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ABSTRACT

Micro reactors are increasingly being considered for utilization as distributed power sources. Hence, the
probabilistic safety assessment (PSA) of a direct supercritical-CO,—cooled fast reactor, called micro
modular reactor (MMR), was performed in this study; this reactor was developed using innovative design
concepts. It adopted a modular design and passive safety systems to minimize site constraints. As the
MMR is in its conceptual design phase, design weaknesses and valuable safety insights could be iden-
tified during PSA. Level 1 internal event PSA was carried out involving literature survey, system char-
acterization, identification of initiating events, transient analyses, development of event trees and fault
trees, and quantification. The initiating events and scenarios significantly contributing to core damage
frequency (CDF) were determined to identify design weaknesses in MMR. The most significant initiating
event category contributing to CDF was the transients with the power conversion system initially
available category, owing to its relatively high occurrence frequency. Further, an importance analysis
revealed that the safety of MMR can be significantly improved by improving the reliability of reactor trip
and passive decay heat removal system operation. The findings presented in this paper are expected to
contribute toward future applications of PSA for assessing unconventional nuclear reactors in their
conceptual design phases.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recent years have witnessed growing interest in micro reactors
that can be used as distributed power sources in remote areas.
Kilopower [1] of National Aeronautics and Space Administration
(NASA), Megapower [2] of Los Alamos National Laboratory (LANL),
and eVinci™ micro reactor [3] of Westinghouse are a few examples
of such reactors. In Korea, the micro modular high-temperature
gas-cooled reactor (MiHTR) [4] is a micro reactor under develop-
ment by Korea Atomic Energy Research Institute (KAERI). The
development of MiHTR introduced several advanced concepts such
as a long-life core without refueling and passive decay heat removal
(PDHR) using the reactor cavity cooling system [5].

Another micro reactor under development is the micro modular
reactor (MMR) [6] by the Korea Advanced Institute of Science and
Technology. MMR is a direct supercritical-CO,—(S—CO,)-cooled
fast reactor producing powers of 36 MWth and 12 MWe. As shown
in Fig. 1, the entire system including the turbomachinery is
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enclosed in the inner and outer containments filled with CO, at
5 MPa and 1 MPa, respectively [7]. It is designed to be a distributed
power source in remote areas and is small and light enough for
ground transportation. It has many innovative design features such
as a long-life (20 years) core, autonomous load-following opera-
tions, and a PDHR system. MMR is designed to have high safety and
reliability as it comprises passive safety systems and a pressurized
inner containment filled with CO,.

For design optimization and safety enhancement of MMR,
several deterministic safety analyses were performed. The safety of
MMR during a small loss of coolant accident (SLOCA) scenario was
analyzed with different break locations, and the break at the
compressor outlet was found to have the smallest safety margin [8].
The accident mitigation capability was also analyzed considering
the reactivity coefficients such as the fuel temperature coefficient
(FTC) and coolant temperature coefficient (CTC) under a SLOCA
without scram scenario [9]. Transient analyses were performed for
a loss of coolant accident without scram and loss of load without
scram assuming the failure of one PDHR train [10].

Thus, PSA was performed for further enhancing safety through
design improvements. It should be noted that the knowledge and
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Fig. 1. Layout of MMR (concept design) [6].

experience regarding PSA are primarily based on water-cooled
power reactors. Thus, this paper describes our findings during
PSA of an S—CO,-cooled micro reactor in its conceptual design
phase. Level 1 PSA for internal events during full-power operations
is helpful in identifying significant failure scenarios and design
weaknesses. Fig. 2 shows the procedure followed for PSA of MMR.
Section 2 provides a brief overview on the safety features of MMR.
Section 3 describes how the initiating events were derived based on

1. Loss of Coolant Accident
2. Loss of Load
3is s

27m

literature survey and a comparison of the initiating or transient
event list of other reactor types. Section 4 describes how event trees
were developed and how success criteria were determined based
on thermal-hydraulic transient analyses of the initiating events.
Section 5 describes how fault tree analysis was performed. Section
6 presents the results and discussions, and Section 7 provides the
conclusions drawn from the findings of this study.

