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Abstract

Periodic safety reviews (PSRs) are conducted omatipg nuclear power plants (NPPs) and have beerdated
also for research reactors in Korea, in responsgeed-ukushima accident. One safety review to@,ptobabilistic
safety assessment (PSA), aims to identify weaksessthe design and operation of the research ggaand to
evaluate and compare possible safety improvemétasiever, the PSA for research reactors is difficlie to
scarce data availability. An important elementhe tinalysis of research reactors is the reactdegrion system
(RPS), with its functionality and importance. Instlview, we consider that of the AGN-201K, a zeower reactor
without forced decay heat removal systems, to demate a risk-informed safety improvement study. By
incorporating risk- and safety-significance impada measures, and sensitivity and uncertainty aes)ythe
proposed method identifies critical componentshia RPS reliability model, systematically proposegeptial
safety improvements and ranks them to assist inlé¢leesion-making process.

Keywords: Research Reactor; Reactor Protection System; Bilia Safety Assessment; Risk-informed design;
unavailability analysis; sensitivity analysis.



Nomenclature

Acronyms and Abbreviations

AGN
AVR
Bl

CCF
CDF

Aerojet general nucleonics
Automatic voltage regulator
Birnbaum importance
Common cause failure
Core damage frequency

DC-PS Direct current power supply

EF
ETA
FPGA
FTA
FV
GDC
HE
HEP
1&C
IAEA
IEC
ISA
KHU
NIC
NPP
PSA
PSR
RAW
RPS
RRW

Error factor
Event tree analysis
Field programmable gate array
Fault tree analysis
Fussell-Vesely
General design criteria
Human error
Human error probability
Instrumentation and control
International Atomic Energy Agency
International electrotechnical commission
International Society of Automation
Kyung Hee University
Neutron instrumentation channel
Nuclear power plant
Probabilistic safety assessment
Periodic safety review
Risk achievement worth
Reactor protection system
Risk reduction worth

Notations

M Number of models

m Model index

j Basic event index

7 Reliability of the basic eveipt

uy Point estimate unavailability of model

Fv™  FVimportance of basic evepin modelm

BL™ Bl importance of basic eventn modelm

Uy Point estimate unavailability of baseline molel

U;’;th 95% upper bound unavailability of model
_?Zh 5% lower bound unavailability of model

urp Mean value unavailability of modet

A Reduction factor of modeh

Bm Uncertainty factor of modeh

T Max allowable time until post-diagnosis action

T, Time for the post-diagnosis action

T, Time difference betweeft,, and T,

HEP,, Diagnosis HEP

HEP,, Post-diagnosis HEP

HEP,, Total failure HEP in median value

HEP,, Total failure HEP in mean value

Vit Trip signal voltage

Vim Trip signal monitoring voltage

Vink Cathode monitoring voltage



1 Introduction

The routine review of nuclear power plants (NPBs& iprimary means for ensuring safety. As
such, some countries have initiated systematictysaéassessments, known as periodic safety
reviews (PSRs), to assess the cumulative effectslasft aging and modifications, operating
experience, technical developments and siting &sdé¢ A PSR is a comprehensive safety
review of all of the important aspects of safehgluding the implementation and timescale of
safety improvements and an assessment of plangrdasid operation against applicable safety

standards and operating practices to ensure safetyghout the NPPs operating lifetime [1].

Among the fourteen safety factors considered inRB&R, the probabilistic safety assessment
(PSA) is safety factor number 6 undafety factors relating to safety analygi$. PSA is a tool

for analyzing the safety of complex systems and e used extensively to investigate the
safety of NPPs [2—6]. PSAs are also useful forcaliimg limited resources during design, while

maintaining safety in risk-informed applications-ID]. During review, a PSA can be done to

identify weaknesses in the design and operationhef NPP, and to evaluate and compare
proposed safety improvements. A PSA provides ingmbrinsights to the risk-informed decision-

making process [11] when evaluating the potentidt@mes of alternative safety measures.

PSRs have been enacted in Korea for both reseaadtors and commercial NPPs to improve
safety standards since the Fukushima accidentpidetical performance of a PSA for an entire
research reactor is difficult, due to the scarca @&ailability. One system that is important for
the safety of research is the reactor protectiatesy (RPS). The RPS is more safety-critical for

zero-power research reactors not having forcedydeeat removal systems than for NPPs.

Several risk-informed design optimization approachave been developed and applied to the
NPP system design process, mostly for the systermepbual design phases [7-10,12]. However,
in [13] the authors have highlighted that risk mmf@tion has not been used in the design of
instrumentation and control (I1&C) architecturehext a conservative approach has been adopted
because of safety concerns. As research reacmiararily used for research and experimental
work, they produce little revenue compared to NPWhjch lead to the need for cost
optimization while preserving the required level eéfety. In addition, the regulatory

requirements for research reactors [14] are m@alile for I&C systems than for NPPs [15].



This indicates that a risk-informed design method research reactor I&C systems may be
advantageous. For this reason, a probabilisticagmpr to the design and optimization of the I&C
architecture of research reactors has been promuseeptually using RPS as a case study [13].
As an extension of this approach, a hybrid RPSi@cure was, then, considered as a case study
in [16], taking into consideration the benefitsboth analog and digital configurations. However,
the approaches proposed in [13,16] focused onébkmga phase, where the decision makers can
formulate and evaluate various configurations téectean optimal configuration. Yet, the
implementation of a completely new configuration am operating research reactor is mostly
infeasible and expensive. Rather, a systematic adetbgy to identify feasible modifications
that can improve safety and availability of thedlism& RPS configuration, without excessive

changes to the existing configuration, is necessary

In this view, this work presents a risk-informead@edure for safety improvement of the RPS of
the AGN-201K zero-power research reactor. The AGNK is a research and educational
reactor located at the global campus of Kyung Hees¢isity (KHU), Republic of Korea and

has been in operation since 1982 [17]. The desigheoAGN-201K has inherent safety features
by which decay heat is passively cooled to enswaedn accident cannot affect the integrity of
the fuel assembly: thus, there is no need to cenglie full scope PSA and, rather, only the
availability analysis of the RPS is examined. Seni analyses are performed on potential
safety improvements. To increase the safety andbikty, the development of a monitoring

system is, then, proposed for the most critical ponents identified.

The remainder of this paper is organized as follomMree risk-informed methodology is presented
and discussed in Section 2. In Section 3, thithex), applied to the case study of the RPS of the
AGN-201K reactor. The results and discussionspiiclg the sensitivity analyses performed on

the safety improvements, are presented in Secti@Qodcluding remarks are given in Section 5.



