reliability of a scheduled aircraft flighan be specified as a dimensionless
probability or a percentage.

A special case of mission success is the sisighe-device or system. These
are devices or systems that remain relatively dotnzend only operate once. Examples
include automobile airbags, thermal batteries arg$ifes. Single-shot reliability is specified
as a probability of success, or is subsumed intelated parameter. Single-shot missile
reliability may be incorporated into a requiremgntthe probability of hit.

In addition to system level requirements, religbrequirements may be
specified for critical subsystems. In all casediabdity parameters are specified with

appropriate statistical confidence intervals.



It is a general praxis to model the early faluate with an exponential
distribution. This less complex model for the fadwdistribution has only one parameter: the

constant failure rate.

DESIGN FOR RELIABILITY

Reliability must be “designed in” to the system.ring system design, the top-
level reliability requirements are allocated to sygiems by design engineers and reliability
engineers working together.

Reliability design begins with the developmentahodel. Reliability models
use block diagrams and fault trees to provide aplgcal means of evaluating the
relationships between different parts of the systéhese models incorporate predictions
based on parts-count failure rates taken from hestbdata. While the predictions are often
not accurate in an absolute sense, they are valuabhdssess relative differences in design

alternatives.

One of the most important design techniquesdsamdancy. This means that if
one part of the system fails, there is an altersateess path, such as a backup system. For
example, an automobile brake light might use tvgitlibulbs. If one bulb fails, the brake
light still operates using the other bulb. Redumyasignificantly increases system reliability,
and is often the only viable means of doing so. elm®v, redundancy is difficult and
expensive, and is therefore limited to criticaltpaof the system. Another design technique,
physics of failure, relies on understanding the sidgt processes of stress, strength and
failure at a very detailed level. Then the matesiatomponent can be re-designed to reduce
the probability of failure. Another common desigechinique is component derating:
Selecting components whose tolerance significaetlyeeds the expected stress, as using a
heavier gauge wire that exceeds the normal spatidit for the expected electrical current.

Many tasks, techniqgues and analyses are spégcifi@rticular industries and
applications. Commonly these include:

* Built-in test (BIT)

» Failure mode and effects analysis (FMEA)
* Reliability simulation modeling

* Thermal analysis

* Fault tree analysis

* Sneak circuit analysis

*  Weibull analysis

» Electromagnetic analysis



» Statistical interference

Results are presented during the system desigaws and logistics reviews.
Reliability is just one requirement among many eystrequirements. Engineering trade
studies are used to determine the optimum balagiveclen reliability and other requirements
and constraints.

FAILURE RATE

Failure rate is the frequency with which a syster component fails,
expressed for example in failures per hour. Itfierodenoted by the Greek letfei(lambda)
and is important in reliability theory. In practijcéhe reciprocal rate MTBF is more
commonly expressed and used for high quality coraptanor systems.

Failure rate is usually time dependent, andrdmitive corollary is that both
rates change over time versus the expected liféeecyt a system. For example, as an
automobile grows older, the failure rate in itshfifear of service may be many times greater
than its failure rate during its first year of seev— one simply does not expect to replace an
exhaust pipe, overhaul the brakes, or have majepgplant-transmission problems in a new
vehicle. So in the special case when the likelihobfailure remains constant with respect to
time (for example, in some product like a brickpootected steel beam), failure rate is simply
the inverse of the mean time between failure (MTBpressed for example in hours per
failure. MTBF is an important specification parasrein all aspects of high importance
engineering design — such as naval architecturespace engineering, automotive design,
etc. — in short, any task where failure in a keyt ma the whole of a system needs be
minimized and severely curtailed, particularly wddives might be lost if such factors are
not taken into account. These factors account fanyrsafety and maintenance practices in
engineering and industry practices and governmegiilations, such as how often certain
inspections and overhauls are required on an #irckasimilar ratio used in the transport
industries, especially in railways and trucking ‘dean Distance Between Failure’, a
variation which attempts to correlate actual loadediances to similar reliability needs and
practices. Failure rates and their projective nestétions are important factors in insurance,
business, and regulation practices as well as fuedtal to design of safe systems

throughout a national or international economy.

Failure rate in the discrete sense
In words appearing in an experiment, the failate can be defined &¥he
total number of failures within an item population, divided by the total time expended

by that population, during a particular measurementinterval under stated conditions”.



Here failure rata (t) can be thought of as the probability thatitufa occurs
in a specified interval, given no failure beforméi t. It can be defined with the aid of the
reliability function or survival function R(t), therobability of no failure before time t, as:

_ R(tl) - R(tz) _ R(t) - R(t + At)
S (t,-t)R(t)  AtR(Y)

where t (or t) and £ are respectively the beginning and ending of &ifipd interval of time
spanningx. Note that this is a conditional probability, herthe R(t) in the denominator.
Failure rate in the continuous sense (Instantaneoudazard rate)

By calculating the failure rate for smaller imals of time a, the interval
becomes infinitesimally small. This results in trezard function, which is the instantaneous
failure rate at any point in time:

_ . R(t)-R(t+At)
0= AtR(t)

Continuous failure rate depends on a failurerithstion, F(t), which is a
cumulative distribution function that describes finebability of failure prior to time t,
P(T<t)=F()=1-R(), t0.
where T is the failure timeThe failure distribution function is the integral the failure

density function, f(x),
t
F(t) = j FOqdx.

Now, the hazard function can be defined as
R(t+At)-R(t) _ -R(t)

=M REat - R(Y)
r)y =

R(t)
There are many failure distributions. A commorniufa distribution is the

exponential failure distribution.
() :j;)\e'“dx =1-g™,

which is based on the exponential density functidns leads to a constant hazard rate. For
other distributions, such as the Weibull distribatilog-normal distribution or bathtub curve,

the hazard function is not constant, which meaasttie failure rate varies with time.

Units of Failure Rate
Failure rates can be expressed using any mea$umne, but hours is the

most common unit in practice. Other units, suclndss, revolutions, etc., can also be used

in place of “time” units.



Failure rates are often expressed in engineenoigtion as failures per
million, or 1@, especially for individual components, since tHailure rates are often very

low.

SYSTEM CONFIGURATIONS

By system, we mean an arbitrary device havingyers units/sub
systems/components assuming that their reliatslidie® known which help us to predict the
reliability of whole system. It is now importantaththe system structure be known. Various

system structures have been considered as follows:

Series Configuration

A system having n-units is said to have ser@diguration if the failure of an
arbitrary unit, say" unit causes the entire system failure. The exasnplethe series
configurations are :-

0] The aircraft electronic system consists of a sersdy system, a guidance
subsystem, computer subsystem and the fire cosutidystem. These systems can
only operate successfully if all these operate Kaneously.

