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Abstract

Currently some components of complex safety systerag be subject to multiple testing

levels. That is the case of BOPs of which somed@ywponents may be subject to up to a
four-level functional and integrity testing schenme,addition to online diagnostics. Such

multiple-testing-level (MTL) schemes impose additibrequirements with their associated
computational difficulties on the assessment of $h® PFDs. In this paper we investigate
possible solution methods for the calculation oDP&f safety systems subject to MTL,

assess the differences in results of PFD obtaini#gdwarious methods (analytical equations,
FT, numerical and simulation) and analyze to whddgree they give conservative or
optimistic results.

1. INTRODUCTION

It is well known among safety practitioners thae treliability of safety critical
systems subject to low number of demands is styodgpendent on a rigorous testing
scheme of such systems. The introduction of IEG381BL] in 1998 introduced formal
requirements for the performance of such testsherso-called safety instrumented systems
(SIS) and proposed several methods for the evaluati the PFD (Probability of Failure on
Demand) of SIS as a function of their testing soé®m

Currently, most typical SIS found in industrial talations are subject to two levels of
testing: online diagnostics and periodic tests.i@ntliagnostics conducted by fault detection
systems are performed on a quasi-continuous basisaae capable of identifying an
important fraction of otherwise hidden failures ttltauld, if not duly identified, lead to
dangerous failures of the safety system, i.efaitare to perform the assigned safety function
when demanded by a plant hazardous event. Byrits periodic tests are typically manually
performed at periodic times according to a pre{ueiteed scheme.

More recently the so-called partial stroke testiR$T) [2, 3] has been introduced to
allow periodic testing of safety block valves to Hene without interfering with the
continuity of the plant operation. Nevertheleshs®STs are inherently incomplete, in the
sense that only a fraction of the valves failuredescan be tested without actually blocking
the process flow. Therefore, there remains a neqektform “complete tests” on a periodic
basis, but because of the PSTs, the period canlbesxtended while maintaining a low
value for the SIS PFD. Therefore, the introductbPST implies a third testing level for the
SIS: the first is “online diagnostic”, the secosdST, and the third is the complete test.

In many cases one cannot guarantee that the canipkds are really perfect, that is, that
they are capable of detecting all failure modefsag rendering the SIS to a perfectly good
state after the test (and repair, if some failwrelétected by the test). In many cases, the
complete test is imperfect, meaning that some wasithilure remains undetected (hidden)
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even after the complete test. In these cases,uthéiflure detection will only be achieved
upon occurrence of a true demand event. Therefarderms of PFD assessment, the
consideration of test imperfection implies thatidgrthe period between true demands of the
SIS there will be a residual hidden failure ratatthill give a small contribution to the
average PFD of the SIS. This introduces a fourstirtg level, which is that of the true
demand event.

Some more complex safety systems may be subjesteto more than the above levels of
testing. That is the case of Blowout PreventersRB)currently in operation in various parts
of the world, of which some key components may bbjext up to a five-level testing
scheme, such as:

1. Online diagnostics,

2. Weekly testing,

3. Bimonthly testing,

4. Semi-annually testing, and

5. Overall revision (typically at five-year periods).

Such multiple-testing-level schemes impose addiliomequirements (with their
associated computational difficulties) on the assesnt of the SIS PFDs. They are addressed
in this paper.

The meanings of the abbreviations used in thispagesummarized in Table 1.

Table 1 - Abbreviations

Abbreviation M eaning
BOF Blowout Prevente

CCF Commol-Cause Failur
DC Diagnostic Coverac

FT Fault Tret

KooN K-out-of-N configuratior
MTL Multiple Testing Leve
MTTR Mean Time to Repe

PFC Probability of Failure on Dema
PST Partial Stroke Testir

RBD Reliability Block Diagran
SIL Safety Integrity Leve

SIS Safety Instrumented Systt

2. OBJECTIVESOF THE WORK

In this paper we investigate possible solution méshfor the calculation of PFD of
safety systems subject to multiple testing lev@I$1(), develop approximate analytical
equations for the evaluation of the PFD of safgteams subject to MTL based on simplified
RBDs, assess the differences in results of PFDegabibtained with various methods
(analytical equations, FT, numerical integratiod donte-Carlo simulation) and analyze to
which degree they give conservative or optimistsults. It is shown that with proper
modelling all methods give acceptable results, idavithin acceptable differences between
them. We also introduce a discussion (without egtiag it in anyway) on the meaning of
common-cause failures for safety systems subjdtigt@onditions stated in this paper.
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Figure 1 - Failure rate splitting at each testiexgl

3. EVALUATION OF THE PFD OF A SISSUBJECT TO MULTIPLE TESTING
LEVELS

3.1 Basic Assumptions

Three basic assumptions are used in this papehd¢oevaluation of the PFD of a SIS subject
to MTL.

