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Astract: This study presents a framework merging failure mode and effect analysis
(FMEA) and fault tree analysis (FTA) techniques to evaluate loss of coolant accident
(LOCA) in the Brazilian Reactor TRIGA IPR-RI. At first, FMEA identified failure modes
and prioritized risk management based on the risk priority number (RPN). Subsequently,
FTA established logical relationships between these failure modes, revealing minimal cut
sets. Results indicated that the path involving “loss of coolant from reactor tank”™ correlate
to an externally caused leak, exhibiting a low probability and, consequently, a low RPN.
On the other hand, the path involving “loss of coolant through primary circuit rupture
without a pump shutdown” highlighted high RPN due to the lack of shutdown signals
from the monitoring indicators. Finally, FTA unveiled that LOCA associates with a
primary circuit rupture and the simultaneous failure of safety mechanisms, including
ultimately human error.
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Aplicagao das técnicas FMEA e FTA
para avaliacdo da ocorréncia do LOCA
em um reator TRIGA MARK I

Resumo: Este estudo apresenta uma metodologia que mescla as técnicas de analise de
modo e efeito de falha (FMEA) e andlise de arvore de falhas (FT'A) para avaliagio do
acidente de perda de refrigerante (LOCA) no reator brasileiro TRIGA IPR-RI
Inicialmente, a técnica FMEA foi utilizada para identificar os modos de falha e priorizar
o gerenciamento de riscos com base no numero de prioridade de risco (NPR). Em
seguida, a técnica FT'A foi empregada para estabelecer relagdes logicas entre esses modos
de falha, revelando conjuntos de cortes minimos. Os resultados indicaram que o caminho
envolvendo “perda de refrigerante do tanque do reator” se correlaciona com um
vazamento  causado  externamente, apresentando  baixa  probabilidade e,
consequentemente, baixo NPR. Por outro lado, o caminho envolvendo a “perda de
refrigerante por ruptura do circuito primario sem desligamento da bomba” exibiu NPR
elevado devido a falta de sinais de desligamento dos indicadores de monitoramento.
Finalmente, a FT'A revelou que a ocorréncia do LOCA esta associado a uma ruptura do
circuito primario e a falha simultanea dos mecanismos de seguranca, incluindo, em dltima
andlise, erro humano.

Palavras-chave: TRIGA IPR-RI, acidente de perda de refrigerante, FMEA, FTA.
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1. INTRODUCTION

Training, Research, Isotopes, General Atomics (TRIGA) IPR-RI Mark I reactor,
designed and constructed by General Atomics and housed at Centro de Desenvolvimento
da Tecnologia Nuclear (CDTN) in the 1960s [1], is subject to stringent safety requirements
outlined by the International Atomic Energy Agency (IAEA) [2]. Ensuring the protection of
individuals, society, and the environment against radiological hazards in nuclear research
reactors such as TRIGA installations mandates establishing and maintaining effective
defenses, addressing postulated accidents and operational limit conditions throughout the

life cycle of the nuclear facility [3, 4].

Rather than relying exclusively on engineered safety, this research reactor category
boasts inherent passive safety defenses when using uranium-zirconium-hybrid (UZrH)
nuclear fuel [5, 6]. Notably, the high prompt negative fuel temperature coefficient of
reactivity counters reactivity insertions as the fuel temperature increases [7], thereby limiting
the reactor power to safe levels. Moreover, the fuel exhibits a high retention capacity for

tission products, effectively preventing their release in case of cladding rupture.