Thermal-hydraulic Modeling Failure Data

- Modeling of MMR concept design by
design team

- Generic data from NRC reports
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>
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Fig. 2. PSA procedure for MMR.
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2. Safety features of MMR

When electrical power is available in normal operation, MMR can
control the reactor power autonomously for load-following opera-
tions, and electrically driven air fans can remove heat to the ambient
air through the precooler [10]. If electrical power is not available, the
load-following operations cannot be performed and the active
cooling system cannot operate; thus, only the four safety features
presented in Table 1 are available for mitigating accidents or tran-
sient situations. The safety features of MMR are based on only con-
ceptual designs and detailed designs have not been developed yet.

Reactor trip means the insertion of negative reactivity to shut
down the reactor. It has two activation signals: high pressure and
low pressure of the primary system. The highest pressure in the
primary system can be measured at the compressor outlet. The
reactor trip signal also disconnects the generator from the external
grid to protect the vulnerable grid system in remote areas from
unstable turbine rotational speeds [10]. After grid disconnection,
the air fans and CO; circulator in the active cooling system will be
unavailable owing to the loss of electrical power.

The remaining three safety features are the opening of valves
(the green dotted lines in Fig. 3). Once opened, the valves in the
safety features remain open and the valve opening fractions are not
controlled. For the inventory makeup of the primary system with
CO; in the inner containment, the feed valve passively opens when
the pressure at the compressor inlet, where the feed valve is
located, becomes lower than the containment pressure. The vent-
ing valve opens to protect the primary system from overpressure.
For long-term decay heat removal, the PDHR system removes decay
heat from the core and delivers it to the ambient air via natural
circulation. The PDHR system consists of two redundant trains,
each of which has 100% decay heat removal capability.

Activation signal and power supply by small batteries are
required to activate some of the safety features such as the venting
valve and PDHR valves. The activation setpoint and functions of the
four safety features considered in the accident mitigation process
are presented in Table 1.

As MMR might be located in remote areas, we excluded the
recovery of the external power source and human actions for ac-
cident mitigation. During transient analyses to develop event trees,
described in Section 4, we assumed that the four safety features
may fail to operate during accident mitigation. The success and
failure of safety features were considered during the thermal-
hydraulic transient analysis and development of the event trees.

3. Initiating event categories

One of challenges in the PSA for a reactor in its conceptual
design phase like MMR is the identification of initiating events.
Even though the review of such events considered in the safety
analysis and PSA for light water reactors (LWRs) and in the safety
analysis of plants with similar designs [11—13] are helpful, the lack
of experience in performing PSA of new reactor types makes it
difficult for PSA analysts to derive a detailed list of initiating events.

Therefore, initiating event categories were first roughly
established and then the severest initiating event was selected as

Table 1
Safety features of MMR.

the representative one in each initiating event category. Further-
more, the initiating events in the same category are reviewed, and
the frequencies of initiating events relevant to the MMR are
summed and used as the frequency of the representative initiating
event for the category. For example, a large LOCA with a break size
of 100 in? is selected as the representative initiating event for the
LOCA category, and the frequencies of small, medium, and large
LOCAs are summed and used as the frequency for this LOCA. This
approach produce more conservative results compared to the
approach with detailed initiating events; however, the approach
adopted in this study is more appropriate under situations where
information on the reactor design and possible accident se-
quences is limited.

Referring to IAEA-TECDOC-719 [12] and WASH-1400 [14], initi-
ating event categories were derived as follows:

e Loss of coolant accidents (LOCAs)

e Reactor vessel rupture (RVR)

e Transients involving loss of load (LOL)

e Transients involving loss of the power conversion system (PCS)
o Transients with the PCS initially available.