2 Methodology

2.1 Risk-informed Safety | mprovement Process

Generally, risk-informed applications involve utihg the information provided by PSA and to
make requirements more effective by using the inékrmation. Hence, they are applications
which incorporate risk information into assessmeatsl decision-making. They can also
incorporate deterministic and non-risk informatimmo the decision-making. However, while
several insights other than insight from PSA cardesidered in risk-informed decision-making,
risk-informed design, considering the insight fr®8A, has been used in literatures [8,10,12]. In
[8], both the deterministic and probabilistic crigeare used for the design of the emergency core
cooling system for future reactor systems, in whtwh general design criteria (GDC) regulatory
requirement of design basis accidents and core geanfeequency (CDF) were used for
deterministic and probabilistic criteria, respeelyy for the selection of the alternative design
option. In [10], risk-informed design of Internata Reactor Innovative and Secure (IRIS) using
level-1 PSA was presented for conceptual desigsghbBhe analysis of the design alternatives
for the design optimization of APR+ during low pavelutdown operation was performed based
on PSA criteria in [12]. The cost of the alternatidesign options, in addition to the
unavailability, has been considered also as arysisatriteria in [13,16] during the conceptual
design phase of the research reactor RPS. Howavetated in Section 1, it is worth repeating
here that the full scope PSA is not consideredis paper, rather, only the availability analysis
of the RPS is evaluated. This is because the desig®&N-201K has inherent safety features by
which decay heat is passively cooled to ensureahaiccident cannot affect the integrity of the
fuel assembly. Furthermore, the current operatiR$ Rf AGN-201K has been designed with
three redundant safety channels as detailed inicdBe8; hence, satisfying the deterministic
criteria of single failure GDC requirement. Therefothe present work is not to design and
formulate difference RPS design options; ratheis ito analyze the present operating RPS of
AGN-201K and systematically proposes the potesadbty improvement options based on risk-
informed approach by utilizing the risk informatisom unavailability analysis.

An overview of the proposed risk-informed safetypmovement process for the RPS of a

representative operating research reactor is piextéemFig. 1.
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Fig. 1. Overview of the proposed risk-informed safenprovement process
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System reliability importance measures can be wgedkevelop effective risk-informed safety
improvements. These measures can quantify the as#- safety-significance of components
(basic events), given their role within the systend their important characteristics [18-20].
Some of the most commonly used importance measueassk achievement worth (RAW), risk
reduction worth (RRW), Fussell-Vesely (FV) and Baam Importance (Bl) [18-20]. In this
work, risk is defined in terms of RPS unavailapjlite. the probability that the RPS fails to trip
the reactor when demanded. Risk- and safety-sagmtie were regarded as complementary ways
for characterizing the importance of basic eveatdlie system risk [20,21]. FV has often been
used as measure of risk-significance. Bl is ofteefggred over RAW to represent safety-
significance [22], as it is independent of the preésvalue of the system unavailability. In this
work, FV and Bl measures were, thus, used to cheriae the importance of basic events for the
risk of RPS failure to trip the reactor when denmethd

The failure rates associated to the basic everdsuaad to quantify the system’s unavailability
were mostly sourced from generic failure databaaed, have a certain degree of uncertainty.
Uncertainty analysis [23] was informed to incorgerdhe uncertainties of the failure rates

associated to the basic events and propagate themuocertainty in system unavailability. The



unavailability analysis was performed by Fault TAemlysis (FTA) using AIMS-PSA developed

by the Korea Atomic Energy Research Institute (KAHR4]. The results were, then, analyzed
and a systematic modification to the baseline RRS wroposed through the information
obtained using the basic events identified as catitcomponents contributing most to the
unavailability of the RPS. The potential solutiamposed to improve the safety and availability
of the RPS has been examined critically to enshia¢ there is no significant change to the

structure and configuration of the RPS. Potenafty improvement options considered include:

(a) reduction of test interval

(b) increase of condition monitoring of components

(c) replacement of critical components with componentsigher reliability
(d) increase in channel redundancy

(e) change of architectural configuration.

However, options (d) and (e) were not considerezhbse their implementation in an operating
research reactor was deemed too costly and, therafdeasible. Therefore, only options (a)

through (c) were eventually considered.

A sensitivity analysis was, then, performed on phaposed improved system. The results were
analyzed and compared with the baseline configqumat verify whether or not the availability
has been improved. The details of the procedurdiaceissed in the next subsection.

2.2 AnalysisProcedurefor the Deter mination of | mprovement Options

Let M represent the number of option models includireglthseline model, where each model
represents a specific RPS configuration. FV andv8ie used as a measure of risk- and safety-
significance, respectively, defined as

m _ Upt(base)-Ug*(rj=1)
FVj - Uy (base) ! (1)

B = U (1= 0) - U (1 = 1), @
where FV;™ is the FV importance of basic evgrih option modem, m = 1,2,---,M, BI/" is
the Bl importance of basic evenin option modem, Uj*(base) is the present point estimate

unavailability of option modem, quantified based on all basic events in optiondehan,



U{,"(rj = 1) is the decreased point estimate unavailabilityption modelm quantified with
basic event optimized or assumed to be perfectly reliable,(tree reliability of the basic evept
7 is 1) andU;"(rj = 0) is the increased point estimate unavailability option modelm

quantified with basic eventassumed to be failed (i.e., the reliability of tesic event, 7; is 0).

Here we introduce two more metrics;, is the unavailability reduction factor of optiorodel
m as a way of showing improvement effectiveness, gpdis the uncertainty factor of option

modelm which is the improvement variation when a desgytaken.

_ Up*(base)
%m = U{,’(base)’ (3)

8 _U:;th(base)—U:;h(base)
m = U (base) !

(4)

where U{,’(base) is the point estimate unavailability of baselinedal b, Ug;th(base) is the
95" percentile of the present unavailability of optimodelm, U;’Zh (base) is the &' percentile

of the present unavailability of option modeil, Uj'(base) is the mean value of the
unavailability of option modein, «,, is the unavailability reduction factor of optiorodel m,
defined as the ratio of the point estimate unalsdity of option modelm to the point estimate
unavailability of the baseline model arfi, is the uncertainty factor of option moadwe| defined

as the ratio of the difference between th® 8ad %' percentiles of the present unavailability to
the mean unavailability value of option moael Since those uncertainty bounds are based on
the confidence interval that are meant to estirttagedegree of uncertainty in a sample statistic
resulted from the Monte Carlo simulation of thetsgs, the wider confidence interval means
greater uncertainty level and narrower one indgdibe opposite. Hence, a lower value[3f

for modelm, compare to other models, implies a lower uncetydevel in modem.

