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I. SPECIFICATION OF THE WORK TO BE PERFORMED

Since 1985, Czechoslovakia joined the coordinated research pro-
gramme IAEA (Research contract No. 4032/RB) "Risk Criteria for the
Nuclear Fuel Cycle". The planned activities include:

To review reliability analysis methods:
- demonstrate use in safety decisions;
- demonstrate importance of human error to safety;
" demonstrate decision making with uncertainties.

To following tests will be performed:
a) Review of methodology for reliability analysis of PWR safety systems;
b) Select two safety systems for reliability analysis with (i) very few

human interactions in, for example, test, maintenance or operation
and another system (ii) involving many human actions;

c) Perform reliability analysis to obtain availability upon demand of both
systems and compare the results treating all human actions as inde-
pendent so that human error data is that for single acts. Use point va-
lues only for all human and component failure data;

d) Re-analyse one of the two systems assuming that human actions are
coupled (dependent) acts;

e) Repeat (a) to (d) above using input data with uncertainties.

II. DESCRIPTIONS OF RESEARCH CARRIED OUT

1 . SURVEY

The Contract No. 4032/RB "Importance of independent and dependent
human error to system reliability and plant safety" was commenced in De-
cember 1984-. Till now three Progress reports were written. This Summa-
ry report reviews activities in the framework of this Contract for whole
period since December 19S4 till March 1987.

In the first half of 19S5, the work was concentrated on the elabora-
tion of a review of methodology of reliability analysis of safety systems of
pressurized water reactor power stations. The result of this work /9/
was summarized into a contribution, which formed the supplement of / 2 / .

In the review, general mathematical apparatus of reliability analysis
including basic concepts (phenomena, event, indicator) and the concept
of instantaneous probability of presence of an event were included. Cha-
racteristics of the time course of probability, Boolean model causality,



superposition of the. instantaneous probabilities, formation of structure
function, modular decomposition of a system, and approximate relations
for probability were also presented.

Further, the unique random events (ageing and residual life of non-
-repaired element, the first failure of the system with repaired elements,
response to a random demand), random process of renewal, and inter-
mittent inspection of state were also investigated.

Great attention was paid to the human reliability from the point of
view of nuclear power plant safety. In the review, the actions of per-
sonnel related to nuclear safety, factors affecting this activity, human
errors probability, and the procedure of human reliability analysis were
studied.

The aims and main steps of analysis were presented in the frame of
the Chapter, devoted to the organisation of analysis of safety systems.

Description of models of two Czechoslovak computing codes were
supplemented to this review. The first of them is an analytic model of
computing code LOTR-3 (see Appendix A), the second, the simulation
model of the computing code SAFEDO-2 (see Appendix B). Both models
are intended for reliability analysis by the fault tree method with respect-
ing the repairability of the individual elements of the fault tree and the
possibility of periodical inspections of selected components of the system
analyzed.

During preparation of the review , four 1N1S profiles with the sub-
jects "Risk of Nuclear Power Plants", "Common Cause Failures",
"Human Factor", and "Analyses of Uncertainty" were successively ela-
borated. The profiles included 215, I/O, 126, 54- hits, respectively,
and formed a basis for the development of work in this task.

Review of computing codes for reliability analysis by the fault iree
method, used in Nuclear Research Institute (NRI) for analysis of relia-
bility of safety systems of nuclear power plants (NPP) with WWER re-
actors was , together with the review of the analysed safety systems ,
presented in the frame of the poster on Conference in Blackpool /5 / (see
Appendix C) and, also, on a Conference in Rez / 8 / .

The analyses of safety systems of nuclear power plants with
WWER-44-0 reactors carried out till now were extended: the analyses
of such systems in nuclear power plants with WWER-1000 reactors nave
been carried out. In this connection, the first version of reliability ana-
lysis of emergency core cooling systems (ECCS) the fourth of Czecho-
slovak nuclear power plant Temelin has been realised ¡6/. This system



was described and analysed by means of computing code SAFEDO-2 for
the accident with loss of coolant in the primary circuit with simultaneous
loss of in-site power. Fault trees have been assembled and the unavai-
lability of passive and active low-pressure and high-pressure S3'stems
has been evaluated. For the last two systems, the unavailability during
repair of one of their subsystems has been determined.

For four computing codes, used in NRI for reliability analyses with
fault trees, benchmark calculations were executed. The computing codes
SAFEDO-2, ALLCUT-2, SPOL-3, and KADO were compared, nine fault
trees wer evaluated ¡1 ¡ .

A literature survey in the field of uncertainty analyses was commen-
ced. The US computing code SAMPLE has been implemented in the
EC 104-0 computer in NRI Rez. This code / l l / performs quantitative ana-
lysis of fault trees on the basis of structure function. Using Monte Carlo
method it calculates uncertainty of a result (system unavailability ) for
given input data uncertainty (unavailabilities of individual elements) at
given time. The code can calculate uncertainties of systems with up to
200 elements and enables to solve more fault trees with various input data
for various input data failure probability distributions. The code is sup-
plemented with a plotting routine which can plot selected results. Together
with this work adaptation of the CRAFT /10/ code was carried out and
was finished at the end of 1985.

The CRAFT code performs qualitative and quantitative analyses of
fault trees by analytical method. The results are printed in well-arranged
tables and graphs giving the widest possible information necessary for
determination of the weakest elements of the system analysed. The results
are processed in such a way that their further manual processing is mini-
mized as much as possible. The code performs analysis of arbitrarily de-
pendent coherent fault trees with AND and OR gates and selection of
m-out-of-n gates with primary events quantified by unavailability or by
failure rate and repair rate. For qualitative analysis, an adapted and
extended technique of Bulgarian code KADO is used. Minimal cut sets of
a fault tree are searched "from down upwards" and the found cut sets are
stored by the use of prime number coding method / 2 1 / . The well-known
Kinetic Tree Theory /22/ technique has been used for quantitative analysis.

During calculation, input data are tested (a number of possible fault
messages enables even a less experienced user to identify an error in
data set). Then the code performs qualitative (and quantitative) analysis
according to the demand. In qualitative analysis the code enables, besides
determining minimal cut sets (up to 200 cut sets for each of given events
or 3000 sets if the top event is analysed only can be found ), to evaluate



also the influence of individual primary events (max. 50) on the top event
(for other given secondary events) from qualitative point of view (that
means without considering their reliability characteristics). The more
frequent occurrence of a certain primary event and the lower the order
of cut sets in which it occurs, the greater the influence of the event. For
example, the model in the code considers influence of an «¿vent to be the
same if it occurs ten times in minimal cut sets of a certain order or once
in a minimal cut set with an order smaller by one.

In quantitative analysis, the code enables, besides determining upper
and lower bounds (the first two terms of the addition theorem) of unavai-
labilities of top event (or other given secondary events), to assess their
mutual share and to plot time dependences of unavailabilities of these
events. On the basis of the found minimal cut sets the code enables to
create function SAMPLE for the top event (or other secondary events).
This function contains structure functions of respective events and serves
as the SAMPLE code input. Using the results of previous variants, it is
also possible to perform variant computations.

The CRAFT code is written in FORTRAN IV and is implemented in
EC 104-0 computer. The code consists of the main programme and 13 sub-
routines. Memory demands of the CRAFT code (about 620 kB) are caused
especially by the necessity to transfer the input data and results among
the individual variants. Limiting variant calculation possibilities, the code
can be easily adapted for smaller computers.

In the second half of 1985 the attention was concentrated mainly on
selection of two nuclear power plant (NPP) safety systems for realiability
anal3rsis /14-/. The third Czechoslovakia s NPP Mochovce was selected
for this purpose. The plant is in the stage of preliminary design and will
be equipped with four PWRs (soviet type WWER-440).

The probabilistic risk assessment (PRA) methodology was used for
the selection. The method of selection is described in / 3 / in more detailed
wa3'. Ways of determination of initiating events and arrangement of event
trees are also described. Brief description of structure and functions of
systems participating in localization of Design Basis Accident (DBA) are
also presented. Extended summary of this analysis is presented in the
Chapter 2 of this report.

DBA is represented by a cold leg breakage of the main circulation
pipe with two-sided outflow of coolant simultaneously (LOCA) with a loss
of in-site power with transition to cmergenc}' power supply (dicselgene-
rators), and with maximum rated earthquake (with power of 6 balls MSK-64-
scale with maximum acceleration of 0.25 ms"2). In this analysis, the rela-
tive share of the necessar}' operators actions in safety systems function
has been considered.



On the basis of the considerations performed, the low pressure
injection system (LP1S) has been chosen as a representative of systems
with large number of human interactions. The pressure accumulator
system (a part of emergency core cooling S3'stem - ECCS) has been
chosen as a representative of systems with small number of interactions.

Attention has been also paid to the operators role in nuclear safety
/13 / . A list of NPP safety functions and application of these functions
for the NPP components classification have been investigated. The ope-
rators role in carrying out the safety function, suggested by the Com-
bustion Engineering Company, has been analysed and evaluated. More
detailed information is given in / 3 / , some interesting information are
included in the Chapter 3 of this report.

In the period 1985 ~ 86 the work dealing with progress of uncertain-
ties in the fault tree continued /12/ . A number of suggestions, experience
and results gained in the 1976 — 1985 years by application of six methods
of analysis of uncertainties advancement was summarized. The technique
developed have provided theoretical foundation for uncertainty analyses
that have been planned for the end of the work realized within the frame-
work of this Contract. The review of activities carried out so far in this
field (in /4/) was based on the theoretical approach presented in /12/
and concentrated itself on selected method of analysis. Assignement of
uncertainties to primary events of the fault tree and procedures of ana-
lysis of uncertainty in the fault tree (by means of Monte Carlo method,
method of moments, etc. ) are described. Information about RANGE and
COSMOS codes is given. A short summary of this work is presented in
the Chapter 4- of this report.

Common Cause Failures were also analysed in 1986 / l 6 / . A review
of methods used in the world and detailed description of method with
examples which is used in NRI at fcez is contained in /4-/. A part of this
review is in the Chapter 5 of this information report.

In the course of 1986 the attention was concentrated mainly on relia-
bility analysis of a system with few human interactions /15/ . In the agree-
ment with conclusion of selection analysis the passive system of the ECCS
of W WER-440 reactor (type 213) which will be installed in NPP Mochovce
was analysed. Performe analysis is presented in / 4 / , a main part of it
is included as Chapter 6 of this report.

The system of pressure accumulators (SPA) is described there in-
cluding its function, ways of redundancy and in-service testing, and ope-
ration conditions. Two variants of information transmission to the unit
control room are analysed: direct transmission and transmission via com-
puter. Analysis of possible failures of the SPA and following reliability
analysis including fault tree assembling, its quantification and evaluation
with the help of CRAFT code were performed.



Results acquired in reliability analysis are presented graphically
and in tables and also discussed. Analysis showed great importance of
right and verified selection of top event of the fault tree. It also showed
very small possibility of human factor to influence the SPA and its func-
tion.

The last Chapter 7 is devoted to uncertainty analysis of the ECCS
passive system /18/ , as a next step of above mentioned its reliability
analysis. The uncertainty analysis was carried out for the following six
variants of the system fault tree top event:
- unavailability of "2 out of 4" , "3 out of 4-" , "2 out of 3" and "2 out of 4

with earthquake" pressure tanks
- unavailability of "2 out of 4'1 (simultaneous failure of two lower pres-

sure tanks is not a failure)- the Soviet idea of safety
- unavailability of two upper, or two lower pressure tanks - the Czecho-

slovak idea of safety.
For each variant, two possibilities of data transfer into unit control room
have been considered. The calculations were made with computer pro-
grammes SAMPLE and COSMOS. Their results do not differ substantially,
some results are presented graphically (two samples of histograms ). The
level of uncertainty of the top event (error factor equal to 5 - medium-
-uncertain estimate) shows that the values obtained in previous reliabi-
lity analysis can be taken as fairly conclusive.