Fig. 4 presents the classification scheme for initiating events.
Initiating event categories are approximately grouped into LOCA
and transient categories. The difference between LOCAs and RVR
lies in the effectiveness of the safety features in mitigating the ac-
cident. As shown in Fig. 3, pipe lines of the reactor coolant (su-
percritical-CO;) originate from the reactor; pass through the
turbine, recuperator, precooler, and compressor; and finally end
back at the reactor. A break in any of these pipe lines may lead to a
LOCA. Transients were divided into three categories depending on
whether offsite power and PCS are available. The five initiating
event categories are expected to exhaustively cover all relevant
internal initiating events considered in PSA studies.

4. Event tree analysis

To identify success criteria for the branches in the event trees,
transient analyses are necessary. For MMR, transient analyses were
performed using GAMMA + [15] code. GAMMA + code was initially
developed by KAERI for the design and safety analysis of very-high-
temperature gas-cooled reactors (VHTRs). The MMR design team
modified the GAMMA + code by introducing S—CO, properties. For
event tree analysis, event trees were developed using AIMS-PSA
[16] code.

Event trees describe accident mitigation using the safety fea-
tures of MMR. Event trees were developed based on transient an-
alyses performed considering the success and failure of safety
features. Safety limits were assigned for four plant parameters and
are presented in Table 2. We analyzed the results and identified
whether the properties exceeded the safety limits or not. If one of
the four plant parameters exceeded its associated safety limit, we
conservatively assumed that the core or system of MMR might be
damaged.

Safety features Setpoints of activation

Functions

Reactor trip

Venting valve opening
Feed valve opening
PDHR system operation

Pcomp,out > 21.13 MPa
Pcomp,in < Pemt
Pcomp,out < 16.08 MPa

Pcomp,out > 21.13 MPa; Pcomp,out < 16.08 MPa

Protection from excess core power

Protection from primary system overpressurization
Inventory makeup of primary system

Long-term decay heat removal
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Fig. 3. Schematic of MMR
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Fig. 4. Classification scheme for initiating events.

Table 2
Safety limits considered in transient analysis [10].

Properties Safety limits

Fuel centerline temperature 2507 °C
Cladding temperature 1200 °C
Primary system coolant temperature 676 °C

Primary system pressure 24 MPa

4.1. LOCAs

A LOCA induces rapid loss of inventory, and it is generally
included in the safety analyses of most reactor types. MMR has a

feed valve and CO,-filled containment to passively make up the
inventory of the primary system without any electrical power.

During PSA for LWRs, LOCAs are grouped into three to five
categories depending on break sizes. In determining such different
break size categories, different success criteria for inventory
makeup by the safety injection system or emergency core cooling
system play important roles. During PSA for MMR, the success
criterion for inventory makeup was the opening of the feed valve
regardless of break sizes. Therefore, LOCAs with different break
sizes can be grouped into a single category. This conclusion is
consistent with previous transient analysis results involving
diffezrent break sizes 0.064516 m? and 0.00064516 m? (100 in” and
1in°) [7].
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A large LOCA with a break size of 100 in® was selected as the
representative initiating event of the LOCA category. This break size
of 100 in? has also been adopted for conservation analyses in pre-
vious studies [7,10]. Additionally, the break size of 100 in® is more
conservative than the large LOCA break size of APR1400, which is
equal to 71.3 in? (0.046 m?). Fig. 5 shows the change in the
compressor inlet pressure, compressor outlet pressure, and
containment pressure after the large LOCA occurred at 10 s. We
assumed that the LOCA occurred at the compressor outlet where the
pressure is the highest in the primary system. As the coolant leaks
out from the primary system, the pressure at the compressor outlet
decreases rapidly; then the reactor trip signal is generated and the
PDHR system is activated by opening the PDHR valves at 16.08 MPa.
The generator would be decoupled from the grid, and the air fans
and CO; circulator would stop working owing to the loss of electrical
power. If the compressor outlet pressure drops below the contain-
ment pressure, the feed valve opens for inventory makeup of the
primary system. The activation signals were generated in less than
10 s after the large LOCA occurred owing to rapid changes in the
primary system pressure. Fig. 6 depicts the change in the tempera-
tures of the fuel centerline, cladding, and coolant.