3 Case Study: AGN-201K

The AGN-201K research and educational reactor wasidered for the case study. The AGN-
201K is a zero-power reactor that has been in tiperat the global campus of KHU in the
Republic of Korea since 1982 with a rated powe®.df watts [17]. The obsolete control system
was refurbished from 2004 to 2007 with a govern@emisearch fund [25]. During this time, the



reactor power was up-rated, the old analog operaltioonsole and 1&C parts were replaced,
shielding walls were installed, and a new digitahsole, for monitoring purposes only, was
installed [25]. All safety shutdown functions arepk by analog console with original safety
logics. The upgraded reactor has a maximum thepoaler of 10 watts and has been in

operation since October 2007 [25].

In addition to the shutdown system (RPS), the A@NK has inherent safety features, including
high negative feedback effects and low excessivggcthat can make the reactor subcritical if
the shutdown system fails. An additional thermadefuocated at the central part of the core
protects against abnormal power excursion; thie fuas designed to melt at 140, before the
fuel would melt at 208C, thereby making the bottom half of the core tpddown, resulting in
subcriticality due to the separation of the cor®&][2Nevertheless, as the AGN-201K is a
homogeneous reactor with a core comprised of pojyjete homogeneously mixed with
uranium dioxide, there is no forced decay heatingobystem. The RPS, thus, plays an

important role in ensuring that the reactor is lyadbut down in the event of an accident.

3.1 Reactor Protection System (RPS) Description

The RPS of the AGN-201K research reactor has tsirege-wired neutron instrument channels
connected to an analog console by two BF3 ioninatittambers and one proportional counter.
There are three shutdown signals from these chadret three additional interlock shutdown
signals: low temperature of shielding water, loweleof shielding water and earthquake
vibration signals. For safety consideration andpditity, this work only considered the three
redundant reactor safety neutron channels, whaetreasluded the interlock signals, which are
related to system’s operation. All components raot pf the safety/protection function or that do

not influence the safety function were excluded.

He-3 6 f '
(Pro-portional ey aaty Amp =
counter) : |
lonisation ' Pre-Am ]
: y . V Amp

lonisation |
Chamber |

To Scram
Logic

Pre-Amp 1 Amp

Fig. 2. Block diagram of the AGN-201K’s neutrontignent channels
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A block diagram of the three redundant safety chlEmreach comprised a neutron instrument
channel, meter, sensitrol relay and reset buttershiown in Fig. 2. The neutron instrument
channel of safety channel 1 comprises a propoitiomanter, pre-amplifier, main amplifier, and

associated power-supply electronics, which areshotvn in the diagram. Safety channels 2 and
3 comprise an ionization chamber, pre-amplifierjmmamplifier, and associated power-supply
electronics. The signals from the independent gabftannels are fed to their respective
independent meters whose outputs are input to tespective sensitrol relay. The trip signals
from the sensitrol relay trigger the 6L6 power tulbéiich de-energizes the electromagnets
holding the control rods (two safety rods and ooarse rod), allowing the fueled control rods to
exit the core due to gravity and springs, therdhytteng the reactor down. Additionally, a period

trip signal is generated from the period thyratsmhematic if the reactor power increase rate
exceeds the allowable limit. There are also two umameactor trip buttons that shut down the
reactor when pressed by the operator. The 1&C systesupplied from two power sources:

automatic voltage regulator (AVR) 1 and 2. AVR #ipglies power to the neutron instrument

channels and their respective meters and AVR #flggopower to the other I&C components.

To obtain failure rate data, all components of nleeitron instrument channel (i.e., the neutron
detector, amplifier, and associated power supplesk considered as a single component. This
was done in accordance with the component boundeafiition of the nuclear instrument

channel given in the related IAEA document [26],endthe boundary of a nuclear instrument
channel includes the sensor (detector), power-gugdpttronics and associated signal amplifiers.
As failure data specific for the AGN-201K are net#able, generic failure rate data was used

and the following assumptions were made when amgythe RPS [27]:

1. The RPS failure was defined as the inability of RS to trip the reactor on demand by

interrupting power to the electromagnets holdirggdbntrol rods.

2. The system boundaries of analysis were defineddoide the components within the trip
signal paths from the neutron detectors to contad drops that must operate
successfully to trip the reactor when required. paghs of the other trip signals from

interlocks were outside of the system boundary.

10



3. The failure of an offsite AC power source was noeéatly considered. Rather, the failure
of internal power supplies were considered and teddexplicitly in the FTA. Based on

assumption #1, modeling the offsite power loshianfault tree was unnecessary.

4. Generic failure rate data from different sourcesenesed for this analysis, as no specific

AGN-201K failure rate data were available when gtigly was performed.

5. Manually tripping the reactor involves manual attua of any of the push-button
switches (two manual trip switches and four resétams). This action was assumed to
be strongly coupled among the push-button switclk@dlure to manually initiate a

reactor trip was therefore modeled as a singleatpeerror.

6. Only post-accident tasks were considered in thedmuraliability analysis (HRA), where

a screening HRA for post-accident tasks was employe

7. Only afailed-shortfailure mode of the 6L6 power tube was considered, the failure to
disconnect the current conduction between the amodecathode when a trip signal is
applied to the control grid terminal of the tubéneTailed-openfailure mode was not

considered; this failure mode results in reactotébwn and is, thus, fail-safe.

3.2 Unavailability Analysis of RPS
An unavailability analysis was, then, performeddaiermine the probability that the shutdown

system failed to trip the reactor when demanded.

3.2.1 System modeling and failure data collection
A system fault tree model was developed from tleatification of the system failure criteria via

analysis of scram logic. Fig. 2 shows the top-ld¢aalt tree model of the RPS of AGN-201K.

11
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Fig. 3. System modeling fault tree for AGN-201K RH®p-level model)

After the development of the system fault treelufai data was collected for all of the basic
events. Component failure data based on plant tpgr@xperience was not used; rather, generic
data sources were used (see Assumption #4 in didrsé&cl). A list of components used and
their respective failure mode, mean failure ratagpbility, error factor (EF) and failure data
reference sources is given in Table 1, where the &# calculated as the ratio of thé"95
percentile to the mean failure rate/probability djopting the definition of EF in the IAEA
document [26]. The EF represents a quantitative sorea of uncertainty associated with
component failure rate/probability and was thusduseFTA for uncertainty analysis. In cases
where only the mean failure rate was provided ey risference, the EF value was typically
assumed as 2.4. This value is justifiable sincentiagimum EF value of all the components
failure data collected from the IAEA research readailure database [28] was found to be 2.4,

as can be seen in Table 1.
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Table 1 List of components and their failure data