In this time the analysis of the low pressure injection system (LPIS)
of the ECCS of WWER-440 reactor (type 213) is continued. This system
is (similarly to the analysed passive system) a part of NPP Mochovce
safety system and it has been chosen as a representative of systems with
a large number of possible human interactions. The fault trees has been
prepared and quantified and reliability analysis calculations has been per-
formed. The uncertainty analysis of this system is planned like the passive
system analysis already performed.

Paralelly with these analyses an implementation of an American code
FRANTIC has been made. The attention has beer also paid to periodical
inspection problems /19/ and safety functions and the operators role /20/
(review of some new topics in Human-Reliabihty-Analysis methodology).
Advanced version of the Czechoslovak LOTR-3 code for fault tree quanti-
fication and Monte Carlo method uncertainty-analysis has been also pre-
pared .



2. SELECTION OF WWER-440 NUCLEAR POWER PLANT SAFETY
SYSTEMS FOR RELIABILITY ANALYSIS

Most countries have the tendency to determine only the riskiest
sequences (the risk for population which follows from operation of nu-
clear facilities ) of failure events and then to try to limit the probabi-
lities of these sequences to a minimum by reliable design of safety
systems. This approach is , essentially, used also in Czechoslovakia.

In order to make fuller use of the work carried out so far, a re-
liability analysis aimed at concrete systems of the Czechoslovak NPP
Mochovce, which is in stage of preliminary design now, has been plan-
ned in NR1 Rez. Relevant suggestion leading to improvement of relia-
bility can therefore affect the design of this power plant.

Our task is: "Select two safety systems for reliability analysis
with (i) very few human interactions in, for example, test, maintenance
or operation and another system (ii) involving many human actions."

2.1 Initiating event

The nuclear power plant safety systems should be dimensioned
according to the searched most dangerous initiating event. Safety re-
port, which is a basis prerequisite of the operation of any nuclear po-
wer plant, contains thermal hydraulic analyses of consequences of in-
dividual accidents anticipated in the design, the so-called design basis
accidents(DBA ). The most dangerous DBA is obviously the searched
riskiest initiating event.

The design basis accident for the nuclear power plant Mochovce
is defined as a simultaneous occurrence of:
- main circulation piping cold leg breakage with a two-sided unlimited

outflow of coolant ;
- lost of in-site power with a switch over to the reserve power supply

( i .e . dieselgenerator) ; and
- maximum rated earthquake ( i .e . earthquake with power of 6 balls of

MSK-64 scale).

The following safety systems of the nuclear power plant taking
part in localization of consequences of DBA were described are! ana-
lyzed during systems selection analysis /3/î
- reactor control system
- in site electric power supply system network
- emergency core cooling system
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- passive system (SPA = system of pressure accumulators)
- active system (high-pressure injection system - HPIS;

low-pressure injection S3'stem - LPIS)
- pressure suppression and radioactive releases localization S3'stem

- bubbling depressurization containment (BDC)
- spray system (SS)

Activities of operator in the unit control room (CR) have been also
taken into account during DBA.

During DBA the unit CR receives a large number of signals with
various levels of importance. The operator is therefore under a strong
stress and prediction of his responses is very difficult. In order to
exclude the possibility of erroneous intervention of the operator, the
whole procedure oí start o[ nuclear power plant safety systems is fully
automatized. The intervention of the operator in the unit CR is not ne-
cessary and, moreover, the possibility to affect the function of appli-
ances of the operating gradual start-up automatics from the unit CR is
automatically blocked for 30 minutes. The operators activity during
this period is limited to monitoring the signals delivered to the unit CR
and to checking the function of automatics and blockages. There is only
one exception: after receiving the signal "the emergene}' state of the
first level" the operator in the unit CR has to press the corresponding
key and, by this way, to increase the probability of response to this
signal /23 / .

After the 30 minutes mentioned above the operator in the unit CR
can intervene with the function oí the nuclear power plant safety system
cnl}' when the blocking technological signal disappears or the primary
coolant temperature falls below 150 - 180 °C (e.g. LPIS anü HPIS
pumps can be tripped manually; to check the automatical trip of the SS
pumps and to put them manuall}' into operation if it is necessary; to iso-
late that part of the primary circuit where the breakage occurred).

2.2 Determining possible event sequences following DBA

Occurence of any initiating event causes necessarily a certain
response in NPP sys+ems. An objective of safety systems response is
to limit a.s much as possible the consequences of the initiating event.
Response is formed by sequences of certain events - coming individual
NPP systems (especially safety ones) into operation. These events
proceed consecutively, one by one, and they are mutuall}' influenced.
Correlations among events and possible event sequences can be illu-
strated in a so-called event tree. If we know the probabilities of indi-



vidual events in sequences and evaluate the risk factor of individual
events in a proper way we can then determine the risk of individual
sequences. For reliability analyses we have tried to select those
systems failures of which represent the dominant event of event se-
quences with the highest risk, that is to say, sequences with relati-
vely high probability and resulting in significant core melting.

When assembling the event tree we started from system presen-
ted in Chapter 2.1 . Time succession of individual phenomena in NPP
systems can be seen in Fig. 1. Completed event tree is in Fig. 2.
Events concerning function of passive systems (pressure accumulator
system and bubbling depressurization containment)are not considered
in the tree. Their function is completely separated and Ûiey do not
influence other NPP systems. Their inclusion into the finished event
tree is easy and only makes the tree more complicated (pressure
accumulator system failure itself leads to considerable core melting,
it means that risk of all sequences of the event tree ought to be multi-
plied by probability of correct function of passive systems).

The course of the events after DBA is also affected by the inter-
ventions of the operator. The operators duty is to push the correspond-
ing key in the unit CR when receiving the signal on the emergency state
of the highest level and, by this way, to increase the probability of
safety and control system response to this signal (see Fig. 2).

When determining the riskiest sequences we start from the defi-
nition of risk - the risk is given as a product of probabilities of indi-
vidual events of a sequence multiplied by risk factor of the sequence.

The extent of the core melting has been adopted as the risk fac-
tor. If the core melting does not occur in the course of a certain event
sequence the risk factor and the risk itself are zeros (the amount of
radioactive releases from the NPP is not taken into account). The ex-
tent of the melting (risk factor) is very roughly estimated by the number
written at the sequence end in Fig. 2.



Transients and function of passive systems

DESIGN BASIS ACCIDENT

Function of active systems

DESIGN BASIS ACCIDENT

0.27 s

10 s

30 s

1.5-3.5
minutes

10-12
minutes

pressure in the hermetized region rises above 0.108 MPa
(opening of ihe hydraulic closures of BDC)

3-3.5 s

primary circuit pressure falls below 6 MPa
tstart of function of pressure accumulators

primary circuit pressure falls below 0.7 MPa

13-15 s

30s

¿ 5 s - -

overpressure appears behind the BDC hydraulic
55 s

closures {water spraying into Ute bar bot age tower}

pressure in the hermetized region falls below
ambient pressure

30
minutes

signal to disconnect setion breakers. DG start-up.
loads tripping

DG ready to accept loads, start of gradual start-up
automatics, HPIS connected to secured power supply
system (SPS)

connection of LPIS to SPS

connection of process water purnp to SPS

connection of S S to SPS

end of blockages of control of systems activated by
the gradual start-up automatics

Fig. 1 Time schedule of transients and events in a nuclear power plant after DBA
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Explanation of estimations performed:
0 - immediate reactor shutdown, proper function of the LP1S of the

ECCS
1 - delayed reactor shutdown (operator reaction time), proper func-

tion of the LP1S of the ECCS
5 - immediate reactor shutdown, wrong function of the LPIS of the

ECCS
6 - delayed reactor shutdown, wrong function of the LPIS of the ECCS

50 - reactor is not shut down by the safety system (fission reaction is
stopped by loss of moderator or by temperature increase only),
proper function of the LPIS of the ECCS

55 - reactor is not shut down, wrong function of the LPIS of the ECCS

In practical risk analysis we would have to determine the extent ' melt-
ing for individual sequence by thermohydraulic calculations.

The sequences of the complete event tree marked "+" in Fig. 2.
seem to be the riskiest ones. This statement is based on assxrmption
that probabilities of failures of reactor control system and safety and
control system are considerably lower than the probabilities of other
events.

Isolated failures of the following systems are considered as the
riskiest sequences:
- LPIS
- gradual start-up automatics
- secured power supply system
- pressure accumulator system

2.3 Systems selection for reliability analysis

From descriptions of human influence on functions of individual
systems ¡3/ mentioned above the pressure accumulator sj'stem turns out
to be the least influenced by human factor. Regarding relatively acces-
sible information this system chosen as a very suitable candidate for
the searched S3'stem with minimum of human interactions.

From the rest of the systems the functions of the dieselgenerators,
which are part of the secured power supply system, and the LPIS can be
most strongly influenced by human factor. The system of dieselgenerators
would seem to be most suitable for analysis (with regard to dependence
of many safety systems), however, any information on this system is not
easily accessible. Therefore, the LPIS as a representative of systems
with significant human interactions was suggested for the reliability ana-
lysis as information about this system is quite available.
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3. THE ROLES OF THE OPERATOR IN NUCLEAR SAFETY

Nuclear safety is defined in /24/ as the ability of a nuclear power
facility to prevent an uncontrolled development of fission chain reaction
and an illicit escape of the involved radioactive substances and ionizing
radiation into environment.

To ensure the nuclear safety, the following general safety requi-
rements /25/ shall be met by the power plant design:

1. Means shall be provided to safety shutdown of the reactor and main-
tain it in the safe shutdown condition during and after appropriate
operational states and accident conditions.

2. Means shall be provided to remove residual heat from the core after
reactor shutdown, and during and after appropriate operational
states and accident conditions.

3. Means shall be provided to reduce the potential for the release of
radioactive materials and to ensure that any releases are within
prescribed limits during and after operational states and within ac-
ceptable limits during and after accident conditions.

These general requirements are met by means of a number of concrete
principles. A set of twenty of so-called safety functions of a nuclear
power plant, contained in /25/, is one of the realizations of the prin-
ciples.

On the basis of relative importance of safety functions it is pos-
sible to classify the safety functions into groups (categories) called
safety classes (Table 1) .

The classification in /App. A of 25/ became a basis for the
operative Czechoslovak classification of the so-called selected equip-
ment /26/.

Classification of safety function according to the classification
of selected equipment after /26/ is presented in Table 2.

A new concept of classification of safety functions in Japan /27/
and a review of safet}' functions used in the Combustion Engineering s
discussions of the operators role ¡28/ (and its comparison with the
IAEA list) are also presented in / 3 / .
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Table 1 - List of safety functions /25/

a) To prevent unacceptable reactivity transients.

b) To maintain the reactor in a safe shutdown condition after all shutdown actions.

c) To shut down the reactor as required to prevent anticipated operational occurences from
leading to accident conditions and to shut down the reactor to mitigate the consequences
of accident conditions.

d) To shut down the reactor after a loss-of-coolant accident where such shutdown action
is necessary to permit acceptable cooling of the reactor core. (This safety function is
a special case of safety function (c) . )

e. ) To maintain sufficient reactor coolant inventory for core cooling during and after accident
conditions not involving the failure of the reactor coolant pressure boundary.

e_) To maintain sufficient reactor coolant inventory for core cooling during and after all ope-
rational states.

f ) To remove heat from the core after a failure of the reactor coolant pressure boundary in
order to limit fuel damage, (This safety function applies to the first step of the heat remo-
val systems. The remaining steps are encompasod in safety function (h). )

g) To remove residual heat during appropriate operational states and accident conditions
with the reactor coolant pressure boundary intact. (The same note as for safety function
( f ) . )

h) To transfer heat from other safety systems to the ultimate heat sink. (This is a support
function for other safety systems when they arc required to perform their safety functions.)

i) To ensure necessary services (e.g. electric, pneumatic, hydraulic power supplies,
lubrication) as a support function for a safety system.

j) To maintain acceptable integrity of the cladding of the fuel in the reactor core,

k) To maintain the integrity of the reactor pressure boundary.