Comparable safety defenses must compose the facility’s capabilities to manage other
designed-based conditions that represent a deviation from the normal operational state [2].
The Final Safety Analysis Report (FSAR) of the TRIGA IPR-RI reactor identifies the loss-
of-coolant accident (LOCA) as the maximum hypothetical accident [8]. This event represents
an extreme and unanticipated scenario that could occur during the reactor’s operational
lifespan. Bock and Kirchsteinger (2008) [9] delineated two potential LOCA scenarios in
TRIGA research reactors:
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e Coolant loss from reactor tank rupture

e Loss of coolant through primary circuit rupture without pump shutdown

In order to estimate accident scenarios, risk management strategies often employ
tailure mode and effect analysis (FMEA) and fault tree analysis (FTA) as reliable techniques.
Previous studies [10, 11] underscore the potential synergy between these methods. This
approach involves using (1) the FMEA to assess potential failure modes based on the risk
priority number (RPN) and (2) FT'A to delineate events, including intermediate and basic

events, contributing to system failure analysis from top to bottom.

The main contribution of this study resides in the application of a comprehensive
approach, merging FMEA and FTA techniques to evaluate LOCA events in the Brazilian
nuclear research reactor. The methodology involved conducting FMEA to identify stress
tactors and failure mechanisms that could lead to component failure, pinpointing respective
failure modes and their impact on reactor operations. Furthermore, the RPN prioritized
decision-making to mitigate and eliminate these failure modes. Subsequently, each failure
mode became intermediate and basic events within a fault tree (FT), where the top event
signifies the LOCA, enabling the determination of minimum cut sets (MCS)—the shortest

pathways leading to the top event.
1.1. Description of TRIGA IPR-R1 reactor tank and cooling system

The TRIGA IPR-RI reactor stands as a typical TRIGA Mark I light-water and open-pool
reactor [5, 0]. Figure 1 depicts its reactor tank design. The structure housing the reactor core
consists of two coaxial steel plate cylinders spaced 20.3 cm apart and filled with concrete.
Situated over the steel tank as the innermost layer, an additional 10 mm aluminum barrier serves
to withstand harsh environments especially caused by radiation. The entire cylinder structure,
boasting an internal diameter and depth of 1.92 m and 6.625 m, respectively, accommodates

approximately 18000 L of demineralized water, which functions as a coolant and plays a crucial
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role in moderating and reflecting neutrons. Moreover, it also operates as a biological shield for

operators, providing suitable protection against radiation emitted from the reactor core.

The cooling mechanism for the reactor core relies on natural convection of
demineralized water within the pool. Once the power exceeds 1 KW, the primary circuit
engages to facilitate the cooling process [8]. As illustrated in Figure 2, the hot water collected
near the bottom of the pool undergoes cooling as it circulates through the channels formed
between the shell and tubes of the heat exchanger. This process involves the transfer of heat
from the hot water to the water from the secondary circuit. Subsequently, the demineralized
water returns to the pool, entering at a height of 348.5 cm above the outlet. The mechanical
components responsible for managing water flow in the primary circuit include a centrifugal

pump, manual valve, and stainless-steel pipelines.

Figure 1: TRIGA IPR-RI reactor pool.
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Source: (CDTN, 2022) [8].

A water purification system serves three primary functions in the primary circuit [12]:

(i) Maintaining the pool water conductivity at < 2 uS/cm to minimize corrosion of reactor
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components, especially fuel elements. (ii) Reducing water radioactivity by eliminating
suspended particles and soluble impurities. (iii) Preserving the optical transparency of the
water. This system encompasses a demineralizer based on ion exchange resins, filters, pumps,

and monitoring equipment.

An external cooling tower cools the water from the secondary circuit after it circulates
through the internal tubes of the heat exchanger. Components in direct contact with water
in the primary circuit are crafted from stainless steel, while those in contact with normal
water (in the secondary circuit) consist of carbon steel [8]. The monitoring and control
system of the TRIGA IPR-RI reactor integrates audible and visual alarms, receiving inputs
trom radiation, temperature, conductivity, and water level indicators (Figure 2). These passive
components, part of the control panel, oversaw operational conditions, facilitating safer

operation and ensuring optimal water quality in the reactor pool.

Figure 2: Piping and instrumentation diagram of the TRIGA IPR-RI reactor cooling system.
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2. MATERIALS AND METHODS

This study undertook a reliability assessment of systems and components concerning
coolant-loss-related accidents. The methodological framework for assessing LOCA
occurrence involved employing the FMEA technique to identify and analyze failure modes

and their implications on reactor operation.