Failure
SNo Component Event Name Failure Mode Rate/prob. EF Réf.
(mean)
1 Neutron Instr. Ci CH#X-NEUTRON-INT  Fail tofunctior 8.89E-5/h 1.5 [28]
2 Rate Mete R-METER Fail tofunctior 3.00E-6/h  2.4* [29,30
3 Log Metel LG-METER Fail tofunctior 3.00E-6/h  2.4* [29,30
4  Linear Mete LN-METER Fail tofunctior 3.00E-6/h  2.4* [29,30
5 Thyratror P-THYRATRON Fail tofunctior 5.00E-5/h  2.4* [30]
6 Sensitrol Rela S-RELAY#X Fail tofunctior 8.30E-6/h 2.4 [28]
7 Reset Rele R-RELAY Fail tode-energizi 1.25E-4/d 2.4 [31]
8 Period Rela P-RELAY -F Fail toenergiz 1.25e-4/d 2.4 [31]
9 6L6 Power Tub 6L6TUBE Fail tofunctior 2.00E-5/h  2.4* [30]
10 Manual Scram B MANUAL #X Fail tocontac 1.25E-5/d 2.4 [31]
11 Reset Butto RESET#> Fail tocontac 1.25E-5/d 2.4 [31]
12 Single Rod As: SR#1, SR#2, C Fail to droy 3.00E-5/d 2.€ [31]
13 Power wupply to I&C AVR#1, AVR#Z Fail tofunctior 5.00E-6/h 2.4 [28]
14 Rectifier(DC Supply) DC-P< Fail tofunctior 1.14E-5/h 2.4 [28]

*These are assumed EF values.
#X represents #1, #2, or #3

3.2.2 Common cause failures

Common cause failures (CCFs) were considered t@sept multiple failures originating from a
common cause that impacts the associated systeraaiiability. A CCF event tends to nullify
any redundancy incorporated in the design and calkernthe system incapable of tripping the
reactor when demanded. A screening approach waktasdentify the basic events and failure
modes of CCFs that were most likely to contribudeAGN-201K RPS unavailability. The
components selected for common cause treatmerdinedtredundant partners and included the
sensitrol relay, reset buttons and neutron instninghannel. Only the neutron instrument
channels of safety channels 2 and 3 were considdwedg CCF modeling, as the neutron
instrument channel of safety channel 1 had a eiffercomponent composition, operating
mechanism and neutron detector. The CCF of the ®aR not considered because the power-
supply system basic event was explicitly modelethenfault tree. The CCF of the manual trip
button was also not considered because, even ththeghwo buttons performed the same

function, they were situated in different locatiamsh a different operating mechanism.

13



Having identified the redundant components to hesiered in the fault tree model, the alpha
factor method was used to calculate the CCF faitlata in the fault tree model. The generic

CCF alpha factors used were obtained from [32]aarcshown in Table 2.

Table 2 Generic CCF Alpha Facto[32]

Alpha Factor CCCG =2 CCCG =3
Rate CCI Demand CC | Rate CCI Demand CC
a, 9.70E-1 9.80E-1 9.71E-1 9.79E-1
a, 3.05E-2 1.95E-2 1.74E-2 1.45E-2
Qs 1.19E-2 6.28E-3
3.2.3 HRA

A HRA was also performed to quantify the impacthafman (operator) errors on RPS. The
procedure outlined in NUREG/CR-4772 entitled “thecAlent Sequence Evaluation Program
Human Reliability Analysis Procedure” (ASEP HRA) svfollowed [33]. The ASEP HRA
methodology is a simplified version of the HRA apgech model from NUREG/CR-1278 [34]
and is separated into different guidelines for med post-accident tasks. Only post-accident
tasks were considered here and the screening HRpofi-accident task procedures outlined in
Table 7-1 of NUREG/CR-4772 [33] was employed (sessulmption #6). Any post-accident
operator action required for the system to sucadgdiunction when demanded was specified
and added directly to the fault tree. In this caBAGN-201K RPS, the post-accident operator
action identified as potentially either reducing eiminating an abnormal event is manual
reactor scram. The standard operating proceduiteedAGN-201K directs the reactor operator to
immediately scram the reactor upon any annunciatibrabnormal event occurring during
normal operations. Consequently, manually scramnilrey reactor was considered a post-

diagnosis task.

Table 3 Post-Accident HRA Result

Action T T, T, HEPy,, HEP,, HEP, HEP,, EF
Manual Scram| 60 min 1 min 59 min 0.001 0.01 0.01009266 10

Results of this analysis are presented in TabMH&re Ty, is the maximum allowable time to

have correctly diagnosed the abnormal event arch¥e completed the required post-diagnosis

actions to achieve the system success criteriblettad by systems analys®, is the estimated
14



time needed to get to proper locations and to parémy required post-diagnosis actions, amnd

is the estimated allowable time for a correct da=i® that will still permit sufficient time to
perform the required post-diagnosis actions pmof 4, Tq = Ty, — Ta. A value of 60 min was
determined fofT,, from the temperature profile along with time céted by thermo-hydraulic
simulation. In order to obtain conservative resultsee maximum reactivity insertion was
modelled. The initial condition was 0.9 watts opeg at the atmospheric conditions,
considering fuel temperature feedback. Heat transfiedelling was also conservatively
implemented under the assumption that only thealadirection of thermal conduction is
allowed. In this case, the maximum temperaturehat dore centre was much less than the
melting point and the temperature profile kept Jwess than its maximum temperature at least
during 5 hours; hence, the selected value of 60isnunstifiable. As the post-accident action was
to be performed in the control roomM, was assumed as one minute, taken as the combined
required travel and manipulation time for each omntoom action taken on the primary
operating panels, which are normally in visual ascef the control room operator, as stated in
Table 7-1 of NUREG/CR-4772 [33]. The appropriatagiosis human error probability (HEP)
(i.e., HERp) and appropriate post-diagnosis HEP (jfi®vere estimated, and the total failure
probability (HER,) was calculated based on the procedure outlin®lUREG/CR-4772 [33]. As
the obtained HEfPwas a median value, it was converted to a mean (HEP®,,) using Eq. 5
with a conservative EF value of 10 [27] for consisty with the failure data presented in Table 1.

The result was, then, used in the FTA.

ln(EF))z )

HER,, = HEP ,exp [0.5 < 1645

3.2.4 Quantification results

In this section, the quantification results arespréed and the basic events contributing most to
the risk of failure of the RPS are identified. Basen the discussion with the AGN-201K
operator, the testing interval used in this studsw month (720 h). Uncertainty analysis was
performed to calculate the uncertainty that eXstdRPS unavailability due to the uncertainty in
the values used for the basic event failure ratebjbilities. The results are presented by the
point estimate unavailability, mean value and EFTable 4. The fault tree basic event

uncertainties were propagated to obtain the RPYailahility distribution. A Monte Carlo
15



sample size of 100,000 was used for uncertaintpggation. It is importance to note that, the
point estimate unavailability was calculated as shen of the cusets’ probabilities, while the
mean unavailability value was estimated from thenMoCarlo simulation. The distribution of

the unavailability of the RPS failure to trip thesmactor on demand is shown in Fig. 4.