1) To limit the release of radioactive material from the reactor containment during and after
accident conditions.

in) To keep the radiation exposure of the public and site personnel within acceptable limits
during and after accident conditions that release radioactive materials from sources out-
side the reactor containment.

n) To limit the discharge or release of radioactive waste and airbone radioactive material
below prescribed limits during all operational states.

o) To maintain control of environmental conditions withtn the nuclear power plant for the
operation of safety systems and for personnel habitability necessary to allow perfor-
mance of operations impotant to safety.

p) To maintain control of radioactive releases from irradiated fuel transported or stored
outside the reactor coolant system, but within the site, during all operational states.

q) To remove decay heat from irradiated fuel stored outside the reactor coolant system,
but within the site.

r ) To maintain sufficient subcritlcality of fuel stored outside the reactor system, but
within the site.

s) To prevent the failure or limit the consequences of failure of a component or structure
whose failure would cause the impairment of a safety function.
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Table 2 Comparison of classification of selected equipment after /26/
with the list of functions presented in Table 1

Safety
class

1

2

3

Section, letter
of the par. 5/26/

l a

l b

2a

2b

2c

2d

2e

2f

3a

3b

3c

3d

3e

3f

3g

3h

k

d

k

c

Ve2

f

g

I

b

a

h

i

o

P

n( + m)

q+r

Sa£ety function

(excluding that equipment damage
of which is possible to compensate
by normal coolant charging system)

(if not contained in the safety
class 1)

(if not contained in d and there-
fore in the safety class 1)

(equipment providing sufficient
coolant inventory for the core
cooling-without further distinc-
tion)

(equipment for treatment, manipu-
lation and storage of radioactive
waste and reduction of leakages of
radioactive substances below the
approved limits



16

The role of operator in nuclear safety (in relation of operator
and safety functions ) is to monitor development of the situation and
verify whether and in what extent the plant safety functions are ac-
complished and, further, to actuate those systems which are not fully
automated. The operator has also to intervene where the automati-
cally actuated systems are not operating as intended. There are three
prerequisites to the fulfillment of this role:

1. Information that identified the plant state, safety function
status, and parameter trends.

2. Procedures that cover the situations encountered during
events, the guidelines to identify the safety functions in
jeopardy, the succès paths available, and guidelines for
assuring that all safety functions are accomplished.

3. Skills and knowledge to assimilate information and execute
procedures.

The operators actions during an event depend on the safety functions
that need to be accomplished and the success paths that are available.
Fig. 3 /28/ shows a general scheme of operators action during an
event.
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In order that the consequences of anticipated accidents are not worse
than the predicted acceptable results determined in the plant safety
analyses the operator has (with the help of other members of the shift)
to accomplish satisfactorily the following four roles /28/:

1. Keep the plant set up so that it will respond properly to
disturbances.

2. Operate the plant so as to minimize the likelihood and seve-
rity of event initiators and disturbances.

3. Assist in accomplishing the safety functions during the event.

A. Feed back operating experiences.

establish initial
conditions and

setup

*
operator s role

minimize event
likelihood/severity

assist safety
functions

feedback

Fig. 4 The operator s role in nuclear safety
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A. UNCERTAINTY ANALYSIS IN THE FAULT TREE METHOD

4.1 Introduction of uncertainties into the fault tree

Mathematical model (fault tree) which includes the uncertainties,
is a substantial generalization of the classic model with qualitatively
higher level of abstraction. In the classic model, each primary event
is joined with a known and fixed value of probability of its occurence.
In the generalized model, this value is substituted by a random quantity
with some probabilistic distribution. From the mathematical point of
view this is an uncomparably more complex model, where, in the most
complicated case, a continuous function is attributed to each event in-
stead of a single value, i . e . a prescription, giving a direction for cal-
culation of uncountable number of values. In more simple cases (dis-
crete random quantity) a function defined on integers (on a countable
number of values ) or on a finite subset of integers (finite number of
values) is being attributed. The original, classic model with the pro-
bability p of occui'ence of an event can be included here as a special
case. The corresponding random variable acquires the value p with
probability 1 and all other values with probability zero.

The principal methods of analysis of uncertainties employed re-
quire independence of primary events. This is a very strong assumption
which simplifies the necessary mathematical apparatus used, but
usually is not fulfilled. Moreover, a number of models of real systems
with the assumption of independence violated reflect reality quite well.

Selection of distribution is another complicated and comprehen-
sive problem the solving of which the classic model is exempted from.
Choise of distribution of probabilistic characteristic of a failure would
be based in every concrete case on a rational considerations. In most
cases, one of the following five distributions is selected as the compe-
tent one: uniform, log-normal, log-uniform, gamma, and S-,,-distribu-
tion.

In the derivation of probabilistic characteristics of secondary
(and mainly the top) events the model of uncertainties is already un-
ambiguously more complex than the original classic one. The following
statement is frequently applied in the derivation:

If Xi is a random variable with density f̂  (x ), and X2 a random
variable with density f2(x), and if X^ and X2 are independent, then the
random variable X^X2 has density fi(x)f2(x).
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If Xi is a random variable with density fl(x), and X9 is a random
variable with density Í2(x), and if these quantities are independent, the
density of the variable X̂  + X2 is given by convolution of densities f̂  (x)
and f2(x).

The notion of convolution requires further mathematical apparatus
There is, however, a whole range of numerical methods enabling us to
obtain the results, which correspond to the verified objective reality.

The methods proposed for the model of uncertainties lead to either
histogram as an approximation of distribution of top event probabilistic
characteristic, or several representative characteristics of distribu-
tion. To these characteristics belong, e.g. , mean value of a random
variable, dispersion, median, error factor, 95 % percentile, 90 % per-
centile, or several other selected percentiles, and the first general
or central moments.

Two methods of analysis of uncertainty path in the fault tree, which
are used as a basis of three computer codes for a quantitative analysis
of proposed systems, were selected and will be discussed in detail.

Monte Carlo method is a simulation method widely used in solution
of many mathematical and engineering problems. Its advantages can be
well employed in the analysis of uncertainties.

The characteristics of primary events have some probabilistic di-
stribution. By means of a generator of pseudo-random numbers, each
probabilistic characteristic is assigned a pseudo-random value in ac-
cordance with the given distribution. Using the structural function of
the system, random value of the top event probabilistic characteristic
is obtained from random values of all primary event probabilistic cha-
racteristics. By this way, one trial is realized. For sufficient number
of such trials, a comprehensive statistical sample of values of top
event probabilistic characteristic is obtained. This sample enables us
to reconstruct the distribution of the top event: either several signifi-
cant parameters of the distribution, or the whole histogram.

Two computer codes for analysis of uncertainties, namely SAMPLE
and RANGE , are based on the Monte Carlo method.

Method of moments is relatively simple. It is used mainly in such
cases, wht n other methods are difficult at apply for numerical or other
reasons. Unfortunately, the method often leads to the estimates having
low efficiency. The method is applied most frequently in cases, when
the input quantities are independent and have the same distribution; the
method of moments cannot be applied to the distribution not having finite
moments.
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Experience with similar models and work with, available data
enables us to estimate approximately the type of distribution of top
event probabilistic characteristic, or, to determine the set j of
distributions , to which the distribution of our top event will belong.
An element of the set f will be a distribution, represented by
some density f ( 0 ) depending on a parameter 0 . The individual
elements of T will differ just by the value of this parameter & in
the expresión for f. As can be seen, an estimation of 0 leads to
the density of top event, which is very comprehensive information
enabling us to determine all interesting distinct values of distribu-
tion of top event probabilistic characteristic (median, percentiles,
error factor, etc. ) .

Computer code COSMOS is based on the method of moments.

4.2 Computer code RANGE

Computer code RANGE has been developed with the aim to en-
large the possibilities of the original version of the code SAMPLE.

The fact that all components must have the same distribution of
the considered probabilistic characteristic belongs to the main disad-
vantages of the code SAMPLE, though it is possible to choose con-
veniently the parameters of this distribution. Further disadvantage
is represented by slow algorithm for sorting of values of the top event
probabilistic characteristic according to their size -BU33LE-SORT.

There are following main differences between the computer codes
RANGE and SAMPLE:

1. Components of the system, which is to be analysed by the computer
code RANGE , can have different distributions of probabilistic cha-
racteristics. The following seven distributions are available: beta,
exponential, gamma, log-normal, log-uniform, normal, and Weibull
distribution.

2. Component is represented by one of four models; parameters of the
model (probabilistic characteristics) have distribution out of those
mentioned above. The distribution of the component probabilistic
characteristic is obtained by combination of distributions of the in-
dividual probabilistic characteristic of the model according to its
type.

3. An algorithm of quick sorting - QUICK SORT - is used for the sort-
ing of values of top event probabilistic characteristic. This fact
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decreases pronouncedly the demands on computing time, especially
in the case of larger number of trials, (if the number of trials
equals n , the number of steps necessary to sort the values is pro-
portional to n^ for the BU3BLE-SORT and to n.log2n for the
QUICK-SORT algorithm.)

4. Calculations are supplemented by determination of probability of
small error of the estimated percentile, that is the probability that
the real value of the percentile falls in the interval (p^ - f , p^ +£ ),
where p,, is the derived percentile and C. is an assumed small
positive constant. The maximum error is determined for this proba-
bility of small error.

5. Compared to the original version SAMPLE, the original version of
RANGE had available a large set of plotting subroutines. These sub-
routines used procedures not implemented in the computer in NRI
and were therefore replaced by a new plotting computer code. This
code provides only a simple drawings of approximation of histogram
of top event probabilistic characteristics. A new plotting subroutine
v/ith substantially enlarged possibilities is now being implemented
into the SAMPLE code.

Control calculations with the code RANGE have shown that the
results (values of percentiles) are only slightly different for the ranges
of sampling of 1200, 5000, and 20 000. Also the estimates of average
value and dispersion differs only slightly. On the basis of these results
a conclusion was derived that it is not necessary to choose unnecessary
large ranges of sampling (number of trials) in order to obtain satisfac-
tory accuracy of calculations.

4.3 Computer code COSMOS

Computer code COSMOS uses method of moments for study of un-
certainties. This method is suitable for medium-sized systems with in-
dependent components. Derivation of moments of top event probabilistic
characteristic from the moments of primary event probabilistic charac-
teristics forms the main part of calculations.
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Computer code COSMOS consist of four subroutines:

1. Subroutine MOMENTS acts as a control unit of the whole code
and, moreover, calculates the first eight central moments of
primary event probabilistic characteristics.

2. Subroutine MOCO calculates values of coefficients in the multi-
-dimensional Taylor expansion of the structural function.

3. Subroutine SYSMO evaluates an algebraic expression determin-
ing the moments of top event probabilistic characteristic.

4. Subroutine MATCH calculates confidence interval (percentiles
5 % and 95 %) from values of derived moments of top event pro-
babilistic characteristic under the assumption that the distribu-
tion of the top event probabilistic characteristic belongs to one
out of the three groups: normal, log-normal, and Sg-distribu-
tion.

In comparison with the code RANGE, the computer code COSMOS
exhibits lower consumption of computational time for 4-SDO trials, nume-
rical results of both codes being closely coincident.

