Dynamic PRA of Flooding-Initiated Accident Scenarios Using THALES2-RAPID
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Probabilistic risk assessment (PRA) is one of the methods used to assess the risks associated with large and complex
systems. When the risk of an external event is evaluated using conventional PRA, a particular limitation is the
difficulty in considering the timing at which nuclear power plant structures, systems, and components fail. To
overcome this limitation, we coupled thermal-hydraulic and external-event simulations using Risk Assessment with
Plant Interactive Dynamics (RAPID). Internal flooding was chosen as the representative external event, and a
pressurized water reactor plant model was used. Equations based on Bernoulli’s theorem were applied to flooding
propagation in the turbine building. In the analysis, uncertainties were taken into account, including the flow rate of
the flood water source and the failure criteria for the mitigation systems. In terms of recovery action, isolation of
the flood water source by the operator and drainage using a pump were modeled based on several assumptions. The
results indicate that the isolation action became more effective when combined with drainage.
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1. Introduction

Probabilistic risk assessment (PRA) is one of the
methods used to assess the risks associated with
large and complex systems. The typical PRA
techniques of event trees and fault trees are used
to organize the logic that leads to an unfavorable
situation (core damage, containment failure, etc.),
and to calculate the frequency of occurrence. PRA
was established with WASH-1400 (Rasmussen,
1975) and is used widely in various countries
around the world. WASH-1400 pointed out the
importance of operator actions and the fact that a
small break loss-of-coolant accident (LOCA) and
transient events contributed to risks greater than a
large break LOCA, which was evaluated in
conventional deterministic safety analysis as a
design-basis accident. As a result of the TMI-2
accident, the effectiveness of PRA was
recognized again. In addition, because of its
usefulness, it is now used actively by regulatory
agencies and utilities. In Japan, PRA is used in
nuclear regulatory inspections conducted by the
Nuclear Regulation Authority (2019).

When the risk of an external event is evaluated
using conventional PRA, one of the limitations is
the difficulty in considering the timing at which
nuclear power plant (NPP) structures, systems,
and components (SSCs) fail. For example,
phenomena such as flooding and fire affect the
timing of SSC losses depending on propagation
speed. Such phenomena also affect operator
actions such as isolation and fire extinction. A
result of conventional Level 1 flooding PRA is
core damage frequency; however, this does not

include core damage timing. This information is
important in Level 2/3 PRA or evacuation
planning.

To overcome this limitation, several studies
have been conducted from a risk perspective. For
example, Zheng et al. (2014) and Jang et al.
(2016) analyzed the relationship between room
layout and the time it took for the water level to
rise in each room, and evaluated the time
dependency of conditional core damage
probability (CCDP) in seismic-induced internal
flooding. Idaho National Laboratory conducted a
detailed  risk  assessment by  coupling
computational ~ fluid  dynamics  software,
NEUTRINO (Sampath et al. (2016)) and thermal-
hydraulic  analysis using RELAP-RAVEN
(Reactor  Analysis and  Virtual  Control
Environment) (Alfonsi et al. (2013) and Mandelli
et al. (2015)). Jankovsky et al. (2018) analyzed
the interfacing system LOCA, taking into
consideration the effect of flooding due to a
residual heat removal system component rupture
and the time-dependent effect using ADAPT
(Analysis of Dynamic Accident Progression
Trees) (Hakobyan et al. (2008)). Kloos et al.
(2015) performed fire PRA considering the time
dependency of firefighting performance and
uncertainties of parameters related to fire
evolution using MCDET (Monte Carlo Dynamic
Event Tree). As demonstrated in these previous
studies, dynamic PRA is an effective approach
that can be used to evaluate in detail the risks
associated with external events. Methods and
tools for dynamic PRA have been developed by
many organizations; for example, ADS-IDAC
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(Accident Dynamic Simulator coupled with the
Information, Decision, and Action in a Crew
context) (Diaconeasa (2018)), PyCATSHOO
(PythoniC Object Oriented Hybrid Stochastic
AuTomata) (Chraibi (2018)), SCAIS (Simulation
Codes System for ISA) (Izquierdo (2016)),
CMMC (Continuous Markov chain and Monte
Carlo) (Jang (2018)), and GO-FLOW, which is a
success oriented system analysis technique
(Matsuoka (2014)).

