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The purpose of this paper is to cover human reliability analysis of the Tehran research reactor
using an appropriate method for the representation of human failure probabilities. In the
present work, the technique for human error rate prediction and standardized plant analysis
risk-human reliability methods have been utilized to quantify different categories of human
errors, applied extensively to nuclear power plants. Human reliability analysis is, indeed, an
integral and significant part of probabilistic safety analysis studies, without it probabilistic
safety analysis would not be a systematic and complete representation of actual plant risks. In
addition, possible human errors in research reactors constitute a significant part of the associ-
ated risk of such installations and including them in a probabilistic safety analysis for such fa-
cilities is a complicated issue. Standardized plant analysis risk-human can be used to address
these concerns; it is a well-documented and systematic human reliability analysis system with
tables for human performance choices prepared in consultation with experts in the domain.
In this method, performance shaping factors are selected via tables, human action dependen-
cies are accounted for, and the method is well designed for the intended use. In this study, in
consultations with reactor operators, human errors are identified and adequate performance
shaping factors are assigned to produce proper human failure probabilities. Our importance
analysis has revealed that human action contained in the possibility of an external object fall-
ing on the reactor core are the most significant human errors concerning the Tehran research
reactor to be considered in reactor emergency operating procedures and operator training
programs aimed at improving reactor safety.

Key words: human reliability analysis, standardized plant analysis risk — human method,
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INTRODUCTION

In spite of all preventive and mitigative mea-
sures considered in the design of nuclear reactors, they
still represent a residual risk to the outside world. To
reduce it, probabilistic safety analysis (PSA) has been
used as a powerful method for the survey of nuclear re-
actor safety. In addition, any meaningful PSA needs to
account for human action (HA) and their effects, both
in the probability of risk significant events, as well as
their consequences. This is because HA is an unavoid-
able part of the operation and maintenance in a nuclear
power plant (NPP), both in normal and abnormal situ-
ations [1]. A Reactor safety study [2] revealed that
more than 60% of the potential accidents in nuclear in-
dustry are related to human errors. Also, in some refer-
ences, the contribution of human errors to PSA results
were reported to be as high as 88% [3] (accidents at the
three miles island (TMI), in 1979, and Chernobyl, in
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1986, have yielded additional information about the
importance of human reliability [4, 5]).

As for research reactors, the situation is even
worse because of the role humans play in ensuring the
safety of such installations. Many safety functions,
performed automatically in power plants, must be per-
formed manually in research reactors.

Human reliability analysis (HRA) as a part of
PSA is defined as follows [6]: human reliability repre-
sents the probability of a person (1) correctly perform-
ing an action required by the system in the required
time and (2) not performing any extraneous activity
that could degrade the system. Any method by which
human reliability is assessed may be designated as
HRA [7]. The analysis typically includes the following
phases: (1) identification of HA, (2) modelling of im-
portant actions and (3) assessment of probabilities of
HA. The identification and modelling of important
HA, from the PSA point of view, most often take place
as a part of system and accident sequence modelling,
as demonstrated, for example, in [8].
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In general, there are three main approaches in
HRA: task-related (discrete nodal) models, task-related
(group action) models, and time reliability models.
Based on these three approaches, a wide range of vari-
ous HRA models and techniques are available, each
with their own characteristics: technique for human er-
ror rate prediction (THERP), cause-based decision tree
(CBDT) [9], human error assessment and reduction
technique (HEART) [10], nuclear action reliability as-
sessment (NARA) [11], standardized plant analysis
risk-human (SPAR-H) [12], human cognitive reliability
(HCR) [13], time reliability curve (TRC) [6], operator
reliability experiments/human cognitive reliability time
reliability curve (ORE/HCR TRC) [14], cognitive reli-
ability and error analysis method (CREAM) [15], ho-
listic decision tree (HDT) [16], technique for human
event analysis (ATHEANA) [17], cognitive reliability
and error analysis method IT (CREAM II) [15], method
for assessing the completion of operator's action for
safety (Mermos) [18], and success likelihood index
method (SLIM) [19].

In this research, SPAR-H was chosen from all
other available methods for the HRA of the TRR for
the following reasons:

— well-documented and systematic HRA system,
— human performance choices tabulated based on
expert opinion,

—  PSF selected via tables,
— HA dependencies accounted for, and
— method appropriate to the intended use

In addition, the method is one of the newest de-
veloped for HRA and its basic error rates are calibrated
against other HRA methods, such as the TEHRP, acci-
dent sequence evaluation program (ASEP), HEART,
elc.

The SPAR-H method is applied to the TRR,
which is a 5 MW pool-type research reactor with light
water as amoderator for a heterogeneous, solid fuel re-
actor, in which the water is also used for cooling and
shielding. The reactor core is immersed in either of the
sections of the two-sectioned concrete pool filled with
water. One of the sections of the pool contains an ex-
perimental stall in which beam tubes and other experi-
mental facilities converge. The other one is an open
pool area for bulk irradiation studies. The pool is
spanned by a manually operated bridge from which an
aluminum tower supporting the reactor core is sus-
pended. The control of the reactor is accomplished by
the insertion or removal of neutron absorbing control
rods suspended from control-drives mounted on the
reactor bridge. Additional control is provided by the
inherent negative temperature coefficient of the reac-
tivity of the system. A general symbolic scheme of the
TRR is presented in fig. 1.
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Figure 1. Symbolic scheme of the Tehran research reactor [20]
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Its main components are the reactor core, control
and safety systems, pool, holdup tank, pumps, heat
exchanger, connecting pipes, check valves, gate
valves and butterfly valves. Some of the main reactor
data are outlined in tab. 1, while detailed specifications
data are given in [20].