First assumption: each testing level has a covefagmr that implies the detection of a
certain fraction of the failure modes included lre ttotal failure rate of a component (the
coverage factor of the last testing level is alwagsal to one). Therefore, the total dangerous
failure rate is decomposed in several failure ratesndicated in Figure 1. Each component
can be thought as a series of subcomponents asiediin the RBD of Figure 2.

Second assumption: when a failure of a componendeiscted (by the online diagnostics
system or by a periodic test), the operating sysseimmediately stopped and remains out of
operation during the repair of the failed protectioomponent. Therefore there is no
contribution of the detected failure modes to tR®Pf the protection system. Most systems
are not operated this way, but this is generalig fior drilling operations with BOPs. This

assumption can be easily relaxed but the correspgrahalytical expressions become too
large.

M Ay As Ay
— 1 2 3 4 |+

AM=AxC

AM=Ax(1-C)xC,
A3=Ax(1-C)x(1-C)xC4
A=A x(1-Cy)x(1-C)x(1-Cy)

Figure 2 - RBD representation of a component salijefour testing levels
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Third assumption: the higher order testing levedsraultiple of the time between tests
of the first test level. This is expected in preetas it minimizes the overall number of tests
and of possible process interruptions for testifigs assumption is drawn uniquely for the
development of the approximate analytical equations

3.2 Models for PFD Evaluation of Systems Subject to MTL

The definition of the SIL levels in IEC 61508 [1$as the average PFD of the system,
which is the same as the average value of thent@staous unavailability function over a
certain test period. The instantaneous unavaitgkali time t, or the value of PFD(t), is by
definition the probability that the system is uniéadale at time t. As indicated by Apostolakis
and Chu [4] a long time ago, the average unavditialof a periodically tested safety system
is not really a probability. Therefore strictly sfpéng, the Theory of Probability does apply to
instantaneous unavailabilities but not to averagavailabilities (In most cases, this “error”
does not introduce very important differences i tlumerical results). The latter used to be
usually done in most PFD calculations, but thisdtasted to change in recent years.

As indicated in IEC 61508 [1] there are severalhuds that can be used to evaluate the
PFD of a SIS. In this paper we work with the folloggmethods:

1. Numerical integration of time-dependent equatid?isD(t), obtained from SIS RBD
modelling;

2. Approximate analytical equations derived from SEBIRmodelling;
3. Fault tree analysis and
4. Monte Carlo simulation.

3.3 Some Comments on the Above Methods

The numerical method is not explicitly mentionedtlire standards but it has been
known from a long time, its first ever implementatinaving been that of the FRANTIC code
[5]. It is based on the numerical integration anm@raging of the time-dependent system
PFD(t) which is obtained by the logic combinatigmopability rules) of the time-dependent
unavailability functions of the components.

The approximate analytical equations for protectgstems subject to MTLs derived
in this paper are obtained from approximations giSRBD representations expressing the
logic arrangements of the components. The MTLsazhecomponent are expressed by the
series RBD as exemplified in Figure 2 for a fowgtitey level case. They are extensions of
previously derived equations for KooN configuragohy Oliveira and Abramovitch [6].
Several other analytical equations for KooN confégwns are publicly available (the most
recent ones being those of Jahanian [7] and Iriredl[8] although not for systems subject to
MTL.

Fault tree analysis has been around since thea@lsvas extensively used in the Reactor
Safety Study [9]. Until quite recently most faule¢ programs were based on the average
values of unavailability of each component whichraveombined using the probabilistic
rules for the various logic configurations of themgonents. In fact the vast majority had
algorithms for the determination of the minimal sets, which were then combined by some
upper-bound method to give the PFD of the systehe fmore modern FT programs use
binary decision diagrams for the logic part and etioal integration and averaging of the
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corresponding time-dependent unavailability funtsioThe GRIF-Tree program [10] used in
this paper is one of the best examples of the nmoE@&rprograms.