(i) Deepawali or Christmas glow bulb, where if one biails the whole lead fails.
The block diagram of a series system is shownginifi2.

Let R(t) be the reliability of ! component, then the system reliability is given by
R(t) = Pr[T > t] = Pr [min(T, Ty, Ts......... , Tn) > 1]
=NPIT, >t] =R ()
where

T, is the life time of the"l unit of the system. The system hazard rate, thezae$

® = Y50

where

ri(t) is the instantaneous failure rate Biinit.

Parallel Configuration

In this configuration, all the units are conmecin parallel i.e. the failure of
the system occurs only when all the units of sysfiin For example, four engined aircraft
which is still able to fly with only two engines wking. Block diagram representing a

parallel configuration is shown in fig. 1.3.



Suppose Rt) and T be the reliability of T components and the life time of ti&uinit
in time t respectively, then the system reliabiigyiven by
R(t) = Pr[T >1]
= Pr [max. (T, Tz, Ts,......... , Tn) > 1]
=1-P[E<t To<t, Ta<t,errrevon... Tn <]
If the units function independently, then
R(t) =1 -[1-R®] [ 1-R(1)] [ 1-Rs(®)]......... [1-Rn (D]

=1-N[-R(v)]

Standby Redundant Configuration
To assure high reliability of a system, redundaiscyncorporated. In redundant system more
units than the required are used so that whenréasiloccur in a system, it does not stop
functioning. In standby redundant system with ntsjnonly one unit is on-line at a time.
When it fails, it is replaced manually or automaliiy by a standby unit. This process
continues until all (n-1) standby units have beehaested. For example, consider a cinema
hall in a city where power supply is irregular. dnder to ensure uninterrupted supply of
power apart from the regular source of supply, meggor is kept as standby. The generator
is switched on as and when the main supply is reguA block diagram of such system is
shown in fig. 1.4.

Gnedenko et al. (1969) classified the standbtswas follows :-

a) If the off-line unit can fail and is loaded in exgadhe same way as the operating
unit. It is called the hot standby unit.

b) If the off-line unit can fail and can diminish thead, it is called warm standby
unit. The probability of failure for a warm standis/ less than the failure of
operative unit.

C) If the off-line unit cannot fail and is completaiploaded, it is called cold standby.

Reliability R(t) of an n-unit standby system aydime instant t is given as
R(t) = P{Zn:Ti > t}
i=1
where
Ti is the life time of ' unit and all the n units are independent.

k-out-of-n-Configuration
In many problems, the system operates if atleasit-of-n-units function e.g.

a bridge supported by n cables, k of which are s&any to support the maximum load. If



each of n-units are identical with the same reliigbR(t) (say), then the system reliability

becomes

R® =Y "CRL(DL-R,]"

n
i=k

Series (k = n) and parallel (k = 1) system arekgses of k-out-of-n structure.
There are many other configurations as seriesipralarallel series, mixed-parallel, etc.
some of them are depicted in Fig. 1.5 to Fig. 1.7.

] 1
] 1
1
nout ! _ === ' Output
%L Unit | funit | | Unit | ! | Unit I
! 1 2 3 1 I n .
I - ]
1 1
U .

Fig. 1.2 Series Configuration

Fig. 1.3 Parallel Configuration
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Fig. 1.5 Series Parallel Configuration
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Fig. 1.6 Parallel Series Configuration
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Fig. 1.7 Mixed Parallel Configuration



TRANSFORMS AND CONVOLUTIONS

Laplace Transforms

A transform is merely a mapping or function frome space to another. While
it may be very difficult to solve certain equatiatisectly for a particular function of interest,
it is often easier to solve a corresponding equataerms of a transform of the function and
then invert the transform to obtain the functiome(articular transform, that is, very useful
for solving some types of differential equationsvadl as certain integral equations, is the
Laplace transform (L.T.).

Let f(t) be a function of positive real varialleThen the Laplace transform of
f(t) is denoted by f*(s) and defined as

umn:w9=fg%mdt

For the range of value of s for which the inggxists. Here f(t) is called an
inverse Laplace transform of f*(s) and we write) f& L™ {f*(s)}. The following are some

important properties of Laplace transform:-

i) L{Zn: cf; (t)} = Zn‘,cifi* S)

i) L[t"f (t)] _ (9"t

ds"
t *
ii) LUfwﬂ@=f ©)
A S
iv) I![g f(t) =limsf *(s) (initial value theorem)
V) Itim f(t)= Iing sf * (s) (final value theorem)

vi)  limsf*@©=0

S— 00

Vii) Iirrgf *@) =1if f*(s) is L.T. of a p.d.f.

Laplace Stieltjes Transforms
Let X be a non-negative random variable withrdbstion function
F(x) = Pr [X<x]

then Laplace Stieltjes transform of F(x) is defirfieds > 0 by

F(s) = [ e dF(X)



under certain regular conditions, we have

F**(s) = S j0°° e F(X)dX = sF*(s) and

F(s) = [ e f(X)dX = f(s)

where
f(x) = dAX)
dx
CONVOLUTION
Let f(t) and g(t) be two real valued non-negatoontinuous functions t, then
the integral

jf(t - u)g(u)du :jg(t - w)f (u)du

= f(H© g(t)

=L [f(s) g*(s)]
is called Laplace convolution of the functions #td g(t). If F(t) and G(t) be two real valued
distribution functions defined for_t 8, the resulting convolution is again a distribatiand

integral
Jt'F(t — u)dG(u) :je(t — udRu) = F)®G(t)
0 0

is known as Stieltjes convolution of F(t) and G(t).

MEAN SOJOURN TIME IN A STATE
The expected time taken by the system in aquaati state before transiting to
any other state in known as mean sojourn time @mservival time in that state. If be the

sojourn time in state i, then the mean sojourn im&ate i is

e j Pr(T, > t)dt
0

FIRST PASSAGE TIME
Suppose that a system starts with the staten time taken to reach a given
state k for the first time from state j is calléif passage time. In general, first passage time

is a measure of how long it takes to reach a gstate from another state.



MEAN TIME TO SYSTEM FAILURE (MTSF)
It is defined as the expected time for whichgiistem is in operation before it
completely fails.

Let f(t) be the probability density function ofditime of the system, then we have

MTSF = E(T) = j tf (t)dt = j R(t)dt
0 0
Also
limR* (s) = '([R(t)dt
= MTSF :IirrgR*(s)

Let @u(t) be the cumulative distribution function of thest passage time from
initial state to a failed state, then
R*(s) =1~ ¢ *(8)

S
from above equations, we have

MTSF = |im0R * (s) = “mom

Where
R*(s) andg**(s) are respectively the Laplace transform anglhae Stieltjes

transform of R(t) andy (t).