The computer codes RANGE and COSMOS have been implemented
in the computer in Nuclear Research Institute and are prepared for
application.



5 . COMMON CAUSE FAILURES

5.1 Introduction

Designers can prevent system failures by redundancy of the sys-
tem individual components or subsystems. The essence of redundancy
lies in subdivision of given system into several independent channels,
each of them being able to fulfil the task of the whole system. The r e -
quirement of independence of the individual channels is essential. "Ras-
mussens study" stressed the danger of existence of hidden dependencies
among the redundant parts of the system, which ca.n cause a failure of
all channels by the effect of a single cause, the so-called common cause
failure, CCF. This common cause can be represented by either design
dependence ( e .g . a common source of power, or a possibility of damage
of some element of the system because of a failure of some other element,
etc. ) , or an external dependence (e .g . human e r ro r during service or •
maintenance, common susceptibility to a failure because of given change
of operational conditions, e tc . ) . Respectation of CCFs in system relia-
bility analysis has therefore great significance.

At present, there is a common agreement in the following general,
concise definition (see e .g . 1291 :

A common cause failure i¿ a simultaneously existing failure of se-
veral elements of a system, which is caused by a single cause.

This general definition allows, of course, different interpretation
and there are resisting different opinions, what is and what is not the
CCF. The term "simultaneously existing" in the above definition is espe-
cially debatable.

We shall limit ourselves to the methods of consideration of CCF in
reliability analysis of systems by means of the most frequently used fault
tree method /4-/.

CCFs can be subdivised into two different types - ( i) CCFs with
complete dependence among the commonly (jointly) failed elements, and
(ii) CCFs with statistical dependence.

If the dependence among the elements affected by common cause is
complete, the occurrence of this cause leads inevitably to the CCF of
these elements. In pract ice, this is a matter of unrecognized dependence
among the primary events of the fault tree (which are to be independent
according to the definition). They are usually design dependencies, e .g.
a common source of power or a common cooling. Even common dependence
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on some operating conditions as common sensitiveness to temperature,
humidity, etc. falls here. This type of CCF can be taken into account
by simple entering in the fault tree. The original common cause will
then become a primary event leading to the failures of relevant elements.

For the case of statistical dependence among the elements affected
by a common cause, only some per cent part of occurrences of the com-
mon cause leads to the CCF of these elements. Human errors are a ty-
pical example. If an operator has, e.g. , a duty to carry out the same
action with several elements, it is possible that he will forget to carry
out the action on one of them, on several of them, or on all of them.
Even design dependences can belong to this type of CCFs, e.g. , steam
escaping the pipe with a rupture at a given place damages some given
element located in the neighbourhood of the rupture.

The procedure usually used in consideration of CCFs in qualita-
tive analysis is based on the minimal cut set of system fault tree, found
beforehand. The individual minimal cut sets are investigated from the
point of view of possible sensitiveness to common cause of a failure.

Another possibility how to consider CCFs in a qualitative analysis
is entering the common cause directly into the assembled fault tree in
the form of primary event. This primary event leads to a simultaneous
failure of all elements (that is, the original primary events) affected
by this cause. This procedure is currently used when the CCFs have
complete dependence.

Quantification of primary events of fault trees is a "weak point"
of reliability analyses. Quantification of CCFs with statistical depen-
dence is especially difficult. Both described procedures of qualitative
analysis lead to the same problem, i .e . to the need to determine the
probability of certain cause of simultaneous failure of several elements.
Whereas for CCFs with complete dependence the primary event is of
usual type, the CCFs with statistical dependence require a special
approach. Probability of a failure of an element, caused by a common
cause, is some per cent part of the total probability of failure with this
type of cause. The original general probability of failure caused by
a given cause must be therefore separated into two components - a spe-
cific one for given element, and the one common to more elements.

There are several methods of quantification of common causes of
failures. Some of them are presented in / 4 / :

a) bounding method /30/
b) beta factor method /3l /
c) Marshall-Olkin method /32/
d ) method developed especially for quantification by means of

information system LER /33/ .
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5.2 Description of method employed in NR1 Rez

The method of inclusion of common cause failures into the analyses
of systems described below has been elaborated on the basis of methods,
presented in 5.1 /4-/ , taking into consideration the availability of input
data under the conditions in NRI. The common cause failure is being
understood as a failure of several elements of the system, caused by
a single cause.

For qualitative analysis of CCFs the technique of direct entering
of common causes of failures into the fault tree of the analysed system is
employed. Possible CCFs are therefore searched on the basis of an en-
gineering judgement right during the assemblage of the fault tree. Enter-
ing the CCF found with complete dependence consists in quite common
development of an event into its primary cause. When a CCF with statis-
tical dependence is found, all the original primary events affected by
this cause are replaced by the gate "OR" with two input primary events:
a specific cause of failure of the respective element ( i .e . corresponding
to the original primary event) and a cause, common to all elements (i .e.
to the original primary events ) .

In quantitative evaluation of the effect of CCFs on the analysed
system the maximal possible effect of all found CCFs, i .e . the upper
limit of system failure probability is determined using the bounding me-
thod. In this step, zero value replaces the probabilities of specific
causes of failures (SC) of the individual elements sensitive to CCF,
and the probabilities of common causes (CC) of failures of these ele-
ments are replaced by the lowest value of the original probabilities of
failures of these elements - i .e . a complete dependence of these elements
is assumed. If the probability of system failure obtained in this way is
not pronouncedly higher (by at least half of order) than the original
probability without consideration of CCFs ( i .e . for zero values of CCF
probabilities) the effect of CCFs on the system is considered to be ne-
glectable. If the increase of probability is very pronounced, it is neces-
sary to attempt a more precise determination of probabilities of SC and
CC. Since there is a lack of reliability data, the probabilities are esti-
mated on the basis of an engineering judgement. The beta factor method
appears to be the most suitable under these circumstances. The value
of the beta factor represents the ratio of probability of CC and the total
probability of the clement failure, i . e . it characterize the share of CC
in the total probability of failure :

PC = ft P
P S = (1 - & )P
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where

p

is the probability of CC,
is the probability of SC,
is the beta factor, and
is the total probability of element failure.

If the probabilities of the individual causes increase with time,
exponential distribution of probabilities with constant failure rate is
assumed and with regard to the usually fulfilled relation J\t < 0.1
it is possible to write

- fh) .

where J\Q is the failure rate with CC,
J\5 is the failure rate with SC,
ß is the beta factor, and
J\ is the total failure rate of the element.

The value of beta factor must be estimated on the basis of an esti-
mate of the per cent part of cases when the corresponding cause affects
simultaneously all elements sensitive to this cause, and the per cent
part of cases in which the cause affects only one of them. With regard
to this quite subjective estimation it is suitable to find out which CCFs
have pronounced effect on the probability of system failure and the esti-
mation for these CCFs must be made especially carefully with eventual
variant calculations or consideration of uncertainties.

6. RELIABILITY ANALYSIS OF THE WWER-440 ECCS PASSIVE
SYSTEM

Passive system of the ECCS oí WWER-440 reactor, type 213 (re-
actors of this type are to be installed in NPP Mochovce), is a system
of pressure accumulators (SPA). This system was selected for reliabi-
lity analysis as representative of systems with very few human interactions.

6.1 Description of the SPA

The description of the SPA /47 is based on preliminary design of
NPP Mochovce /347 and was completed and perfected through consulta-
tions with specialists of Czechoslovak design organization Encrgoprojekt.
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The SPA is formed by two independent identical subsystems. Each
of them has two similar pressure accumulators (PA). Discharge lines
lead from one accumulator to the upper plenum and from the second accu-
mulator to the lower plenum (see Fig. 5) . Setup of one accumulator
with discharge line can be seen in Fig. 6.

The PA is a pressure vessel with rated volume of 70 m^. It contains
40 - 50 m3 of boric acid solution (H3BO3). Rated I.D. of discharge line
is 250 mm. Nitrogen cushion above solution level exerts pressure of
6 MPa. Pressure difference between reactor plenum (12.3 MPa) and the
PA is maintained by two check valves in discharge line.

The aim of the system is to prevent exposing the core after loss-of-
-coolant accident (LOCA) before the low pressure injection system
( L P I S ) starts its operation. The system is completely passive. To func-
tion well it needs neither power supply nor initiating impulse from the
outside.

The SPA starts its operation automatically when the pressure in
the primary circuit decreases under 6 MPa and check valves in discharge
lines open. After complete emptying the PA nitrogen is prevented to pene-
trate into the primary circuit by float valve which closes the discharge
line.

The SPA works for very short period. During DBA its function
starts about 10 s after the accident and is necessary until about one
minute after the accident when the core begins to be cooled by the LPIS.

Safety S3'stems of Soviet NPPs with WWER reactors are designed
according to so-called Single Failure Criterion. Safety system meets
this demand if it is able to fulfil its function during any initiating event
needing its intervention and during simultaneous independent failure of
any other element of the system /35 / .

According to Soviet thermohydraulic calculations /36/ reliable
functions of at least one PA leading to the upper plenum and both PAs
leading to the lower plenum or function of both PAs supplying the upper
plenum are necessary for sufficient cooling of the core during the DBA.
To meet the Single Failure Criterion it is necessary to equip the SPA
by four independent PAs .

During all other initiating events which demand intervention of the
SPA reliable function of onb' two PAs out of four ensures sufficient
cooling of the core /36/. Therefore, generally accepted conception of
simple redundancy of the SPA (2 x 100 % - that means that the SPA fails
when both PAs supplying upper and lower plenums fail simultaneously)
accepted in Czechoslovakia is valid for these events too.
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Special initiating event is "a discharge line breakage in the sec-
tion between plenum and check valve" which results directly in not
functioning of one PA. Reliable function of two PAs ought to prevent
exposing the reactor core. In this case the SPA will not fulfil its task
when two PAs out of three fail.

The SPA is the safety system which is in standby state when the
unit is under operation. The main way how to maintain availability of
the SPA during operation of the unit is monitoring some characteristic
quantities which are displayed in the unit CR. Original Soviet design
of NPP Mochovce supposed use of existing system of direct transmission
of signal from measuring sensor to displaying and signalling devices in
the unit CR. This system is also used in Czechoslovak NPPs in Jaslovské
Bohunice and Dukovany. However, in the course of work on preliminary
design of NPP Mochovce some changes occurred in the Soviet design.
Sufficiently detailed description oí the changes is not known so far.
Therefore, descriptions of both used systems of signal transmission
based on available information are presented below.

The s3'stem of direct transmission of measured values to the unit CR
is used in both operating Czechoslovak NPPs. Several differences were
found out in every unit (e.g. a number of sensors). During operation
solution pressure and level are measured continuously. Measured values
are displayed on request individually on the SPA panel in the unit CR.
Overrunning of preset values is signalled by warning light and acoustic
signalling.

The check valve position is signalled on the SPA panel in the unit
CR continuous!}' (green or red light). The closing of the float valve
in the nozzle of the discharge line to the PA is signalled by turning on
the SPA panel in the unit CR.

The system of transmission of measured values to the unit CR via
computer should replace the system used before and its description is
based on preliminary information /38/ .

New design of NPP control is based on automatic control of simpler
technological processes by so-called decentralized control system
(DERIS). Sensor signals are supplied to the DERIS and logically pro-
cessed there. On the basis of these signals the DERIS automatically
transmits controlling and blocking signals (including emergency signals)
to all NPP systems.

Most information about course of NPP technological processes
brought in the unit CR is communicated by central computer which re-
ceives information from own sensors and also from some sensors shared
with the DERIS. Before signals from sensors are put in the computer
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they are processed in special microcomputer systems. Then the central
computer transmits information on displays or on the SPA panel monitor
- in analogue or digital form. The computer also transmits warning
signals. Besides the central computer, the DERIS also sends out infor-
mation to the unit CR .