Our research has been organized as follows. Hu-
man reliability analysis describes the human reliabil-
ity analysis and a brief description of the TRR. In
Spar-H method, the SPAR-H method is addressed.
The methodology for the quantification of HA is ad-
dressed in Methodology. The HRA for the TRR is con-
sidered in Human reliability analysis results for the
Tehran research reactor. Results and discussion en-
compasses results and discussions.

HUMAN RELIABILITY ANALYSIS

The most important performance measure of in-
terest in any PSA is human reliability. HRA is an im-
portant part of any risk analysis. It has long been rec-
ognized that human error has a substantial impact on
the reliability of complex systems. To obtain a precise
and accurate measure of system reliability, human er-
ror has to be taken into account.

Regardless of the methods applied, HRA must
be performed within a defined general framework,
nearly the same for all HRA. In other words, to per-
form a HRA, one has to perform a number of tasks. To
put these tasks in the right order, a procedural frame-
work has been developed. There are four phases, each
of which contains a number of steps, summarized in
tab. 2. Interested readers are to refer to [12, 21] for de-
tailed information about the said steps.

For a more accurate modelling of HA in a PSA
system, HA are classified as follows:

— category A: Pre-initiating event interactions (also
called routine actions), e. g., maintenance of er-
rors, testing errors, calibration errors,

— category B: IE-related interactions, e. g., human
errors causing system trips, human errors causing
loss of power), and

— category C: Post-initiating event interactions (also
called emergency actions), e. g., all actions actuating
a manual safety system backup of an automatic sys-
tem.

Figure 2 depicts the locations of the various HA in
a simplified logic tree. Categories A and B of HA are ac-
counted for in the fault tree analysis as being the basic hu-
man error probabilities (BHEP), existent throughout ge-
neric databases [6, 22]. Upon that, the BHEP was
modified with specific plant data by means of the
Bayesian updating technique [23]. Almost all software
for reliability and risk analysis contains a toolbox for up-
dating data via the Bayesian approach. In this research,
SAPHIRE [24] was applied for the task.

Table 1. Specifications and main operating conditions of
the Tehran research reactor [20]

Core material
Coolant Light water
Fuel element Plate-type clad in
aluminum
Moderator Light water
Material test reactor
Nuclear fuel (MTR)
(low enriched uranium)
Reflector Graphite/light water
Thermohydraulics
Cladding thermal
conductivity [W 'mK™] 167.0
Cooling method Forced flow
Fuel thermal conductivity
[Wm—lK—l] 10.0
Ho}ldup tank water volume 37417
[m’]
Iggzt coolant temperature 3738
[°C]
Pool water volume [m3] 477.8
Primary cooling loop mass
flow rate [m3h§] 500
Pump head [m] 30.48
Secondary cooling loop
mass flow rate [m%h’l] 522
Total heat transfer surfaces
[cm?] for standard fuel 14,022.0
elements (SFE)
Total heat transfer surfaces
[cm?] for control fuel 10,332.0
elements (CFE)
Total power peaking factor 3.0
Fuel element dimensions
Fuel height [cm] 70.5
Fuel length [cm] 8.1
Fuel width [cm] 7.07
Number of plates in standard 19
fuel elements
Passing cooling water
cross-section [sz] at CFE 25.81
Passing cooling water
cross-section [cm?)] at SFE 3392
Plate clad thickness [mm] 0.4
Plate clad height [cm] 61.5
Plate clad width [cm] 6.0
Plate meat [mm)] 0.7
Water channel between plates
[mm] 2.7
Fuel meat
23577 ro,

U [%] 12.44
38U [%] 49.78
O[] 11.17
Al [%] 26.50

" gpm — means gallon per minute

Category C human errors need to be accounted
for comprehensively and in a plant-specific manner.
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Table 2. Procedural framework for performing HRA

No. Phase Steps
Collection of information
1 Familiarization Plant visit
Review of written procedures
Identification of potential human
) Qualitative errors
analysis Modelling of human errors in
PSA
3 Q‘?Pﬁgﬁgﬁon Different methods in HRA
: (SPAR-H) in this research
failures
Sensitivity and uncertainty
) analysis
4 Evaluation Recommendations
Documentation

As stated above, in this research, the SPAR-H method
was used to account for HA.

SPAR-H METHOD

The SPAR-H was a revision and a replacement
of the U. S. Nuclear Regulatory Commission’s acci-
dent sequence precursor (ASP) HRA screening
method. The revisions made were intended to contrib-
ute to a more realistic characterization of human per-
formance involving SPAR methods and techniques
and to reflect the newest trends in HRA methods and
data. Some of the goals of the SPAR-H include easy
use and better representation of the uncertainty and de-
pendency of the information gained for use in SPAR
PRA models originating from the US NPP. The
SPAR-H has been applied to over 70 US NPP. It was

Accident initating event Type C human action

example: pipi break

Human

Initiating

originally developed as a screening methodology, but
the method was later on extended to full human error
probability (HEP) quantification.