AVAILABILITY
Availability is well established in the litetae of stochastic modeling and

optimal maintenance. Barlow and Proschan [1975hdedvailability of a repairable system
as “the probability that the system is operating apecified time t” and in reliability theory,
the term availability has the following meanings:

The degree to which a system, subsystem or ewanipis operable and in a
committable state at the start of a mission, winennmission is called for at an unknown, i.e.
a random time. Simply put, availability is the poofion of time a system is in a functioning

condition. In general, we may categorize this meaas:-

a) Instantaneous Availability

This is the probability that the system will bbleato operate within the
tolerances at a given instant of time t(say). bet probability be denoted by A(t).
Let X(t) = 1 if the system is operable at time taxX(t) = 0 when it is not operable. The
availability A(t) of the system at time t is givey

A(t) = PriX(t) = 1 |X(0) = 1]



b) Average (Interval) Availability

It is the expected fraction of a given intervéltime that the system will be
able to operate within tolerances.
Suppose the given interval of time is (0, t] theterval availability H(O, t] of this interval is

given by :-
t
IﬂQﬂz%jAwﬁu:&%g
0

Whenp,(t) = expected up time of the system during (0, t].

c) Steady-state (Limited Interval) Availability
The long run or steady-state availability is defl as the proportion of the
time during which an equipment is available for.use
Mathematically, it is the limiting value of the poiwise availability when t become
finitely large i.e.

A= limA(Y)

RELIABILITY AND AVAILABILITY

The availability function A(t) is defined as theopability that the equipment is
operating at time t. Although this definition appedo be very similar to the reliability
function R(t), the two have different meaning. Véhikliability places emphasis on failure —
free operation up to time t, availability is conoed with the status of the equipment at time t.
The availability function does not say anything @ibthe number of failures that occurred
during time t. This means that two equipments A Brchn have different number of failures

in a given time interval and can still have the sawailability.

MAINTAINABILITY

Maintainability is the probability that the sgst will be restored to
operational effectiveness within a specified timeew the maintenance action is taken in
accordance with prescribed conditions. Maintenargceone of the effective ways of
increasing the reliability of a system. Maintenara&tion can be classified in several
categories: preventive maintenance, corrective t@aamce and repair maintenance.

Preventive maintenance includes actions sudbbaation, replacement of a
nut or screw of some part of the system, refueladganing, etc. It is designed to minimize

the limit that the system will spend in degradextes, it is a sort of repair that is done before



a unit actually fails. Corrective maintenance dedth the system performance when it gives
wrong result and it involves minor repairs that ncagep up between inspections.

Repair maintenance is also concerned with isingathe system availability.
In order to increase availability, failed unit upfailure is returned to operation by sending it
to a repair facility if available, otherwise wafty repair. There may be two types of repair

policies:-

a) Repeat repair policy
Due to certain reasons the repair of a failed as to be stopped. When the

repair is begun again, it is started all over again

b) Resume repair policy
The repair of failed component is terminated befoompletion due to one

reason or the other. When it begins again, itagetl from the stage where it was prior to the

termination of repair.

BUSY PERIOD OF THE REPAIRMAN/SERVER WITH THE SYSTEM

Let B(t) be the probability that a repairmanveeris busy with the system in
the interval (0O, t], then in the long run the tdtalction of time for which a repairman is busy
is given by :-

B = lim B(1)

EXPECTED NUMBER OF VISITS BY THE SERVER

Let N(t) be a random variable representing tielper of times, the repairman
has visited the system in the interval (0, t], thbe expected number of visits by the
repairman to the system in (0, t], is E[N(t)] amdtihe long run this number per unit time is
given by

N = |im

EIN()]
tee g
PROFIT ANALYSIS

Any manufacturing industry is basically a prafibking organization and no
organization can survive for long without minimumaincial returns for its investment. There
must be an optimal balance between the reliatakyect of a product and its cost. The major
items contributing to the total cost are reseanstli development, production, spares and
maintenance. How the cost of these individual itearges with reliability shown in fig. 1.8.

In order to increase the reliability of the prodyatve would require a correspondingly high



investment in the research and development aetvitiThe production cost also would
increase with the requirement of greater reliabilit
The revenue and cost function lead to the profiicfion of a firm, as the profit is
excess of revenue over the cost of production.prb8t function in time t is given by:-
P(t) = Expected revenue in (0, t] — Expected totst in (O, t]
In general, the optimal policies can more eadsdyderived for an infinite time
span or compared to a finite time span. The ppdit unit time, in infinite time span is

expressed as

lim &
to o t

Minimum Cost

Optimum =======-========-ccu---=

Cost
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Fig. 1.8 Reliability vs. Cost

i.e. profit per unit time = total revenue per unie — total cost per unit time. Considering the
various costs, the profit equation is given as

P = KiAp — KoBo — KsNg
where

P = Profit per unit time incurred to the system



K1 = Revenue per unit up time of the system

Ao = Total fraction of time for which the system g u
K, = Cost per unit time for which server is busy

Bo = Total fraction of time for which the server igly
K3 = Cost per visit by the server

No = Expected number of visits per unit time for Heever

EXPONENTIAL DISTRIBUTION
Characterization
Probability density function
The probability density function (pdf) of an exyntial distribution has the
form

—AX
f(x; A) = {ge Xizo

Where A > 0 is a parameter of the distribution, often edllthe rate parameter. The
distribution is supported on the intervalo, If a random variable X has this distribution, we

write X ~ Exp. ).

STOCHASTIC PROCESS

A stochastic process is a family of random vdesiX (t) | t T}, defined on
a given probability space, indexed by the paramigtarhere t varies over an index set T.
Both the parametric set and state space can bpandently either discrete or continuous.

In stochastic process {X(t)[JT}, where X(t), t and T respectively, the state
space, parameter (generally taken to be time) hadndex set if T is a countable set as
T={0,1,2,3........... }, then the stochastic process iglda be a discrete parameter process
and if T={t : - 0 <t < 0}, the stochastic process is said to be a contiaymarametric
process. The state space is classified as dig€nete finite or countable and continuous if it
consists of an interval on the real line. In thegent study, we have only dealt with discrete

state space continuous time parameter stochastesses.