Subsequently, the FTA technique established a logical relationship between these
tailure modes and derived minimal cut sets potentially leading to a LOCA event in the IPR-
RI reactor. Figure 3 illustrates the entire framework process. As a computational resource,
we executed the FMEA method using XFMEA++ [14] software, while BlockSim software

facilitated the creation of the fault tree [15].

Figure 3: Methodological framework for the evaluating occurrence of LOCA.
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A team from the technical personnel at CDTN implemented the FMEA technique
adhering to the principles outlined in [106], focusing on their familiarity with the TRIGA IPR-
RI reactor and maintaining group heterogeneity. Table 1 shows the professional positions
and areas of expertise of the selected experts. The subsequent step involved an extensive
survey of existing literature to identify potential failure modes with significant adverse effects

on facility safety regarding LOCA events.

Each identified failure mode underwent classification by expert group judgment based
on severity (S), probability of occurrence (O), and probability of detection (D). The rating
criteria derive from the “standard FMEA” library of XFMEA++ and are detailed in Tables
2, 3, and 4, respectively. Subsequently, we evaluated the overall risk associated with each
failure mode using the RPN from FMEA. Evaluating the RPN includes software tools like
XFMEA++ or any similar applications settled by the user, otherwise performed manually as

well. Equation 1 denotes the RPN expression.

RPN =8x0xD (1)
Table 1: Basic information of experts.

EXPERT PROFESSIONAL POSITION AREA OF EXPERTISE
Expert 1 Technician Electrical engineering
Expert 2 Technologist Electrical engineering
Expert 3 Researcher Mechanical engineering
Expert 4 Researcher Mechanical engineering
Expert 5 Researcher Safety engineering
Expert 6 Technologist Nuclear engineering
Expert 7 Researcher Nuclear engineering
Expert 8 Technologist Mechanical engineering
Expert 9 Researcher Nuclear engineering

Expert 10 Researcher Materials engineering

RPN values ranging from 1 to 1000 employed classification of potential failures, aiding

in determining crucial actions to mitigate risk. This process typically involves reducing the
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probability of occurrence, enhancing controls to detect failures, and minimizing their
consequences. Following expert judgment analysis, we categorized each failure mode into

three priority groups based on the RPN:
e HIGH RPN: Values higher or equal to 200;
e MEDIUM RPN: Values higher or equal to 100 and lower than 200;

o [.OW RPN: Values lower than 100.

Table 2: Criteria for determining the severity of possible failure modes [14].

RATING
DESCRIPTION CRITERIA MARK
No effect No discernable effect 1
Component operable. Non-compliance observed by few
Annoyance users (< 25%) 2
Component operable. Non-compliance observed by few
Annoyance users (< 50%) 3
Component operable. Non-compliance observed by few
Annoyance users (< 75%) 4
Degradation of secondary Component operable. Secondary function at reduced level 5
function of performance
Loss of secondary function Component operable. Secondary function inoperative 6
Degradation of primary Component operable. Primary function at reduced level of 7
function performance
Loss of primary function Component operable. Primary function inoperative 8
Fail to meet regulatory and . . .
safety requirements Fail to comply with regulatory body standards (no warning) 9
Fail to meet regulatory and Fail to comply with regulatory body standards (possible 10

safety requirements

warning)
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Table 3: Criteria for determining the probability of possible failure modes [14].

DESCRIPTION CRITERIA Rﬁi{I\II(G
Very low Failure eliminated through preventive controls 1
Low 1 in 1,000,000 2
Low 1in 100,000 3
Moderate 11in 10,000 4
Moderate 1 in 2,000 5
Moderate 1in 500 6
High 1in 100 7
High 1in 50 8
High 1in 20 9
Very high 1in 10 10

Table 4: Criteria for determining failure detection of possible failure modes [14].