Table 4 Unavailability distribution result of baseline RPS

. _ o Distribution
Point estimate unavailability 50 mean 95% EF
5.316E-4 1.704E-5 5.376E-4  2.038E-3 3.79

le-07  le-06 1e-05 0.0001 0.001 0.01 0.1 1

Fig. 4. Unavailability distribution of baseline RPS

Five dominant cutsets contributing to the baseR®S unavailability are presented in Table 5.
The cutsets represent various combinations of basats that prevent the AGN-201K reactor
from tripping when demanded. The cutset includihg failure of the 6L6 tube and of the
operator to manually initiate the reactor trip ednites most to the RPS unavailability, nearly
72%. To identify individual basic event’'s contrilmrt to the failure of the RPS, the FV and BI
are used. In PSA, the FV could be high by eithghHiasic event unavailability or weak defense
in depth. When both FV and BI are high simultangotmr a particular basic event, safety can
be improved by decreasing the basic event unawjabr by improving the defense in depth.
Therefore, a plot of Bl against FV can easily idignthose potential components for safety
improvement as demonstrated in Fig. 5. Figure Svsteplot of Bl against FV in a log scale for
all the basic events in the baseline model, whiaicates the fraction contribution of a basic

event to the unavailability. Human error, 6L6 powdre failure and AVR #2 failure contribute

16



the most and were, thus, identified as the poteftasic events that can lead to safety

improvements, if taken care of.

Table 5 Dominant cutsets contributing to RPS unavailap{litaseline)

No. Cutset Probability Basic Events Event Description (R:elatlye .
ontribution
1 3.83E4 6L6TUBE AND Human 6L6 tube fails to disconne 71.99Y
Error (HE) and operator fails to manually
initiate reactor trip (HE)
2 9.58E-5 AVR#2 AND HE AVR#2 fails to supply powe 18.00%

to the designated safety
channel’'s components and HE.

3 1.40E-5 DC-PSAND CH#z- DC-PS originated fron 2.63%
NEUTRON-INTAND  AVR#1 to other components
HE fails, neutron instrument

channel (NIC) #2 fails to
function and HE
4 7.86E-6 P-THYRATRON AND Period thyratron schemal 1.48%
DC-PSAND HE fails to function, DC-PS
originated from AVR#1 to
other components fails and HE
5 6.98E-6 CH#1-NEUTRON-INT  NIC #1 fails to function, NIC  1.31%
AND CH#2- #2 fails to function, NIC #3
NEUTRON-INTAND fails to function and HE
CH#3-NEUTRON-INT

AND HE
1.0E+00 . X . Basic Events
Region for potential basic events T
for safety improvement ®6L6TUBE
1.0E-01 AAVR#2
< CH#2-NEUTRON-INT
+DC-PS
© CH#1-NEUTRON-INT
1.0E-02 + P-THYRATRON-F
-AVR#1
~ CH#3-NEUTRON-INT
= 1.0E-03 + CH#23-NEUTRON-INT
- = DC-PS-CH#2
E 4 DC-PS-CH#1
> DC-PS-CH#3
& 1.0E-04 *S-RELAY#1
°Q LG-AMETER
z +S-RELAY#3
& 1.0E-05 “R-METER
LN-AMETER
+S-RELAY#123
®MANUAL#2
1.0E-06 S-RELAY#13
P-RELAY-F
S-RELAY#2
1.0E-07 S-RELAY#12
S-RELAY#23
SR#1
SR#2
1.0E-08 + r T T | CR
1.0E-08 1.0E-06 1.0E-04 1.0E-02 LOE+0f -MaNUAL#
Basic Event FV RiZSE'l:#IZS

Fig. 5. Risk- and safety-significance metrics: @bBI against FV in log scale
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3.3 Safety Improvements of RPS

Based on the results shown in Table 4, the quedtifioint estimate unavailability of the RPS
baseline model was 5.316E-4. This value falls witthie Safety Integrity Level 3 (SIL 3) of the
reliability requirement specifications of the Imtational Electrotechnical Commission (IEC)
61226:Nuclear power plants—Instrumentation and Contropartant to safety—Classification of
Instrumentation and Control functions IEC  61508: Functional Safety of
electrical/electronic/programmable electronic safetlated systemsand the International
Society of Automation (ISA), ISA 84.00.0Functional Safety—Safety Instrumented Systems for
the Process Industry Sectéor safety systems. These standards require tieaptobability of
failure on demand, i.e., the unavailability of Sefety system, be betwedix 107 to < 1073)
[35,36] for SIL 3 (high risk). Thus, the studied RRatisfies these reliability specifications.
However, if the uncertainties of the basic eveilufa rates are considered, the requirement is
not strictly satisfied; although the mean unavaligbvalue falls within the range of the
requirement, the upper bound is out of the rangglying that a further improvement of the
safety and availability of the RPS can be a goaugth

Potential safety improvements to the baseline mdmided on the dominant contributors to the
baseline RPS unavailability identified in subsectiB.2.4 were, therefore, systematically

proposed and analyzed via a sensitivity analysis:

1. Increase of condition monitoring of componentsthia addition of a Field Programmable
Gate Array (FPGA)-based monitoring system for thé power tube.

2. Add an AVR (AVR #3); i.e., connect the componentsl aystems (NICs and meters)
supplied by AVR #2 to AVR #3 via an automatic cheoner device (or automatic power
transfer switch). The power-supply systems are mddant to those components and
systems via a power transfer switch in which onte @f those AVRs at a time will be
connected to those components. Thus, the 110 VA®@epsupply system to the
instrument channels and meters fails only if bo#RA#2 and AVR #3 fail simultaneously,
under the assumption that the failure of the autmnp@wer transfer switch is negligible
and fail-safe to AVR #2 or AVR #3.

3. Reduce the testing interval from one month to tveeks, one week, or one day.
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A conceptual model of the FPGA-based monitoringtesys proposed for the 6L6 tube in
improvement #1 is presented in Fig. 6. This momtprsystem is proposed to monitor the
functionality and operations of the 6L6 tube anuimethe status to the operator. The 6L6 tube is
a beam-power-tetrode type, a vacuum tube with mumyilbeam-focusing plates designed to
augment power-handling capability and help reduoeanted emissions. Vacuum tubes are
electronic devices that come in many forms, inclgddiode, triode, tetrode, and pentode.
Although low-power vacuum tubes have been largeplaced by solid-state (semiconductor)
devices, many vacuum tubes are still used in a&waaf applications and continue to perform a
valuable service at high powers and particularlyhegh frequencies inhigh-power radio
transmitters. For the foreseeable future, if higlver is required, electron/vacuum devices will

remain the best solution [37].