Task types

The SPAR-H model is built on years of experi-
ence of the authors in the nuclear energy field, espe-
cially in human factors and HRA. The underlying psy-
chological basis for the SPAR-H construct is the
informational model of humans. This being the case,
they have in mind a diagnosis and action model for
crew and personnel responses to accident conditions.
They further realize that the responses of persons are
affected by the context of the condition under which
these persons operate. The model consists of probabil-
ities associated with diagnosis and action i. e., HEP
values as 0.01 and 0.001 for diagnosis and actions, re-
spectively. An effective HEP consists of these ele-
ments, along with modifiers stemming from the con-
text (PSF).

SPAR-H PSF

The terms PSF or performance influence factor
(PIF) cover the same item and refer to anything that
could increase or decrease performance (i. e. HA) and
,thus, error probability for a particular type of task. In
this paper, only the term performance shaping factor is
being used. PSF are hypothetical, since one does not
know for certain if they will have a particular effect in
a specific situation and consulting with operators and
experts results in better PSF assignment. SPAR-H

Type C human action
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Figure 2. The location of human error types within the plant logic tree [25]



R. Barati, ef al.: Human Reliability Analysis of the Tehran Research Reactor ...
Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 3, pp. 319-332 323

deals with this shortcoming in a systematic way, which
is explained here.

SPAR-H is based on an information-processing
model of human cognition, yielding a causal model of
human error. SPAR-H also provides a discussion of
the interdependencies of PSF, often ignored in other
HRA methods. This being said, the interdependencies
are not available to the reader in terms of correlation
coefficients. The eight PSF applied to both the action
and diagnosis phase used by the method are:

— available time,

—  stress/stressors,

— complexity,

—  experience/training,

—  procedures,

— ergonomics/human-machine interface,
— fitness for duty, and

— work processes

Those interested can find detailed explanations
for each PSF in [12].

Dependency

In 1994, a dependency method was developed
that yielded a dependency rating from zero to com-
plete dependency. These levels were then matched to
the nomenclature in THERP. In 2003, the SPAR-H
method was again updated, this time to allow for ana-
lysts to acknowledge additional aspects of context
when considering dependency. The approach is meant
to highlight those actions or diagnoses that should be
further reviewed and for which higher failure rates can
be assumed.

Table 3 presents the dependency table that ana-
lysts use to assign the dependency level.

Table 3. Dependence condition table [12]

Note: If the error is the 3™ error in a sequence,
then the dependency is at least moderate. If the error is
the 4" error in a sequence, then the dependency is at
least high.

The final task failure dependency is calculated
via well known dependency equations addressed in
[6].

Caution: dependencies are analyzed based on
the analysis after minimal cut sets used for calculating
the frequency of core damage consequences for all ini-
tiating events. So, it is obvious that the dependency
analysis must be postponed and performed after mini-
mal cut sets are generated. Then, if the success of a task
requires the success of ORed operator actions, (in
which case, the operator error of the task is the failure
of ANDed actions), dependency modelling is applied.
This assumption is based on the belief that if the opera-
tor fails in the first step in a series or group of ORed ac-
tions, it is more likely that he will fail in subsequent
steps of the group. In that regard, the nominal HEP
(multiplied by the performance shaping factor) is ap-
plied to the first step. Upon this, different levels of de-
pendency are derived applying aforementioned equa-
tions to the HEP of the first step.

Uncertainty analysis

To take uncertainty into account, the SPAR-H
method employs a beta distribution which requires
two parameters, @ and . A table of applicable o pa-
rameters (as functions of the mean HEP) is supplied in
[26]. Figure 3 shows the numerical value of @ as a
function of the HEP. Once « is obtained, 3, is found via
the equation, 8 = « (1-HEP)/HEP.

.. Crew Time : Cues
Condition ( s) 1 i i Location dditional Dependency
same (s) or ¢ — close in time . a — additional
number different (d)) nc — not close in time (same or different) na — no additional

1 na complete
s

2 . a complete

3 d na high

4 a high

5 s na high
s

6 a moderate

nc

7 na moderate
d

8 a low

9 . na moderate

10 a moderate

11 ¢ d na moderate

12 d a moderate

13 na low

14 e s a low

15 d na low

16 a low

17 Zero
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Figure 3. Alpha () as a function of the mean HEP

SPAR-H method in quantification

Final HEP values are arrived at by multiplying the
nominal HEP (NHEP) (i. e. 1.0E-02 for the diagnosis
phase and 1.0E-03 for the action phase) by the weight-
ing factors derived from tab. 4 and tab. 5, for the diagno-
sis and action phase, respectively. This process is car-
ried out for diagnosis and action items, and the overall
value is given by the addition of both the diagnosis and
action contributions. Note that, in the case when the
number of PSF (for which the weighting factor is
greater than 1.0) is greater than or equal to 3, the base
HEP value is given by the following formula: HEP =
NHEP x PSF /[INHEP (PSF 1)+1].

composite composite

METHODOLOGY

After reviewing the PSA of the TRR to find HA,
the quantification of each task is performed in follow-
ing steps:

Category A HA

During operation, all stand-by safety systems
which may be in a state of unavailability because of
pre-accident human errors are searched for possible
testing, maintenance and calibration activities. Once
the errors are identified, a basic event is created in the
relevant system fault tree near the unavailable compo-
nent and quantified using the THERP approach as fol-
lows:

In accordance with the THERP approach (tab.
20.6), the possibility of a human error to be committed
during the testing and maintenance of a safety system
is taken to be P = 1.0E-2. Also, in consultations with
TRR operators, it was established that the results of
maintenance and checks of the safety system’s protec-
tion and interlocks are entered into maintenance logs.
They are checked by a supervisor, so a recovery from
human error is possible and this is modelled as the re-

Note: Type-A human failure events are charac-
terized as follows:

— misalignment of PSA components in their normal
operation or standby status after testing and main-
tenance, and

— miscalibration after calibration activities

In contrast with NPP, in research reactors, mis-
alignments of components are in many cases easily de-
tected by the plant’s personnel in the control room dur-
ing operation and by the walk — around supervisor
outside the pool. In addition, they are immediately cor-
rected after detection. Therefore, there is a very low
probability of these misalignment situations and an
initiating event occurring at the same time. Thus, such
type-A human failure events can be screened out (the
same goes for calibration activities that are screened
out due to criteria addressed above). Butitis conserva-
tively assumed that every safety system operating in
standby mode during operation may be in an unavail-
ability state because of a pre- accident human error, so

a basic event is introduced into the fault tree of each

safety system which is out of the screening criteria pre-

viously addressed in this paper.

Category B HA

Standard PSA do not distinguish the root cause
of an initiator and, often, these types of events are not
modelled separately in risk analyses. Usually, generic
databases are used to assign a BHEP to these actions
[6,22]. Then, the BHEP will be modified with specific
plant data by means of the Bayesian updating tech-
nique [23]. The objective of the Bayesian update
method is to combine generic data and plant-specific
data in such a way that the influence of the plant-spe-
cific data on the updated data increases with the
lengthening of the period in which the data is collected
or the number of failures increases. The method is es-
pecially useful if little plant-specific data is available
or little confidence in the plant specific data exists. Al-
most all software for reliability and risk analysis con-
tains a toolbox for updating data by the Bayesian ap-
proach. As mentioned, in this research, SAPHIRE
was used for the task.

Category C HA

The recipe for quantifying category-C HA is as
follows:
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Table 4. PSF evaluation criteria for the diagnosis phase [12]

Multiplier for

PSF PSF levels diagnosis

Criteria for evaluation

— Auvailable time < required time

P(failure) = 1.0 | — Deterministic safety analysis (DSA) results must
be used

Inadequate time

Barely adequate time (72/3 x 10

h DSA results must be used
nominal)

— DSA results must be used

Nominal time 1 . . .
— Nominal required time

Available time

Extra time (between | and 2 x 0.1

nominal and > than 30 minutes) DSA results must be used

Expansive time (>2 x nominal 0.01 DSA results must be used

and >30 minutes)

Insufficient information

Lack of sufficient information

Stress/stressors

Extreme

The onset of the stressor is sudden

The stressing situation persists for long

Feeling of threat to one’s physical well-being or to
one’s self-esteem or professional status

Accident sequences that go well beyond expected
conditions (e. g., a small loss of coolant accident
(SLOCA) with failure of safety injection)
Catastrophic  failures (due to potential or
radioactive release)

LOCA, (loss of offsite power) LOOP, anticipated
transient without scram (ATWS), steam generator
tube rupture (SGTR)

High

Multiple instruments and alarm go off unexpectedly
and at the same time

The consequences of the task represent a threat to
plant safety

Transients

Nominal

Normal plant operating conditions

Insufficient information

Lack of sufficient information

Complexity

Highly complex

There is much ambiguity as to what needs to be
diagnosed (e. g., a SLOCA which is not
depressurized)

Many variables are involved, with concurrent
diagnoses

Moderately complex

There is some ambiguity as to what needs to be
diagnosed

Several variables are involved, perhaps with some
concurrent diagnoses

Nominal

There is little ambiguity
Single or few variables are involved

Obvious diagnosis

0.1

The problem is so obvious that it would be difficult
for an operator to misdiagnose it

Compelling cues such as SGTR

Insufficient information

Lack of sufficient information

Experience/
training

Low

10

Less than 6 months of experience and/or training
Level of experience/training does not provide
adequate practice in those tasks

Level of experience/training does not expose
individuals to various abnormal conditions

Nominal

More than 6 months of experience and/or training

Level of experience/training provides an adequate
amount of formal schooling

High

0.5

Level of experience/training provides operators
with extensive knowledge and practice in a wide
range of potential scenarios

Insufficient information

Lack of sufficient information
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Table 4. (continuation)

Not available 50
I let 20 Information is needed that is not contained in the
ncomplete procedure or procedure sections
A procedure is available but it is difficult to use because
Available, but poor 5 of factors such as formatting problems, ambiguity, or
Procedures such a lack in consistency that it impedes performance
Nominal 1 Procedures are available and enhance performance
. . . Diagnostic procedures assist the operator/
Diagnostic/symptom oriented 0.5 crew in correctly diagnosing the event
Insufficient information 1 Lack of sufficient information
Missing/misleading 50 The instrumentation is inaccurate
The design of the plant negatively impacts task
Poor 10 performance
Ergonomics/ . The design of the plant supports correct performance,
HMI Nominal 1 but does not enhance performance
Good 05 The design of the plant positively impacts task

performance

Insufficient information

Lack of sufficient information

Unfit

P (failure) = 1.0

The individual is unable to carry out the required
tasks, due to illness or other physical or mental
incapacitation (e. g., having an incapacitating
stroke).

