2009 International Nuclear Atlantic Conference AGI 2009
Rio de Janeiro,RJ, Brazil, September27 to Octob2029
ASSOCIACAMRASILEIRA DEENERGIANUCLEAR- ABEN

| SBN: 978-85-99141-03-8

APPLICATION OF THE FAILURE MODES AND EFFECTS ANALYS IS
TECHNIQUE TO THE EMERGENCY COOLING SYSTEM OF AN
EXPERIMENTAL NUCLEAR POWER PLANT

Osmar Conceicdo Juniof and Antonio Teixeira e Silva

! Centro Tecnolégico da Marinha em S&o Paulo
Av. Professor Lineu Prestes 2468
05508-900 Sao Paulo, SP
osmarjr@usp.br

2 Instituto de Pesquisas Energéticas e Nuclear&$\ FCNEN/SP
Av. Prof. Lineu Prestes, 2242
05508-000 Séo Paulo, SP
teixeira@ipen.br

ABSTRACT

This study consists on the application of the FeaillModes and Effects Analysis (FMEA), a hazard
identification and a risk assessment techniquahéoEmergency Cooling System (ECS), of an experiaten
nuclear power plant. The choice of this technigwes wue to its detailed analysis of each compongtiten
system, enabling the identification of all possiklays of failure and its related consequences (iemof
importance), allowing the designer to improve th&tem, maximizing its security and reliability.

Through the application of this methodology, it lkbbe observed that the ECS is an intrinsicallye safstem,

in spite of the modifications proposed.

1. INTRODUCTION

There are a great number and variety of hazardifaiation and risk assessment techniques,
useful and applicable to the project of a nucleawgr plant in order to identify possible
accident starting events and verify their most ing@t and likely consequences. Among
them, the Failure Modes and Effects Analysis (FMEApne of the most famous and used
one, largely employed in different fields of indyssuch as aircraft, automobile and nuclear
industries.

The purpose of this article is to demonstrate trenmesults of the utilization of such
technique in the Emergency Cooling System (EC@noéxperimental nuclear power plant.
2. MAIN REASONS TO JUSTIFY THE CHOICE OF THE FMEA TECH NIQUE

The identification of vulnerabilities and specifiazards has critical importance to the
accidents prevention process.



Once correctly and adequately identified, a majep & the direction of solving the problem
of risk assessment has been reached, howeveagkisst not simple (usually, more complex
the technology involved much more difficult beconttes process).

According to LEES [1], as time goes by, the accigdgirevention activity is supposed to
increase its dependency on the management systechst as not that simple to find
weaknesses on these systems. Also the hazardspfribsttimes, are not so simple and easy
to detect that could enable their identificatioyaimrough a visual inspection. On the other
hand, there are, nowadays, a great number of hadardification and risk assessment
techniques which can be used to solve this problem.

Distinct methods are more suitable for the eachest# the design process and there is no
specific or ideal procedure, to the hazard idesdtfon and risk assessment activities.

The choice of the FMEA technique was due to, as HMMDTO [2] assures, it
systematically details, for each component, allsgme ways of failure, identifying its
consequences on the plant, enabling the introducfamprovements and/or the correction
of the defects, earlier on design process.

Possible deficiencies in each equipment of theesysire analyzed to find its effects in other
components related to it.

Another technique that could be employed, as a temmgnt to the FMEA, is the Fault Tree
Analysis (FTA), which has a deductive character @nehore suitable for the cases in which
the failure mechanisms are more complex.

Some difficulties in the utilization of the FTA ar#é requires, from the well trained and

gualified analysts, a greater spent of effort ametand, although it is one of the best tools to
analyze the system as a whole, it does not askyrgself, the detection of all the possible
failures, specially those which have a common cause

This problem is particularly critical in systemschuas those who are part of the nuclear
reactor nuclear, where a high level of reliabildydemanded (which is the case of the ECS,
to be analyzed).

Theoretically, the calculated reliabilities are rertely high but there is some distrust in
relation to these numbers due to the dependentréaghenomenon, which may be hided in
SO many ways.

The HAZOP technique, besides its main utilizatiorihie process analysis, has basically two
types of limitations:

- the first one comes from the assumptions conogrito this methodology and
constitute an aim limitation. On its original fortine technique assumes that the project was
lead according the appropriate regulations; and

- the other is intrinsic to the method. The HAZG#Rhnique is not adequate, for
instance, to deal with the special characterisigsociated to the layout of the plant and its
resulting effects
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3. BRIEF DESCRIPTION OF THE FMEA TECHNIQUE

It is an inductive technique which enables thegiewvi of all the components from a specific
system in order to discover its failure modes d&dr respective possible effects.

All the process of analysis is oriented to the pments, instead of process parameters, as
HAZOP does.

The BS 5760 [3] Reliability of Systems, Equipmenta&omponents, Part 5: 1991 Guide to
Failure Modes, Effects and Criticality Analysisdte of the purposes, principles, proceedings
and applications of FMEA, as well as its limitatoand relation with another risk assessment
techniques.