DESCRIPTION CRITERIA R
Almost certain detection probability of 99.99% 1
Very high detection probability of 99% 2
High detection probability of 90% 3
Moderately high detection probability of 75% 4
Moderate detection probability of 50% 5
Low detection probability of 25% 6
Very low detection probability of 10% 7
Remote detection probability of 1% 8
Very remote detection probability of 0.1% 9
Almost impossible detection probability of 0.001% 10

Following the FMEA, the FTA technique applied a top-down graphical analysis,
examining LOCA by considering the failure modes identified in the FMEA. At first, these
tailure modes became intermediate and basic events of the fault tree, as detailed in Figure 3.
Similar methods are readily available in prior studies [17, 18]. Posteriorly, BlockSim software
tacilitated Boolean gates implementation, enabling the logic flow through the fault tree by

permitting or denying relationships among the events. This process established pathways
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illustrating potential failure sequences leading to the LOCA occurrence on TRIGA IPR-R1.
Finally, all minimum cut sets derived from Boolean logic algebra, outlining all possible paths

culminating in the LOCA and their respective order.

3.RESULTS AND DISCUSSIONS

We implemented the comprehensive approach described above to items and systems
within the TRIGA IPR-RI. As per the FMEA identification of the failure effects on
components, a LOCA event relates directly to the reactor tank and primary circuit operation.

Therefore, the analysis excluded the secondary circuit and the purification system.

Transitioning from FMEA to FTA, the fault tree depicted in Figure 4 underwent
analysis using BlockSim software. Notably, the top event connects to the intermediate events
via an “OR” Boolean gate. Therefore, two potential undesired events can independently
trigger the top event: loss of coolant from the reactor tank (B1) and loss of coolant due to a
primary circuit rupture without a pump shutdown (B2). Sections 3.1 and 3.2 provide further

elaboration on each path, respectively.

Figure 4: Fault tree for TRIGA IPR-RI loss of coolant accident.

A

A - Loss of Coolant Accident (LOCA)
A B1 - loss of coolant from reactor tank

B2 - loss of coolant through primary circuit
rupture without a pump shutdown

B1 B2

3.1. Loss of coolant from reactor tank (B1)

This section addresses the potential for coolant loss from the IPR-RI reactor tank.
Table 5 outlines the failure modes derived from FMEA, their effects on reactor operation,

and their respective RPN values. Physical tank damage results from either thinning (metal
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loss) or cracking, both heavily influenced by environmental stress factors. FEMA identified
failure mechanisms like radiation damage, corrosion, and vibration that could impact the

structural properties of the tank.

Studies conducted in 2005 involved immersing samples of the same aluminum and
stainless-steel alloys, composing the tank, in the TRIGA IPR-RI reactor pool for three years.
Findings reported in [19, 20] revealed corrosion spots on the sample surface, potentially
evolving into wall-thinning and cracking failure modes. In response to this scenario, the IPR-
RI reactor implemented a daily checklist, including visual inspection as a qualitative, non-
destructive detection strategy for such structural failures to enhance the probability of eatly
failure detection. Therefore, these failure modes are likely detectable eatlier than coolant

leakage, as evidenced in Table 5.

Despite the severe consequences of these failure modes, their low RPN values from
the FMEA suggest they are not priorities in the scope of maintenance and inspection for risk
management, according to expert analysis. The expert team perceived the design features,
materials, and daily checklist of items and systems of the reactor as suitable barriers to
prevent or, at the very least, significantly reduce the probability of LOCA occurrence through

the tank.