Fitness for

duty Degraded fitness

The individual is able to carry out the tasks, although
performance is negatively affected

Nominal

The individual is able to carry out tasks; no known
performance degradation is observed

Insufficient information

Lack of sufficient information

Poor

Performance is negatively affected by the work
processes at the plant (e. g., shift turnover does not
include adequate communication about ongoing
maintenance activities; poor command and control b
silpegvisor(s); performance expectations are not made
clear

Work Nominal

processes

Performance is not significantly affected by work
processes at the plant, or work processes do not appear
to play an important role (e. g., crew performance is
adequate; information is available, but not necessarily
proactively communicated)

Good

0.8

Work processes emé)loyed at the plant enhance
performance and lead to a more successful outcome
than would be the case if work processes were not
well implemented and supportive (e. g., good
communication; well understood and supportive
policies; cohesive crew).

Insufficient information

Lack of sufficient information

— evaluate the PSF for the diagnosis portion of the
task, if any,

— calculate the diagnosis failure probability,

— calculate the adjustment factor, if negative multi-
ple (=3) PSF are present,

— record the final diagnosis for HEP,

— evaluate PSF for the action portion of the task, if any,

— calculate action failure probability,

— calculate the adjustment factor, if negative multi-
ple (=3) PSF are present,

— record the final HEP action,

— calculate task failure probability without formal
dependence (Pw/od), and

— dependency analysis.

HUMAN RELIABILITY ANALYSIS
RESULTS FOR THE TEHRAN
RESEARCH REACTOR

First of all, all initiating events, along with their
accident sequence modelling and fault trees for event

trees’ headings, as well as for core damage states, are
considered in the PSA of the TRR in search of possible
human actions.

Initiating events

Only internal initiating events, i. e. hardware
failures in the plant or faulty operations of plant hard-
ware through human error or computer software defi-
ciencies have been considered. Two major categories
of'initiating events can be distinguished. Loss of cool-
ant accident (LOCA) initiator is an event that directly
causes loss of integrity of the primary coolant pressure
boundary. Transient initiators are those that could cre-
ate the need for a reactor power reduction or shutdown
and a subsequent removal of the decay heat [27].
Based on the responses of the safety systems, we have
considered 11 groups of initiating events of which four
are LOCA initiators and the others are transient initia-
tors [28]. Transient initiators are also subdivided into
following categories:
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Table 5. PSF evaluation criteria for the action phase [12]

PSF PSF levels

Criteria for
evaluation

Multiplier for
diagnosis

Inadequate time

P(failure) = 1.0

Time available is ~the time required 10

Nominal time

1

Available time

Time available >5x the time required 0.1

Time available is >50x the time required 0.01

Insufficient information

—

Extreme

High

Stress/stressors ;
Nominal

Insufficient information

Highly complex

Moderately complex

Complexity Nominal

Insufficient information

Low

Nominal

— W === = |

Experience/training Hish
1g

(=}
(9,

Insufficient information

—_

Such as

Not available

diagnosis phase

wn
(=]

Incomplete

[
(=]

Procedures Available, but poor

W

Nominal

—

Insufficient information

—

Missing/misleading

W
(=]

Poor

—_
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— loss of offsite power supply (LOPS),

— loss of flow, forced circulation unavailable (LFFCU),

— loss of flow, forced circulation available (LFFCA),
and

— excess reactivity insertion (ERI).

Core damage states (CDS)

Core damage has been conservatively assumed
to occur when the available thermohydraulic models
cannot support a successful cooling-down of the reac-
tor core, given the particular states of the various
safety systems. More detailed calculations might indi-
cate that in some cases core damage is not actually oc-
curring. All accident sequences identified do not lead
to the same degree of core damage. Depending on the
initiating event, operating safety systems and indica-

tions stemming from the thermohydraulic analysis,
eight states have been defined, of which two corre-
spond to abnormal states (which do not lead to core
damage), while the others belong to core damage
states. The said eight states are described below as:

— CDSI1: when the reactor shutdown takes place
successfully, but the natural circulation system
fails (with no primary heat removal),

— CDS2: when the reactor fails to shut down and
there is no primary heat removal,

— CDS3: when the reactor fails to shut down in the
case of a fuel channel blockage accident,

— CDS4: when the reactor does not shut down in the
case of a reactivity accident, although the primary
heat removal system works normally,

— CDS5: when the reactor does not shut down in the
case of a reactivity accident and the primary heat
removal system also fails,
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— CDS6: when reactor shutdown takes place, but the
core is bared because of a failure in the pool-isola-
tion system in case of LOCA,

— CDS7: when the reactor shutdown does not take
place, but the core is bared because of the failure
of'the pool isolation system in case of LOCA, and

— CDS8: when the reactor shutdown does not take
place and both the Natural Circulation and Forced
Circulation systems work normally but, because
of the opening of the safety flapper, the core is by-
passed.

Specific accident sequences consisting of an ini-
tiating event group, specific system failures and suc-
cesses and possible human responses are defined here.
These system failures are, in turn, modelled in terms of
basic event component unavailability and human er-
ror, so as to identify the basic causes underlying them
and to allow for the quantification of system failure
probabilities (unavailability) and accident sequence
frequencies. The list of event tree headings representa-
tive of different safety functions/systems is summa-
rized in tab. 6.