In LOCA scenarios, three safety features contribute to the acci-
dent mitigation process: reactor trip, feed valve, and PDHR system.
We performed transient analyses using combinations of the safety
feature failures. Fig. 7 shows the event tree for LOCA developed
based on the results of the transient analyses. In Fig. 7, OK means
that no safety limit is exceeded and CD means that any of the safety
limits such as the peak cladding temperature (PCT) limit and
coolant temperature limit is exceeded.

When the reactor trip failed, we observed that the coolant
temperature limit was exceeded and hence conservatively assumed
core damage. In addition, when the feed valve failed to open, we
conservatively assumed core damage because no other safety fea-
tures were provided for inventory makeup of the primary system.
When both trains of the PDHR system are not available, PCT exceeds
the safety limit, and hence core damage can be expected.

4.2. RVR
As a special case of LOCA, RVR needs to be considered. As in most

PSA studies, we assumed that RVR directly results in core damage
without considering any accident mitigation process.

4.3. Transients involving LOL

Transients involving LOL are those transients in which the NPP
loses the connection between the generating unit and the grid and

LOCA occurs (10s) Pcomp.in
€—— Rx trip signal (<16MPa) —— Pcomp.out
PDHR valve open signal (<16MPa) __ pept
15
% 10 Feed valve open signal
g (Compressor inlet P < Containment P)
O
&
5
0 . ' ,
0 20 40 60 80 100

Time (sec)

Fig. 5. Pressures and accident mitigation process during LOCA.
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Fig. 6. Temperature change during LOCA.

the NPP is not able to transmit power to the grid [17]. In a remote
area where the grid is not able to provide electrical power to the
NPP, LOL is synonymous with loss of offsite power (LOOP). In PSA
for LWRs, LOOP is one of most widely applied common cause ini-
tiators; it not only induces reactor shutdown but also simulta-
neously disables one or more safety features for accident
mitigation.

LOL was selected as the representative initiating event for the
transients involving LOL category. LOL is an important initiating
event for MMR because MMR is likely to be installed in remote
areas where the electrical power grid may not be stable. LOL causes
disconnection of the generator from the grid, and hence the air fans
and CO; circulator would lose electrical power. Thus, operation of
the PDHR system is required for decay heat removal.

Fig. 8 shows the changes in the compressor inlet pressure,
compressor outlet pressure, and containment pressure after an LOL
occurs. After the generator is disconnected from the grid, the tur-
bine rotational speed may increase; hence, the compressor, which
is on the same shaft as the turbine, may rotate faster, resulting in
higher pressure at the compressor outlet. The reactor trip signal
and venting valve opening signal were generated at 21.13 MPa, and
then the primary system pressure decreased rapidly owing to the
opened venting valve. The PDHR valve opening signal was gener-
ated when the primary system pressure decreased below
16.08 MPa. The turbine bypass valve also opened if the turbine
rotational speed exceeded 110% of its nominal speed. Moreover, we
found that the activation signals were generated in less than 10 s
after the occurrence of the LOL owing to rapid changes in the pri-
mary system pressure.

In LOL scenarios, all the following four safety features contribute
to the accident mitigation process: reactor trip, venting valve, feed
valve, and PDHR system. Transient analyses were performed
considering the combinations of their failures. Fig. 9 shows the
event tree for LOL developed based on the results of the transient
analyses. The MMR features drum-type control elements for
reducing the core height by eliminating axial movement and a
secondary (shutdown) control rod, which is passively inserted into
the core via gravity for reactor shutdown. Although reactor shut-
down achieved via the secondary control rod is expected to be
highly reliable, a failure in the reactor trip is considered in the event
tree in order to account for possible mechanical failures in the
secondary (shutdown) control rod.

