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Abstract. The present paper describes the development guiitatpn of a methodology for reliability analysisd
evaluation of a tank heating system. The religb#itructure of the studied system is presented aple modular
redundant system (TMR-system). A hybrid methodologyposed of a Monte Carlo simulation and Markaatest
space models is developed and applied for reltgb#valuation of a TMR heating system. The so-dmved
simulations, models and structures are applied urgdd operating conditions in a tank heating systé a hot dip zinc
galvanizing facility.
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1. Introduction approximation to the “as-good-as-old” repair model,

The application of Lagrange approach topresented via curve 2, since the time intervals
Markov models and Monte Carlo simulation hasbetween failures and repairs, i.6lz & Tg) is rather
been proven to be very effective for reliability small. For the “as-good-as-new” repair model, the
estimation of complex systems — [1, 4, 8]. However failure rate curves must be reinitialized at thénpo
the simulation of complex multi-component Tr. Therefore, if the age-replacement strategies
systems via Markov modelling and Monte Carlo (versus the batch replacement ones) must be
methods is practically limited to systems that ban developed and studied — then the time points at
modelled via time-inhomogeneous Markov processvhich the preventive replacement should be carried
[1, 2, 4]. Such types of models are capable tout also depend on the time point of the last
include and to utilize systems componentscomponents failure.
dependencies as well as wear phenomena,
represented by time dependent failure rates for
systems reliability analysis [3, 4, 7, 8].

The application of Monte Carlo simulation for
treating time-inhomogeneous Markov models
allows to develop a replacement of the constant
failure rates (accepted in various reliability ass)
with a more realistic “bathtub” curves, thus
providing also the simulation of the wear in ,Jﬂ’l /
systems components, as well as their periodic 1l
maintenance — [1, 3, 4]. A further development of ! —
these methods allows also the application of the so ‘ ! .
called “as good as neweépair (restoration) of the T.T. T T 2T I° T
systems condition, or an eventuanewal of the
systems components an ability, which in fact
violates the Markov properties of the time-
inhomogeneous Markov process [1, 5, 6]. These
events are illustrated by the representation of the Therefore, a Monte Carlo simulation,

failuga rate iurves, ls:hown T Figure 1. he failurdeveloped within the Markov framework [1, 4],
urve 1 (see Figure 1) represents the failurg,, 4 ne generalized, to process also such kinds of

rate during a preventlc\j/e_ malnten_anhce over the,on_Markovian repair models, which are needed to
systems components, during time-INNOMOYeNeoUR et eglistic industrial systems, via merely kegp
Markov calculations. Curve 1 is an adequate

Falluts Kate, MY
[ ]
v

-

——

L

Figure 1. Failure rate curves, presenting threesyf
repair models: “as-good-as-new” (1) ; “as-good-&s-o
(2); continuous aging (3).
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track of the age of each replaceable componerfor self transition (i.e., a transition fromd to K
since its last renewal. and/or fromK’ to K’) is not included in relations (2)
The present paper describes the developmerand (3).
and application of a hybrid (a generalized) The Monte Carlo simulation compriseN
methodology for reliability analysis and evaluation number of random “paths”, which follow the state
of industrial tank heating system. The reliability transitions during some finite period of tirfig (i.e.,
structure of the studied system is presented as the time period of a systems mission for the presen
triple modular redundant system (TMR-system). Acase).
hybrid methodology composed of a Monte Carlo If there exists a necessary for processing also
simulation and Markov state-space models igime-dependant failure rates, caused by wear and/or
developed and applied for reliability evaluationaof early failures, then the self-transition optionswd
TMR heating system. also be developed and included in the already
The so-developed simulations, models anddeveloped relations (2) and (3). For providing
structures are applied under real operatingoptions for self-transition aself-transition rate

conditions in a tank heating system of a hot diezi 32 (t)should be added to the left part of relation
galvanizing facility. (2), and respectively determined as follows