There exists a variety of good Monte Carlo simolatinethods and programs that can
be used for determining the PFD of safety systdinsir biggest advantage is their flexibility
to model the vast majority of the situations foumgbractice. Their main disadvantage is the
computational time needed to obtain precise refuitdhe extremely reliable safety system
configurations (PFDs of the order of 46r less). In this paper we used a Harel State
formulation [11] implemented in the Extendsim saitey [12].

3.4 Using the Numerical Method

We hereby demonstrate the use of numerical metiiadanting from the development of a
model for a single component subjected to fouirtgdevels. Then extend it to the case of
1002 and 2003 configurations. The generalizatioidoN is then explained.

3.4.1 Application of the Numerical Method: One Component Subject to Four Testing Levels
The general representation of the time-dependemtailability, PFD(t), of a single

component subject to periodical tests (a singlenigevel) is indicated in Figure 3. The
function inFigure 3can be analytically expressed by the followingagdmuns:

PFD(t) = 1-exp(-A.t) 0<t<T
PFD(t) = 1-exp[-A.(t —-T)] T<t<2T
PFD(t) = 1- exp[-A.(t - 2T)] 2T <t< 3T (1)
PED(t) = 1- exp{=A.[t - (N~ T]} (n-1).T<t<n.T
A more compact analytical representation is givgn b
PFD(t) = 1- exp[-4.Mod(t, T)] 0<t<n.T (2)
where
Mod(t,T) =t—Int(t/T).T] 3)

T 21 (n-1)T nT

Figure 3 — Graphical representation of PFD(t) & oomponent under periodical
testing (single testing level)

As indicated in Section 2.1, the logical represegoreof the four testing levels is that
of an RBD with each of the four testing levels ddased as an independent component of a
series system, as presented in Figure 2. Hendetainahe PFD(t) of the component subject
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to four testing levels, one must use the probdtilexpression of the union of the
unavailabilities of the four testing levels:

PFD gt () = 1~ 1L~ PFD (O] X[~ PFD ()] x [~ PFD ()] x [1- PFD (1) @)

To simplify the graphical representation and begtgrlain the numerical method, let
us show an example where T1=1000h, T2=4000h, T33886d T4=16000h. The specific
values of the failure rate and of the coveragefaments for the various testing levels are not
important at this point. For this case, the PFR(t)each of the four testing levels are
presented in Figure 4.

Applying Eq.(4) by numerically combining the furaris in Figure 4, one obtains the
PFD(t) of the component subject to the four testéwgls, resulting in the function shown in
Figure 5. To obtain the average value of Ri§¥or this component all we have to do is to
perform a numerical integration of the functionfigure 5 from O to 16000h. This above
numerical procedure gives the most accurate pessiue for this average (the accuracy
being governed by the numerical integration method)

3.4.2 Application of the Numerical Method to Systems with Components Subject to Four
Testing Levels

The general representation of the time-dependemtailability for one component,
PFDi(t), subject to MTL is shown in Figure 5. Now suppave would like to obtain the
PFD(t) for a 1002 system and then obtain its avekedue. The logical function in this case
is the intercession of the failures of the two comgnts, and the corresponding probabilistic
rule is the product of the PFD(t) of the two comgoats. Thus by numerically multiplying
PFDy(t) by itself (assuming the two components are tidal), one obtains the PRRAt) as
the function shown in Figure 6. The average valtBBs2avgiS Simply obtained by
performing the numerical integration of the funatia Figure 6 from 0 to 16000h. Again,
this procedure gives the most accurate possibleevail PFD1o02avg.

To generalize it to a KooN system, one must perfimennumerical application of the
known formula for the PFDKooN(t) given in Eq.(5)ltwe, where PFDL(t) is the function for
the component subject to the four specified tedemgls given in Figure 5.

N . N=i
PFDyoon () = .G [PFD, (1)) [1- PFD, ()] "
The numerical method presented above can be usat/tsituation where the PFD(t) of
the components can be expressed numerically. Tavm@he above was presented for two
identical components because this is the usualafadseoN systems, but it is by no means
limited to that situation. We have implementednienerical method in Excel VBA and
Wolfram Mathematica, and both gave identical restdta very high level of accuracy.
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First testing level T1

Second testing level T2

HEaE

Third testing level T3

Fourth testing level T4

Figure 4 — PFD(t) functions for on.e component facteof the four testing levels T1 to T4

Figure 5 — PFD1(t) for one component subject tosghexified four testing levels

Figure 6 — PFD1o02(t) for a 1002 system whose corapis are subject to the
specified four testing levels
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3.5 Approximate analytical equations for systems with components subject to MTL

We have developed a general approximate equatidhdcevaluation of the PFD of a
KooN system with components subject to up to fegihg levels. Since the general equation
is too lengthy to show in this paper we will onkggent here its application to the case of a
1002 and 1oo3 systems with three testing levelsyHre given below:

PFDI,, _/“1 5_/M ?T)‘A?