When the reactor trip is successfully performed, the operation
of at least one train of the PDHR system is required to successfully
mitigate the accident. However, when the reactor trip fails, three
safety features are required to successfully operate to avoid
exceeding the safety limits and hence successfully mitigate the
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Fig. 8. Pressures and accident mitigation process during LOL.

accident. When the failure of venting valve opening was accom-
panied by the reactor trip failure, the coolant temperature and
primary system pressure exceeded the safety limits. When the
failure of feed valve opening was accompanied by the reactor trip
failure, the coolant temperature exceeded the safety limit. Failure of
the PDHR train system accompanied by the reactor trip failure
would also result in core damage.

4.4. Transients involving loss of the PCS

Transients involving loss of the PCS are those in which the po-
wer generated in the core cannot be transported to normal heat
sink. In PSA for LWRs, the loss of the PCS may include closure of the
main steam isolation valves or loss of condenser vacuum.

Loss of heat sink (LOHS) was selected as the representative
initiating event for transients involving loss of the PCS category. If
electrical power is available in MMR, residual heat can be removed
to the ambient air by the active cooling system including the pre-
cooler, CO; circulator, and CO,—air heat exchanger. LOHS can result
from the malfunction of mechanical components or insufficient
heat transfer in the precooler or CO,—air heat exchanger.

Fig. 10 shows the event tree for LOHS developed based on the
results of the transient analyses. When LOHS occurs, reactor trip
and PDHR system operation are required. We conservatively
assumed that failure of either the reactor trip or PDHR system
operation could result in core damage.

4.5. Transients with the PCS initially available

Transients with the PCS initially available are those transients in
which both the load and PCS are available. Such events are normally
called general transients (GTRNs). When a GTRN occurs, reactor trip
followed by PDHR system operation is needed to mitigate the ac-
cident. Failure in any of the two could result in core damage. Fig. 11
shows the event tree for GTRNSs.

The proposed scheme of classifying initiating events into five
categories is expected to be applicable to all reactor types, including
the advanced non-LWRs in their conceptual design phase. As the
design of the MMR results in identical accident sequences, the same
event tree is applicable to transients both with and without the
PCS; however, this does not necessarily imply that the initiating
event categories should be merged together. In the PSA models of
LWRs, different initiating events, especially transients, frequently
exhibit similar accident sequences; therefore, these initiating
events are modeled using identical event trees.

5. Fault tree analysis and quantification

For quantifying the core damage frequency (CDF), the initiating
event frequencies and component reliability data need to be re-
flected. Limited initiating event frequency and component reli-
ability data pertaining to the MMR are available in literature. The
most similar available initiating event frequency and component
reliability data applicable to the MMR are the generic data for LWRs
such as NUREG-1829 [18], NUREG/CR-5750 [19], and NUREG/CR-
6928 [20], although the types of components or operating condi-
tions may differ. Table 3 and Table 4 present the initiating event
frequency data and the important component reliability data used
for the PSA of the MMR, respectively. The component reliability
data from NUREG/CR-6928 (2015 update) are used. For fault tree
development and quantification, we used AIMS-PSA [16] and
FTREX [21] codes.

As mentioned in Section 4, four safety features are available
during accident mitigation processes of MMR. With no safety-grade
electrical power system, the small batteries are the only electrical
power source after grid disconnection. Each safety feature consists
of simple operating mechanisms. For example, the feed valve is a
check valve that does not need any power supply or activation
signal. Therefore, the failure of the feed valve was modeled as a
basic event. Reactor trip requires an activation signal, and therefore,
failure of the reactor trip was modeled with three basic events,
namely mechanical failure, signal failure, and power supply failure
for signal generation. If a detailed design for the reactor protection
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Table 3
Initiating event frequency data used for PSA of MMR.
Initiating event category Frequency Source
LOCA 1.9E-3 NUREG-1829
RVR 2.9E-8 NUREG-1829
Transients involving LOL 1.10E-2 NUREG/CR-6928 (2015 update)
Transients involving loss of the PCS 4.82E-2 NUREG/CR-6928 (2015 update)
Transients with the PCS initially available 6.49E-01 NUREG/CR-6928 (2015 update)