MARKOV PROCESS
If {X(t), tOJT} is a stochastic process such that given theevaiiX(s), the
value of X(t), t>s do not depend on the values @f)Xu<s i.e. for t>s/[is.
Pr {X(t)=i|X(u), O<uss} = Pr {X(t) = i[X(s)}



Then the process {X(t)[dT} is a Markov process.

MARKOV CHAIN

A discrete parameter Markov process is knownaaslarkov Chain. The

stochastic process {Xn =0, 1, 2,......... } is called a Markov chain, if,rfg, k, ji,
j2eeeeiieiien 0N,

Pr[Xn = K/MXn1 =, Xn2 = jayeeeeeneeeeenenn , X0 = jn-a]

=Pr{Xa=k|%1=]}

= pk (say)

The conditional probabilityjpis called transition probability from the state j
at( n-1§" trial to the state k at'htrial. If the transition probability;pis independent of n, the
Markov Chain is said to be homogenous; and if dlependent of n, the chain is said to be

non-homogeneous.

SEMI-MARKOV PROCESS

In the above, assume that the process is timmbeneous, i.e.

PriXn1=], i —t <t | Xy =10} = Q;(t), i, j O s, is independent of n, then
there exist limiting transition probabilities.

B = !'fg Qij(t) = Pr {Xn+1=j | Xn =i}

then {X,, n =0, 1, 2,........ ) constitute a Markov Chain wéttate space E={0,1,2,.....} and
transition probability matrix (t.p.m.)
P = [R]

The continuous parameter stochastic process Y{h) state space E defined by

Y(t) =Xn, th<t<ta
is called a semi-Markov process. The Markov ChajnsXsaid to be an embedded Markov
chain of the semi-Markov process.

In other words, we define the semi-Markov preces a process in which
transition from one state to another is governedhaytransition probabilities of a Markov
process but the time spent in each state beforarsition occurs, is a random variable
depending upon the last transition made. Thusaasition instants the semi-Markov process
behaves just like a Markov process. However, theesi at which transitions occur are

governed by a different probability mechanism.



REGENERATIVE PROCESS

Regenerative stochastic process was definednjhS1955) and has been
crucial in the analysis of complex system. In thig, take time points at which the system
history prior to the time points is irrelevant teetsystem conditions. These points are called
regenerative points. Let X(t) be the state of ysesn of epoch. Ifit tp,... are the epochs at
which the process probabilistically restarts, thieese epochs are called regenerative epochs

and the process {X(t), t 3,t......... } is called regenerative process.



CHAPTER-II

Reliability Modelling and Analysis of Single Unit Gontinuous Casting Plant

Standby systems with various repair facilittse commonly used in industries. Thus,
researchers have spent a great deal of effort atyzing such systems. Goel and Murari
[1990] studied a two unit system subject to chegkicorrective maintenance and system
replacement with repairable and non repairable typéailure, Gopalan and Muralidhar
[1991] wrote about a repairable system subjecintme preventive maintenance. Significant
research has been further done in this area dygotential importance into industries,
wherein researchers have established various ctnéapsystem analysis, such as partial
failure with inspections, stochastic analysis othaee unit system, system with regular
repairman who is not always available, perfect iretgpartial or complete failure, concept of
accident and so forth. However in all this reseawonk, the researchers have only analyzed
and studied the system under various hypothetalalré and repair situations. The particular
case analysis is based on the assumed numericaésvalf various failure and repair
rates/costs. The missing part thus, is a signifidedance between the modeling strategy
adopted and its practical usefulness to some cemmpes in the manufacturing units; the
research lacks a modeling strategy embedded byples of breakdown /repair actually seen
in the industries.

In view of practical applications, here wadst a modeling strategy of a CC plant. The
operative unit is subject to transit to any of tladed states depending on the type of
failure/breakdown. The failed unit is attended by tepairman as soon as it fails. The system
regenerates and works like a new one after eadcurrapplacement or reconditioning and
reinstallation. This chapter outlines the modellgtigategy embedded by the types of failures
actually depicted into data and important reliapiindices such as the mean time to system
failure and steady state availability are obtainesing semi-Markov processes and
regenerative point techniques.

The collected data gives the following estiorat
Probability of repairable failure of type 1 categqn=0.191.

Probability of repairable failure of type 2 categqn,=0.234.

Probability of replaceable failure of type 3 categm:=0.085.

Probability of replaceable failure of type 4 categm=0.212.

Probability of recondition and reinstallation faiuof type 5 categorysp0.276.
Estimated value of failure rate= 0.003 per hour.

Estimated value of repair rate of type 1 categary,0.092 per hour.



Estimated value of repair rate of type 2 categesy; 0.687 per hour
Estimated value of replacement rate of type 3 cate@, = 0.108 per hour.
Estimated value of replacement rate of type 4 cate@. = 0.046 per hour.

Estimated value of recondition and reinstallatiate rof type 5 categorf,= 0.136 per hour.

The system is analyzed using semi markov processegenerative point technique, and
the following reliability indices of the system eftiveness are obtained

* Mean time to system failure.

» Steady state availability.

MODEL ASSUMPTIONS
The unit is initially operative at state 0 and i probabilistically depending on the type

of failure to any of the five states 1 to 5 withopabilities p, p2, ps, p2 and g respectively
(refer Fig.2.1).

All failure times are assumed to have exponentstibution with failure rate £ )
whereas the repair times have general distributions

After each repair/replacement/reconditioning andstallation at states 1 to 5,the
system works as good as new and returns backteoGta

Breakdowns are self announcing.

The repairman comes as soon as the unit fails.

NOTATIONS

@) . Operative unit.

A :  Constant failure rate of the unit.

pl : Probability of failure (repairable iaié of type 1 category).

p2 . Probability of failure (repairable faiuof type 2 category).

p3 : Probability of failure (replaceablddee of type 3 category).

p4 . Probability of failure (replacealiddure of type 4 category).

p5 : Probability of failure (reconditi@md reinstallation of type 5 category).
r(t) . Unit is under repair of typedtegory.
ry (t) :Unit is under repair of type 2 egory.
rep (t) : Unitis under replacement of typea3egory.
rep (t) :Unitis under replacement of typeadegory.
ri(t) :Unitis under reconditioning and reaikition of type 5 category

© . Convolution.



pi,Qj () : p.d.f, c.d.f. of first passage time fromegenerative staigoj or to a
failed state j in (0, t].

i () . c.d.f. of first passage time fromegenerative staieto a failed statg

* Laplace Transforms (LT), i.e., for airf) ind g(t);

f(t) * g(t) = f £t - u)g(u)du
o (1),Gu(t) - p.d.f., c.d.f. of repair time of failed uraf type 1 category.
g2 (1),G2(t): p.d.f., c.d.f. of repair time of failed urf type 2 category.
h; (t),H: (t) : p.d.f., c.d.f. of the replacement of typea@egory
h, (t),H2 (t): p.d.f,c.d.f. of the replacement of typeategory.
h (t),H (t) : p.d.f., c.d.f. of reconditioniramd reinstallation of type 5 category.

TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES

A transition diagram showing the various statesaisition of the system is shown in
Fig 1.The epochs of entry into states 0,1,2,3,4%arck regenerative points and hence
these states are regenerative states .The dt#te%4 and 5 are failed states. The
transition probabilities are given by:

dQo1=p: Ae™'dt, dQ =p re™'dt,
dQus = psAe™'dt dQ = A e™dt,
dQs=psre™'dt , dQ = q (t)dt,
dQo=g(t)dt , @ hu(t)dt,

dQo=h(t)dt d@h(t)dt (1) £10)



Fig. 2.1 Transition states of the system



The non-zero elementg pre given below:

poi=p1, o2= Pz, po3= 8, po4= P4, 5= B
po=1,mo=1,m=1,pmo=1, mo=1 (11) - (20)

By these transition probabilities it is also vextfithat:
Po1 + Poz + Poz + [oa + Pos =1 (21)
P10 = P20 = P30 =Pao =Pso =1 (22)

The mean sojourn timeyf ) in the regenerative state
‘i’ is defined as the time of stay in that state befoansition to any other state.Tifdenotes
the sojourn time in the regenerative statben:
wi =E(T) =Pr[T > t]dt

Thus: po= [ e *dt =i ;=) Gaydt
ue= [~ Ga(t)dt ous=[ Ha(t)
wa= [~ H(t)dt ; us= [ H(dt (23) — (28)

The unconditional mean time taken by the systenrdnsit for any regenerative stagé *

when it (time) is counted from the epoch of enteaimto statéi’ is mathematically stated as:

mij = [7 td@,(t) = -qij ** (0) (29)

Thus, mo=p1, mQ + no2 + M3 + Moa + Nos = o ,
M20 = p2 , MBo= U3, Mo = 4 andpso = ps

MATHEMATICAL ANALYSIS

A. Rdiability and Mean Time To System Failure

Let U; be the random variable denoting the time to sydtare, when the system starts
from state i(i=0) then,the reliability of the systés given by:
Ri(t) = P[U>t].
Taking the failed states 1, 2, 3, 4 and 5 asrainsy states and employing the arguments

used for regenerative processes, we have the fiodpsecursive relation fdry (t) ,
Ro (t) = Gp1 () + o2 (t) + Cps (t) + cpa (1) + cps (1) (30)

By solving the equation (30) using the Laplace $farms (L.T.) technique one can
easily get the expression fBg (t) in terms of its L.T, i.e Ry *(t) , now

using the usual formula for mean time to systenuf@i(MTSF), we obtain:
E(To) = MTSF =lim, _g Ro * (5) =3 (31)

where N =uwoand D =1



B. Availability Analysis

Using the probabilistic arguments and definingthas the probability that the system is in
upstate at the instahtgiven that the system entered into regeneratateisatt = 0, we have

the following recursive relations:

Ao(t) = Mo(t)+qo1(t)©A 1(t)+o20A2(t) +o3OA3(t) +o4OA 4(t) +osOA5(t) (32)
A1 () = tho ()©A0 (1) (33)
Az (1) = o (NOA. (1) (34)
Az (1) = tso (NOA, (1) (35)
A4 (1) = o (OA0 (1) (36)
As (1) = ko ()©A0 (1) (37)

where M (t) = "',
Taking Laplace Transforms (L.T.) of the above emumst and solving them forgX(s) , we get:
Ao*(s) = X2 (38)

D (53

The steady state availability of the system i®giby:

Ao =lim__, sdo = (5) = E (39)

where

N1(S) =po, D1 = po + 1 + pep2 + Peps + it + Psjis

PARTICULAR CASE

The following particular case is considered:
gi(t) =ae ™ | gt) =o2e ™ | h(t) =ple Y, hp(t) =peFF ,  h(t) Pe F*

po1 = y =2 , B=B , = =,
po=1 , =1 , =1 , p=1 , =1
-1 -1 -1 _ 1 _1
MO_;I )Ml_al ,MZ_R: 1“3_E 1“4_E!
1
MSZ_
g

Using the values estimated from the collected datahown in Section | and tlegpressior
(31) and (39); the mean time to system failure arallability are estimated as:

Mean Time to System Failure 330.885 hours

Availability : 0.971154608



£=0.191, p, = 0234 p =0.085,p, =0.212 pg = 0276, A= 00,
& =092, a; = 0687, =0.108,B, =004, =013

Co =10000,C; = 1884.536,C; = 1800, C; = 2000,C, = 2000,

Cy = 2000,C4 = TM2WLC, = BB

2005 BT CO0IS 0000 S0003 G025 00027 61023 0.0000 0.0082 00034 nwaé $.0008 00005 0004 COE3 00045 0.0047
FAILURE RATE ]

gFR.2

£ =0.191,p, = 0234 py = 0,085, =0.212 pg = 0776, A= 008,
= 0092, 0y = 0687, = 0108 B, =004,8=01%

Gy = 10000, € = 188453, G; =180, G = 20D, 2000,

€y w200, Gy = 2T, C; = 9373271

ﬁ

AVAILABILITY
©s
-

D00 0612 0.0074 50015 Q708 H0020 G0022 819034 50625 €062 B0 60052 0 10 B 068 10083 0.0 20044 40046 03068
FAILURE RATE

Fig. 2.3



Chapter-I11

Reliability Modelling and Analysis of a Two Unit Caontinuous Casting Plant

Various authors including Gopalan and Naidu (198tesan (1984), Singh (1989)
and Yang and Dhillon (1995), Malik et al. (2008)dakumar et al. (2010) have discussed
two-unit reliability models with different repaind inspection policies. However, not much
works pertaining to the cost-benefit analysis ab-uwit system have been reported so far in
the subject. Hence reliability model of a two urointinuous casting plant with inspection is
under taken for study. This paper has been propbgedl.G. Mathew et al. in 2010. Four
years downtime maintenance data, on electricalbratpd overhead traveling (EOT) cranes
(called as critical equipment/two-unit system) fraansteel production plant, currently
operational at Durgapur, India, have been colleci&dee types of failures were noted in the
plant, as depicted into the data viz., repairat@placeable and reconditioning/reinstallation.
The failure, repair and replacement rates along ti¢ probabilities of various failures of the
critical equipments of the CC plant have been egth from the data. The failure situations
considered in the present modeling are the sartteoas depicted in the data and the analysis
is carried out by using the real estimated valdfegadous rates and probabilities. Thus, the
paper offers a new contribution to the reliabilitgrature in terms of a real case analysis of a
two-unit parallel operating system of a CC planthwull-reduced installed capacity of units.

