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Abstract

This paper presents a computerized model for evalu and regulatory unavailability, with each aspect requiring
ating the effect that limiting conditions for operation a different model. The term regulatory unavailability
may have on the availability of nuclear power plants. will be used here to describe the total or partial unavail
The model accounts for the relevant features of the ac- ability of a plant having its origin in regulatory re- -
tual problem, such as the camplexity of the engineering strictions exclusively.
safety systems, the specific surveillance procedures for

stand-by systems, the allowable out-of-service times in In the very recent years the industry has started a
the technical specifications and the inherent uncertain major effort to improve the technical specifications (see
ty in the failure and repair times of the components. refs. 1-3). Developed methods are based on probabilistic
This paper describes the theoretical features of the mod  analysis tools and generally they try to demonstrate that
el, the characteristics of the computer program and an no significant risk is added if a technical specification
application to a safety system in a nuclear power plant. is relaxed. The risk is their main target, rather than
the economical impact through availability models. In
Introduction fact good risk models can be found elsewhere in the tech-
- : nical literature and they can be directly used in the
Most large industrial facilities must “operate in analysis of the kind of systems addressed in this paper.
campliance with regulatory safety restrictions. In the Extensions to determine the probability of spurious trips
case of cammercial nuclear power plants the technical re have conceptually no difficulty. However a good model for
quirements that administratively constrain the plant the evaluation of the regulatory unavailability caused
operation become increasingly questioned, as there is by ICOs (Limiting Conditions for Operation) is not avail-
same general acceptance about a lack of justified ration able and this paper concerns the development and computer
ale behind the definition of the so called technical implementation of a prototype of such a model. Reference

specifications (Refs, 1-5). These technical requirements, 5 is an interesting approach to the same problem, but its
while in principle necessary for the sake of safety, al- Monte Carlo simulation method lacks some of the realistic

so result in: features that are included in the model presented here.
- shutdowns, derating and operation transients, with a
corresponding reduction in plant availability and ef- The work reported in this paper is part of a major
ficiency. effort by an electric utility to develop advanced avail-
- increased manpower devoted to surveillance activi- ability analysis methods and to build comprehensive reli-
ties. ; ability data bases concerning their generation facilities.
- more complex operation of the plant. This regulatory availability model will eventually be

integrated in a global approach to assess availability im

Tt may be possible that relaxation and/or modifica~ provement actions in power plants (Ref. 6).
tion of some of these technical requirements could re-
sult in an increase of plant availability and/or effi- Detailed statistical analysis of historical data is
ciency with no safety loss, and also in manpower savings. stfll needed to determine the relative importance of the
In fact there seems to be an important potential for the several possible effects of regulatory restrictions on
avoidance of unneeded expenditures. It is then apparent plant availability, in particular the plant shutdowns and
tha_.t new tools as an aid for logical decision making in deratings directly caused by violation of the ICOs. In
this area are required. These tools must be able to com-  any event the model described in this paper allows the
l?lne standard risk assessment techniques with availabil- user to predict the expected value of the plant equivalent
ity models that explicitly incorporate the effect of unavailability caused by violation of a particular LCO
technical requirements. and to examine the main trade-offs involved tnder an a-

. vailability viewpoint.
Technical requirements for commercial nuclear power

Plants include 1) limiting conditions for operation Economic Impact of Requlatory Unavailability
(IC0s), 2) surveillance testing requirements, 3) safety
System set point limits, and 4) administrative controls. The economic impact of the regulatory unavailability

Tl'_le work reported in this paper basically addresses the caused by a particular ICO can be stated as
first two categories.

T
CU = cs.f w, (£) .MITO(t) .dt (1)
A comprehensive approach to this problem should in- 0
tegrate its most relevant aspects: risk, spurious trips where
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CU is the unavailability cost of the LCO during the
considered time interval 0,T .

Cs is the substitution cost of the energy not served
by the plant pecause of the considered regulatory
unavailability.

wA(t) is the probability of activation of the ICO per
unit time at time t.