In new design of the SPA operation control the PA pressure is the
main measured parameter. It is measured by three independent sensors.
All three signals are brought to the computer. Other measured parameters
in the SPA are PA solution level and position of isolation valve in dis-
charge line. Each of parameters is measured by one sensor only and the
signals are transmitted to the computer.

During unit operation loss of abilit}' to function of any part of the
SPA is not allowed. If it occurs the unit must not be put into operation
or must be shut down without delay (in NPP Dukovany shutdown is limi-
ted by one hour and repair of one PA is allowed for three days period
/23/.

The SPA is not considered to be functional for the purpose of re-
liability anatysis if the following events occur in any of the PAs :
- the PA pressure drop which cannot be compensated (5.5 MPa, see /23/),
- the PA solution level which cannot be compensated (6250 mm, see /23/) ,
- necessary solution level corrections by filling solution from the LP1S

storage tank more often than one in a month,
- discharge line is blocked (e.g. by spontaneous closing of isolation

valve ),
- loss of isolation valve position signalling.

6.2 Analysis of possible SPA failures and their causes

Relatively simple principio of the SPA function consists in dis-
charging the PA solution under pressure of nitrogen through discharge
line to the reactor plenum. From this three main possible types of
failure result:
- there is not necessary inventor}' of solution in the PA,
- pressure of nitrogen is not sufficient,
- discharge line is blocked.

All these failures will cause a change of some of the monitored
parameters and also a certain failure signalling in the unit CR.

Besides the occurrence of the mentioned failures themselves ahuman
error is also necessary to bi-cak ability of the PA to function. By human
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error we mean that operator does not perform prescribed response on
signalled failure event. The occurrence of relevant failure will probably
manifest itself gradually and operator will have enough time to respond
right (failure occur before LOCA).

Different situation arises when the failures mentioned above occur
simultaneously with LOCA only.

Another special case to analyse is LOCA caused by discharge line
breakage of one of the PAs. This failure needs function of reduced SPA
which consists of only three remaining PAs.

6.3 Reliability analysis of the SPA

Reliability analysis of the SPA was realized by fault tree method
and it was based on description in Part 6.1.

With regard to the way of the SPA redundancy described in Part
6 .1 , conservative formulation of the SPA fault tree top event was sug-
gested: "no solution discharge from two PAs to reactor plenums". The
SPA fault tree was assembled on the basis of analysis of possible fai-
lures and their causes (see Fig. 7)«

Description of primar}' events of the fault tree is in TAB. 3. With
regard to the fact that in the course of work on preliminary design of
NPP Mochovce the design of the system of information transmission to
the unit CR was changed (see Part 6.1) some presented primary events
of the fault tree have different meaning for each of these two designs.

Quantification of the primar}' events of the assembled fault tree
faced difficulties with acquiring input data. Events, probabilities of
which do not depend on period of system operation, were quantified by
constant unavailability. Events, probabilities of which increase with
period of system operation, were quantified by constant failure rate
which means that we suppose exponential distribution of event probabi-
lity. Regarding the ways of the SPA in-service testing (see Part 6.1)
all primary events were conservatively considered unrepairable.

Insufficient set of real input reliability characteristics of failure
events of the system elements resulted in necessity to use of data taken
from literature. Characteristics of some failure events were not avail-
able in literature and therefore they were estimated by comparison with
characteristics of failures of similar elements.
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TAB. 3 Primary events of the fault tree from Fig,7

Descriptions of the primary events which are different in original
and new designs of the information transmission to the unit CR are
distinguished by O for original design and by N for new design.

1 - O; automatics shutting reactor down during the PA pressure drop
is not installed - that means that probability of the event is one

N: no the DERIS command to shut reactor down after signal of
gradual decrease of pressure

2 - O : automatics shutting reactor down during the PA pressure drop
is not installed - that means that probability of the event is one

N: no pressure sensor signal to the DERIS during the PA pressure
drop

3 - no unit CR operator command to shut reactor down after acoustic
and light signal of pressure drop

4 - O: failure of the PA pressure drop warning signalling on the basis
of data from four measuring sensors to the unit CR

N: failure of the PA pressure drop warning signalling on the'basis
of data of two measuring sensors to the unit CR

5 - a part of the SPA leakage above solution level in PA - includes
leakages of the PA itself, a part of relief valves line, nitrogen
charge line and ventilation line

6 - leakage of the first relief valve

7 - leakage of the second relief valve

8 - manually controlled valve in PA ventilation line not closed - human
error during the SPA inspection during refuelling

9 - big leakage (destruction) of a part of the SPA above solution level
in PA - not probable (we suppose zero probability) under normal
conditions but relatively probable during an earthquake

10 - O: no unit CR operator command to shut reactor down after acoustic
and light signal of solution level decrease in PA

N: unit CR operator does not find out solution level decrease in PA
during occasional check or does not respond properly

11 - O: failure of PA solution level decrease warning signalling from
three measuring sensors to the unit CR

N : failure of PA solution level decrease indication on request from
one sensor to the unit CR
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Table 3 - cont.

1 2 - 0 : unit CR operator does not notice light signalling of discharge
line float valve closing or does not respond properly

1 3 - 0 : failure of light signalling of discharge line float valve closing
N : no float valve closing signalling - that means that probability

of the event is one

14- - leakage of a part of the SPA under solution level in PA - includes
leakages of PA itself, discharge line and a part of solution charge
line

15 - big leakage (destruction) of a part of the SPA under solution level
in PA - not probable (we suppose zero probability) under normal
conditions but relatively probable during an earthquake

16 - discharge line float valve is stuck in closed position

17 - discharge line isolation valve closed - human error during the SPA
inspection during refuelling - the valve remains closed or its elec-
tric power supply is not disconnected and it is closed later by mis-
take

18 - unit CR operator does not notice light signalling of discharge line
isolation valve closing to the unit CR or does not respond properly

19 - failure of light signalling of discharge line isolation valve position

to the unit CR

20 - discharge line check valve near the PA is stuck in closed position

21 - discharge line check valve near the reactor plenum ia stuck in closed
position

Th' >e descriptions of primary events are valid for each of the PAs
in analogous way.
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Quantification of primary events representing human errors was
performed by estimating. The assessment was based on following data
from literature:
- probability of overlooking wrong position of valve, for example,

during general visual inspection of the facility ( i .e . not on the unit
CR panel) without concrete inspection scenario - 5 *10"^ /30/,

- probability of neglecting to perform a task realization of which is not
checked by change of signalling (e.g. manually controlled valve was
not returned to right position after maintenance finished) - 1 • 1O~2

12011
- probability of wrong operator intervention during normal (i .e. not

emergency) situation - 1 • 10~3 /39/.

Evaluation of the assembled fault tree (see Fig. 7) was perfor-
med by CRAFT code with the help of quantitative characteristics of
primary events / 4 / .

With regard to unsufficient knowledge of new design of information
transmission to the unit CR (see Part 6.1) the centre of performed
analysis consists in reliability analysis of the SPA with original design.
For new design we performed only comparative analyses to evaluate
influence of changes on the SPA reliability.

Other analyses were realized for the SPA behaviour during earth-
quake (this cause is quantified by beta factor /3 =0.2 with using tech-
nique described in /4/ and during LOCA with "discharge line breakage
of one PA behind check valve" initiating event).

Qualitative analysis results for basic variant ( i .e . function of the
SPA with original design of information transmission to the unit CR
during DBA) are presented in Tables 4- and 5. These results enable
qualitative evaluation of influence of individual elements of the SPA on
its function.

Graphic results of quantitative analysis are in Figs. 8, 9 and 10.
They represent comparison of influence of individual subtrees (of secon-
dary events) on unavailability of one PA for basic variant, comparison
of influence of change of the information transmission design on unavai-
lability of one PA and comparison of the SPA unavailability during va-
rious initiating events.

With regard to the fact that most reliability characteristics of pri-
mary events were estimated only, the main significance of the results
consists in comparison of influence of individual events and variants of
design and function.
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Table 4 Results of qualitative analysis for "one PA failure"
secondary event of the fault tree from Fig. 7 -
complete collection of minimal cut sets

9
15
20
21

16
16
17
17

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
10
10
11
11

Minimal Cut Sets

12
13
18
19

3
3
3
3
4
4
4
4
3
3
3
3
4
4
4
4
12
13
12
13

5
6
7
8
5
6
7
8
5
6
7
8
5
- 6
7
8
14
14
14
14

NOTE : Each minimal cut set contains a list of primary events
(according to TABLE 3) the simultaneous occurrence
of which causes failure of one PA.



Table 5 Results of qualitative analysis for "one PA failure"
secondary event of the fault tree from Fig. 7 -
qualitative comparison of significance of individual
primary events

Significance of Individual Primary Events with their Names

Name

9
15
20
21
16
17
12
13
18
19

1
2
3
4
5
6
7
8

14
10
11

According to TAB.. 3

Qualitative Significance

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxx
xxxxxxxxxxx
xxxxxxxxxxx.
xxxxxxxxx
xxxxxxxxx
xxxxxxx
xxxxxxx
xxxxxxx
xxxxxxx
XXX

XXX

XXX

XXX

XXX

X

X

NOTE : The more frequent occurrence of a certain primary event and
the lower the order of the minimal cut sets ( i . e . a number of
events in minimal cut set) in which it occurs, the greater the
qualitative significance of this event. Used model considers
significance of event the same if it occurs ten times in minimal
cut sets of a certain order or once in minimal cut set of an
order smaller by one.
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Iniciating events :

1 - design basic accident - cold
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3 - design basic accident
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5 - SPA unavailability design
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Fig. 10 Results of quantitative analysis for the top event of the fault tree from Fig. 7
for individual iniciating events



The search for possible candidates for Common Cause Failures
was performed by engineering judgement right during the assemblage
the fault tree. All events concerning human influence on the SPA in-
cline to Common Cause "Failures".

Operator activity is similar v/ith all PAs ( i .e . all channels of
the systems) when controlling the SPA during outage. Therefore, it
is necessary to consider possibilit}' that operator makes the same
mistake when controlling different PAs, in all these cases there is
"statistical dependence" among events inclining to Common Cause
Failures (see Chapter 5 ) . The results of calculation of the SPA un-
availability when considering CCFs and using bounding method showed
that the influence of this type of failures on the SPA is not significant.

6.4 Results of reliability analysis

It is clear from graphic results presented in Fig. 10 that the SPA
unavailability increases with operation time. At the beginning of opera-
tion it is about 1,5 • 1O~° and after 7000 hours (supposed time between
refuellings) it is about 3 • 10"^. Primary events the probability of which
increases with operation time are the most significant contributors to
the total unavailability. From comparison given in Fig. 8 we can see
that for basic variant ( i .e . initiating event is DBA, original design of
information transmission to the unit CR) "low nitrogen pressure in the
PA" and "discharge line is blocked" secondary events contribute to the
total unavailability of the PA by approximately 72 and 28 per cent re-
spectively.

It results from the mentioned above that the SPA unavailability for
basic variant depends almost exclusively on failures of technical elements
(pressure measuring, relief and check valves).

When using new design of information transmission to the unit CR
the SPA availability increases significantly (see Fig. 10). This is cau-
sed by decrease of influence of "low nitrogen pressure in the PA" event
which is a consequence of added automatics of reactor shutdown during
the PA pressure drop. Then the most significant event is "the PA dis-
charge line is blocked".