The Japan Atomic Energy Agency (JAEA) has
developed an integrated severe accident code,
called Thermal-Hydraulic Analysis of Loss of
Coolant, Emergency Core Cooling, and Severe
Core Damage, version 2 (THALES2) (Kajimoto
et al. (1991)), which is used particularly to
measure fission product chemical behaviors
(Ishikawa et al. (2017)). THALES2 was also used
to evaluate the Fukushima Dai-ichi NPP accident
(Ishikawa et al. (2015)). To quantify risk using
simulation-based methods, the JAEA is
developing a dynamic PRA tool, called Risk
Assessment with Plant Interactive Dynamics
(RAPID) (Zheng et al. (2018)), which enables
explicit modeling of accident scenarios and
occurrence probabilities.

In this study, we performed a dynamic
flooding-initiated PRA of an NPP. As shown in
Fig. 1, thermal-hydraulic analysis using

THALES2 and flood simulations were coupled
using RAPID. In the analysis, the effects of
isolation and drainage were evaluated. According
to the results, a distribution of core damage timing
was obtained, which was difficult to treat using
conventional PRA.

\_ Plantresponse /
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-

Flood simulation Thermal-hydraulics analysis

Fig. 1. Coupling scheme using RAPID
2. Method of Analysis

2.1 Base flooding event

The event selected for study involved internal
flooding that occurred in a turbine building in a
pressurized water reactor (PWR) NPP. Fig. 2
shows the turbine building compartments, and
Table 1 shows the area of each section and the
installed equipment. The turbine building

consisted of seven sections protected by water
barriers. The flood source was assumed to be a
rupture in the circulating system pipes, occurring
in Room1, and the leak rate was 6,000 m>/hr based
on previous research (Mitsubishi Heavy
Industries, Ltd. (2006)). The layout was based on
an examination of the internal flooding PRA at
Kewaunee power plant (Dominion (2006)) and a
report by the Nuclear Regulatory Commission
(Nuclear Regulatory Commission) (2005).

Room1

Water source
(pipe rapture of recirculation system)
6000m3/hr

Room6é
O : Water barrier

Room?7
0.1m 0.2m

Fig. 2. Layout of the compartments

Table 1. Area of each compartment and installed

equipment
Compartment  Area Installed equipment
(m*)
Room1 4000  Alarm for flooding
Room2 100 Auxiliary Feed water pump A
Room3 50 Auxiliary Feed water pump B
Room4 80 —_
Room5 600 —
Room6 300 Control panel for High Pressure
Injection pump A
Room7 300 Control panel for High Pressure

Injection pump B

The flooding event included various threats to
SSC reliability, such as submersion, spray, water
pressure, wave impact, and high-temperature
steam. Wang et al. (2019) evaluated flood
propagation and its impact on floating bodies in
the layout of AP1000. Smith et al. (2016)
performed fragility experiments and probabilistic
modeling of full-scale interior doors against flood
pressure. Under the conditions chosen in this
research, it was assumed that the dominant failure
mechanism was submergence and that this
comprehensively represented the effects of
flooding.