MITO(t) is the mean time to operation or, in other words,

pute the probabilistic parameters
(S
est. The proposed method to perform
will be described in
of using a separate regulatory availability model will
be shown first with a simple example.

the expected duration of the unavailability caus~
ed by the ICO. This includes the time from ICO
activation to operation of the plant in the same
conditions prior to the ICO occurrence. See in
Fig. 1 the relation between the time to operation
710, the time to repair TTR and the allowed out—
age time ACT specified by the ICO.

LCO
detection

Repair

b

Plant
back into
operation

LCO LCO
activation deactiyv
ation

LCO
detection

Figure 1. Application Cases of LCO: a) No Regulatory Upavailability.
b} Regulatory Unavailability.

Modeling issues

model must be able to cam
wA(t) and MTTO(t) in
tiffe interval of inter-
these calculations
the necessity

A regulatory availability

(1) at any moment during the

this section. However

Consider the simplified
logic of a safety system in Fig.
(Fig. 2.a) a trip signal through any of the two channels
and the 1/2 voting logic activates the actuator. Figs.
2.b, cand 4 show the fault trees for the risk model
(i.e., noO operability of the safety system) , the spuri-
ous trip condition and the regulatory unavailability
(with the LCO requiring both channels to be operative) ,
respectively. Note how *fail dangerous" failures have
been considered in b, "fail safe” failures in ¢ and any
detected failure in 4. It must be concluded
ent models with also different probabilities for the
basic events are required for each application.

2. In normal conditions

model of the instrumentation

that differ-
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»

b) SYSTEM NN

c)

4)

example: a) Working logis

regpl

logic
c) Spurious trip model, d)
tory availability model.

Fig. 2. Tnstrumentation
b) Risk model,

Main characteristics of the model

The model accounts for the following realistic
tures of the actual regulatory unavailability problem:
» Complexity of the engineering safety systems. Fault:
trees are used as needed to obtain the boolean €Xpl
sion of the ICO in terms of minimal sets of the ele:
mentary component failures. :
« Specific characteristics of stand-by systems, ¥
their unavailability critically depends on the sury
llance requirements: procedures and time interval
explicitely accounted for in the model. i
s Explicit modeling of the allowed outage time 20T, 9
time that is allowed to pass petween the detecti
the ICO condition and the ICO activation, i.e.s
actual realization of its regulatory cons CcES.
The numerical value of the 20T may critically affes
the unavailability impact of the ICO. It is ass
that there is a unique AOT for each ILCO, regardlesg%
of the status of other ICOs.
» The existing uncertainty in the times toO failure
times to repair of the elementary camponents of
system. Weibull distributions are used in the
version of the model but there is no conceptual ak
ficulty in using other distributions.

+ Detection of
the corresponding failures but also
be known by the plant personnel.
spected components the detection may
particular times. The model accounts for
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test scheme of each component; in this way the mo-
ments where the ICO may be detected are precisely

identified.

¢ The repair model for a particular occurrence of a ICO 10O DEFINITION IN
takes into account the repair status of the several FAULT TREE FORMAT
components involved at the LCO detection time, i.e., l
repair already under way or just started.

Basic camputational procedure wmgxus;m
The procedure to compute w, (t) and MITO(t) as need AnSIS
ed in eg. (1) has the followingAbasic characteristics: l

» BEach LCO is described by its minimal cut sets (m.c.s)
in terms of elementary camponent failures. The minim HINDUAL CUT SETS
al cut sets can be directly provided or, if desired, o 10
a fault tree description of the ICO can be processed
in a module of the computer program yielding the min SORVE PR
imal cut sets. TLLANCE —

» The availability analysis isdindividually performed for SEIRES POINIWLSE Wlfm
each minimal cut set, with the unavailability impacts OOMPQAENT RELIABILITY szm o
being just added to obtain the ICO's impact. DATA

¢ The procedure of analysis of each m.c.s. carefully OCHPCENTS
combines two different probabilistic measures of the )
failure of every component involved in the m.c.s. _