Figure 5 depicts the “loss of coolant from rector tank” event as the B1 path leading to a
potential TRIGA IPR-RI LOCA accident, and Table 6 delineates all the minimal cut sets
associated with this scenario. Notably, the tank damage resulting from “external events” (C3)
and “heavy object falling into the tank” (C4) formed a first-order minimal cut set directly
linked to B1 occurrence (see Table 6). However, these basic events are unlikely due to the
low seismic activity in the CDTN area and stringent regulations preventing maintenance
activities that involve moving heavy objects during reactor operation. These factors have
been extensively detailed in geological studies at the CDTN site [21] and the TRIGA IPR-
RI FSAR [8].
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Two other potential occurrences, as highlighted in Table 6, revolve around the inability
of the current inspection plan to detect tank thinning and cracking failure modes. In this
scenario, “thinning” and “cracking” could progress undetected until they simultaneously
compromise all three barriers. Such events would result in an external leak and subsequent
coolant loss in an uninterrupted manner. However, the FMEA results classified the
likelihood of such an occurrence as low. It means that an analysis of each minimal cut set
suggesting the loss of coolant from the reactor tank implies that the possibility of the event
is actually remote. Furthermore, the possibility of all coolant leakage without a detection
signal activation is unrealistic in practice.

Table 5: FMEA results for B1 event.
FAILURE FAILURE FAILURE

ITEM MECHANISM MODE EFFECT S o D RPN
Reactor Radiation damage, External leak 1;};111::;:% ;Ciii 0 5 A .
tank corrosion from thinning prog
ruptures
Reactor Radiation damage, External leak (imcrklsr;gtciuii . , ) ”
tank corrosion from cracking progress to ta
ruptures

Figure 5: Fault tree for TRIGA IPR-RI LOCA accident through B1 event.

Bl

- ® ©®

B1 - loss of coolant from reactor tank
AND AND C1 - external leak from thinning
C2 - external leak from cracking
C3 - damage of tank from external events (earthquakes)

C4 - damage of tank from heavy object falling into tank
e @ D1 - thinning of three tanks

D2 - thinning not detected
D3 - cracking of three tanks

D4 - cracking not detected
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Table 6: MCSs of the fault tree for the B1 event.

No. MCSs
1 C3
2 C4
3 D1, D2
4 D3, D4

3.2. Loss of coolant through primary circuit rupture without a pump
shutdown (B2)

Another potential trigger for LOCA is a primary circuit rupture without a pump
shutdown (Figure 4). One consequence of this event could be reducing or losing radiological
shielding due to decreased water levels and degraded fuel element cooling. Table 7 shows the

stress factors, failure modes, and their effects on TRIGA IPR-RI’s operation identified using

the FEMA method.

The absence of signals to shut down the reactor based on radiation, pressure, or water
level indicators received a high severity rating. The elevated values accurately reflect the fact
that any deviation from operational limit and conditions parameters could pose a risk of a
postulated accident. FMEA also classified the probability of occurrence and detection of

these failure modes as intermediate values, resulting in high RPNss.

A similar evaluation regards the possibility of foreign material intrusion plugging a
siphon hole. While this does not directly impact operational consequences, since the primary
circuit operates regularly in this situation, it received a high severity rating due to the safety
requirement violation by not stopping the coolant outflow in the event of pump failure to
shut down. However, this failure mode is highly detectable through daily checklists and visual

inspections currently implemented.

Assessing the RPN values, the FMEA technique classified each failure mode related to
monitoring components as high RPN. Consequently, they are priorities in the maintenance

and inspection program of the reactor. One strategy to reduce risk involves enhancing the
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calibration and frequency of testing on these components to detect failure behavior as eatly as

possible, potentially necessitating more frequent than yearly testing, as currently practiced [§].

Table 7: FMEA results for B2 event.

FAILURE FAILURE FAILURE
ITEM MECHANISM MODE EFFECT S RPN
L It prevents the
Radiation . No shutdown N
. Wear, corrosion . triggering of 9 216
indicator signal .
evacuation alarm
Pressure . No shutdown No 1dent1ﬁcat10n'of
o Wear, corrosion . loss of pressure in 9 216
indicator signal N
pipelines
Watq level Wear, corrosion No shutdown It prevents automatic 9 216
indicator signal shutdown
. . . It prevents air from
Siphon hole 1 oreign material - Plugging of entering the suction 10 120
intrusion siphon hole o
pipeline
Primary circuit It leads to coolant
: re}iines Vibration Pipeline rupture  leakage from primary 9 72
PIp circuit ruptures.
Optical and Optical and No identification of
acoustic Wear, corrosion acoustic alarms leakage or pool 6 144
alarms failure drainage