The system regenerates and works as good as newesery maintenance task is
performed. Hence, a robust model has been developeith leads to the analysis for
obtaining the important reliability indices by ugisemi-Markov processes and regenerative
point techniques. The following measures of pldfgativeness in terms of reliability indices
are obtained Mean time to system failure, Plantlaitity, Expected busy period of the
repairman for inspection, Expected busy periodhef tepairman for repair, Expected busy
period of the repairman for replacement, Expectedybperiod of the repairman for
reconditioning/reinstallation, Expected number witg by the repairman, Expected number
of repairs, Expected number of replacements, Erpect number of

reconditioning/reinstallation and Profit incurredthe system.

Graphical study is also carried out to demonstizeesults.

The data are summarized as under:

Probability that the failed unit | needs repare@377777777.

Probability that the failed unit | needs replaeat p=0.4.

Probability that the failed unit | needs recoratiing/reinstallation $=0.222222222.
Probability that the failed unit Il needs repai@.2.



Probability that the failed unit Il needs replassp=0.52.

Probability that the failed unit Il needs recorating/reinstallation g=0.28.

Estimated value of failure rate for unit3=0.001301179 per hour.

Estimated value of failure rate for unitAb=0.000720378 per hour.

Estimated value of repair rate of uni] =0.298245614 per hour.

Estimated value of replacement rate of uin=0.04347826 per hour.

Estimated value of reconditioning/reinstallatiaer of unit loz=0.285714285 per hour.
Estimated value of repair rate of unipiE0.045871559 per hour.

Estimated value of replacement rate of unfi;#0.110169491 per hour.

Estimated value of reconditioning/reinstallatiaer of unit 1133=0.077777777 per hour.

SYSTEM DESCRIPTION AND ASSUMPTIONS

* The CC plant has two units: unit | and unit Il.

e Unit I and unit Il constitute a parallel system.

* Repairman is called to carry out the inspectionpaie replacement and
reconditioning.

* As soon as a unit fails, inspection is carriedtoueveal the type of failure.

» Priority for operation is given to unit 1.

« Unit Il works at full installed capacity if unitis failed otherwise it works at reduced
installed capacity.

* The failure rate of unit Il is lower than the uhit

« During the inspection, the other unit does not falil

» Failure times are exponentially distributed.

» After each repair, the system works as good as new.

Notation
Oc : Operative state of the CC plant
O . Failed state of the CC plant
@) . Cranes working under full installed capacity.
O . Cranes working under reduced itetiatapacity.
o : Inspection rate
A2 Failure rate of either crane of unit I/Il
pl/p4 : Probability of repairable faguof unit I/II
p2/p5 Probability of replaceable fadwf unit I/11

p3/p6 :  Probability of reconditionifaglure of unit I/II



FIli/Fli
FIrl/Flirl
FIr2/Flir2
FIr3/FIir3
FIR1/FIIR1

FIR2 /FIIR2

FIR3/FIIR3

Flwi /Fllwi
Ao

lo
BRo/BRRO

Co

Cl1/C2/C3/C4 :

C5
C6/C7/C8

Failed unit I/1l is under inspection
Failed unit I/1l is ued repair
Failed unit I/l is under replacemt
Failed unit I/1l is under readitioning/reinstallation.

Failed unit I/ll under repairabffailure continues from
previous state

Failed unit I/l under replatde failure continues from
previous state

Failed unit I/ll under reinstafion failure continues from
previous state

Failed unit I/1l is waitig for inspection
Steady state avallgbof the system
Busy period of the repe&n for inspection
Busy period of the repairnf@anreplaceable/reinstallation
failure
Revenue per uptime

Cost per unit uptime forieththe repairman is busy for
inspection rephle failure/ replaceable failure/reinstallation
failure

Cost pisit of repairman

Cost per unit repair/eggment/ reinstallation

STATES OF THE SYSTEM:-

So = (Olpll),
S = (Fr1,On),
S6 = (O, Fir1),
So = (FRr1,Fiwi),

Si2 = (Rwi,FiIr1),

S = (Fi,On), 5= (O, k),
&= (Fr2,0n), £= (Fr3,0n),
3= (0O,Fir2), 8= (0,Fir),
So = (Fr2,Fiwi), S1= (FRr3,Fiwi),
S3= (Fwi,FIr2), 34 = (Fwi,FIrR3)

S, S, %S, S S, S, and Sare regenerative states arg So, Si1, Si2, Sis and

Sisare failed states.
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Fig. 3.1 Transition states of the system




Reliability and Mean Time to System Failure (MTSF)

Let @(t) be the cdf of the first passage time from regative state to a failed state.
Do(t) = Qu(t)(S)D(t) + QuA(t)(S)d=(t)
D1(t) = Qua(t)(S)D3(t)+Qura(t) (S)Da(t) + Qus(t) (S)Ds(t)
D2(t) = Qos(t)(S)Ps(t) +Qar(t) (S)P7(t) +Qe(t) (S)Ds(t)
D3(t) = Qeo(t)(S)Po(t) +Qzo(t)
Da(t) = Quo(t)(S)Do(t)+Qa.10(t)
Ds(t) = Qso(t)(S)Do(t)+Qs.11(t)
Ds(t) = Qeo(t)(S) Po(t)+Qe,1At)
D7(t)=Q70(t)(S) Po(t)+Q7,19(t)
Da(t) = Qeo(t)(S) o(t)+Qe 141)

Transition Probabilities

211 _ 2\ 2
p1 :2(/]1+/12) , POz = 2(A1+A2) s

3 =p1, P14 =p2, p15=pPs3, P26=p4, P25=P6 ,
po=gi*(212),  @o=1-gi*(2)2), P 2-g(2)2)
RO=g2*(202),  p410=l-g*(2k2), plY A-g*(2A2),
pso=gs*(2X2),  BAEl-g*(2Ah2),  p& 2-gs*(2)2),
peO=g*(2A1),  BA=l-gf(2h), P 2-git(2h),
pr0=gs* (2h),  paFl-gr(2h1), P d-gH(20),
pao=ge(2h),  pael-gi(2hy),  Po =lg(2h)

By these transition probabilities it can be vedfibat

[po1t+po2=p13+p1r4t+p1r5—=p26+p27 +P28 =pP30+P39
=pot P = porpao = piopfy
=potps11 = peot pll = potpe12

3

=pot pl? = p70+pz = prot+ Po
wptpe1s = peotps’ = 1

The unconditional mean time taken by the systetratusit from any state; 8/hen time is
counted from epoch at entrance into statie Stated as:

= JtdQ;(t) = -g;*'(0)



Mo1+Mo2=0; ne+Ma4+mis=pu;

M2e+Mm27+meg=p12; I+ mao=p3;
Maotm4,10=14, Mo+Mms,11=s,
Mmeot+Mme,12=|16, Mmot+my7,13=u7,
MBso+Ms, 14=18; mot+m{) =k(say)
maot My =k (say) rao+M;” =le(say)
meot+ M = k(say) Mo+, =k(say)
s _
msoHM:? = lg(say) ™)

The reliability can be obtained by taking Laplagearse transform of (*).