The first measure is the probability of failure de- o
tection, fDi’.t) for the i~-th component, i.e., the OF REGULATORY UNAVAL-
probability that the failure of the i-th component is LABILITY FOR EACH
detected precisely at-time t. The second measure is COMPONENT
the probability of existence of a detected failure of l
the i-th component, fDi(t) , i.e., the probability REPATR
that at time t the i-th component is failed and this LCO REPATR ANALYSIS IN- §
failure is known to the plant personnel. For a m.c.s. AOT DIVIDUALLY FOR EACH MIN
consisting of two components Cl and C2, the probabil IMAL CUT SET
ity of detection of the ICO can be written as L

_ ~ ~ e EXPECTED F' AND
fDICO(t) —fDl(t) .fD2 (t)i-fDl (t). sz (t) L (t) .sz (t), (2} — m@@

LATORY UNAVAILABILITY

which can be trivially extended for m.c.s. of higher
order. The minus sign results from considering that
detection of a failure affects fD and also fD at the
same instant of time. — Fig. 3. Overall flowchart of the CAINAD program.

* The individual component models for fD(t) and f£_(t)
have been obtained by suitable modifications of the » Whenever the computed probability of detection of a
component models in the FRANTIC code (Refs. 7-9). m.c.s. of a ICO is not zero at a time t, it is start-
This method can describe failures which occur at a ed the procedure to determine the probability of ac-
rate described by a Weibull distribution, failures tivation of the ICO at time t+A0T, w, (t+AOT), and the
per demand, common cause failures and failures due to expected duration of the plant unavailability,
hl_lman errors. In addition the effects of test down-— MITO (t+AOT) . The calculation of w, and MITO results
times, repair times, test efficiencies, test bypass from an analysis of the repair process of the compo-
capabilities, test-caused failures and test staggering nents involved in the active ICO. The repair amalysis
can be modeled. Non-reparaible and continuously mon-— takes into account the expected repair condition of
itored components can be also modeled. In FRANTIC the these camponents at the ICO detection time, and the
pertinent expression for a particular component is inherent uncertainty of any repair process.
computed at a finite nunber of appropriate times to +Note that an inconsistency exists in the procedure just
produce a pointwise unavailability. These pointwise described. The probability of detection of the ICO is
values are then used as if they were linearly connect computed using the same basic approach employed in
ed to form a continuous curve. FRANTIC, where the repair times are deterministic,

* The probability of detection of a m.c.s. of the LCO i.e., their values are fixed a priori. However, the
May now be evaluated at different times (the proce- repair analysis yielding w, and MTTO is probabilistic,
dure is also similar to FRANTIC's) by conbining the since the comparison betweén AOTs and TTRs (see fig.
Probabilities fD(t) and £ (t} of the involved compo- 1) is critical to the existence of plant unavailabili
Dents using equations similar to (2). Actually the ty. The simplification introduced in the detection
Computation is carried out simultaneously with the part can be justified on several grounds: a) ICO

 Probability of activation. See Fig. 3 for details. detections involving MITR(TTRYSTI (surveillance inter
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val times) will pbe missed, but the error will be very
emall if MTTRK gT1, as it usually is. In any event
this can be vy corrected by running the program
geveral times with different sets of MITRS. b) The
main objective of the model, i.e.r analysis of alter
nate AOT values and of different surveillance proce”
dures, is satisfactorily met even 1

requlatory unavailabi.
procedure for the detection p
one used in FRANTIC; in this way the

am is based on & well known and indus
cepted computer code.
probability of detection of a 1CO
It has been already shown how the probability of
detection of a m.c.S. of a ICO can be cgpputed at any
instant t from the functions fD(t) and fD(t) of all the

c.s. 1t remains
for any given component..

try-wide ac—

components involved in the m.
how to obtain £, (t) and NG

The reader is assumed to be famil
dures used in the FRANTIC code

pility of a component subject e
or to continuous monitoring. In
version known as FRENTIC-II-MIT (s

used as the starting point.

this work the FRANTIC
eQ\Ref. 8) has been

The basic idea is very simple,

imolementation has required
probabjlity of existence of a detected failure,
can be obtained by removing in
expressions all those terms correspon

availability, i.e.,
sonnel during routine

failures no

scheduled inspections.