From the FTA perspective, the technique encapsulated the logic derived from the

failure modes pinpointed by FMEA in a fault tree. Figure 6 presents the obtained results.
The loss of coolant through primary circuit rupture without a pump shutdown (B2) event
links to subsequent events via an “AND” gate, indicating its occurrence contingent upon a
primary circuit rupture followed by a failure to shut down the pump, either automatically or
manually. The defense-in-depth concept can mitigate this scenario by leveraging several

independent safety barriers.
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During a primary circuit rupture, an installed pressure indicator triggered an automatic
centrifugal pump shutdown upon detecting a pressure decrease beyond 2 atm.
Simultaneously, a water level indicator, positioned 42 cm below the top of the pool (see
Figure 2), automatically initiated a cooling system shutdown upon detecting decreased water
levels. Deviations from limit conditions on the pipeline pressure and pool water level
parameters triggered visual and acoustic alarms on the control panel. An additional barrier,
a siphon hole placed 50 cm below the top of the pool, prevented water from pumping out

by enabling air into suction pipelines.

Another scenario involved the manual failure to shut down the pump. This event can
result from undetected leakage or pool drainage, unnoticed by the alarm system, or
potentially human error. Table 8 outlines the minimum cut sets for these events. If all
previous safety measures fail, the Geiger-Miiller (GM) counters would detect a high radiation
level due to the loss of radiological shielding provided by the pool water. These detectors
strategically positioned in the reactor hall provide timely information in the control panel of

any relevant signals.

As a final safety measure, the operator should manually shut down the pump and
initiate the TRIGA IPR-RI Reactor Local Emergency Plan immediately. Marques (2018) [13]
predicted the human error probability regarding “operator does not initiate the shutdown”
using the Standardized Plant Risk-Human Reliability Analysis (SPAR-H) method and
concluded an acceptable error rate for the TRIGA IPR-RI reactor of 2.5 X 102, which is a
value comparable to other similar TRIGA facilities [22, 23]. Even in scenarios where prior
safety measures fail, the likelihood of preventing a LOCA event by the group of operators
renders this accident not constituting an unacceptable risk concerning the safety management

of the facility.

For further elaboration, higher-order MCS such as the fifth-order MCS shown in

Table 8) necessitate consideration of common-cause failures (CCFs), where multiple system
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or item failures may stem from a shared cause or coupling mechanism [24]. However, this

study did not delve into CCF analyses.

Figure 6: Fault tree for TRIGA IPR-R1 LOCA accident through B2 event.

AND
|
B2 - loss of coolant through primary circuit rupture AND OR

without a pump shutdown
C5 - primary circuit rupture
C6 - pump not automatically shutdown

C7 - pump not manually shutdown

D5 - no shutdown signals D7

D6 - plugging of siphon hole

D7 - fail off alarms systems
D8 - human error of operator OR

E1 - no shutdown signal from pressure indicator
E2 - no shutdown signal from water level indicator

E3 - no shutdown signal from radiation indicator
E4 - optical and acoustic alarms fail e ° 6 ﬂ
U]

Table 8: MCSs of the Fault tree for the B2 event.

No. MCSs
1 C5, E1, E2, D6, E4
2 C5, E1, E2, D6, E3
3 C5,El1, E2, D6, E8
4. CONCLUSIONS

This study proposes an approach for assessing the reliability of the TRIGA IPR-RI
system related to the occurrence of a LOCA, combining the FMEA and FTA techniques.

This method effectively combines the proactive identification capability of the FMEA with
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the logical relationship analysis capability of the FTA. XFMEA++ and BlockSim software
facilitated the execution of FMEA and FTA, respectively.