Considering initiating events, core damage
states, accident sequence modelling and fault trees
for their headings, HA of the TRR are clarified and
assigned numbers in tab. 7. Then, dependency anal-
ysis is taken into account to generate the final HEP.
It is worth mentioning that after all minimal cut sets
are generated, the dependencies are analyzed based
on an analysis of minimal cut sets used for calculat-
ing consequences ending CDS for all initiating
events. Probabilities of all Category C HA are set to
1. After this, minimal cut sets containing two or
more HAs are identified. If the frequency of a mini-
mal cut setis more than 1.00E-08, it will be analyzed
for dependency. Table 8 shows identified human ac-
tions for 11 initiating events, along with depend-
ency analysis.

With all HA clarified, an importance analysis is
performed to rank the most significant HA to have a
backfitting, both in emergency operating procedures
and operator training programs for TRR.

Importance analysis

Importance analysis was used to determine the
most important HA at the plant. There are different mea-
sures in importance analysis such as Fussell-Vesely
(FV), risk reduction worth, risk achievement worth
(RAW), and differential importance measure. Among
them, FV and RAW are more common in analyses.

Fussell — Vesely importance

This measure was introduced by Vesely [29, 30]
and later applied by Fussell [31]. The FV of compo-

Table 6. Event trees headings

No. Heading description
1 Containment sealing
2 Emergency electrical power supply
3 Electrical power supply
4 Emergency ventilation
5 Forced cooling system
6 High power scram fail
7 High radiation scram fail
8 High power scram system common cause failures
9 Low flow scram fail
10 Manual shutdown
11 Natural circulation
12 Pool isolation system for loss of coolant accident 1
(LOCAL)
13 Pool isolation system for LOCA2
14 Pool isolation system for LOCA3
15 Pool isolation system for LOCA4
16 Pool level scram fail
17 Primary pump scram fail
18 Period scram fail
19 Reactor protection system for excess reactivity
msertion
20 Reactor protection system for loss of flow, forced
circulation available 2
21 Reactor protection system for loss of flow, forced
circulation available 3
2 Reactor protection system for loss of flow, forced
circulation unavailable 1
23 Reactor protection system for loss of flow, forced
circulation unavailable 2
24 Reactor protection system for LOCAL1
25 Reactor protection system for LOCA2
26 Reactor protection system for LOCA3
27 Reactor protection system for LOCA4
23 Reactor protection system for loss of power
supply
29 Water recovery fail

Table 7. HA in TRR

No. Human actions
1 Bypass high radiation scram
2 Detection of fuel channel blockage
3 Detection of high pool level
4 Determination of LOCA 1 procedure
5 Determination of LOCA 2 procedure
6 Determination of LOCA 3 procedure
7 Determination of LOCA 4 procedure
8 Detection of containment sealing necessity
9 Detection of excess reactivity insertion
10 Detection of LOCA1
11 Detection of LOCA2
12 Detection of LOCA3
13 Detection of LOCA4
14 Detection of low pool level
15 Forced circulation necessity
16 Hold up tank high level
17 Turning on generator
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Table 8. Results of HRA for TRR

No. Initiating event al;ltli]f;:?sl) Alphayeq Betay/od Pw/od” Pwd”
17 4.99E-01 1.24E+02 4.00E-03 N/A™
1 LOPS 15 4.98E+01 1.06E+02 4.70E-03 5.45E-02
8 4.99E-01 1.24E+02 4.00E-03 1.46E-01
4.19E-01 1.26E+00 2.50E-01 N/A
1 4.68E-01 4.21E+00 1.00E-01 1.45E-01
2 ERI 17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
15 4.99E-01 1.24E+02 4.00E-03 5.00E-01
8 4.98E+01 9.92E+01 5.00E-03 5.00E-01
4.77E-01 6.34E+00 7.00E-02 N/A
3 LFFCA1 17 4.99E-01 1.24E+02 4.00E-03 5.38E-02
8 4.99E-01 1.33E+02 3.75E-03 1.46E-01
A LFFCAD 17 4.99E-01 1.24E+02 4.00E-03 N/A
8 4.98E+01 9.92E+01 5.00E-03 5.47E-02
3 4.99E-01 1.66E+02 3.00E-03 N/A
5 LFFCA3 17 4.99E-01 1.24E+02 4.00E-03 5.38E-02
8 4.99E-01 1.27E+02 3.90E-03 1.46E-01
14 4.99E-01 1.66E+02 3.00E-03 N/A
6 LFFCUL 16 4.95E-01 3.25E+01 1.50E-02 6.42E-02
17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
8 4.99E-01 1.18E+02 4.20E-03 5.02E-01
14 4.99E-01 1.42E+02 3.50E-03 N/A
7 LFFCU2 17 4.99E-01 1.24E+02 4.00E-03 5.38E-02
8 4.98E-01 1.04E+02 4.75E-03 1.46E-01
10 4.99E-01 1.66E+02 3.00E-03 N/A
16 4.97E-01 4.92E+01 1.00E-02 5.9E-02
8 LOCAI 17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
4.84E-01 9.19E+00 5.00E-02 5.25E-01
8 4.99E-01 1.24E+02 4.00E-03 5.02E-01
11 4.99E-01 1.66E+02 3.00E-03 N/A
16 4.97E-01 4.92E+01 1.00E-02 5.9E-02
9 LOCA2 17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
5 4.84E-01 9.19E+00 5.00E-02 5.25E-01
8 4.99E-01 1.33E+02 3.75E-03 5.01E-01
12 4.99E-01 1.66E+02 3.00E-03 N/A
16 4.97E-01 4.92E+01 1.00E-02 5.9E-02
10 LOCA3 17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
4.19E-01 1.26E+00 2.50E-01 6.25E-01
8 4.99E-01 1.24E+02 4.00E-03 5.02E-01
13 4.99E-01 1.66E+02 3.00E-03 N/A
16 4.97E-01 4.92E+01 1.00E-02 5.9E-02
11 LOCA4 17 4.99E-01 1.24E+02 4.00E-03 1.46E-01
7 4.19E-01 1.26E+00 2.50E-01 6.25E-01
8 4.99E-01 1.24E+02 4.00E-03 5.02E-01