Regarding the detection probability, fD(t) , hew ex :
pressions have been developed from those in FRANTIC. complete mdependence between
for component wnavailabil poth components

These expressions only account
ities that are patent to plant persomnel and only at

precise time when they became known.
’_’For continously monitored compo
for fD(t) is simply

fD (t) = Ygetectable ()

where the failure rate of undetectable

the component has been set to zero in the expressions

used in FRANTIC (Ref. 7-9). Although the original expres Gy (ROTHTR,)

sions in ref. 7-9 could have been used, new analytical =~ IR,

expressions have been developed for g(t). These expres— it

sions yield excellent approxjmations to the exact expres . .

sions and:they are much more efficient O campute (Ref ~  where G (tz-tl) is the probability that the i-th
nent will not be repaired by the time t, given

Equation (5) then

9).

known,

Once T (t) is
be obtained as

tection fD( ) can
fD(t) = >\detectable () - (l—qdetectable(t))
where only detectable failur
failure rate A detectable’
inspected camponents the p

For periodically

to describe

iar with the proce
to compute the unavaila-
ither to periodic testing

although the comput

mich detailed work, The
£.(0),

FRANTIC'S inavailability
ding to hidden un—
t manifest to plant per-

nents the expression

failure modes of

the probability of failure de

e modes are included in the

robabil-
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ity of component failure detec
into just two 1 i ithin each maintenance
cycle: the beguinning and
yal. In the first instant al
failures that may occur Sin
during the eventual prior repa
second instant detectable fai
the testing activities are
the appropriate magnitude is all
fD(t) in this case.
The value of ?D(t) is zero during the time between
inspections and equal to the time integral of £(t) dus
ring the testing and repair time intervals.

£ activation of a 1ICO

pility w,(t)
b%.bility that none of the components involved

the pro

the m.c.s. will be repaired before the time t.
Making use again of the example of the m.c.s.

consists of only two components Ccl and C2, & simple

pression for wA(t) can be written as

wy (€)=fpy (t—ZiOT) - (t-20T) .R(t, TRy s TR,=0)+
ot (£-R0T) T (£-ROT) RUE/ TR0 JTR)) =
—, (£-20T) - £ (EROD) .R(t,TR;=0,TRy=0) .d¢

is the probability that Cl and
i t at time

given tha
both were fail
repair ‘for a i

the
R(t,TRl,TRz) = Rl(t’TRl) -Rz(t.TRz)

ility of occcurrence of additiona
s for the i~th component Wi
£] is neglected, then (see

If the possib
pair-failure processe
time interval [t-20T,

G, (&~ (£-AOT-TR, ))
= __——-————'_"—"——”———3 =
R, (t,TR;) G (£-B0T- (E-AOT-TR;)

(3)

i’

repair started at time £,

£51 (£-20T) £y (£-BOT) G (T
(£-AOT!

WA(t) = R1+I\€§

(4) G, (BOT) /G, (TR )+ £ (£-A0T) £y
- ~-n0 :

G2(TR2+AOT)G1(AOT)/G2(TR2) fl(t

f2 {t~AOT) Gl (AOT) G:2 (AOT)dt
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Expressions have been obtained and imple-
mented in the computer program that generalize
equation (8) for m.c.s. with any number of com
ponents (Ref. 6).

The remaining difficulty with (8) is that
the times TR, are not uniquely defined, since
the failure ~and subsequent repair of the i-th
component may have occurred in several occasions
in the past. Therefore expression (7) must be
replaced by

TR, =
p (t-ROT, TR, ) .

i=0 Gi(TRi)

i ‘dTR,

i
(9}
where p(t-AOT,TR.) is the probability that the

repair of the i-th component started at time
t—-AO'I‘-—TRi given that it is failed at t-AOT.

TR, e A0T

£-BOT-TR, £-RAOT - t
REPAIR 1CO IS LCO 1S
OF I-TH DETECTED Ty
COMPONENT ACTIVATED
STARTS

Fig. 4. Computation of Ri(t,TRi)

For periodically inspected components it
can be shown after some analytical work that
in all practical instances h, (t) reduces to
Ri(t’TRi) with TR, corresponéing to the last
pOssiblé scheduled repair.