The control grid terminal of the tube allows thewl of current from anode to cathode to be
controlled. A block diagram of the proposed momitgrsystem is shown in Fig. 6(a) and the
concept development showing pin configuration o6 élbe is shown in Fig. 6(b). The pins are:
pin 2—and pin 7—Heaters (filaments), pin 3—Anodso(aalled Plate), pin 4-Grid 2 (Screen grid),
pin 5-Grid 1 (Control grid), and pin 8—Cathode &beforming. Here, a current passed through
the heater heats the cathode, causing it to emdirehs by thermionic emission. A positive
voltage applied to the magnets between the anodeamode causes a flow of electrons from
the cathode to the anode through the two gridseliyeallowing a current flow. The control grid
operates at a negative potential with respectaac#thode. By varying the applied voltage to the
control grid, the current flow in the anode candoatrolled. Hence, during normal operation,
there is no trip signal and the control grid is mwected to the ground potential, allowing current
flow from the magnets at the anode through the talibe cathode. In an abnormal condition or
when a reactor scram is required, the trip sigeatanverted to a negative voltage {-\and
triggers the control grid, limiting the flow of elgons from the cathode to the anode, to thereby

stop the current flow and de-energize the magnshtwdown the reactor.

As stated in assumption #7 in Section 3.1, twaufailmodes of 6L6 power tube exiftiled-
shortandfailed-open Thefailed-openmode is a fail-safe condition, in which the cutrBow is
disconnected from the anode to the cathode termihateby de-energizing the magnet and
shutting down the reactor. In tliailed-shortmode, the current continues to flow through the
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magnets from anode to cathode when a reactor ssresquested and the trip signal is applied to
the control grid terminal of the tube. This failuype is caused by an interelectrode short circuit
[37], which allows current to flow regardless okthpplied voltage at the control grid. The
FPGA-based condition monitoring system in Fig. 6ébjo be designed to monitor not only the
failed-short mode, but the entire normal and abnormal operatiogditions of the tube.
Therefore, from Fig. 6(b), the following conditioase to be considered during the development

and implementation, and processed by the monit@ystem:

(a) failed-shortmode: when[(Vy,, = Vi) AND (Ve > 0)],
(b) failed-openmode: when[(V,,, > V;:) AND (V. = 0)], and
(c) normal operating mode: whefi(Vy,,, > Vi) AND (Vi > 0)].

To electromagnets

Control grid Vit Trip Signal
Ancde
(Plate)
To magnets
6L6 TUBE ————»
Trip Signal ‘
6L6 Tube =
v
FPGA-based To operator
Monitoring Vem | o %9
System . Monitoring Status
Signal

Processing to Operator

Vok | System

L

FPGA-based Condition
Monitoring System

(a) Block diagran (b) Concept developme diagran
Fig. 6. FPGA-based monitoring system for 6L6 potube

A block diagram showing the addition of AVR #3 (i.proposed improvement #2) is shown in
Fig. 7. The failure of the automatic power transfeitch was assumed fail-safe, as the switch
can be eitherfailed-open or failed-short, resulting in contact with AVR #2 or AVR #3,
respectively. In either case, power is still sugghlio the safety channels.
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AVR #2(110Vac)

Power supply to

Automatic power neutron instrument
transfer device channels and

meters

AVR #3(110Vac)

Fig. 7. Block diagram of additional AVR connecti@®/R #3, i.e., proposed improvement #2)

34 Sendtivity Analysis
The following sensitivity analyses of the proposagrovements were, then, investigated:

v

sensitivity analysis 1: Impact of an FPGA-based mooimg system for the 6L6 tube on

the baseline model,

sensitivity analysis 2: Impact of AVR #3 in redundg with AVR #2 on the baseline

model,

sensitivity analysis 3: simultaneous consideratbRPGA-based monitoring system and
AVR #3 in redundancy with AVR #2 on the baselinedeio

sensitivity analysis 4: reduction of the testingeiwal from one month (720 h) to two

weeks (336 h) on the baseline and other proposeltisio

sensitivity analysis 5: reduction of the testingemal from one month (720 h) to one
week (168 h) for the baseline and other proposedespand

sensitivity analysis 6: reduction of the testintemal from one month (720 h) to one day

(24 h) for the baseline and other proposed models.

As AVR #3 was proposed to be redundant with AVR the, failure data of AVR #2 are used for

AVR #3. For FPGA-based monitoring system, the failtate was conservatively assumed as in

[38] as 2.08E-6 H. This value was used for these analyses with afEE4. The results of

these sensitivity analyses are presented in Seétion

4 Resultsand Discussion

The results of sensitivity analyses #1, #2, anca#8 presented in Table 6 for a Monte Carlo

sample size of 100,000, as used in the baselineeindde unavailability of the baseline model
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was reduced by a factor of 0.2803, 0.8205 and @1fe to the changes implemented in
sensitivity analyses #1, #2 and #3, respectivelfie Timplementation of the proposed
improvements significantly reduced the unavail@pilbf the AGN-201K RPS system. The

proposed safety improvements implemented in seitgitinalysis #3, i.e., adding a monitoring
system for the 6L6 tube and an AVR #3, led to & hwjiability and availability of the RPS of

AGN-201K. The scatterplots of the basic events diast the corresponding FV for the models,
shown in Figs. 8, 9 and 10 in a log scale, show tha Bl values significantly reduced,

indicating that that the safety was improved sigaiitly.