Analyses for "discharge line breakage of one PA" initiating event
were performed with the same fault tree (with lowered redundancy for
selection of two out of three. For this initiating event approximate va-
lues of 2 • l0~3 and 2 • 10-4 were acquired for the SPA unavailability
when considering original ana new designs of information transmission,
respectively.



However, different values of the SPA unavailability are expected
during earthquakes. If it occurs it is a significant common cause which
is able to damage many parts of NPP simultaneously (especially lines
and pressure vessels). Qualitative influence of the mentioned events is
very important (see Table 4) and independent neither on previous ope-
ration time nor on design of information transmission to the unit CR.
Therefore, when considering earthquake the SPA unavailability is ap-
proximately constant during all ope ration time (see Fig. 10 ) . After
7000 hours of operation it is about 7 • 10~3 and 6 • 1O~3 for original and
new designs of information transmission, respectively.

6.5 Conclusions of reliability analysis

Demand of securing safety operation of newly designed NPP requi-
res generally that probability of occurrence of all accidents leading to
overrunning permitted radioactive releases will not be greater than cer-
tain given probability or greater than so-called probabilistic safety cri-
terion /35/ . In Soviet design a value of probability of reactor vessel
rupture (l0~° per one year, conservative value from /30/) was sugges-
ted as probabilistic safety criterion for one year. This failure was se-
lected because it is the most probable event beyond the design basis.
We do not increase safety by reducing probability of other accidents
under this limit /35/ .

Soviet design starts from so-called conception of the same relia-
bilitj' when designing individual safety systems. This conception is based
on consideration that all accidents leading to overrunning permitted ra-
dioactive releases to NPP environment are equally dangerous (i .e. they
have the same risk rate; compare /14-/)and therefore they must have the
same probability of occurrence /35/ . Because total probability of not
permitted radioactive release can be made equal to sum of probabilities
of individual accidents during which a release occurs, it is possible to
determine permitted occurrence of each of these accidents as a ratio of
value given by probabilistic safety criterion and number of these acci-
dents. According to ¡35/ number of accidents leading to not permitted
radioactive release does not exceed one hundred possible cases. When
we use value of probabilistic safety criterion of 10"° per year we get
the highest permitted probability of occurrence of some of such accidents
equal to 10"" per year.

Probability of occurring certain accident is equal to product of
probabilities of all events forming sequence for this accident. Permitted
probability of failure of a certain safety system can be determined as



a ratio of greatest permitted probability of accident occurrence (i .e.
10"° per year) and sum of probabilities of initiating events of all se-
quences containing "failure of relevant, system" event.

According to /30/ probability of occurrence of main circulation
pipe breakage is 1O"4 per year. Regarding presented procedure we
acquire the greatest permitted probability of the SPA failure equal to
10~4 per year of operation. Soviet approach conservatively requires
reliable SPA function during rupture of primary circuit pipe with dia-
meter greater or equal to 100 mm for which they state total probability
of occurrence of 1O"3 per year and the greatest permitted probability
of the SPA failure equal to 10"5 per year of operation /35/ . This va-
lue is strongly conservative because it does not take into account dif-
ferent demands on the SPA function for various initiating events.

If we consider top event for the SPA "failure of three PAs out of
four" which is still used in Czechoslovakia (sometimes it is made more
severe by requiring intervention of at least two PAs one of which lead-
ing to the upper plenum and another to the lower plenum) it corresponds
with "hot leg breakage of the main circulation pipe" initiating event in
conservative approach presented in this report (compare with Part
6.1 ) . With this top event we get probabilities of the SPA failure of
5 • 10-5 and 3 • 10-6 after 7000 hours of operation for original and new
designs of information transmission to the unit CR, respectively. These
values are in harmony with the conservative conception of the same
reliability. The results acquired on the basis of more conservative top
event indicate that thermohydraulic analyses should be performed (to
verify effectivity of the system) and assembled fault tree and used input
data should be discussed. From the results of this work a decision
ought to be done whether and to what extent it is necessary to take
measures to increase reliability of the SPA.

Using new design of information transmission to the unit CR showed
significant increase of the SPA reliability (approximately by one order)
mainly owing to adding automatics to shut reactor down during pressure
drop in some PA.

CCFs analysis showed that the system is not significantly sensitive
to these failures.

The SPA was selected as representative of systems with very few
human interactions. Assembled fault tree shows that this system is also
influenced by human factor. Besides inspection mistakes with low proba-
bility there is a possibility of a man to influence positively the course of
possible accident by timely finding the SPA unavailability and by shutt-
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ing reactor down before accident demanding intervention of the sj'stem
occurs. In addition, performed analysis proved that the influence of
human factor on the SPA reliability is very low (Part 6.4).

7. UNCERTAINTY ANALYSIS OF THE WWER-440 ECCS PASSIVE
SYSTEM

The reliability analysis of the pressure tank system of the NPP
Mochovce with WWER-440 reactor /4/ has been followed with an analysis
of the same system including uncertainties of the input paramters cha-
racterizing system components and human errors.

The uncertainty analysis was carried out for the following six va-
riants of the system fault tree top event :

1. Simultaneous unavailability of two out of the four pressure tanks (LOCA),

2. Simultaneous unavailability of three out of the four pressure tanks
(hot leg accident).

3. Simultaneous unavailability of two out of the three pressure tanks
(rupture of the pressure tank-reactor discharging line).

4. Simultaneous unavailability of two out of the four pressure tanks in-
cluding the possibility of an earthquake (LOCA under the conditions
of an earthquake).

5. Simultaneous unavailability of two upper, or one upper and one lower
pressure tanks (the Soviet idea of safety).

6. Simultaneous unavailability of two upper or two lower pressure tanks
(the Czechoslovak idea of safely).

For each variant, two possibilities of data transfer into the unit
control room (the present one and the one in preparation, when the data
are transferred automatically via a computer) have been considered.

The input data file consists mostly of the data from the analysis
presented in / 4 / . More detailed information including the fault tree
describing the system is contained in /15/ or in /4/ and also in the
Chapter 6 of this report. The components were characterized from the
point of view of safety by a constant, time-independent failure rate.
The operators interventions were characterized by a constant (time-
-independent error probability). In comparison with the data file in /15/



also the credibility of these failure rates and human error probabilities
has been evaluated by means of probabilistic methods: the credibility
has been evaluated by a so-called error factor and a probabilistic distri-
bution has been defined for each failure rate and probability of human
error. The error factor F is defined e.g. in / l l / and has the following
practical interpretation:

F = 1 - 3 a very credible estimate with low level of uncertainty
F = 5 an estimate with a medium level of uncertainty
F = 10 high level of uncertainty, only restrained conclusions are

possible on the basis of this estimate
F = 15-30 only an approximate estimate.

AMien the input data file describing the system and credibility of the
estimates quantifying system components is created, two computer pro-
grammes are employed for estimation of uncertainty of results obtained
for the mentioned six variants of the top event. These programmes are
modified and improved versions of foreign programmes SAMPLE and
COSMOS. The computer programme COSMOS determines the top event
uncertainty by means of the method of moments and a mu^^i-dimensional
Taylor expansion of the structural function, the computer programme
SAMPLE uses the classical Monte Carlo simulation on method. The re-
sults of both programmes do not differ substantially and will be discussed
in detail in the report /18/ .

The output of these programmes characterizes the uncertainty of
system accident by means of a histogram of the probabilistic distribution.
The histogram can be displayed by means of a plotting routine SAMKR
/ l l / . Two samples of histograms are in Fig. 11 and Fig. 12, where the
uncertainty of probability of the secondary event "discharging line is
not penetrable" is shown. The Fig. l l represents the output of the pro-
gramme COSMOS, the Fig. 12 was plotted on the basis of output of the
programme SAMPLE. In these figures, the numerical values of some
parameters of the distribution are also presented.

The histogram of a distribution displays in a graphic form the cha-
racter of uncertainty of a top event probability. To concentrate the infor-
mation into a single parameter, the error factor (presented in /18/ for
the considerd variants of the top event) is a very suitable means. It turns
out, that the time dependent error factors model very well the contribu-
tion of both components of the data file, that is the failure rate and the
human error probability, to the uncertainty of the system top event pro-
bability.
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The average error factor of the top event probability is equal
to 5 for the old conception of data transfer, and to 4 for the new
conception of data transfer into the unit control room. The time de-
pendence of the error factor for the top event "LOCA" is presented
in Fig. 13.

The level of uncertainty of the top event (error factor equal to
5 - medium-uncertain estimate) shows that the values obtained in the
analysis /4/ can be taken as fairly conclusive.

8. CONCLUSION

The Contract No. 4032/RB Progress report No. 4- reviews all
activities in the framework of this Contract for period since December
1984 till March 1987.

In this time the reliability analysis of ECCS LPIS of NPP Mo-
chovce WWER-440 reactor (type 213) is continued. This system has
been chosen as a representative of systems with a large number of
possible human interaction. The reliability analysis calculations and
uncertainty analysis of this system is planned like to ECCS passive
system analysis already performed. To finish this task till December
1987 is expected.
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APPENDIX A

Computing code LOTR-3

Description
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Purpose of the code

Computing code LOTR-3 carries out qualitative and quantitative
system reliability analysis on basis of fault trees, i.e. on the basis
of Boolean model of the system behaviour. The code concentrates
mainly on calculations of the time-dependent probability of the pre-
sence of the investigated event in the system comprising elements
subjected to planned inspections of operability or to planned mainte-
nance. By numerical integration, the code determines further the ave-
rage probability for given period of operation as a whole and for a con-
tingent prescribed partial intervals. Each element of the system can
have different strategy of inspections and the inspections may be pe-
riodic or in irregular intervals.

The analysed system may include an arbitrary combination of
these elements, continuously inspected elements and non-restored
elements. The event tree may include even random events with con-
stant probability of occurrence (failure on demand) and various types
of deterministically occurring events (periodic, aperiodic, unique),
representing planned outages for maintenance, changes of system
configuration, deterministic changes of failure probability, etc.

In the special case, when the system contains continuously con-
trolled and repaired elements or elements replaced immediately after
a failure is observed, behaviour of the system stabilizes after certain
period of operation so that the instantaneous probabilities become
constant. The code enables here to use the stationary model of resto-
red system and determine besides the occurrence probability the mean
time between occurrences of the top event of the given fault tree and
mean time of its duration.

Solution method

Boolean function defined by the form of the fault tree is trans-
formed according the rules of Boolean algebra into non-redundant
sum of products. In the exact method the expression is transferred
/2/ into a sum of mutually exclusive products. Besides the exact ana-
lytical method it is possible to use several approximate analytical
and numerical methods in order to determine instantaneous probability
of occurrence of the top event from the instantaneous probabilities.
The instantaneous unavailability of elements subjected to planned
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inspections is calculated in a recurrent way /I / . In calculation of
parameters of system reliability, a transformation of the express-
ion for probability into an expression for system failure rate is
used / 3 / .

Less common features of the code

a) Possibility to use negation and composite logical function (either
built-in in advance as, e.g. , sampling of m out of n, or defined
by the user) in the fault tree.

b) Reduction of amount of calculations by means of automatic search
of independent parts of the tree and their separate analysis.

c) Possibility of automatic choice of method according to the size of
the tree.

d ) Reduction of storage capacity and acceleration of the analysis
using single bits for storing the logical variables.

e ) Possibility to print information on all jumps during the instanta-
neous system unavailability (limits from the right and from the
left).