The purpose of the FMEA technique is to identifg thilures which lead to unwanted events
in the operation of the analyzed system and itésgoalude:

- identification of each failure mode, of the seqgeeof events respectively associated
to them and the possible effects; and

- the classification of each failure mode accorditmg relevant characteristics,
including detection, tests and diagnosis capadsljtpossibility of replacement, compensation
resources and operational provisions.

The basic information of each one of the analyzecths is: name, function, identification,
failure modes, failure causes, effects of the failon the system, detection methods,
compensation resources, severity of the effectscantments.

It is a very efficient methodology of analyzing tbemponents which could be responsible
for the failure of the whole (or a great part ok)Xhanalyzed system, it is not much
recommended when a complex failure logic is necgssadescribe the failure of the system.

Steps necessary to the execution of FMEA analysis:
1°) Define the system and its functional and opamat requirements:

- include the primary and secondary functions,dkeected performance, restrictions
of the system and the explicit conditions which stdate a failure. The definition of the
system must include each mode of operation defirgt as well as their duration;

- indicate all relevant environmental factors sash temperature, humidity, radiation
and pressure during the period of operation andliaton halt; and

- consider failures which can cause the unfulfilmehthe minimum requirements
demanded by the regulation authority.
2°) Produce the system block diagram, in order itml fthe relationship among the
components and possible interdependencies.
39°) Identify the failure modes, their causes arfieots.

49) List the detection failure methods and isolatamd verify if other failure modes would
furnish the same indication.

59 Recognize design characteristics and operatipravisions which could prevent or
reduce the effects of each specific failure mode.

6°) Identify the specific combinations of multigéelures to be considered;

7°) Revise or repeat the FMEA analysis each tiraeetis a change on the project.
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4. THE EMERGENCY COOLING SYSTEM (ECS)

The Emergency Cooling System (ECS) was chosen tanbé/zed because it is the main
responsible for the mitigation of one of the waastidents which can occur on a nuclear
power plant, the loss of coolant accident.

According to TAKESHI [4], this system is compoung bquipments destined to receive,
stock and inject the coolant in the reactor, besmenoving the residual heat of the reactor
core in normal and abnormal conditions, or finatlyring the loss of coolant accidents. A
schematic diagram of this system is shown on Flgelaw:
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Figure 1. Emergency Cooling System (adapted from k&shi, 2004).

The ECS can be divided into two subsystems:

a) Emergency Injection Subsystem (EIS), which spoasible for the water replacement on
the primary circuit, when there is a leak of momart 1,0 nyh, or in such a manner to
guarantee the integrity and geometry of the reamog, through the inundation of the reactor
vessel, in case of a loss of coolant accident.neatic diagram of EIS is shown on Fig. 2:
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Figure 2. Emergency Injection Subsystem (adapted &m Takeshi, 2004).

b) Residual Heat Remotion Subsystem (RHRS), whialesponsible for the reactor cooling
after its shutdown on the diverse conditions ofrapen of the plant, including in cases of
loss of coolant accident. A schematic diagram isf shibsystem is shown on Fig. 3:
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Figure 3. Residual Heat Remotion Subsystem (adaptdécbm Takeshi, 2004).
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The exact localization and the interconnectionhaf ¢quipments of the ECS, as well as all
the instrumentation and associated controls, aseritbed in TAKESHI [5] and [6].

The Emergency Cooling System is designed to exebatéollowing basic functions:

- cool the nuclear reactor, after its shutdownyjlog the residual heat removal of
the core;

- guarantee the integrity of the reactor core asecof loss of coolant accident;

- assure the reactor cooling, as long as thereésd for it.

A loss of coolant accident is detected by the PRwmtection System (PPS), through the
simultaneous occurrence of pressure fall on thegmy circuit associated with the pressure
and/or radioactivity rise inside the contentionptduer possibility is a water level fall inside
the pressurizer, below the minimum value of reastartdown.

Once the accident has been detected, the PPS catarttenreactor shutdown and the turn
off the primary circulation pumps generating theBy Injection Signal (SIS) to start the
operation of the ECS.

In case of high losses of coolant on the primargudi, the ECS will provide (besides the
actuation of the compensation tanks and the higisgore injection pumps) the passive
injection, assured mainly by the two accumulatarsich contribute for the cooling of the

core, in the very beginning of the accident.

After the performance of the accumulators, when légel reaches the minimum, the
obstruction valves are closed, automatically isetptind interrupting the injection through
them.

At the same time, a signal is sent to allow thenihg off of the high pressure injection
pumps, allowing a higher outflow in the injectionds.

On this stage, the low pressure injection pumpst dfeeir operation, automatically
commanded by the SIS when the pressure on the mprionauit reaches 14 bar, injecting
borated water, which comes from the inundation $aitkthe reactor hot and cold legs.

In case of failure on the low pressure injectiomps, it is possible to inject borated water
directly from the inundation tanks, through gravityce, using the discharge tabulation of
the injection pumps.

Part of the injected water passes through the oeacrre and leaves the Reactor Cooling
System, by the leak on the pipe, remaining restchiat the bottom of the reactor
compartment.