The FMEA results highlighted that the “loss of coolant from the tank™ path connects
to external leaks from tank thinning or cracking, classified as low RPN due to the high
detectability before compromising tank integrity. Hence, the reactor tank is not a priority for
maintenance and inspection in managing facility risk. Similarly, possibilities stemming from
external tank damage, such as “earthquakes” and “heavy objects falling into the tank,”

though specified in FT'A as a direct path to LOCA, are unrealistic in practice.

On the other hand, the “loss of coolant through primary circuit rupture without a
pump shutdown” event seemed more complex. The FMEA highlighted “no shutdown
signals” from monitoring components—pressure, radiation, and water level—as having the
most severe consequences, leading to their classification as high RPN. Siphon hole plugging
and visual and acoustic failure modes received medium RPN, as these failure modes are

highly detectable through daily inspections.

According to the FTA analysis, the primary circuit ruptures followed by simultaneous
tailure of safety defenses, including potential human error, are the causes of the Loss of
Coolant Accident scenarios. However, any safety barrier available during TRIGA IPR-R1
operation can automatically or manually avoid a LOCA occurrence if it functions as intended.
For higher-than-fifth-order MCS, considering CCFs resulting from shared causes or coupling

mechanisms is recommended for investigation.

ACKNOWLEDGMENT

The authors are grateful to Brazilian research funding agencies CNEN—Comissao
Nacional de Energia Nuclear, CNPq—Conselho Nacional de Desenvolvimento Cientifico e

Tecnolégico, CAPES—Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior,

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(1): 01-21. €2363.




E(l'g Carvalho et al.
BJRS

FAPEMIG—TFundagao de Amparo a Pesquisa do Estado de Minas Gerais, and FINEP—

Financiadora de Estudos e Projetos for the support.

CONFLICT OF INTEREST

The authors declare that they have no competing financial interests or personal

relationships that may have influenced the work reported in this study.

REFERENCES

[1] MENDES, C. Relatério do instituto de pesquisas radioativas. Escola de
Engenharia, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil. 1960.

[2] IAEA - International Atomic Energy Agency. Safety of research reactors. IAEA
Safety Standards Series No. SSR-3, Vienna: IAEA, 2016.

[3] IAEA - International Atomic Energy Agency. Operational limits and conditions and
operating procedures for research reactors. IAEA Safety Standards Series No. NS-
G-4.4, Vienna: IAEA, 2008.

[4] USNRC — United States Nuclear Regulatory Commission. Guidelines for preparing
and reviewing applications for the licensing of non-power reactors. NUREH
1537, Washington: USNRC, 1996.

[5] GA — General Atomics. Technical foundation of TRIGA. GA 471, San Diego: GA,
1958.

[6] GA — General Atomics. TRIGA MARK I reactor — Mechanical maintenance and
operating manual. GA 1544, San Diego: GA, 1960.

[7] IAEA - International Atomic Energy Agency. EPR-research reactor — Attachment 1
- Generic procedures for response to a nuclear or radiological emergency at
TRIGA research reactor. Emergency Preparedness and Response, Vienna: IAEA,
2011.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(1): 01-21. €2363.




E(l'g Carvalho et al.
BJRS

[8] CDTN — Centro de Desenvolvimento da Tecnologia Nuclear. Relatério final de
analise de seguranga do reator TRIGA IPR-RI. RFAS/REATOR TRIGA IPR-
RI/CDTN, Belo Hotizonte: CD'TN, 2022.

[9] BOCK, H.; KIRCHSTEINGER, C. Probabilistic safety analysis for the reactor
Vienna. (AIAU-88305), Vienna: AIAU, 1988.

[10] YOUSEFPOUR, F.; KARIME, K.; SOLTAMI, H. Comparative reliability analysis for
two different designs of residual heat removal system (RHRS) and containment spray
system (CSS) of IR-360 nuclear power plant. In: INTERNATIONAL
CONFERENCE NUCLEAR ENERGY FOR NEW EUROPE, 2010, Portoroz.
Annals. .. Portoroz: Nuclear Society of Slovenia, 2010. p. 410.

