M23/8

Reliability Study of a PWR/AFS by the DYLAM Approach

P.C. Cacciabue

Commission of the European Communities, J.R.C. Ispra Establishment,
Systems Engineering and Reliability Division, I-21020 Ispra, Italy

G. Cojazzi
Politecnico di Milano, CESNEF, Via Ponzio 34/3, 1-20133 Milano, Italy

Abstract

This paper discusses the application of the DYnamic Logical Analvtical Methodology
(DYLAM) to the study of the reliability of a real nuclear power plant system (the Auxiliary
Feedwater System, AFS) in case of a main feedline break incident. The results obtained with
DYLAM are compared with those of the Reliability Benchmark Exercise, where classical methods
and procedures have been applied to the same problem by several European teams.

Moreover, it is shown how the introduction of a sirmple operator intervention model re-
sults in a more complete identification of sequences and also in possible different incident
managements specially in all these cases when, as it occurs in reality, the operator actions

are distributed all along the transient.

1. Introduction

The Auxiliary Feedwater System plays a fundamental role for the safety of a nuclear
power station because it is immediately called into operation in many circumstances and in
particular every time the normal feedwater is not available. This system played also a very
important role during the TMI accident and it is now attentively evaluated by the Licensing
Authorities.

The AFS of Paluel WPP, in case of a normal feedwater line break, has been the reference
system of a Reliability Benchmark Exercise (RBE) [1], where classical methods and nrocedures
have been compared and assessed by a very wide number of participating teams from all over
Europe. The classical methodologies used in the RBE are essentially based on a "static" ana-
lysis of possible system behaviours and consequences following the initiating event, without
satisfactorily taking into account the "dynamic" development of the accident in terms of
physical parameters such as flows, pressures, temperatures, etc. DYLAM [2] differs from the
normally used reliability analysis techniques since it accounts for this problem by asso-
ciating the physics of the process with the failure mode analysis of components. This is done
by describing each part of the system with a set of parametrical models, where the parameters
identify all the possible states of the components (nominal, failed, degreaded). Failures or
malfunctions are then either selected according to a probabilistic criterion or they are
forced to occur as logical consequences of the system's physical transient behaviour.

In the following the DYLAM analysis and results for the AFS case will be shown and com—
pared with those of the RBE.
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2. DYLAM Analysis of the AFS

With reference to the actual AFS system [1], a simplification has been performed with
the objective of developing a modelling of AFS adequate for the DYLAN analysis by grouping
together sets of components in such a way that no particular effect is lost on the overall

system behaviour. In fact, the following simplifications are performed (Fig. 1):

1) The regulation lines, containing a regulation valve, a check valve and a manually operated
isolation valve, have been schematized by a single component capable of simulating the

possible conditions arising from the behaviour of each of the three different components.

2) On the injection lines the two check valves in series, have also been combined in a single

component.

3) The pumping systems, including the upstream isolation valves and the steam feeding system

for the turbopumps, have been simulated in the global behaviour of the pumps.

Moreover, in order to describe the hydraulic behaviour of the system by means of the
conservation equations, it has been assumed that the energy balance between two branch points

of the hydraulic network could be fully identified by:

a) a single constant coefficient X, accounting for all nressure drops of the line as well as

the losses associated with the component present on the line (lumped parameter technique);
or by:

b) a simple linear pump characteristic equation for the branch lines comprising a pump.

In this manner all branches of the network can be represented, in accordance to a) and
b), by similar equations written according to the Failure Mode and Effect Analysis (FMER)
performed for all the components of the system (Table I).

Equation (1.1) represents the normal behaviour of the pump, while equation (1.2) refers
to the flow through the pump in a failed state where the flow resistance is expressed by
means of coefficient Kj. Equation (1.3) to (1.6) represent the flow through the regulating
lines, where the step function H@p,0) simulates the effect of the check valve and the time
dependent variable A(t) accounts for the possibility of varying the flow by means of the
regulation valve. Equations (1.7) and (1.8) represent the behaviour of the component simu-
lating the two check valves in series on the feedline to the steam generators.

All these equations are indeed reduced to three parametrical equations for the pumps,
regulation and injection lines according to their components state.

Several systems of equations describing the hydraulic behaviour of the network can thus
be obtained by imposing the continuity conditions at each branch point and the appropriate
energy balance along each branch line.