For continuously monitored components
p(t—AOT,TRi) can be written as

p(t—AOT,TRi) = fD(t—AOT—TRi).G(TRi)/

/’[)O?fD(t—-AOT—u) .G(u) .du (10)
which can be used in (9) yielding
(-4
h, () =f fD(t-AOT—u) -G, (AOT*u) .du/
(11}

© 0
// £, (t=A0T-u) .G (u) .du
0

Expected duration of unavailability

The expected value MTTO(t) of the duration
of the unavailability caused by a LCO comprises
two different phases of the process. The first
Phase consists of the time still needed after
the activation of the LCO to repair the failed
Components of the considered m.c.s. of the LCO.

he second phase concerns the time required to
festore the plant back into operation. It will

33

be assumed that the expected duration of the
second phase can be separately estimated for
each LCO and therefore will not be considered
here. The expected duration of the first phase
MTTO, (t) results from the following analysis
of t%e repair process.

Consider again the example of the m.c.s.
of a LCO with the two components C, and C,.
Now consider the possibility that tailure®of
C, is detected at time t-AOT-TR, and then fail
ufe of C. is detected at t-AOT. Consequently
the LCO “is detected also at time t-AOT, with .
the probability of activation at time t being

~

w, (t) = £ (t-AOT),sz(t—AOT).G AOT) .

A D1
.G2(A0T+TR2)/G2(TR2)

1 (

Then for a time t') t
. (-
t) G (AOT+t'-t) .
Gl(AOT)
L
2(TR2¥AOT+t t)
G2(TR2+AOT)

wa(E') = wy

G

The desired expected duration is in this
case

t'=®
MITO, () = —* L - 4w .
1
L(t'-t).dt' = L .
G, (AOT) G, (TR,* AOT)
u=o
4a

(Gl(AOT+u)G2(TR2+AOT+u))udu (12)

L:.—o du

These expressions can be easily generaliz-
ed to any number of components and have been
implemented in the computer program.

Computer implementation

The aforementioned methodology has been
implemented in a computer code named CAINAD
(this stands for initials of "Computation of
the Regulatory Unavailability", in spanish).
CAINAD will be used to assess the importance
of LCOs as a contributing factor to plant un-
availability and also to evaluate, under an a-
vailability viewpoint, modifications in the
surveillance requirements and/or allowed out-
age times of stand-by safety systems.

Currently CAINAD can be linked together
with FRANTIC-II-MIT, thus allowing the user to
compute either the actual or the regulatory un
availability of a system, with most of the da-
ta being common to both programs. The input da
ta required by CAINAD can be classified into
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three groups: -a) & fault tree description of
the LCO, b) component reliability parameters,
including failure rates (time and demand relat
ed, common cause failures and human errors) s
repair and monitoring characteristics (see Refs.
7-9) and c) relevant technical specifications,
such as surveillance requirements and allowed
outage times. The program calculates the glob-
al measures of regulatory gnavailability im-
pact on the plant: expected values for the du-
ration and frequency of regulatory unavailabil
ity occurrences. Less aggregated availability
measures, concerning individual minimal cut
sets or components can also be optionally ob-

tained.

Figure 3 shows the overall flowchart of the
program, which consists of three main modules.
The CUTSETS module (already in the FRANTIC-II
code) is used toO obtain the minimal cut sets
for a LCO defined in fault tree format. The
detailed availability analysis of the compo~
nents is performed by the DETECT module, which
obtains the pointwise representation of the
probabilities of detection and existence of
regulatory unavailability for each component.
DETECT is very similar to FRANTIC regarding
the basic logic and structure of the program.
The REPAIR module combines the information pro
vided by DETECT and CUTSETS and uses its own
models for the repalr process to produce the
probability of activation and the expected du-
ration of the LCO at each considered instant
of time. These computations are carried out in
parallel for all the minimal cut sets. Time
integration of these magnitudes (by the trape-
zoidal rule or by standard integration subrou-
tines when appropriate) yields the desired val
ue of expected unavailable time attributable to
the LCO during the considered time interval
(see eqg. 1).