[11] SOLOM, M.; CHANCE, C.; PANNIER, C.; SEAGER, R;; LEE, A.; GREEN, J,;
DUONG, T.; ALICEA, P. Risk analysis of the residual heat removal system at south
Texas project with a special focus on breach of containment. In: 20TH
INTERNATIONAL CONFERENCE ON NUCLEAR ENGINEERING AND THE ASME
2012 POWER CONFERENCE, 2012, Anahein. Annals... Anahein: The American Society
of Mechanical Engineers, 2012. p. 321-331.

[12] GA — General Atomics. Safeguards summary report for the New York University
TRIGA MARKI reactor. GA 9864, San Diego: GA, 1970.

[13] MARQUES, A.R (2018). Inspe¢dao Baseada Em Risco No Contexto De Reatores
Nucleares: Estado Da Arte, Diretrizes E Procedimentos Para Sua Utilizagao
(Master’s dissertation, Centro de Desenvolvimento da Tecnologia Nuclear).

[14] RC - Reliasoft Coroporation. User’s guide XFMEA + version 2021. Reliasoft
Corporation, Tucson, 2021.

[15] RC - Reliasoft Coroporation. User’s guide BlockSim version 2021. Reliasoft
Corporation, Tucson, 2021.

[160] CAL B.; LIU, Y.; ZHANG, Y.; FAN, Q.; LIU, Z.; TIAN, X. A dynamic Bayesian
networks modeling of human factors on offshore blowouts. Journal of Loss
Prevention in the Process Industries, v. 20, p. 639-649, 2013.

[17] SENOL, Y. E.; SAHIN, B. A novel Real-Time Continuous Fuzzy Fault Tree Analysis
(RC-FFTA) model for dynamic environment. Ocean Engineering, v. 127, p. 70-81,
2016.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(1): 01-21. €2363.




E(l'g Carvalho et al.
BJRS

[18] PEETERS, J.F.W.; BASTEN, R.J.L;; TINGA, T. Improving failure analysis efficiency
by combining FT'A and FMEA in a recursive manner. Reliability Engineering &
System Safety, v. 172, p. 36-44, 2018.

[19] CDTN — Centro de Desenvolvimento da Tecnologia Nuclear. Ensaio de inspegao
visual em componentes estruturais e partes dos combustiveis do reator IPR-RI.
NI — EC2-001/06, Belo Horizonte: CDTN, 2006.

[20] ALENCAR, D. A,; SILVA, S. F. Acompanhamento do Ensaio de Inspecdo Visual
nos Combustiveis do Reator IPR-R1. NI/RD-AT1-004/00/CDTN, Belo Horizonte:
CDTN, 2000.

[21] BERROCAL. Determinagao do Nivel de Vibracdes Sismicas do Terreno
Provocadas pelo Sismo Basico de Projeto no Centro de Desenvolvimento da
Tecnologia Nuclear, em Belo Horizonte, MG. Sio Paulo: IAG/USP. 2006.

[22] HASSAN, A.; MASKIN, M.; PRAK TOM, P.; BRAYON, F.; HLAVAC, P.;
MOHAMED, F. Operator response modeling and human error probability in TRIGA

Mark II research reactor probabilistic safety assessment. Annals of Nuclear Energy, v.
102, p. 179-189, 2017.

[23] MASKIN, M.; HASSAN, A.; BRAYON, F.C.; PHONGSAKORN, P.T.; ZAKARIA,
M.F.; RAMLI Z.; MOHAMED, F. Quantification of initiating event frequencies and
component reliability data in level 1 probabilistic safety assessment at Puspati TRIGA
research reactor. Annals of Nuclear Energy, v. 121, p. 22-28, 2018.

[24] USNRC — United States Nuclear Regulatory Commission. Common-Cause Failure
Database and Analysis Sistem: Event Data Collection, Classification and
Coding. NUREG/CR-6268, Washington: USNRC, 2007.

LICENSE

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third-party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a credit line to the material.
To view a copy of this license, visit http://cteativecommons.org/ licenses/by/4.0/.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(1): 01-21. €2363.