Model of instantaneous unavailability of an element with planned
inspections

Assumptions of the model

1. It is assumed that the operability of an element can be determined
in certain known periods only, called "inspection" , and that the
element cannot be utilized by the system during this inspection.
If a fault is detected during the inspection, the renewal of the ope-
rability begins immediately. If there was no fault detected, the
element is after inspection returned to perform its function in the
system. (Contingent outages for maintenance not connected with
the inspection and renewal of operability are not included into the
model of the element as they can be introduced into the system
failure tree as a separate event. ) The instantaneous unavailabi-
lity of the element u(t) looked for is therefore defined as
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u(t) = P (in time t the element is in a failure state or
is inspected) (l )

It is assumed the independence of time periods in which the ele-
ment remains in the possible states (operation without inspec-
tion, inspection, renewal) on the state of the remaining elements
of the system and also the deterministic character of these pe-
riods. It means, that the following periods are assumed to be
constants known beforehand :

t , n = l , 2 , . . . - the moment of commencement of the n-th inspec-
tion

T, - duration of inspection (including the time needed
for blocking and unblocking)

T - the time needed for renewal of operability (the
time can be interpreted as a maximum allovable
period of duration of renewal, otherwise the
reactor is shut-down)

It is assumed that neither inspection nor renewal have generally
the 100 % effectiveness. It is further assumed the possibility of
a human error during the return of the element to the service
after inspection operator omisses to unblock the element so that
the element remains out of service till the next inspection). It is
assumed, that the conditional probabilities of these phenomena
are independent of the serial number of the cycle of the inspec-
tion. It is introduced

a = P (an error discovered | the element is at t in a failure
state) n (2)

c = P (the element is in operable state in t + t , + t" I passed
i • N n K r • r / „ •*

the inspection) (3)

r = P (after inspection is inoperable] in order at ~t + *t (4-)

For completeness, the possibility to select the elements for re-
newal by mistake (e.g., an error of the testing facility) is also
considered and the possibility to discover a failure occurring
during the inspection is also considered :

b = P (selected for renewal I element at t + t. in order) (5)
n K

d = P (selected for renewal |a failure at (t ,t + t , )) (6)
u n k



4-. It is assumed, that after successful renewal the element behaves
as a new one, i . e . the distribution of time to the next failure is
identical with the distribution F of the time to the first failure.

t) = P (in failure at t I in order at t + T + T )
n K r

(7)

On the other hand, at time ÍQ = O it is assumed a generally non-
-zero unavailability VQ SO that

u(t) =uo(t) =U0+ (l - U 0 ) F ( t ) O ^ t < t 1 (8)

5. Only two types of effect of inspections on the mechanism of rise
of element failures:

a) ageing of the element during inspections; this ageing proceeds
in the same way as in the period outside the inspections. The
probability Wn of a failure occurring during the n-th inspec-
tion depends generally on the past history of the element:ti

W
n

(element in failure at t +
n

% I was in order at t ) (9)K n

b) Probability Wn does not depend on the number of inspections
carried out so far, i .e . Wn = W ̂  0. It is further assumed
that the element, which leaves the inspection as operable,
behaves itself "as a new one". For the probability Fn(t) defi-
ned as the probability of presence of a failure at the time t
at the element, which was in order after the n-th inspection,

(element with failure at t | in order at t + Tj)

(10)

F (t) = P
n

then holds

(11)

In the case that F is an exponential distribution, the type 5a
merges with the type 5b.

The meaning of the quantities presented is well perceptible from the
Fig. 1, representing possible development of the element state during
the n-th operational cycle. Vertical line in the right part of the dia-
gram represents failures of the element. The element enters into this
line with the probability Un

U = P ( element is in failure at t )n n
(12)
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in failure (down )

= start of the n-th
inspection

end of the n-th
inspection

= end of renewal
if carried out

n+1

in order (up )

( l ) t = start of the (n+l)-th
inspection

Un+1

in failure (down)

Fig. 1 Diagram of a possible development of the state
of an element during one operating cycle
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The element then at the begining of the cycle enters the line on the
left, representing the absence of the failure, with probability ( l -U n ) .
Every deviation in the diagram denotes, that the alternative sequence
of events occurs with the probability presented.

Recurrent expression for the instantaneous unavailability

For every natural n it is possible to define a function u n ( t ) = P
(element is at t in failure j n inspections have elapsed)

t > t n

The unavailability looked for is then equal to

u(t) = u (t) n is such, that t < t < t ,n n n+1

(13)

(14)

It is possible to distinguish three continuous subintervals in the
dependence u n ( t ) . During inspection un(t) equals to one.
The second partial interval is that one, in which a contingent
renewal is carried out. From Fig. 1 it is perceptible, that

u (t) = 1 - (1-U )(l-W )b(l-r)[~i-F (t)~| (15)
n n n L. n J

t + T . < t < t + T + T
n k u k r

If the probability Z is introduced as

Z = P (element is selected for renewal after the n-th. inspection)

(16)
then, after modification, it follows from Fig. 1:

Z = 1 - b + (a+b-l)U +n n )Wn n

In the third partial interval characterized by operation without
inspections and renewal it holds

u (
n n

t > t + T. + T
n k r

n
- c Z [Ï-Q (t)ln L n J

Considering that it follows from the definition of U

U . =u (t , ) ,n+1 n n+1 '
n

(18)

the re la t ions (15) o r (17) represen t a r ecu r r en t express ion of u ( t )
by means of u 1 ( t ) .

n-1
n
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In the case 5b the situation is more simple ; owing to the both
assumptions used it is possible after n tests to summarize the history
of the element into a single number, and, e .g . , into Un. From the
relation (8) the starting value

V1 = ( l -U 0 )F ( t 1 ) + U0 (19)

is obtained. Substituting the time tn+^ into ( l7) , using the relation
Wn = W and relation ( l l ) for F n ( t ) , the relation between Un+1
Un is obtained

Un+1 - l - d -

- cfl - F(t , -t -T, -T )| fl-b+(a+b-l)U1_ n + 1 n k r J L n

(20)

Substituting Un, Wn and Fn(t) in (15) or ( l7) , the wanted course
of the instantaneous unavailability in the n-th operating cycle is ob-
tained .

In the case 5a the form oí Wn and Fn( t) can be derived from
the assumption, that the existence of inspections does not affect in
any way the occurrence of failures. The value of Wn can be expres-
sed from the equation

U + (1-U ) W =u At + T, ) (21)
n n n n-1 n k

representing the double expression of probability of presence of
failure at the end of inspection. In a similar way, from the double
expression of probability of absence of failure at the time t > tn+ T

(1-U )(1-W )(1-F (t)) = l-u , ( t ) (22)
n n n n-1

it is possible to express F n ( t ) . Substituting Wn and Fn(t) in (15)
and (17), one obtain

u ( t ) = l - b ( l - r ) f l - u . ( t í l t + T . < t < t + T . + T (23)
n L - n - l J n k n k r

u ( t ) = l - b + b r + b ( l - r ) u , ( t ) - t > t
n n - 1 n

-clï-F(t-t -+,-T) | [ l -b+(a-d)u ,(t )+(d+b-l)u , (t +T. )"| (24)L. n k r-i L n-1 n n - 1 n k^J
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If the probability Zn is used, it is possible by repeated substitution
of un_i( t) , un_2^t) t o U{)(t) following the (24-) to obtain the following
procedure of calculation of the instantaneous unavailability in the
third partial interval

(25)

The values Ẑ  in the expression (25) are not known so far. They can
be calculated recurrently. When the (25) is modified into the explicite
form for Zn, which in the case 5b is

Z = l-b+:a-d)u At )+(d+b-l)u . , ( t+T7)
n n-I n n-i n K

(26)

and when an auxiliary function

q(t) = (a-d)[l~F(t)J + (27)

is introduced, then it is possible to determine Z A by means of
„ „ rr c JÍ • n + 1

Z1 , Z o , . . . , Z i rom the express ion

'n-H n+1

n
(28)

The starting value of Z. is

(29)

It would be possible in the case of periodical inspections to investi-
gate the cases 5a and 5b analytically, but for the numerical calcula-
tion of the instantaneous and mean unavailability the procedure pre-
sented is sufficient.
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1. PROGRAM NAME - SAFEDO

2. COMPUTER - EC 1040

3. FUNCTION

Computing code SAFEDO is intended for quantitative reliability
analysis of complex systems, with Boolean description by means
of fault tree. The code uses Monte Carlo simulation method, which
enables a systematic approach to the analysis of a system design.
The code has been developed by a successive improvement and mo-
difications of US code SAFTE-1 / I / (code SAFEDO-1 /2/) and,
further, by enlargement of abilities of computation and by a rear-
rangement of the code in order to achieve substantially faster eva-
luation (SAFEDO-2 / 4 / ) . By means of this code it is possible to
evaluate the characteristics of reliability or availability of large
complex repairable systems with arbitrarily dependent fault trees.
It is possible to consider periodical inspections and campaign re-
pairs (with a time delay). The code is suitable for "waiting" and
also for "operating" systems with probability of failure over 10-4
to 10~5, The running time with respect to the number components
is not increasing as intensively as for analytic methods.

4. METHOD OF SOLUTION

The method of the code SAFEDO considers a system, represented
by a fault tree as a statistical ansamble of independent primary
events, each of which is characterized by a mean time to failure
MTTF, if need be a mean time to repair MTTR, and/or incorpo-
ration into one of two groups of periodically inspected components.
It is at the same time assumed that, if some components are failed
during the inspection, they are immediately and perfectly renewed.
In the case of campaign repair, all failed repairable components
are perfectly repaired after a time delay at the end of the campaign.

After every Monte Carlo test, a number of pseudo-random numbers
is generated. These numbers are transformed into random "real"
times of failures or repairs. By successive investigation of the
state of the system at these time moments and time points of inspec-
tions in the interval investigated one determines, when the system
has the first failure (for evaluation of the reliability characteristic)
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or when the system is failed and when is not failed in the whole
interval (for evaluation of the availability characteristic). The
results are obtained, for a sufficient number of tests, by statis-
tical evaluation.

5. RESTRICTIONS

The method assumes independence of primary events in the fault
tree and considers these events with exponential distribution of
the time to failure (or with probability of failure at the time t = 0).
The time of repairs can be selected either with Gauss normal di-
stribution or with a constant (mainly for MTTR substantially lower
than MTTF ) or exponential distribution. Description of the system
fault tree is limited by the possibilities of its Boolean description
(includes therefore "AND" gate, "OR" gate or other). It is pos-
sible to evaluate the system with 500 initiating events and 500 times
of inspections. The periodical inspections are assumed to be instan-
taneous and perfect.

6. TYPICAL RUNNING TIME

Running time depends on the size of the fault tree, its structure,
and the required accuracy (i .e. the number of the Monte Carlo
tests). The fastest solution is obtained, e .g. , for systems with
low redundancy and with non-repairable, or a low number of re-
pairable components and with MTTF substantially higher than the
length of the investigated interval for majority of components.
Running time is usually expressed in ms/(comp. test). It is pos-
sible to note / 3 / that, e .g . , the evaluation of availability of a
fault tree with 123 elements (with repairs and periodical inspec-
tions) required 0.8 ms/(conip. test), and the evaluation of relia-
bility of a fault tree with 67 elements required 0.033 ms/(comp.
test) on the EC 1040 computer.

7. UNUSUAL FEATURES

Universality of the code, i .e . evaluation of reliability and/or
availability.

Possibility of deterministic intervention into the investigated ran-
dom process, i .e . realization of prescribed periodical inspec-
tions and campaigns in the given time.
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8. RELATED AND AUXILIARY PROGRAMS
Code SAFEDO does not require any auxiliary programs, the pseudo-
-random numbers generator is built-in in the code. It is possible to
use the computing code G , stored in the library of programs in NRI,
as an supplementing code for graphical evaluation.

9. STATUS
First version SAFEDO-1 was finished in March 1978. Second ver-
sion SAFEDO-2 was finished in January 1979.

By means of this code, an evaluation of probability of reliable ope-
ration of a fault tree with 41 elements (without repairs) was exe-
cuted ¡2/ and the results compared with an exact analytic solution
(3000 tests only; probability of system failure before TMAX = 4-2000
hours was 0.26). The differences were kept within 5 %.