Table 4

Important component reliability data used for PSA of MMR.
Event Failure probability/rate Unit
Feed valve fails to open 9.25E-06
Venting valve fails to open 4.21E-04
PDHR valve fails to open 4.21E-04
Sensor/Transmitter (pressure) fails to operate on demand 1.17E-04
PDHR heat exchanger plugging/heat transfer 3.85E-07 h!
Shutdown rod drive fails to operate/insert rod 1.54E-07 h!
Battery (DC) fails to operate 3.72E-07 h!
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system is developed, a more detailed fault tree for analyzing signal
failure can also be developed.

Fig. 12 shows the fault tree for the PDHR system. The PDHR
system has two redundant trains and each one has two PDHR
valves and two heat exchangers. Common cause failures (CCFs)
were considered for the valves and heat exchangers under the same
operating condition. The alpha factor model was used for the CCF
analysis, with common cause component groups (CCCGs)
comprising two components (CCCG = 2). Failure of natural circu-
lation in the PDHR system due to weak driving forces was also
modeled in the fault tree; the failure probability was estimated by
considering uncertainties in plant and environmental parameters
such as the inlet air temperature and pressure of the PDHR system
(see Table 5).

Based on the review of existing methods for reliability analysis
of passive systems such as reliability evaluation of passive safety
system (REPAS) [22], reliability methods for passive safety func-
tions (RMPS) [23], and assessment of passive system reliability
(APSRA) methodology [24], we developed a procedure for reli-
ability analysis of passive systems and applied it for risk assessment
of the PDHR system. The failure probability of the natural circula-
tion of PDHR was determined from the probability distributions of
PCT and CET, which were determined through the probability dis-
tributions of physical parameters (such as the inlet air temperature
and the pressure of the PDHR system) and thermal-hydraulic
models. The probability distributions of physical parameters were
determined from literature survey, and one-hundred samples were
generated by MOSAIQUE [25] code using the Latin-hypercube
sampling (LHS) [26] method. None of the thermal-hydraulic ana-
lyses results exceeded the safety limits of PCT and core exit tem-
perature (CET) of coolants, as shown in Fig. 13; hence, we applied

Table 5

505

the exceedance probability model [27] assuming that the thermal-
hydraulic analyses results of the PCT or and CET follow normal
distributions. Based on the thermal-hydraulic analyses results for
one-hundred samples, the distributions of PCT and CET for the
LOCA were expressed as

PCT ~ N(751.6, 3.0) 1)

CET ~ N(6314, 8.5) 2)

The limiting case was determined from the CET, whose safety
limit is 676 °C. By calculating the probability that the CET exceeds
the safety limit, i.e., Pr(CET > 676°C), the failure probability of the
natural circulation of PDHR was estimated to be 6.14E-08 for the
LOCA. Similarly, the failure probabilities of the natural circulation of
PDHR for other initiating events could also be estimated.

Sensitivity analysis was also performed using the MOSAIQUE
code by comparing the values of normalized slope. The normalized
slope was calculated as follows:

nyxy—(-x0y)

nomralized slope = x (max(x) — min(x
o is? (MaX() —min(x)
(3)
where x = value of the uncertainty parameter and y = result value
(e.g. CET).

The normalized slope provides the slope of the linear regression
line. The sensitivity analysis result indicates that the ambient air
condition has a relatively high impact on the coolant temperature
in LOCA scenarios.

Probability distributions of physical parameters for estimating the failure probability of the natural circulation of the PDHR system.