] S S

1
+;/11T1 * AT, +;7~1T1*/137:\ +;7M_T: * AT

3
PED =t o Ty o T
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4
2
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e iTs gy g2 TeTs ) joy 23
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The formation law for the development of such equstcan be easily explained.
From the 1002 case, it can be seen that the fiirsé tterms correspond to average values of
the combination of two failures of the same testengl (T1 to T3). The other three terms
correspond to two by two combinations of the praslat the average unavailability values
due to different testing levels. The latter threxents contain the approximations because the
integration of the time-dependent piecewise fumstioannot be analytically expressed.
Similar explanation can be given for the 1003 @s®pt that now there are more
combinations to be considered as you need thrkedaito make the system unavailable.

The general KooN equation is developed along theedae, namely, by combining
the failures of each testing level to form the Niktailures needed to make the system
unavailable.

Common-mode failures can be easily introduced byguthe beta-factor model. The
general assumption here is that only dependenirésilamong the failures due to the same
testing levels are considered (first three termhefequations), and not a more generic
common-cause failure which could also occur betwhercombinations of failures of
different testing levels. This assumption is, ofitse, debatable.

3.6 Applying Fault Trees to the Modelling of Systems with Components Subject to MTL

Most existing FT software programs contain a Kogpktgate where the user
specifies the values of K and N and the progransitaaots the proper logic of the specified
KooN configuration using the user specified basergs. In the case of application to
components subject to MTL, each input to the Koslfbrmed by an OR gate with the
failures at each testing level as its input. Anmegke of FT for a 1002 system with four
testing levels is shown in Figure 7.

The way the different FT programs actually quaasifihe PFDavg of the KooN
system varies among the existing programs. As atdicbefore, in this work we used GRIF-
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Tree [12] to solve the FTs for all configuratioméhich is undoubtedly one of the most
advanced FT programs available in the market.rbisclear from the User Manual how
GRIF-Tree performs the calculations, but it indéschthat the Albizia computational engine is
used to solve the fault tree. A recent book jutlished by Aubry & Brinzei [13] explains in
details the algorithm used in Albizia which is bdwea the application of binary decision
diagrams (BDD). Since in GRIF-Tree the resultsadse presented in time-dependent format
it can be inferred that it uses some kind of nuoasolution similar to the numerical method
shown in Section 2.4.

|

Figure 7 — Example of FT for a 1002 System with porents subject to four testing levels

3.7 Application of the Smulation Method to Systems with Component subject to MTL

The simulation model can be readily constructedguai general finite-state model. State
models can become rather involved and hard to aiaintherefore the components have
been modelled as Harel State charts [11]. The Statg modelling paradigm has previously
been implemented in our custom library of the gahg&imulator ExtendSim [12]. Special
features of hierarchical state modelling whichw@sed here are hierarchical variable
handling, where the scope of variables is only iwitts own hierarchy. In this way, the
periodic test times Ti, and the actual time whenl#st test was performed are variables
global to the whole model, while the failure rateand the diagnostic coverage factors Ci of
each testing level are local to each componenughdahey are all equal in our simplified
case). Figure 8 shows the state chart sub-modetomponent with three testing levels in
addition to the online diagnostics. As indicateddsgumption #2 in Section 2.1, component
repair is not considered here; therefore therenanepair states in the model.

In the initial state the component is working. Tyee of failure is randomly chosen
according to the failure rateand the coverage factors Ci, deciding which statesition
U0, ..U3 is chosen. The component stays in statetilithe next test of level i occurs, when
it is immediately transferred to the working statel starts the next loop. As a component
state the working state is used which is inforneethe super-model as ‘WorkingOut
=True/False’. Components are then combined inttesys according to the logic of the
system configuration. Figure 9 shows the systeral lmodel (the super-model with respect
to the components) with up to four components (CbtopComp4) of the type shown in
Figure 8 and the possibility of Common Cause Fad(CCF). The system can be configured
using the parameters k and N and by excluding/dicty CCF (besides changing the
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component parameters). Statistics on system failare collected in the block ‘System’,
while detailed component statistics are availablihe component sub-models.