. Rsk Fsi
2. Development of a hybrid methodology > (t) =o¢ _2/1"( (t)+ Z'uiK (t) (5)
composed of Monte Carlo simulation and =1 =1
non-Markovian repair model where, J5 represents a superficial constant

The studied system consists rofcomponents,
which can respectively determin@" possible S
systems states, since the systems states aredlefinéay, thatJKK'(t)Z 0.
by combinations of operational and failed In order to determine whether a systems failure
components [2]. The operation of the studiedis caused vigtate transitiona specific type ofault
systems could then be described via time-ree could be built. The so-developed fault tree can
inhomogeneous Markov process. RiS(t) is the describe the interactions between the systems
probability for the system to be in state K at timecomponents (resulting in a failure generation), and
moment t, then the differential equations, whichcould respectively be built via bottom-up evaluatio
simulate its behaviour are as follows, of the systems interactions and/or via minimal cut

transition rate, which should be chosen in such a

dPKS(t) cs & s sets techniques. The systems estimate for a failure
T:_JK Px +ZF’C(K IKL 13 (PSE) 1) event (i.e., for non-reliability) Qt) could be
i=1 expressed by the following relation
whereK, K'=0,1,2,...,2 1T
The transition rated; out of the systems state QS(t)=NZWi (6)
“K” is determined by the relation, _ s _
Ree For where,w; is the stochastic weight of th8 event at
5§(t)=z/]jk (t)+2#,-k (t) ) the time of the systems failure, if it occurs befor
j=1 j=1 the systems resource (i.e. the design lif&)>
where, Zi(t) andu(t) are the failure and the repair The renewal of every failed systems component
rates of the systems componejit respectively in ~ could respectively be incorporated in the relation
the state K”: (2) by replacing the time moment’“by a vector
Rsx and Fg, — represent the sets of operational”Trc's Which contains the current resource (i.e., the
and failed systems components. age) of each replaceable component. As a

Pc (K/K’, t) - conditional probability, that consequence, the relation (3) representing the
expresses the transition from stifeto K, at timet, ~ conditional probabilities for every transitions,nca

and be determined via the relation be modified as follows,
Ro(K /K1) = 0 (t)/ 5 t) (3) Pe(K /K Tac) =06 (Tac) 08 (Tee) (1)
= (K/K' t):Js (t)/ds(t) (4) The ability for tracking the current resource
(e} ! KK" K

(i.e., the age) of each systems component duriag th
where Jg.(t) represents the transition rate, development of the random “paths” can thus be
corresponding to a transition from stéteto state  incorporated into the Monte Carlo simulation.

K. It must be emphasized however, that an option
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3. Development of triple modular redundant finite period of time and is determined as subrditte
system (TMR-system) for atank heating to an exponential distribution. The process is
equipment characterized by a reconfiguration (i.e., a repair)

The tank heating system, which is the subjecfate K. In apcordance with the relations, developed
of the actual study, consists of 3 main burness,(i. " the previous paragraph, as well as the structure

a so-called “hot sticks”), that must heat the pssce developed in Figure 3, the TMR heating system has

liquids from an ambient temperature up to 60-80 c" =N+ 3 =5 + 3 = 8 components. The numbir

— please see Figure 2. A so-developed tank heatinﬁ possuble_ systems states can respectively be

systems is utilized in the process technology df hoNs = 2 possible systems states. It could be assumed

dip zinc galvanizing facility. The tanks are heateghowever, that, the systems components are |dent!cal
by immersion tube burners fabricated of schedulénd as a consequence the number of possible

40 steel pipes and fired with atmospheric typeSystems states could be reducetlde 2N + 3. It is

burners. The burners use a natural gas as fuel. @SSumed, that the switching device, the failure

order to obtain a higher level of reliability ofeth detector and the decision makenj practically do
heating systems — 2 spare burners are also includdtt fail (the failure rates of these systems elasen
in the systems structure and provide redundanc§@n easily be incorporated into the Monte Carlo

during the heating processes. simulation. The structure of the developed state
transition model for the TMR heating systems is
1 2 presented in Figure 4.