Table 6 Unavailability distribution from sensitivity anags 1# to #3

S Point Estimate Distribution
Model Maodification Unavailability 5% Mean 95% EF
Baselint - 5.316E-4 1.704E-5 5.376E-4 2.038E-3  3.7¢
Ser. Analysis #: | Monitoring 1.49(E-4 4.87E-6 1.484E-4 5.66E-4  3.8:
Sen Analysis #: | AVR#3 4.362E-4 1.307E-5 4.384E-4 1.674E-3 3.8
Ser. Analysis #:| Monitoring+AVR#: 5.357E-5 1.785E-6 5.364E-5 2.04¢E-4 3.8
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Fig. 8. Plot of Bl against FV in log scale for #hedition of monitoring (Sensitivity Analysis #1)
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Fig. 9. Plot of Bl against FV in log scale for #hddition of AVR #3 (Sensitivity Analysis #2)
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The unavailability results from sensitivity analgse4 to #6 of the current model, the model
including the monitoring system, the model inclig®WR #3, and the model including both the
monitoring system and AVR #3 are shown in Tablat#arious test intervals. The total number
of modeling options is 16. There are four optioosthe base modelm = 1,2,+:+,4), and the
additional options(m = 5, 6,---,16) which are arranged as shown in Table 7. The madeis,
then, ranked based on the reduction facetgy, as shown in Fig. 11(a), the uncertainty fadgy,

as shown in Fig. 11(b), and the point estimate aitavility of modelm, as shown in Fig. 11(c).
Ranking via the reduction factor and point estimatavailability (i.e., Fig. 11(a) and Fig. 11(c),
respectively) produced the same ranking, as thecteoh factors were derived from the point
estimate unavailability of the models (see Eq..(3))e rankings produced by the uncertainty
factor (Fig. 11(b)) were different because the wadety factor was calculated using uncertainty
intervals and normalized by the mean uncertaintiyesaf the respective model, and it is

independent of the point estimate unavailability.

Table 7 Unavailability distribution of models from sensity analyses with various test intervals

. Test Interval |Point est. Distribution

Model m | Test Period (hours) unavail. |5% mean 95% EF
Base 1 M_onthly (Baseline 72C 5.32E-4 |1.70E-5 5.38E-4 2.04E-3 3.7¢
(Current 2 | Bi-weekly 33€ 2.34E-4 |7.34E-6 2.36E-4 8.99E-4 3.€0
PPS) 3 We_ekI) 16€ 1.14E-4 |3.55E-6 1.16E-4 4.40E-4 3.81

4 | Daily 24 1.60E-5 |4.98E-7 1.58E-5 6.00E-5 3.8(
Addition 5 |Monthly 72C 1.49E-4 |4.88E-6 1.48E-4 5.66E-4 3.8Z
of 6 |Bi-weekly 33€ 5.48E-5 |1.69E-6 5.46E-5 2.09E-4 3.8:
Monitoring| 7 |Weekly 16€ 2.47E-5 |7.32E-7 2.47E5 9.47E-5 3.8/
System 8 |Daily 24 3.24E-6 |9.24E-8 3.24E-6 1.23E-5 3.81

9 |Monthly 72C 4.36E-4 |1.31E-5 4.38E-4 1.67E-3 3.8
Addition 1C | Bi-weekly 33€ 1.89E-4 |5.48E-6 1.88E-4 7.21E-4 3.8:
of AVR#3 | 11 | Weekly 16€ 9.18E-5 |2.61E-6 9.28E-5 3.51F-4 3.7¢

12 | Daily 24 1.28E-5 |3.59E-7 1.30E-5 4.96E-5 3.82
Addition 13 | Monthly 72C 5.36E-5 |1.79E-6 5.36E-5 2.05E-4 3.8Z
of both[ 14 [Bi-weekly 33€ 1.02E-5 |3.33E-7 1.02E-5 3.89E-5 3.81
Monitoring| 15 | Weekly 16¢€ 2.39E-6 |7.72E-8 2.40E-6 9.07E-6 3.77
& AVR#3 | 1€ |Daily 24 4.70E-8 |1.50E-9 4.73E-8 1.79E-7 3.7¢

The results presented in Fig. 11 indicate that nsot® and 16 showed the lowest values of both

unavailability and uncertainty. However, model h8luded the addition of a monitoring system

and AVR #3 on a monthly test period and satisfiesl rieliability specifications of the IEC and

ANSI/ISA standards, and was thus considered araternative than the models 14, 15 and 16,
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as a model that is reliable over a long test pewodld be preferred to those with shorter test
periods. Taking the test interval into considematithe recommended safety improvements
options are, in descending order, models 13, 18, 80, and 2.
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=]
1.0E-04 -
0.0E+00 -
1615814124 7136113 5102 9 1
Model, M

¢) ModelM in ascending order of unavailability
Fig. 11. Ranking of modél based on various measures

5 Conclusions

The RPS is most safety-critical in the 1&C systemaoresearch reactor, as it provides vital
functions of protection and shutdown of the reacitdns work demonstrates a risk-informed
methodology for the safety improvement of a RPQumfoperating research reactor. Using the
RPS of an operating AGN-201K research reactor a& caudy, unavailability, uncertainty,
minimal cutsets, and risk- and safety-significanustrics were first analyzed. The results were,
then, used to identify basic events that contridbu®st to the risk and safety of the RPS, and to
propose several potential improvements to incrélasereliability and availability of the RPS,
while avoiding/minimizing tampering with safety cimels. Based on the results of the
sensitivity analyses performed on the potentiabtyaimprovement options, the safety and
25



availability of the RPS have been significantly noyed. Taking the longer test interval into
consideration, the best top three potential safeprovement options are found to be model 13,
14, and 6, which araddition of both monitoring system and AVR #3 omtitlg test period
addition of both monitoring system and AVR #3 owdekly test perigdandaddition of only
monitoring system on bi-weekly test periodspectively. This is because the model that is
reliable over a long test period, having satisfiesability requirement specification, would be

preferred to those with shorter test periods.

The analysis of the procedure and the results efctse study indicated how safety can be
improved in the RPS of an operating research reaetadle minimizing tampering with safety

channels. The results of these analyses help terstaohd the safety-critical characteristics of the
research reactor and to base any backfitting oos&lienefit analysis for ensuring that only

necessary changes are made.

Acknowledgments

This work was supported by the National Researaiméation of Korea (NRF) grant funded by
the Korean government (MSIP: Ministry of Scienc&Tl and Future Planning) (No.
2017M2B2B1072806).

References

[1] International Atomic Energy Agency, Periodicf&g Review for Nuclear Power Plants, IAEA Safety
Standards, Specific Safety Guide No. SSG-25, VigAnatria, 2013.

[2] US Nuclear Regulatory Commision, PRA ProceduBesde: A Guide to the Performance of Probanbilitic
Risk Assessments for Nuclear, Power Plants, U.Slddu Regulatory Commission, NUREG/CR-2300,
1983.

[3] T.L. Chu, G. Martinez-Guridi, M. Yue, J. Lehnd?. Samanta, Traditional Probabilistic Risk Assemst
Methods for Digital Systems, U.S. Nuclear Regukatommission, NUREG/CR-6962, 2008.

[4] T.D. Le Duy, D. Vasseur, A practical methodojoipr modeling and estimation of common cause failu
parameters in multi-unit nuclear PSA model, Relkag. Syst. Saf. 170 (2018) 159-174.