10. REFERENCES

/ I / Garrick B. J. et al.,Reliability Analysis of Nuclear Power
Plant Protective Systems, HN-190, 1967.

¡2/ Dusek J., Gemperle J., SAFEDO-1 - A Monte Carlo Simula-
tion Method Code for System Reliability Calculations, ÚJV
5058-A, June 1979, Rez (in Czech).

¡3/ Dusek J. , Gemperle J., Monte Carlo Simulation Probabilistic
Reliability Analysis of WER Emergency Core Cooling Sys-
tem, ÚJV 4828-T, January 1979 (in Czech).

/4/ Gemperle J. , SAFEDO-2 - Description and Users'Guide,
ÚJV 5679-T, January 1981, Rez (in Czech).

11. MACHINE REQUIREMENTS

228 K core storage for compilation and 110 K bytes for execution
on EC 1040 computer.

12. PROGRAMMING LANGUAGE

FORTRAN IV and Assembly language (one subroutine),

13. OPERATING SYSTEM - OS/360



B4

14.. OTHER PROGRAMMING OR OPERATING INFORMATION

As an option, SAFEDO-2 provides input data for program G,
which evaluates the results graphically. It is possible to evaluate
the sensitivity of the system to behaviour of individual components
and parallelly with the calculation to evaluate the reliability cha-
racteristics of subtrees (20) on condition of system failure.

15. AUTHOR NAMES AND AFFILIATIONS

Dusek J. , Gemperle J.
Nuclear Research Institute
250 68 Rez near Prague

16. INPUT AND OUTPUT DATA

For every evaluation, it is necessary to assemble subroutine LOGIC,
which contains a Boolean description of the fault tree. Further in-
put data are: time interval TMAX, number of initiating events, num-
ber of Monte Carlo tests (and, if need be, required accuracy), MTTF
(and if need be, MTTR) and type of distribution for each event, con-
tingently beginning and period of both periodical inspections with
a list of corresponding components, time and delay of campaign re-
pairs.
Output data include : input dataj probability density (and/or coeffi-
cient of availability) and distribution function of failure probability
(and/or mean value of the coefficient r>i availability) with statistical
error; ordered list of failed components in the time of system failure ;
if need be , evaluation of fault subtrees.
Source module includes 817 punch cards; sample problem /4/ includes
23 control cards, subroutine LOGIC - 20 cards, data - 36 cards.
Output of the sample problem - 22 pages.

17. CATEGORY: G

18. KEYWORDS

fault tree analysis
reliability
availability
probability
system failure analysis
failures
accidents
Monte Carlo method
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19. SPONSOR

Nuclear Research Institute, Rez

20. FURTHER ASSUMED MODIFICATIONS

The program version of SAFEDO-2 has been finished, it will be pos-
sible in future to extend the number of periodical inspections with
consideration of their duration, to extend the number of probabilistic
distributions, to modify the fault tree in the course of calculation,
to consider application of the importance sampling method, to evaluate
the important cuts of the fault tree, etc.
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Future development of Czechoslovak energetics is based on
an extensive nuclear programme. Construction of nuclear power
plants is carried out in close collaboration with USSR. Nuclear
power plants with the soviet-type WWER pressurized water re-
actors (440 MWe and 1000 MWe) are being built.

In Czechoslovakia, there are four nuclear units (WWER-440)
in operation at present, three of them in Jaslovské Bohunice and
one in Dukovany. Another eight units with these reactors are be-
ing built or planned. The third planned nuclear power plant is
constructed in Mochovce. After successive introduction of these
reactors into operation, there will be installed capacity of 4x440
MWe in each of the sites. The fourth nuclear power plant is plan-
ned in South Bohemia at Temelin region where preparation of con-
struction has already been commenced. From this nuclear power
plant on, a shift to consti-uction of a new type of reactor, WWER-
-1000, is being realized in Czechoslovakia. After completion,
this nuclear power plant will produce 4x1000 MWe.

The Czechoslovak Atomic Energy Commission acts as a su-
pervising body of the nuclear power plant safety and reliability
programme. The Nuclear Research Institute in Rez near Prague
(NRl) is a direct subordinate to the Commission. As a part of the
first level of the Probabilistic Risk Assessment, reliability ana-
lyses of safety systems by means of the fault tree method were
elaborated in NRl, based on infoi*mation from designer and utility
and on safety reports for the nuclear power plant (preliminary
safety report, pre-operational safety report). The recommenda-
tions obtained were transferred to the Commission, designer and
utility.

In Nuclear Research Institute , a number of computer codes
are availablefor these analyses . These codes include SAFEDO-2,
LOTR-3, ALLCUT-2, SPOL-3 and KADO, which are run on the
EC-IO4O computer in NRl.

The computer code SAFEDO-2 is an original Czechoslovak
code developed on the principles of the US code SAFTE. The
code uses a Monte Carlo simulation approach and evaluates sys-
tem reliability or availability taking into account the periodical
testing of two groups of (even non-disjuncLive) elements. The
code enables to evaluate even the extensive multi-clement (maxi-
mum 500 primary events)dependent failure trees in an acceptable
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computer time. The code does not carry out a qualitative analysis
and with regard to the computer time is not suitable to the eva-
luation of very reliable systems with the failure probability lower
than 10"^. This is a disadvantage of this, in other respect very
universal, code. The code is supplemented by plotting routines.
The code was standardized for the needs of the safety reports by
the Czechoslovak Atomic Energy Commission.

Computer code LOTR-3 is an oi-iginal Czechoslovak code
for calculation of the instantaneous and average unavailability of
a system by an analytical method. The code uses Bennets algo-
rithm with mutually excluding products (or method of cut sets or
Bayes theorem). Fault tree may include an ai-bitrary combination
of non-ro s to red elements, restored elements with continuous
testing, and elements with testing and renewal of the operable
state limited on scheduled periods (maximum 240primary events).
The fault tree may also include random or deterministic external
effects. For the periodically (or irregulary) tested elements', the
effects of duration of the testing, duration of the renewal, error
of the testing and the erroneous return of the element into the
system can be taken into account. This code was also standardized
within the Commission.

The Czechoslovak computer code SPOL-3 is again based on
an analytical method. The code enables effectively combine the
manual and computer work in the elaboration of the fault trees
(partial modularization and the ensuing reduction of the set of the
minimal cut sets) which very often leads to large savings in com-
puter time and memory. Bit operations are used in the computa-
tions. The unavailability of restored systems (with coherent fai-
lure tree of the AND /OR type) with maximum of 100 primary
events can be evaluated.

The computer code ALLCUT-2 resulted from gradual imple-
mentation and readjusting of the US code ALLCUTS. The code
uses analytical methods for qualitative and quantitative analysis
of the fault trees of the AND/OR type (maximum 175 primary
events ) which may be arbitrarily dependent and which may include
both repairable and non-repairable primary events. The code
scrches the minimal cut sets and evaluates the probability of the
first failure of the system in one or more time intervals for one
or more variants of the reliability data of the primary events.
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The Bulgarian computer code KADO is also of an analytical
type and evaluates the unavailability of a system on the basis of
the Vesely s "Kinetic tree theory". The coherent AND /OR type
fault trees of repairable systems with maximum of 200 primary
events can by evaluated. Minimal cut sets, time dependency of
the unavailability, and rate and frequency of failures for the top
event are determined. For a large number of the minimal cuts it
is necessary to choose between a considerable inaccuracy of the
results and a large consumption of the computer time. This is a
disadvantage of the code.

The computer codes mentioned above were furnished by the
possibility of a unified structure of the reliability input data to
enable their application.

System reliability analysis was carried out on the basis of
a well known procedure :
a) description of the system;
b) determination of functions , important for the system analysis;
c) analysis of failures ;
d) selection of top event of the fault tree, selection of assump-

tions, assembly of the fault t ree;
e) qualitative considerations, selection of data, quantification

of the fault tree ;
f ) selection of method, development of computer code, numerical

solution of the problem;
g) analysis and evaluation of the results, proposal of modifica-

tions of system and the rate of the periodical tests.
The reliability analyses have been carried out under the

assumption of maximum design accident with loss of coolant after
a rupture of the main circulation pipe with diammeter of 500 mm
for the 213 type WWER-440 reactor. The loss of electric supply
has been also assumed.

The following safety systems were consecutively analysed :
- passive system of the emergency core cooling system (ECCS)

(two subsystems, each of them Roods the core from above and
from bellow and is sufficient fora successful cooling; each sub-
system includes two accumulators);

- low-pressure system (LP1S) of the ECCS (includes three mu-
tually independent loops, each of them is sufficient for success-
ful cooling; the loops flood from the emergency tank or from the
well in the floor of the hermetized box through the heat exchan-

• ger);
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- spray system (again in a three-loop arrangement with, the 3x100%
redundancy and with analogous supply as the LPIS);

- bubbling deprcssurization containment (barbotage system) for
pressure suppression after an accident (passive system of a
soviet design based on the principle of bubbling and cooling of
the arising air-steam mixture through a water closure for*;ied
by 153 barbotate units in each of the twelve floors of the barbo-
tage tower connected tohermetized area with a connecting cor-
ridor; the function of six floors is sufficient for successful
cooling ).

The analyses carried out have shown the importance of the
availability of these systems, enabled better understanding of
systems and in many cases called attention to the need for refined
analyses of some failures. The analyses have also revealed some
components and events (human factor), which increased reliabi-
lity is essential for the increase of the system reliability. The
effects of periodical testing carried out on these systems were
also evaluated.

Since 19Ö5, Czechoslovakia joined the coordinated research
programme IAEA (Research contract No. 4032/RB) "Risk Crite-
ria for the Nuclear Fuel Cycle". The planned activities include:

To review reliability analysis methods:
- demonstrate use in safety decisions;
- demonstrate importance of human error to safety;
- demonstrate decision making with uncertainties.

To following tests will be performed:
a) Review of methodology for reliability analysis of PWR safety

systems ;
b) Select two safety systems for reliability analysis with (i)very

few human interactions in, for example, test, maintenance or
operation and another S3'stem (ii) involving many human actions;

c) Perform reliability analysis to obtain availability upon demand
of both systems and compare the results treating all human ac-
tions as independent so that human error data is that for si 1-
gle acts. Use peint values only for all human and component
failure data;

d) Re-analyse one of the two systems assuming that human ac-
tions are coupled (dependent) acts;

e) Repeat (a) to (d ) above using input daia with uncertainties.
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List of abréviations

BDC - bubbling depressurization containment (pressure suppres-
sion system)

CC - common causes "•- ------^- -----

CCE - Common Cause Failures ¡ -:--'.-'—"' r-—r-.

CR - control room

CSK AE - Czechoslovak Atomic Energy Commission

DBA - design basis accident

DERIS - name of Czechoslovak decentralized control system

DG - dieselgenerator

ECCS - emergency core cooling system

I . D . - inner diameter

HPIS - high pressure injection system

LER - Licence Event Report

LOCA - loss-of-coolant accident

LPIS - low pressure injection system

MSK - earthquake scale "Medvedev-Sponhauser-TCarnik"

MTTE - mean time to failure

MTTR - mean time to repair

NPP - nuclear power plant

NRC - Nuclear Regulatory Commission

NRI - Nuclear Research Institute

PA - pressure accumulator

PRA - probabilistic risk assessment

PSA - probabilistic safety assessment

PWR - pressure water reactor

SPA _ system of pressure accumulators (passive system)

SPS - secured power supply sj'stem

S S - spray system

WWER - soviet type reactor (water-water-enei-getic-reactor)