After the inundation tanks are empty, the RHRS lsarcommanded by PPS to collect the

water, existing on the bottom of the reactor cormpant, and return it to the reactor vessel,
after it has been cooled on the heat exchangers.
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5. AIM OF THE ANALYSIS

Due to the employment a redundance of four onritbeumentation of PPS, for the effects of
this paper, the analysis of such components wilbecexecuted.

In relation specifically to the human failures, dwethe operation of the EIS be entirely
remote and, in the case of RHRS, observing thetfattthe critical performance consists on
the repositioning the subsystem to the water rel@tion mode, it is considered that this
operation was successfully made and thus thatddifiailure does not occur.

Another ways of human failure such as project rketainadequacy on the specification of
the components and/or errors on installation prosland maintenance also will not be
object of this study.

6. RESULTS

Through the analysis of the system, it can be okserthat eventual failures on the

compensation tanks, in the accumulators and incéimeponents connected to them do not
present major risk, due to their small stored vauwmh coolant and/or of their small time of

actuation during a LOCA.

The unique exceptions are due to leaks on the sallech communicate these components

to the reactor vessel, that in normal operatioriccoause the shutdown of the reactor due to

pressure fall in the primary circuit, causing uegen maintenance periods and unexpected
financial costs.

It can also be observed that one of the worst wdyfilure on the ECS is the loss of
inventory in one of the inundation tanks (due takkgye on the tank, on the pipe lines or in
their components) but, even in this case, this kmfidaccident would not bring major
problems because besides the existence of the dadufine, there is the RHRS, which is
responsible for the recirculation of the water tiglo the reactor core until the temperature for
the safe SCRAM of the plant is reached.

Once this is known, it can be observed that a gesdt on the valve, which enables the
injection by gravity (or in one of the two retentigalves in series to it) would have the same
effect of the loss of na inundation tank, as sémve.

A great leakage on any of the items of the highYf@nldw pressure injection lines can also
produce the same effect of the loss of an inundd#ok.

A great leakage on the pipes also present the sffieets that a failure of this type on the
inundation tanks, with the exception that in sonwnis of the line there are ways of
isolation.

Continuing the analysis, next item is a paralledoagation between two valves, normally

closed, which objective is to shut the contentduring the normal operation of the system,
and allow the emergency an by gravity injectioncase of accident.
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In this situation, they could also leak, causing libss of inventory of one of the tanks with
no possible compensating measures (because digtie injected in the contention, in case
of accident, necessarily pass through one of ttvesealves).

The next item is a retention valve, which functignthe same as the parallel association
previously described and which, in case of lealdageng an accident, could cause the loss of
the coolant in one of the inundation tanks, withcompensating provisions.

Finally, on the emergency injection line, there @ve valves in series associated in parallel
with another set of identical valves disposed thme way, which objective is to shut the
reactor compartment, during normal operation, aadng the emergency and by gravity
injection, on accidental conditions.

In case of accident, the failure on the first vatem occur by leakage, allowing the liquid to
exit the line and counting with no compensatingoueses on this circuit, which could
occasion the loss of inventory in one of the tanks.

The second valve (a retention one), in normal djgeracan fail by leakage, allowing the
passage of the borated water outside of the legsing loss of coolant on the primary circuit
and consequently the reactor shutdown.

In case of accident, it could fail by leakage, @agisa loss of coolant inside the reactor
compartment, obliging the liquid derived from orfetloe tanks does not pass through the
reactor core before it is flooded but, unless ther@ simultaneous failure on the RHRS, the
water will be cooled and circulated in the reactore.

The other line, in parallel to this, presents tame failure modes and the same consequences
described on the tree previous paragraphs.

Failures on the pressure equalization line (to kendie injection by gravity), does not present
a major problem, once the injection through thehhagd low pressure injection pumps is
sufficient to flood the reactor vessel and in cakéailure of one circuit, there is another in
parallel (besides the RHRS).

On the other hand, failures on the RHRS will ontggent major gravity since the EIS has
previously failed.

If the reactor core is, at least, partially floodedintegrity is preserved, not depending on the
performance of RHRS.

Then, it can be deducted that failures on the RHBR® less severity than those on the EIS
and among the most important ones can be mentidhedclogging of the drains or the
failure in two main items (one in each line), fastance a heat exchanger and a circulation
pump, a leakage or a unwanted closure of two valwegh are on the critical path, and so
on.

For additional information, the table containing @hta and results obtained, through the
appliance of the FMEA technique, can be found in [7

INAC 2009, Rio de Janeiro, RJ, Brazil.



7. CONCLUSIONS

Through this analysis, it can be observed thatB6& is intrinsically safe, once as long as
there is an event capable of preventing the pedana of one line of the ECS (a very rare
event, as shown in OLIVEIRA ET AL. [8]), there i®gsibility of using the other line and
also there is the RHRS.

Some recommendations for improvements on the syatem
- think about redundant lines with different prdajpbilosophies;
- separate the two inundation tanks (physically);
- connect the lines and install valves at the efkihe inundation tanks;
- utilize redundant components of a different natwom that used on the main line;
- install a leakage detection system in all extemsif the lines; and
- realize adequate maintenance and regular tedtsgpections.
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