I_ A
O O 1

Tank for process liquids

Failure
Detector

Active Units
>

Switching
Q @ Q Ay Device >\ Dy >
\i \i \i Systems
Figure 2. Tank heating system with 3 main and 2espa Output
burners of a “hot sticks” type. S
1, 2 and 3 — main burners; 4 and 5 — spare burners a1
g
The structure of the tank heating system can be E
considered as a specific TMR-system. The g
reliability configuration of such a system is ©|S;

presented schematically in Figure 3. The TMR-rigyre 3. Reliability configuration of a TRM tankdting
system is essentially a 2 out of 3 (i.e., 2, 3}ays system

which is connected to a set of 2 spare units via

switching device — a configuration that enhances |t must be noted, that, the systems stat¢ €2

systems reliability. 2) represents a so-called “absorbing state”. This
If one of the systems active componemts £,  state does not allow outgoing transitions, andat f

or Ay), fails, the switching device replaces it by a corresponds to systems failure.

spare oney, ..., &, whereK = 1, 2 for the actual The TRM heating system can thus develop two

case). The active components are respectively thgpes of failure modes — respectivéick of cover

burners under operation, while the spareand expiring of spared.ack of cover corresponds

components are the supplementary burners, whictp a failure mode, in which a new failure event is

provide the redundancy of the reliability generated (i.e., a failure of a second component)

configuration. before the reconfiguration of a spare component is

The switching process represents in féw¢  completed. The expiring of spares means, that no
reconfiguration of the structure, which needs a more spare components are available.
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Figure 5. Failure modes for a TRM heating systeritls w
constant failure rate
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Figure 4. State transition model for TMR heatingteyn 0 — ﬂ.—-——""
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For the actual TRM heating system, the
existence of cover is represented by th
reconfiguration ratql, and the components failure
rate can be represented either by a constantdailur
rate Ac, either by a function of time failure rate of
the following type,

e Time[hrs]
Figure 6. Failure modes for a TRM heating systeritls w
time dependent failure rate

a) Case A:pu/A = 0 (oru = 0). This case is
41 identical to the failure mode witN = O, i.e., the
/l(t) =)o + ¢ (Lj @) system cannot be repaired.

r b) Case B:p/i # 0. If the value of the ratio
where, ¢ andr are parameters, which describe theincreases, the probability of the system failure du
wearing effects over the active components (e, t t0 a lack of cover decreases. For the extreme case,
operational systems burners for the present clise). whenp/i # «, the reconfiguration of the system is
is also assumed, that the spare components are iiffimediate and the only failure mode of the system
“stand — by” (or “cold” redundancy mode) and is the expiring of the spares. For both cases the
cannot fail during their non-operational time experimental results match with the analytical
periods. The experimental results for the systems§olutions. The developed experimental presentation
failure modeQt), for constant and time-dependent allows the treatment of general components
failure rates and different values Nifare presented dependencies the modelling of the components wear
respectively in Figure 5 and Figure 6. and the analysis of variety repair models. The

The calculations were developed for a missiondeveloped experiments are also capable to treat
time of 120 hrs, and systems parameterdybrid TRM heating systems (based on
Jc = 0,011:-ht; ¢ = 2,8;7= 70 hrs;u = 80 hit. The  inhomogeneous Markov models and Monte Carlo
results are presented for confidence limits of 75 %simulation), which can fail in two different failer

Two specific cases must be considered during théodes. It must be noted also, that even largesratio
analysis of the ratip/i: for u/2 do not generate any difficulties.
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4. Conclusions 4.

A hybrid methodology composed of a Monte
Carlo simulation and Markov state-space models is
developed and applied for reliability evaluationaof 5.
triple modular redundant (i.e., TMR) heating
system. The so-developed models, structures anéj
experiments are applied under real operating
conditions in a tank heating system of a hot die zi
galvanizing facility.
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