Multi
Level
Test
Comp1
Multi
Level
Test
Comp2
Multi
Level B~
Test

Comp3

Multi

Level Bb—
Test

Comp4

Multi
Level 77—
Test

&

CCF

Figure 9 - System model of up to four componentsanN configuration and the
possibility of CC Failures

3.8 The Consideration of CCF

As indicated in Figure 3, a component subject td_N&rhere represented as a series system
of “independent components” each one detectatdegaten test level. They can also be
thought as different failure modes of the same ammept, which seems to be a better idea.
The latter is commonly used in the constructiofaaft trees where the failure of a
component is represented by an OR gate with iterdifit independent failure modes listed as
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basic events of the gate. By adopting this reptasen we introduce CCF contributions for
the failure modes at each testing level. Hencegusie Beta-Factor Model for CCF, Egs. (6)
and (7) must be modified by multiplying each fagluate by (13), and by adding the
following CCF term to both equations (actually tBiI€F term would be the same for any
KooN configuration with three testing levels)

—m N T T3
CCFyoon_3(t) ‘:8/115 + BA, > + A, > ®)
In Eq.(8) we have considered the same value offbetll three testing level, but of course, they

could be different for each testing level. One daalso apply a different CCF model or use different
beta factors for different redundancy levels.

4. COMPARISON OF RESULTS

4.1 Results Obtained without CCF

Results obtained with the different methods fortesys with components subject to
MTL are presented in this section. The value ofE16th was used for the dangerous
undetected failure rateAfy) for all components. Values of the test periodsl dhe
corresponding coverage factors are givemable 2.

Table 2 — Data used for comparison of results

fest Test Period Test Period Covera‘ge
Parameter (hours) Coefficien
Levels t
One Test Level T1 38400 1
Two Test Levels T1 320 0.5
T2 38400 1
Three Test Levels T1 320 0.5
T2 3840 0.9
T3 38400 1
Four Test Levels T1 320 0.5
T2 3840 0.9
T3 7680 0.99
T4 38400 1

A comparison of the results obtained with the défeé methods for various cases of
KooN configurations from 1001 to 3004 and for themier of testing levels varying up to 4
are shown imable 3.

Table 3 — Comparison of results obtained with diffé methods for various
systems configurations and various testing levels

MTL . . Ratio Ratio MTL
Appr. Eq. Nmerical GRIF-FT Extend Ratio MTL/ C MTL/ET /Extend

Num.

1002_1 | 4,92E-04  4,78E-04 | 4,78E-04  4,79E-04 29% | 3,0% 2,6%

1002_2 = 1,24E-04  1,23E-04 | 1,23E-04  1,23E-04 0,8% 1,1% 0,8%
1002_3 = 4,18E-06  4,24E-06 | 4,24E-06  3,98E-06 -1,4% -1,3% 4,3%
10024  1,57E-06  1,63E-06 . 1,63E-06  1,67E-06 -3,7% -3,9% -6,4%
1003_1 = 1,42E-05  1,35E-05  1,356-05  1,41E-05 5,2% 5,0% 0,7%
10032 = 1,80E-06  1,76E-06 | 1,76E-06  1,81E-06 2,3% 2,4% -0,6%
10033 | 1,01E-08  1,04E-08 | 1,04E-08  8,71E-09 -2,9% -3,0% 13,8%
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loo3_4 2,40E-09 2,60E-09 2,61E-09 2,68E-09 -7,7% -8,1% -11,7%
2003_1 1,48E-03 1,41E-03 1,41E-03 1,40E-03 5,0% 5,3% 5,4%
20032 | 373E-04 3,65E-04 | 3,64E.04  3,66E-04 2,2% 2,4% 1,9%
2003_3 1,26E-05 1,27E-05 1,27E-05 1,23E-05 -0,8% -0,7% 2,4%
2003_4 4,71E-06 4,88E-06 4,89E-06 4,83E-06 -3,5% -3,7% -2,5%
loo4_1 4,35E-07 4,08E-07 4,08E-07 4,30E-07 6,6% 6,6% 1,1%
loo4_2 2,78E-08 2,69E-08 2,69E-08 2,77E-08 3,3% 3,4% 0,4%
loo4_3 2,60E-11 2,74E-11 2,75E-11 HAk -5,1% -5,3% -
loo4_4 3,91E-12 4,43E-12 4,47E-12 HAk -11,7% -12,6% -
2004_1 5,66E-05 5,29E-05 5,29E-05 5,41E-05 7,0% 7,1% 4,4%
2004 2 7,20E-06 6,95E-06 6,95E-06 7,18E-06 3,6% 3,6% 0,3%
2004_3 4,04E-08 4,16E-08 4,16E-08 3,83E-08 -2,9% -2,8% 5,2%
2004 4 | 959E-09  1,04E-08 | 1,04E.08  1,06E-08 7.8% 81% 10,5%
3004_1 2,95E-03 2,76E-03 2,76E-03 2,75E-03 6,9% 6,9% 6,8%
3004 2 | 747604 7,20E-04 | 7,22E:04  7,22E-04 3,5% 375% 33%
3004 3 | 2,51E-05  2,53E-05 | 2,53E-05  2,55E-05 20,8% 10% 16%
3004 4 | 943E-06  9,75E-06 | 9,78E.06  9,74E-06 33% 35% 33%