1-#0s) _ N
D

MTSF=im, _,

where
N=m01+m02+p01+p02+2
D=1-p01p13p30+p01p14p40+p01pl5p50+p02p13p60+p02{04®2p15p80

Steady State Avalaty

Let Ai(t) be the probability that the system is in upestat instant given that the system
entered regenerative statatt=0.

Ao(t) = Mo(t)+qo1(t)©A 1(t)+0o2(t) ©A2(t)

A1(t) = Ma(t)+g13(t) ©A3(t)+g14(t) ©A4(t)+q1s(t) ©As(t)

Aa(t) = Ma(t)+0ps(t) ©As(t)+qe7(t) ©A7(t)+ps(t) ©As(t)

As(t) = Ma(t)+ggo(t) ©@Aa(t)+q . (t) ©Ax(t)

Aa(t) = Ma(t)+auo(t) ©@Ad(ty+a s (t) ©OA2(t)

As(t) = Ms(t)+0so(t) ©A(t)+g s (t) ©A(t)

As(t) = Ms(t)+0po(t) ©Aa(ty+q Ly (t) ©A1(Y)

A7(t) = Mr(t)+arolt) ©Ao(ty+asy () ©Aa(t)

As(t) = Ma(t)+geo(t) ©A(t)+q,, (1) ©AL(t) (**)
Taking LT of relations (**) and solving for #&(s).

The steady-state availability of the system cagitzen by

Ao = lim,_ sdo = (s) = —

D1
where

N1=po[1-p1paa(p1ps,12+p2p7,13+P3ps,14)-P2p4,10(P1pe, 12+ P2P7,13+P3pPs, 14)-
p3ps,11(P1Pe,12+P2p7,13+P3pPs,14)|



D1=mo1(p13p3ot+prapaotpispsotpzepso)+(ul+u2+u3+ud+us+ub+u7+u8+u9+u9+ulO+ull+ul2+
ul3+uld+ulb) (mpeo+ pe7pro+ pegpso) + (UL6 + Ul7 + ul8 + ul9 + u20)ufpso+ prapao+
P15p50)

where

ul=pOiulpi3 u2 =p@p13p39 u3=m01p13p39
ud=p01p13Ms) U5Ep03p39 u6=plip14p4,10
u7=m01pl4p4,10 u8=pPAl4p4,10 u9=p01u3=m01p13p39
ul0=p01p14p4,10 ull=mOy%l 51 ul2=pQ1p15p5,11
u13=p0L2p15p5,11 ul4=po1ps,’ u15=p01p15p5,11
u16=m01p26p6,12 u1730026p6,12 u18=p02p2%’
ul9=p0212p26p6,12 u20=p02p26p6,12

Busy Period Analysis of Repairman(Inspection Timeénly)

Let Bi(t) be the probability that the server is busyrairstantt given that the system
entered regenerative statatt = O.

The following are the recursive relations foftB

11(t) = W, (t)+ Z aiy (©01,(0) (1)

wherg is a subsequent regenerative state to which istatesits througim>1(natural
number) transitions

By Taking L.T. of egn (1) s_olving fopi(s)
b =lim,_,slo*(s)= ;—:

where

N2=p01@l+plu2 p§) +pR2 pl? +pR2 ps)+p02(2+p4ul pl? +pHl piy? +p@l ps?
and
D1 is already specified.

Busy Period Analysis of Repairman (Repair Time Only

Let Bi(t) be the probability that the server is busyapair at an instartt given that the

system entered regenerative staaét = 0. The following are the recursive relations fe{tB
B, () =W, () +> a7 () OB (1) (2)

wherej is a subsequent regenerative state to which istitesits througim>1(natural
number) transitions.

Taking L.T. of egn (2) solving for @&(s)



Bo = lim,_,sBo = (s) =—

D1
where
Ns=po1p1( — + P4 p©@- )+ pa— (poz+porpe [0+ PIP3 8D )+ (P4 E2HERED +B 1n0d)
ol psz B1 B1 p42 p52 fral p61 p71 p81
and

D1 is already specified

Busy Period Analysis of Repairman (Replacement Tim&nly)

Let BRi(t) be the probability that the server ishin replacement at an instant t given that
the system entered regenerative state i at {h@ following are the recursive relations for
Bi(t)

BR (1) =W, () + 2 a7 () ©BR (1) (3)

i
wherej is a subsequent regenerative state to which istitesits througim>1(natural

number) transitions.

Taking L.T. of egn (3)

BRo = lim__, sBRo = (s) = ;

where
N4=p2 = (po1 + pozpa pf? + 2pspld + @z pgel? )
+E :;*i (P02 + leplp:g) + p(]lpzpfzt) + |:E|I1p3p6(121) )

and
D1 is already specified.

Busy Period Analysis of Repairman (Reinstallation Tme Only)

Let BRRI(t) be the probability that the server isp for reinstallation at an instantt given
that the system entered regenerative state i d1.tThe following are the recursive relations
for BRRI(t)

BRR (t) =W, (1) +> a7 (1) © BRR,(t) (4)

]
wherej is a subsequent regenerative state to which istietesits througim>1(natural
number) transitions.
Taking L.T. of eqn (4)

BRRo= lim,_o SBRRo* (s) =~>

where Ns=ps — (poz+ poz pa pi2 +pepspl? + pepe pii%) @ . (po2 + pipt p + pp2 p?

+pepg? )
and D is already specified.



Expected number of visits by repaman

Let Vi(t) be the expected number of visits by the seirvéd,t] given that the system

entered the regenerative statgt=0. We have the following recursive relations fq(ty:

Vi(t) = ZQi,j(t) S) [6j + Nj(t)] )

where j is any regenerative state to which theemiregenerative staitetransits and o; =1,
if j is the regenerative state where the server dbesfjesh, otherwis@; = 0.