The transient evolution of these systems is performed accounting for the time variation
of the boundary conditions of the AFS, i.e. the nressures up-stream and down-stream of the
system. For simplicity it has been assumed that the pressure in the steam generators remains
constant for all the transient, while the pressure at the tank outlet has been allowed to
vary with the feedwater level.

The solution methods adopted for all systems of equations are: a direct explicit solu-
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tion for the time variations of the tank level and oressure, and a generalized version of

the iterative Cross method, for the hydraulic equilibrium of the network [31.

3. Reliability Analysis and Comparison with RBE Results

The TOP condition considered for the incident under study, consists of the insufficient
mass flow to the steam generators still sane after the failure on the feedwater line of SG1.
In order to ensure sufficient cooling, the minimum flow conditions are: 50 t/h to three good
S.G.s or 100 t/h to two good S.G.s. For simplicity these flow rates have been conservatively
kept constant for all the transient time.

The DYLAM analysis of the reliability of the system during the transient consists of:

1) the solution of the systems of equations describing the network in all possible configu-

rations of failed and normal states of all components;

2) the identification of the sequences leading to the TOP condition and of the time intervals

at which such TOP is encountered;

3) the selection of the minimal cut-sets for the TOP being examined.

The results obtained by DYLAM and those of the RBE have been compared for the first
phase of the accident only, i.e. for the first half hour of the accident. During this period
the operator intervention is not considered and consequently the TOP conditions are caused
only by failures of mechanical components.

The sequences studied by DYLAM correspond to all possible combinations of states of
components up to order 3. A total of 2140 sequences has been studied: 24 of order 1, 268
of order 2 and 1848 of order 3. Two sequences of order 1 give rise to the TOP condition and
are obviously minimal, 84 sequences of order 2 give rise to the TOP condition, but only 41
are minimal and none of the 954 sequences of order 3, giving rise to TOP condition,are mini-
mal.

These results coincide exactly with those obtained by the RBE. However, a fundamental
difference exists with the DYLAM methodology and the classical approaches used in the RBE.
Indeed, while the classical technique of the event trees/fault trees starts with the defini-
tion of the TOP event and, by a deductive method, identifies the primary events, the DYLBM
analysis starts with the modelling of the basic components of the system and inductively

arrives at the definition of the minimal cut-sets.

4. Modelling the Operator Intervention

The dynamic nature of DYLAM allows for the study of the time variation of the TOP con-
ditions "TOP time pattern", when external or internal causes modify the initial state of
components. In particular the effect on the TOP condition of the operator intervention during
the transient can easily be accounted for also by means of a simplified modelling. Indeed,
since the objective of this work was to compare results of classical reliability analysis
and the DYLAM technique, only two aspects of the possible human behaviour have been considered:
times and modes of intervention.

The operator has been modelled just as another component of the system, capable of

intervening at different times of the transient, in different modes. Indeed, the model con-
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siders the possibility that the operator performs at different times the actions of isolation
of the failed SG line and subsequently of regulation of the feedwater flow to the remaining
available GVs. Moreover, these operations can be correctly or incorrectly performed, e.g.
a still sane GV can be erroneously isolated. In the latter cases it has been assumed that
after a certain delay the operator realizes the mistake and undertakes the necessary recovery
actions (Tab.II).oOnly 30 minimal TOP sequences of order 2 have been identified.

Thus the operator model has quite substantially modified the spectrum of TOP sequences
identified for the entire duration of the accident.

For some other sequences, the TOP condition is satisfied but only for limited periods
of time because the operator intervention provides the necessary recovery for sufficient
mass flow

However, the most important results obtained concern the possibility of modelling se-
quences which could very hardly be handled by classical methodologies. As an example the
management of conditions resulting in reverse flow through a failed check valve and a failed
pump has been straightforwardly treated by DYLAM while it has represented a particularly

cumbersome situation to handle with fault tree analysis.

5. Conclusions

The study of the reliability of the AFS of a real NPP by means of DYLAM and its compari-
son with the results of the RBE show that the technique can be applied to complex real sys-—
tems with satisfactory results, provided that an appropriate modelling of the behaviour of
the system can be performed.