[5] T. Hakata, Seismic PSA method for multiple raazi power plants in a site, Reliab. Eng. Syst. $4{2007)
883-894.

[6] H. Kim, J.T. Kim, G. Heo, Failure rate updatesing condition-based prognostics in probabilistdety
assessments, Reliab. Eng. Syst. Saf. 175 (20182335

[71 W.E. Vesely, Principles of resource-effectives@nd regulatory-effectiveness for risk-informeglcations:

26



[10]

[11]

[12]

[13]

[19]

[20]

[21]

[22]

(23]

[24]

Reducing burdens by improving effectiveness, Rekaiy. Syst. Saf. 63 (1999) 283-292.

M.J. Delaney, G.E. Apostolakis, M.J. DriscdRjsk-informed design guidance for future reactostems,
Nucl. Eng. Des. 235 (2005) 1537-1556.

W.E. Vesely, G.E. Apostalakis, Developmentsrisk-informed decision-making for nuclear powerntta
Reliab. Eng. Syst. Saf. 63 (1999) 223-224.

Y. Mizuno, H. Ninokata, D.J. Finnicum, Riskfatmed design of IRIS using a level-1 probabilistisk
assessment from its conceptual design phase, RElmp Syst. Saf. 87 (2005) 201-209.

K.N. Fleming, Issues and Recommendations falvaacement of PRA Technology in Risk-Informed
Decision Making, U.S. Nuclear Regulatory CommissibREG/CR-6813, 2003.

J.Y. Oh, S.W. Hwang, Risk-informed approach @@sign optimization during low power and shutdown
operation, Ann. Nucl. Energy. 130 (2019) 293-300.

R. Khalil Ur, G. Heo, Risk informed design I&fC architecture for research reactors, IEEE Tradscl. Sci.
62 (2015) 293-299.

International Atomic Energy Agency, SafetyRésearch Reactors, IAEA safety standards Seriescif&@p
Safety Requirements No. SSR-3, Vienna, Austriag201

International Atomic Energy Agency, SafetyMiiclear Power Plants: Design, IAEA safety stand&elses:
Specific Safety Requirements No. SSR-2/1 (Rewignna, Austria, 2016.

K.U. Rahman, K. Jin, G. Heo, Risk-informed id@sof hybrid I&C architectures for research reast¢dEEE
Trans. Nucl. Sci. 63 (2016) 351-358.

M.-H. Kim, Utilization of AGN-201K for Educatin and Research in Korea, in: Res. React. Fuel §lana
Trans., Rome, Italy, 2011.

Z.W. Birnbaum, On the importance of differemmponents in a multicomponent system, MultivaralA@
(1968).

W.E. Vesely, T.C. Davis, R.S. Denning, N. 8aJtMeasures of risk importance and their appboeti U.S.
Nuclear Regulatory Commission, NUREG/CR-3385, 1983.

M.C. Cheok, G.W. Parry, R.R. Sherry, Use oportance measures in risk-informed regulatory apgtibns,
Reliab. Eng. Syst. Saf. 60 (1998) 213-226.

J.G. Cho, B.J. Yum, Development and evaluatiban uncertainty importance measure in fault trealysis,
Reliab. Eng. Syst. Saf. 57 (1997) 143-157.

M. Van Der Borst, H. Schoonakker, An overviefvPSA importance measures, Reliab. Eng. Syst. &af.
(2001) 241-245.

M. Modarres, M. Agarwal, Consideration of padfilistic uncertainty in risk-based importance riagk in:
Proc. PSA 96, ANS, 1996.

S.H. Han, H.-G. Lim, S.-C. Jang, J.-E. YangM&-PSA: A Software for Integrated PSA, in: 13th. I6onf.
Probabilistic Saf. Assess. Manag. (PSAM 13), Sedaiea, 2016.

M.-H. Kim, Reactor Upgrade of AGN-201 in KHWorea, in: Res. React. Fuel Manag. Trans., Hamburg,
Germany, 2008.

International Atomic Energy Agency, Manual hiability data collection for research reactoiABSIAEA-
TECDOC-636, Vienna, Austria, 1992.

I. Ahmed, G. Heo, PRELIMINARY UNAVAILABILITY ANALYSIS OF SHUTDOWN SYSTEM FOR
AGN-201K RESEARCH REACTOR, in: Res. React. Fuel MgnTrans., Dead-Sea, Jordan, 2019.

27



[37]
[38]

International Atomic Energy Agency, Genericngmonent reliability data for research reactor PBYEA-
TECDOC-930, Vienna, Austria, 1997.

B.J. Garrick, W.C. GekKler, L. Goldfisher, R.Karcher, B. Shimizu, J.H. Wilson, Reliability Awyals of
Nuclear Power Plant Protective Systems, U.S. Atdemiergy Commission, NH-190, 1967.

N.A. Walter, P.M. Watson, Component Failureté&aand their Role in Reliability Prediction, Teah
report TR-71-31, 1971, 1971.

International Atomic Energy Agency, Componesiiability data for use in probabilistic safetysassment,
IAEA-TECDOC-478, Vienna, Austria, 1988.

U.S. Nuclear Regulatory Commission, CCF Patame Estimations, 2015 Update, (2016).
http://nrcoe.inel.gov/resultsdb/ParamEstSpar/.

A.D. Swain, Accident Sequence Evaluation Paogr Human Reliability Analysis Procedure, U.S. Nl
Regulatory Commission, NUREG/CR-4772, 1987.

A.D. Sawin, H.E. Guttmann, Handbook of Humaali&bility Analysis with Emphasis on Nuclear Power
Plant Applications, U.S. Nuclear Regulatory ComiinissNUREG/CR-1278, 1983.

Exida, IEC 61508 Overview Report: A summarytbhe IEC 61508 Standard for Functional Safety of
Electrical/Electronic/Programmable Electronic Sgfeelated Systems, Exida, Sellersville, PA 18968AU
(2006). http://www.win.tue.nl/~mvdbrand/courses/$2&3/iec61508 overview.pdf (accessed May 5, 2019).

J.L. Bergstrom, An Overview of ISA 84 Standéod Safety Instrumented Systems (SIS) and thet@gafée
Cycle, Process Eng. Assoc. LLC. (2015).
http://www.processengr.com/ppt_presentations/salfiétgycle training_2015.pdf (accessed May 5, 2019)

J.C. Whitaker, Power Vacuum Tubes Handbookingpr Science+Business Media, LLC, New York, 1994,

J.-K. Lee, K.-I. Jeong, G.-O. Park, K.-Y. SoinQuantitative reliability analysis of FPGA-baseahtroller
for applying to nuclear instrumentation and consgdtem, J. Korea Inst. Electron. Commun. Sci.CaL42
1117-1123.

28