* These two values were not calculated with the simulation model because they are too small and would need too
much computational time to be obtained.

As can be seen from Table 3, all four methods gerg similar results. The largest
differences between the results of the approxiraasdytical equations with respect to the
other three methods is of the order of 10%, indicgthat the derived equations can be used
without introducing any significant deviations frahe results. It is always important to
indicate that because of the linearization appraxiom, the results of the analytical equations
should not be used for values)ar greater than 0.1 (a restriction that is not w&ftgn
attained in practice).

It is also interesting to note that the resultsaot#d with the numerical method and
those from GRIF-Tree differ by less than 1% incakes, indicating than the latter must use a
numerical integration model to obtain the time-aged value of the system PFD.

We have performed several other comparisons byingitiie computational
parameters, namely, the failure rates, the teg@ngpd and the coverage coefficients. In
Figure 10 we show the comparison of results obthfoethe four testing level case by
varying the third coverage coefficient (C3) froml @ 0.9. This corresponds to an increase of
the part of the failure rate that is left to beeddtd at the last (fourth in this case) testing
level. As can be seen, the results continue taeg close between all methods.

4.2 Results Obtained with CCF

By using the same CCF method (Beta-Factor mod#lisncase) the inclusion of CCF
has the effect of making the results even moreldmptaveen the various computational
methods. The reason is simply because the CCF nwtled same for all methods and it
tends to be the dominant term specially for théxé@igedundancy configurations.
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System PFO Comparison for 2003 with 4 testing levels
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Figurel1Q - Comparison of PFD results fo 2003 system varying the Leve
diagnostic coverage coefficient

5 APPLICATION TO THE CASE OF A BOP

The fact that some components of a BOP are sutgjeoainy testing levels (up to five
in some cases) was the main motivation for the Idpweent of this work.

A BOP is a much more complex system than just aNKoenfiguration and therefore
the approximate analytical equations presentekisnpaper cannot be directly applied to it.
Nevertheless there are many instances of suchguwafions inside the BOP structure and
the equations could still be applied to them.

For lack of space, here we will not go into theadstof the application to BOP. We
only would like to mention that the other three huoels (numerical, FT and simulation) could
be equally applied to the case of a BOP. The agjpdic of the numerical method as indicated
here would require some method to develop the &gitucture of the BOP (a reliability
structure function). This could in the form of animial cut sets, for example. In this case, the
application of the numerical method would be thmeas the application of a fault tree
program that performs the quantitative evaluatibthe PFDavg of the system by numerical
integration of the time-dependent, PFD(t), of thstam.

6 FINAL COMMENTS

Most safety systems currently in use may be suljectore than the usual two
testing levels: online diagnostics and perioditings Some more complex safety systems,
such as Blowout Preventers (BOPS) currently in @ip@n in various parts of the world, have
some of their key components subject to multipiting levels (up five levels in some cases).

In this paper we investigate possible solution méshfor the calculation of PFD of
safety systems subject to multiple testing lev@I$1(), develop an approximate analytical
equation for the evaluation of the PFD of safetstamns subject to MTL based on simplified
RBDs, assess the differences in results of PFDegatiotained with various methods:
approximate analytical equations, numerical integna fault tree analysis, and Monte-Carlo
simulation. It is shown that with proper modellialyjmethods give acceptable results, that is,
within acceptable differences between them.
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