But the potentiality of the methodology is greatly enhanced by the introduction of an
operator dynamic modelling. Indeed, the method can be used to study more complex models of
operator behaviour based on the process of perception-diagnosis-action and possible recovery
[4], or can be applied to the identification of possible critical times for the safety opera-
tion of the plant [5].

More in general, the versatility of the method allows it to be extensively used in acci-
dent simulators [6] particularly designed either for the study of the management of safety
systems of power stations, with consideration of the human intervention, and/or for the ana-

lysis of operators responses and actions in emergency conditions.

References

[1] AMENDOLA, A., "Results of the Reliability Benchmark Exercise and the Future CEC-JRC
Programme”, Int. ANS/ENS Top. Meeting on Probabilistic Safety Methods and Apnlications,
24-28 February, 1985, San Francisco, California, USA.

[2] AMENDOLA, A., REINA, G., "DYLAM-1 - a Software Package for Event Sequence and Conse-
quence Spectrum Methodology", EUR 9224 EN (1984).

[3] COJAZZI, G., Tesi di laurea. Politecnico di Milano. "Un nuovo approccio per la simula-
zione di impianti nucleari con particolare riguardo ai problemi di sicurezza ed affi-
dabilita. Dimostrazione riferita al caso del sistema di alimentazione di emergenza di

-,*una centrale PWR di 1300 Mwe", 1984.

[4] AMENDOLA, A., MANCINI, G. et al., "Dynamic and Static Models for Nuclear Reactor Opera-

tors - Needs and Application Examples”, IFAC Conf. on Analysis, Design and Evaluation

of Man-Machine Systems, Baden-Baden, September 27-29, 1982.

— 524 — M2 3/8



[5]

(el

CACCIABUE, P.C., COJAZZI, G., "Analysis and Design of a Nuclear Safety System vs the
Operator Time Constraints", paper to be presented at the 2nd IFAC/IFIP/IFORS/IEA Conf.
on Analysis, Design and Evaluation of Man-Machine Systems, Varese, 10-12 September 1985.
CACCIABUE, P.C., AMENDOLA, A., MANCINI, G., "Accident Simulator Development for Proba-
bilistic Safety Analysis", Int. ANS/ENS Top. Meeting on Probabilistic Safety Methods

and Applications, 24~28 February, 1985, San Francisco, California, USA.

}——»
Jo main steam

MDPI ,—&1—(\1—&1 i

Inside —h

L |
L m' 9 . Containment [ﬁ]N

. —'&IMN —pk— To main steam
[:ﬂ NN
lurbine '

8

¥ (As TA for SG3 and SG4, MDP2 and IDP2)

Figure 1 - Simplified scheme of the auxiliary feedwater

reference system
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Table I - Equations for AFS components

Component State Meaning Equation for flow Eq. No.
[ normal Qe=adp+b {1.1)
pumps
1 blocked Q= KIVIApl (ap/ opl) (1.2)
single valve ] normal Q = KZA(t) Viapl . nidp,0) (1.3)
simulating:
check valve 1 check valve |/_
= t .
reg. valve failed open 9 K2 Alt) IAPI (Ap/lﬁpl) (1.4)
e 2 check or reg. Q=0 (1.5)
valve failed closed B :
3 manual isolation valve
left closed after 9 = k, A(E)VIOp] Hidp,0) H(t,ty) (1.6)
maintenance
aingle valve [+] normal Q= Ka lopl  MiAp,0) (1.7}
simulating :
two check val,
Lo marien 1 failed closed Q=0 (1.8)
Ap = (p ) i Hix,y) = step function: for x>y H(X,y) = 1, otherwise H(x,y) = O ;

upstream - pdounstrenm
A(t) = flow cross section of regulation valve ; a,b = constants Ln the pump equation ; tt = time delay for

manually reopening of the valve

Table II - Operator model

Component State Meaning Effects
operator
= '
TINE of 0o nominal lsol. SG 1 > Mass flow = 0 after 30
Intervention 1 delay 1 iso0l, SG 1 2> Mass flow = O after 60'
2 delay 2 isol, SG 1 2, Maee flow = O after 90
3 fails to Lnterv. fails to isolate. Mass flow = Max. flow
. 8G Mass f1 .
MODE of o nominal ieol 1 3> Mass flow o
1
nkervention 1 faile 1801, SG 2 = Mass flow =0
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