" Without format dependence, ~ with dependence, *** not applicable,first in sequence and zero dependency

nent X is the fraction the baseline core damage fre-
quency (CDF) would be reduced if component X was
always available (never failed and never out of ser-
vice)
CDF —CDF (X =0)
CDF

CDF is the baseline CDF, with basic events as-
signed probabilities, and CDF(X = 0) is the CDF, set-
ting probability equal to O for the basic events repre-
senting the component for which FV is calculated.

FV(X)= (M

Risk achievement worth

Chadwell and Leverenz [32] discuss RAW (also
referred to as risk increase factor — RIF) as a measure
in which input variable probability or frequency is set
to unity, and the effect of this change on the system risk
is measured. Therefore, RAW is the ratio of the new
(increased) risk to the baseline risk of the system when
the probability of the specified risk element is set to

unity. CDF(X =1)

RIF(X)= CDF (2)
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Based on the importance analysis, the most signifi-
cant HA for each initiating event are shown in tab. 9.

Table 9. Importance of HA

Core damage
state

Human action (s)

Detection of forced cooling necessity
Turning on generator

CDS2 Detection of containment sealing
necessity

CDS1

Determination of fuel channel blockage

CDS3 Detection of containment sealing
necessity

CDS4 Detection of containment sealing
necessity

Forced cooling necessity
Turning on generator
Determination of LOCA 3 procedure
Determination of LOCA 4 procedure

CDS5

CDS6 Determination of LOCA 2 procedure
Determination of LOCA 1 procedure

Detection of containment sealing
necessity

Determination of LOCA 3 procedure

Determination of LOCA 4 procedure
Determination of LOCA 2 procedure
Determination of LOCA 1 procedure

CDS7

Detection of containment sealing
necessity

CDS8 Detection of containment sealing
necessity

RESULTS AND DISCUSSION

As stated, tab. 8 shows identified human actions
for 11 initiating events along with the dependency
analysis, while tab. 9 shows the results for the impor-
tance analysis of the TRR. Also, to show the signifi-
cance of operator actions at the TRR, calculations of
total CDS were performed with all HA failures and
successes (i. e. in failure, all HA set to 1). Results
shows that the total core damage frequency of TRR is
1.8E-01 and 2.12E-05 for all HA set to failure and suc-
cess, respectively.

Also, to justify the results of the importance
analysis, some tests have been conducted as follows.
In each CDS, analysis was performed with failure and
success of human actions and the results obtained have
been considered for possible backfitting in reactor
emergency operating procedures and also operator
trainings programs.

e C(DSI
— Detection of forced cooling necessity set to fail-
ure (i. e. set to 1) and the CDS1 frequency in-
creased to 1.2E-6, compared with 1.4E-7 (in
success mode).
— Turning on generator set to failure CDS|1 frequency
increased to 1.9E-7, compared with 1.4E-7.

CDS2

— Results with failure and success of detection of

containment sealing necessity are 7.1E-8 and
8.3E-9, respectively.

CDS3

Results with failure and success of determina-
tion of fuel channel blockage are 2.0E-5 and
2.1E-6, respectively.

Results with failure and success of detection of
containment sealing necessity are 1.9E-5 and
2.1E-6, respectively.

CDS4

Results with failure and success of detection of
containment sealing necessity are 2.2E-7 and
2.7E-8, respectively.

CDS5

Results with failure and success of forced cool-
ing necessity are 2.0E-9 and 2.6E-10, respec-
tively.

Results with failure and success of turning on
generator are 1.9E-9 and 2.6E-10, respectively.
CDS6

Results with failure and success of determina-
tion of LOCA 3 procedure are 2.3E-5 and
1.7E-5, respectively.

Results with failure and success of determina-
tion of LOCA 4 procedure are 2.1E-5 and
1.7E-5, respectively.

Results with failure and success of determina-
tion of LOCA 2 procedure are 2.0E-5 and
1.7E-5, respectively.

Results with failure and success of determina-
tion of LOCA 1 procedure are 1.85E-5 and
1.7E-5, respectively.

Results with failure and success of detection of
containment sealing necessity are 1.77E-5 and
1.7E-5, respectively.

CDS7

Results with failure and success of determina-
tion of LOCA 3 procedure are 7.7E-10 and
7.3E-11, respectively.

Results with failure and success of determina-
tion of LOCA 4 procedure are 7.5E-10 and
7.3E-11, respectively.

Results with failure and success of determina-
tion of LOCA 2 procedure are 7.2E-10 and
7.3E-11, respectively.

Results with failure and success of determina-
tion of LOCA 1 procedure are 7.0E-10 and
7.3E-11, respectively.

Results with failure and success of detection of
containment sealing necessity are 6.5E-10 and
7.3E-11, respectively.