Uncertainty parameter current value Distribution Nominal value Range Standard deviation

1 Fuel thermal conductivity Dependent on T Normal 1.0 0.8—1.2 0.102043

2 Fuel heat capacity Dependent on T Normal 1.0 0.8—-1.2 0.102043

3 Cladding thermal conductivity Dependent on T Normal 1.0 0.8—-1.2 0.102043

4 Cladding heat capacity Dependent on T Normal 1.0 0.8—1.2 0.102043

5 Fuel temperature coefficient —0.457 pcm/K, BOL Normal 1.0 0.8—-1.2 0.102043

6 Coolant density coefficient 2.063 pcm/(kg/m?) Normal 1.0 0.8-1.2 0.102043

7 PDHR inlet air temperature 25°C Uniform 25.0 5.0—45.0

8 PDHR inlet air pressure 102.4 kPa Uniform 102.4 102.35—-102.45

9 PDHR outlet air pressure 102.3 kPa Uniform 102.3 102.25-102.35

General transient| Reactor trip

Passive decay
heat removal
train 1/2

%GTRN

1 |ok
PDHR2 P P
RT 3 oo

Fig. 11. Event tree for GTRN.
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Fig. 12. Fault tree for the PDHR system.

6. Results and discussions

Following level 1 PSA of MMR considering internal events at full
power, we could estimate CDF by integrating the results of the event
tree and fault tree analyses. It should be noted that the PSA model for
the MMR was developed with many conservative assumptions. The
CDF is estimated to be less than 10~% per year; hence, it meets the
quantitative health objective, which is one of the safety goals for
nuclear reactors in Korea [28], by satisfying the CDF performance
objective. Fig. 14 shows the CDF contributions of the initiating event
categories. The transients with the PCS initially available category is
the most significant contributor to CDF, mainly because of its rela-
tively high initiating event frequency compared to other categories.
The occurrence of transients with the PCS initially available com-
bined with the failure in the reactor trip, i.e., Sequence 3 in Fig. 11, is
identified as the most significant failure scenario. The low contri-
bution of the LOCA category can be attributed to the design features
implemented to protect the reactor from LOCAs, such as the pres-
surized inner containment filled with CO,, which supplies the
coolant (CO-) to the primary system during design basis accidents.

Table 6 presents the results of the importance analysis of events
with high Fussell-Vesely (F—V) importance. The risk reduction
worth (RRW) and the risk achievement worth (RAW) importance
measures are also provided with the F—V importance. The lack of
redundancy or diversity in the signal generation of the reactor trip
is identified as the most significant design weakness, with F—V
importance of 0.895. Because reactor trip and PDHR system oper-
ation are essential for accident mitigation in four out of the five
initiating event categories (the remaining one is RVR, which

directly results in core damage), reactor trip failure and CCFs of the
PDHR system valves have high importance. Therefore, the safety of
MMR can be significantly improved if the reliability of reactor trip
and PDHR system operation can be improved.

As mentioned previously, the generic data for LWRs were
inevitably applied to the MMR owing to the insufficient MMR-
specific data. The authors believe that applying the event fre-
quency and component reliability data of LWRs to newly developed
non-LWRs is an important topic for future research; reaching a
consensus on this topic is expected to require a significant amount
of discussion. In this study, the authors focused on applying PSAs to
newly developed reactors with limited operation and reliability
data, while utilizing existing generic data to quantify PSA models
and derive essential safety insights for these reactors.