The CAINAD program is written in FORTRAN
and has been implemented in a Data General
Eclipse MV/8000 computer. The program has 4200
1ines of FORTRAN code and the object module re
quires 90 K of main storage when dimensioned
for 3000 minimal cut sets of up to fifth or-= .
der, when linked together with FRANTIC TI-MITY

Application

The program has been applied to the analy-
sis of a particular instance of regulatory un-
availability in the main steam isolation sub-
system (MSIV) of the nuclear steam supply sSys-
tem of C.N. cofrentes, a General Electric BWR/
/6 power plant presently in operation. The
main objective of this application was to ex—
ercise the methodology and test the code. Other
applications are presently under way.

The only LCO analyzed concerns the instru-
mentation of the MSIV. The MSIV trip logic is
of the 1 out of 2 twice type, therefore requir
ing 4 channels. Each channel has the same sev-
en trip functions, each one of these with and

independent Sensor. trasmitter and trip unit
per channel.

According to the technical specifications
any channel found inoperable must be placed i
the tripped condition in 1 hour, unless it ca
be restored to operable status pefore that ti
When application of the same policy with a se
ond channel would cause the trip function to
occur, an AOT of 2 hours 1is permitted before
the regulatory action (hot shutdown in 12 hou
and cold shutdown in 24 hours) be taken. Ther
fore detection of this particular LCO occurs
when 2 channels belonging to different trip
systems are found to be inoperable. 1f the in
operable situation persists after the AOT the
1.CO is activated.

A fault tree for the regulatory ynavail
pility of the instrumentation of the MSIV wa
prepared. In order to decrease the number of
resultant ninimal cut sets the basic failure
of the sensor, the transmitter and the trip:
unit for each trip function at each channel .
have been combined into a single failure. Th
does not have any effect on the accuracy of
final results. The fault tree has 100 gates:
and 88 basic events, all of /them correspon
to component failures. ’

Application of CUTSETS yielding 784 se
order m.c.s. and 1344 third order m.C.S. Tho
m.c.s. of higher order were neglected. The

tribution of the third order m.c.s. to the 1
ulatory unavailability was later found to

negligible.

Failure and repair data were obtaine
several sources, including equipment-specit
technical documentation, industry general d
(particularly NPRDS) and similar studies su
as references 2 and 3. Typical MTTR values
1 hour were used and Weibull probability di
tributions with [5:'1.5 were chosen. The prog
was run for three different values of AOT
actual one of 2 hours, and also 1 hour and:
hour, in order to test the sensitivity o]
results to changes in this critical param
A test interval of 1 month was taken and
ing of all components was assumed to occH
multaneously.

Table I summarizes the results of the
tree test runs, where the time to restore
plant into operation after the LCO has bee
deactivated is not accounted for. The aver
value of the LCO deactivation times MTTO, °
been computed only for the second order I
The numerical results show the small eXpes
regulatory unavailability impact of this
and also the potentially dramatic consed”
of modifying the value of the allowe ¢
time.
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TABLE I — RESULTS FROM CASE EXAMPLE

lyr lyr
AQT ; N MTTO
(hr) j wA.%gg?l.at f wA.dt (hr)l
0 0 times/yr
2 0.0008 0.003 0.27
1 0.0245 0.071 0.35
0 0.2433 0.379 0.64
Conclusions

This paper presents a new methodology to
evaluate the economic impact of regulatory un-
availability caused by limiting conditions for
operation (LCOs) in commercial nuclear power
plants. The methodology has been implemented
in a computer program named CAINAD and success
fully tested in realistic applications. The
proposed method fills a gap in the currently
available procedures of assessment of techni-
cal specifications, which are mostly focused on
the risk impact side. Careful evaluation of
historical data and thorough analysis of LCO
parametes with risk and regulatory ynavailabil
ity models will provide the technical and eco-
nomical basis for a sound revision of the cur-
rent definition of technical specifications.
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