Taking L.T. of egn (5)

NG
= i Vo == = —
Vo lim,__, sVo *= (s) =

where

Ne=(po1+02)-(jpo1-+po2) paps, 12 P1pse+p24, 10+P3Ps,11)-(P01+P02) Psp7,13(P1p3e+ P24, 10+ P3PS, 11)
-(1+po2) peps 14(P1p3e+ P24, 10+ P35, 11)

and

D1 is already specified.

Profit Analysis

Profit incurred to the system model in steadyesis given by
P=QA0-C1lo-C2B0o-C3BRo-C4BRRo-CsVo

Particular Case

For the particular case, the rate of repairableraiand reinstallation
failure and and inspection is assumed to be exp@tigrdistributed i.e.

g, (t) =a,e™ ;g =ae Qs =ae™

g,(t) = [—2’13_[31t ; gs(t) = Bze_ﬁzt o Ge() = Bse_B3t

h(t) =ae™

where

a, = 0.298245614 - 0, =0.04347826 © 0,=0.285714285
B, =0.045871559 ; B,=0110169491 ; B, =0.077777777
p1=0.377777777 ; 290.4 ; 340.222222222,
p=0.2 : 590.52 ; 690.28

2=0.001301179 ;  22=0.000720378



MTSF : 7326.241655h

Plant Availability : 0.772138258

Expected busy period for inspectian D.007921351
Expected busy period for repairable failure@B007480351
Expected busy period for replaceable failure®BR07184409
Expected busy period for reinstallation failureBFRIR00561197
Expected number of visits by the repairman®003126125



Graphical Interpretation

p, =0.378, p, = 0.4, p, = 0.222, X, = 0.0013,
a =04, q, = 0.298, o, = 0.043, a, = 0.286.

MTSF
UNIT 1

0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018

he——————t LR B RATE LNIT feeeesessnmemmmssisssmssmund
Fig. 3.2

Py = 0.2, ps = 0.52, pg = 0.28, A, = 0.0007,
= 0.4, B, =0.046, B, = 0.110, B, = 0.078.

MTSF UNIT 2
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FAILURE RATE UNIT 2

Fig. 3.3
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p,=0.378, p, = 0.4, p, = 0.222, }, = 0.0013,
o= 0.4, o, = 0.298, u, = 0.043, oy = 0.286.

P, = 0.2, pg = 0.52, p, = 0.28, ), = 0.0007,
8, =0.046, B, = 0.110, B, = 0.078.
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Fig. 3.4

AVAILABILITY Ao

ps = 0.378, p, = 0.4, p3 = 0.222, 14 = 0.0013,
o =04, oy =0.298, oy = 0.043, oz = 0.286.
pg = 0.2, ps = 0.52, pg = 0.28, A, = 0.0007,
B4 = 0.046, B, = 0.110, B3 = 0.078.
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Fig. 3.5




py = 0.378, p, = 0.4, py = 0.222, Ay = 0.0013,
= 0.4, o =0.298, o = 0.043, 0y = 0.286.

——0 = 0.005

-=—-0,=0.01

ps = 0.2, ps = 0.52, pg = 0.28, A, = 0.0007, A
| B4 =0.046, B, = 0.110, 5 = 0.078, C; = 300,
C, = 2505.95, C = 22860.6, C, = 5407.6,

Cs = 700,/C4 = 215032, C; = 13954.5, Cq = 37117.6

PROFIT

Fig. 3.6 Profit (P) versus revenue per unit uptii@®) for different values of inspection raie) (

——Co =800
—a—Co = 850
——Co =900
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1 p,=0.378,p, =04, p, = 0.222, 1, =0.0013,
o =04, o, =0.298, u, = 0.043, o, = 0.286.
P, = 0.2, pg = 0.52, p = 0.28, 4, = 0.0007,
B, = 0.046, B, = 0.110, B, = 0.078, C, = 300,
C, = 2505.95, C, = 22860.6, C, = 5407.6,
C, = 215032, C, = 13954.5, C, = 37117.6

Fig. 3.7 Profit (P) versus revenue per unit uptii@) for different values of revenue per

unit uptime (§



Chapter IV
Conclusion

From chapter Il, Reliability modeling proves bbe a powerful tool for analyzing plant
effectiveness. Given a risk factor, the model mrtsdihe breakdown and repair possibilities
and offers a scientific basis on which the optinmetrability results are achieved.

The important reliability indices such as MTSailability are estimated numerically. A
declining trend of MTSF and Availability with resgeto the failure rate can be seen in
Fig.2.2 and Fig.2.3.

Figures 3.2, 3.3 and 3.4 reveal the pattern of M&a8d plant availability with respect to the
failure rate. A declining trend of MTSF and plama#ability with respect to increase in
failure rate is noted. Fig. 3.5 reveals the pattdrthe plant availability (8 with respect to
the inspection rateuj. It is noted, plant availability increases witfetincrease in inspection
rate. Fig. 3.6 demonstrates the pattern of préfjtwith respect to revenue per unit uptime
(Co) for different values of inspection rate. The deling interpretation could be achieved
from this graph:

(i) The profit increases with increase in the valueseokenue per unit uptime and has

higher values for higher values of inspection rate.

(i) For a = 0.005, the profit is positive or zero or negataccording as & or = or
<925.00 .
(iFor a = 0.01, the profit is positive or zero or negataecording as & or = or

<790.00 .

(iv)Fora = 0.4, the profit is positive or zero or negataseording as & or = or <680.00

Fig. 3.7 demonstrates the pattern of profit (Phweéspect to cost per visit of repairmars)(C
for different values of revenue per unit uptime)(Crhe following interpretation could be
achieved from this graph:
() The profit decreases with increase in values of gesvisit of repairman (£J.
(i) For CO = 800, the profit is positive or zero or atge accordingly as C5> or = or
<17,500.00.



(iFor CO = 850, the profit is positive or zere pegative accordingly as C5> or = or
<31,000.00.

(iv)For CO = 900, the profit is positive or zero or atge accordingly as C5> or = or
<42,500.00.

Given a risk factor the model predicts thdufa and repair situations and offers a
scientific basis on which the optimum reliabiligsults are achieved.

Measures of system effectiveness of a CCtptamerms of reliability indices such as
mean time to system failure, plant availabilitypegted busy periods of the repairman for
various maintenance tasks, expected number ob\hsitthe repairman, expected number of

repairs, replacements and reconditioning/reingtafieare obtained numerically. Fig.3.2, 3.3,
3.4, 3.5 elucidates the result graphically.
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