Additional design considerations were also identified while
performing the PSAs; these considerations benefited the design
team of the MMR. The current conceptual design of MMR does not
sufficiently consider the supporting functions of the reactor. In
addition to existing small batteries, reliable electrical power supply
for the actuation of safety features designed with redundancy and
diversity would be necessary to improve the safety of MMR. Details
on the instrumentation and control (I&C) system design such as
signal cabling and electrical power supply need to be considered in
addition to their functions of sensing and actuation signal genera-
tion for activating safety features (reactor trip, PDRH valve opening,
and venting valve opening) and turbine protection (turbine bypass
valve opening). Methods for testing and maintenance (T&M) of the
safety features and major components inside the containment need
to be developed to ensure safe operation of MMR.
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s 1 e S e S s Sy e Table 6
1150 Results of the importance analysis.
~ :l‘jgg Event Description F—V RRW RAW
\.; 1000 RT-SIG Reactor trip failure due to signal failure 0.895 9.558 7.65E + 03
_‘:_‘_, 950 PDHR-V1-CCF PDHR valve #1 common cause failure 0.041 1.042 7.77E + 03
o 900 PDHR-V2-CCF PDHR valve #2 common cause failure 0.041 1.042 7.77E + 03
3 850 PDHR4-NC PDHR failure in natural circulation 0.005 1.005 5.29E + 02
E, 300 under LOHS
2 750 PDHR-T2-V1- PDHR train #2 valve #1 fails to open  0.004 1.004 9.747
£ » FTO
=) )
o 0 5 PDHR-T2-V2- PDHR train #2 valve #2 fails to open  0.004 1.004 9.747
o 650 7
s00 | &7 FTO
550 PDHR-T1-V1- PDHR train #1 valve #1 fails to open  0.004 1.004 9.609
SOU 1 1 1 L L 1 1 1 i J FTO
0 200 200 500 300 1000 PD:_IET] -V2- PDHR train #1 valve #2 fails to open  0.004 1.004 9.609
Time (sec) BAT-FTO Battery (DC) fails to operate 0.003 1.003 7.77E + 03
(a) PCT PDHR-HX1-  PDHR heat exchanger #1 common 0.002 1.002 7.77E + 03
CCF cause failure
680 F - PDHR-HX2-  PDHR heat exchanger #2 common 0.002 1.002 7.77E + 03
660 | CCF cause failure
60 F RT-FTO Shutdown rod drive fails to operate  0.001 1.001 7.66E + 03
[} 3
=620
Seoof
5 L
gSBD i GTRN. Transient analyses were performed to develop event trees
& 560 I and associated success criteria. Moreover, conservative assump-
a0 ) tions were introduced in developing event trees. Fault trees were
ok ks ping
% 520 :.“\é} developed and generic failure data for mechanical components
g 500 B were used. Failure probability of natural circulation was also esti-
O a0 F mated considering the uncertainties in physical parameters. CDF
260 F was quantified by combining event trees, fault trees, generic failure
aa0 L L L L L 1 L L 1 L 1 data, and reliability of passive system.
0 200 400 600 800 1000 Th P P . .
i e most significant initiating event category contributing to
Time (sec) CDF was the transients with the PCS initially available category,
(b) CET owing to its relatively high occurrence frequency. Importance

Fig. 13. Variation in PCT and CET for one-hundred samples of LOCA scenarios.

7. Conclusions

The S—CO, cooled MMR has many innovative design features
including modular design and passive safety features. For quanti-
tative safety assessment and identifying design weaknesses, we
carried out PSA starting from the selection of initiating events to the
quantification of CDF.

Based on our literature review, we grouped the initiating events
into five initiating event categories and representative initiating
events were selected from these categories. The selected repre-
sentative initiating events were large LOCA, RVR, LOL, LOHS, and

Transients Transients
° RVR, 0.0% . .
LOCAs, 0.3% ? involving LOL, involving loss of
0.2% PCS, 7.4%

Fig. 14. CDF contributions of the initiating event categories.

analysis revealed that the safety of MMR can be significantly
improved by improving the reliability of reactor trip and PDHR
system operation. Several design considerations regarding the
redundancy and diversity of the electrical power supply, 1&C sys-
tems, and T&M of the safety features and major components could
be identified during PSA.

The CDF quantification results, importance analysis results, and
design considerations are expected to contribute toward enhancing
the safety of MMR as well as the development of its detailed design.
In addition, the findings described in this paper, especially
regarding the selection of initiating event categories, and the basic
assumptions and lessons learned, are expected to contribute to-
ward future applications of PSA to other types of nuclear reactors in
their conceptual design phases.
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