CDS8

Results with failure and success of detection of
containment sealing necessity are 4.8E-6 and
4.4E-7, respectively.
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CONCLUSIONS

This work is an important step in our quest to en-
hance the operation safety of the TRR. In consultation
with the operators, a comprehensive study of HA was
performed using SPAR-H as a systematic method in
human reliability analysis for a true representation of
human errors at the TRR. Also, importance analysis
showed the most significant HA that should be taken
into account in order to improve the safety of the TRR.
In our future works, we intend to use the concepts of
this paper in live probabilistic safety assessment of the
TRR.

According to the conducted HRA, results ob-
tained and the discussion section, it is clear that hu-
mans play a crucial role in TRR safety. This is obvious
when we see that the total CDF of the plant has in-
creased tol1.8E-01, setting all HA to failure compared
with 2.12E-05.

Also, considering the CDS results with HA set to
failure and success, it is clear that among HA, the de-
termination of fuel channel blockage and detection of
containment sealing necessity in CDS3 which are rep-
resentative of an external object falling on the reactor
core and determination of LOCA 3 procedure, deter-
mination of LOCA 4 procedure, determination of
LOCA 2 procedure, determination of LOCA 1 proce-
dure and the detection of containment sealing neces-
sity in CDS6, are the most significant HA demanding
great attention in emergency operating procedures and
operator training programs for the TRR.
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Pamun BAPATU, Caug CETAJEIIINA

AHAJ/IN3A JbYJACKE IOY3JAHOCTU UCTPAXUBAYKOTI
PEAKTOPA Y TEXEPAHY KOPUIIKREWLEM SPAR-H METOJE

Luse oBoOT paja je ga pa3MOTpH aHANIN3Y JbYCKE MOY3AaHOCTH Ha VIcTpaskuBaukoM peakTopa y
Texepany, kopucTehn NpUKITagHy METONY 32 TPUKa3MBakh¢ BepOBaTHOhE JbYACKE TPEMIKe. Y TOcCafjallmheM
pany npuMe-eHa je TEXHUKA 32 MPEeABIbhamhe yUeCTAIOCTH JbYICKE TPEIKe Kao M METOJIE CTaHAapAN30BaHEe
aHanu3e pusrka (JbYJACKEe IOY3[aHOCTH) KOJ| €JIeKTpaHa, Koje Ce IIUPOKO KOPUCTE y HYKICApHUM
eJleKTpaHaMa pajii KBaHTH(DUKOBaKka PA3IUUNTUX KaTEeropuja JbYACKUX Tpelnaka. AHalu3a JbYICKe
TIOY3/IaHOCTH je 3aicTa NHTETPaliaH 1 3HavajaH Ieo CTyAuja Mpo0aduINCTUIKE aHATIN3E CUTYPHOCTH 1 0e3
e OBa aHalN3a CUTYPHOCTH He OW Omiia CHCTeMaTHYHA W KOMIUIETHA TIPEJICTaBa CTBApHUX PHU3HKA Y
enekTpanu. [logaTHOo, Moryhe IbyAcKe Tpelike KOJ HMCTPakKMBAYKUX peakTopa YMHE 3HavajaH JIeo
nmocTojeher pu3nKa OBaKBUX MOCTPOjeHa U BUXOBO YBOhEHE Yy aHATHM3Y CUTYPHOCTH je CIIOXKEH 3ajjaTak.
CraHfgapin30BaHa aHaIu3a pU3UKa MOXE ce KOPHUCTHTH 34 CyOodyaBamke ca OBAaKBHUM IpobiieMumMa jep je
IO6pO TOKYMEHTOBAHA M CHCTEMAaTHIHA ca TabestamMa Moryhux nmepgopMaHCH JbYH, KOje CY TPUIIPEMIbEHE
y3 capajiiby ca eKClepTuMa U3 OBe 00JIaCTH. Y OBOj METOAH (paKTOpH OOJINKOBaka ephOpMaHCH OUpaHu
cy u3 TabeJa, ypadyHaTe cy 3aBUCHOCTH JbY/ICKUX aKIIMja ¥ METO/IA j€ TIpIIIaroheHa 3a HaMelheHY yoTpeoy.
Y capapmu ca onepaTepuMa Ha peakTopy, uleHTU(PUKOBAHE CY JbY/ICKE IPEIIKe 1 OAroBapajyhu pakTopu
ob6IMKOBama nepopMaHCH IPUAPYKEHA Cy Kako O ce mobmie BepoBaTHOAe Jby/CKUX Tpemnaka. Harra
aHaJM3a je mokasala Jia JbYyJICKe aklmje caipskKaHe y BepoBaTHohH fa cTpaHM oOjeKaT MajHe Ha je3rpo
peaxkTopa cy Haj3HaudajHUje JbYJCKE TIpelllKke Koje ce TUIy OBOT peakTopa, Te Tpeba fa Oymy yHeTe y
peakTOpCKe MPOoIeAype 3a Cayyaj akKIueHTa, Kao 1 y nmporpaMe oOyKe TeXHWYapa KOju 3a IIJb UMajy
nofoJpIame 6e30eTHOCTHA PeakTopa.

Kmwyune peuu: anaausa myocke ioy30aHOCtil, CllaHOapOHa AHAAU3A PUSUKA KOO eAeKIUpana,
ucipaxcusadku peaxiop y Texepauy, anaausa cuzypHociuu