The evaluation of flood propagation was
simplified using a formula based on Bernoulli's
law from the viewpoint of computational cost.
Specifically, only the overflow was considered as
the inflow between sections. The model shown in
Fig. 3 was used, and equation (1) introduced the
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internal flooding PRA standard published by the
Atomic Energy Society of Japan (Atomic Energy
Society Japan (2012)).
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Here, Qoerfiow: Overflow flow rate (m’/s), w:
open channel width (m), c: flow coefficient (-), u:
overflow velocity (m/s), h,,e,: Water level above
the water barrier (m), and g : gravitational
acceleration (m/s?). The time variations in the
water level in each section under this condition
are shown in Fig. 4. Table 2 shows the flood
propagation flow path.
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Fig. 3. Flood modeling
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Fig. 4. Time variations in water levels in each compartment

Table 2. Flood propagation flow path

Order Path

1 Room! = Room2

2 Rooml = Room4
Rooml = Room5

4 Room5 = Room6
Room5 = Room7

6 Room1 = Room3

2.2 Plant model

In this study, a simplified PWR model using
THALES2 was applied in the thermal-hydraulic
analysis. This model is based on a 3.4 GWt class
PWR. Fig. 5 shows a schematic of the systems
and Table 3 shows acronyms used in Fig. 5.

Fig. 5. PWR modeling in THALES2
(acronyms are shown in Table 3)

Table 3. Acronyms used in Fig. 5

Acronym  Full name

ACC Accumulator injection system
AFW Auxiliary Feed Water system
CL Cold Leg

CST Condensate Storage Tank

Ccv Containment Vessel

DC Down Comer

HL Hot Leg

HPI High Pressure Injection system
LPI Low Pressure Injection system
PZR Pressurizer

RWST Refueling Water Storage Tank
R/B Reactor Building

SG Steam Generator

Initiated by the transient event of flooding, the
incident was categorized as a high-pressure
accident scenario. Therefore, the mitigation
systems were a control rod drive system, an
auxiliary feed water (AFW) system, a high-
pressure injection (HPI) system, and power-
operated relief valves. It was assumed that the
equipment affected by flooding was the HPI
control panels and the AFW pumps. Table 4
shows the water levels at which the respective
functions were lost as a result of submergence.

Table 4. Compartments and water levels at which
each mitigation system loses function

Submerged system Compartment Height
(inch)

AFW train A Room2 18

AFW train B Room3 13

HPI train A Room6 6

HPI train B Room?7 6
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In this accident scenario, it was assumed that
the reactor was successfully tripped at the same
time as the occurrence of the flooding and that
feed and breed (F&B) was successfully
implemented by the operator when the alarm
sounded, as long as the water level in Rooml
reached 0.1 m. Then, AFW A pump lost function
due to submersion, followed by the HPI control
panels, and, finally, AFW B pump. Table 5 shows
the timeline of plant responses in the base case.
Fig. 6 shows the event tree that was used to
organize the timeline shown in Table 5. The
minimal cut set of core damage in this tree,
MCS.p, is expressed in equation (3).

MCS.p, = AFW_A N HPI_A
NHPI_B N AFW_B (3)
The occurrence  probabilities of  the
components of this minimal cut set are time

dependent, and their dynamic handling enables
detailed evaluation.

Table 5. Timeline of base case

Time Plant response Event symbol
(©)
0 Flooding occurrence and -
trip success
240 F&B started by alarm -
activation
1,124 AFW A pump loss of AFW_A
function due to submersion
1,393 HPI A pump loss of HPI_A
function due to submersion
1,473 HPI B pump loss of HPI B
function due to submersion
2,635 AFW B pump loss of AFW_B
function due to submersion
18,600  Peaking cladding CD
temperature reach 1,200 °
C
AFW_A ok
Start to
F&B HPI_A
oK
Reactor
i HPI_B
: = oK
: Success
Flooding 1 ﬁ AFW'B— OK
1 Failure
1 I
: : c
1 I
1 S —— *
I
T e *

* It is assumed that reactor trip and to start F&B always succeed.

Fig. 6. Event tree

2.3 Assumptions

2.3.1 Flooding source

In the base case analysis, it was decided that the
flow rate of the flood water source was 6,000
m?/hr. However, it is difficult to estimate the
parameters involved in a pipe rupture for a
flooding PRA. Therefore, Fleming et al. (2004)
quantified the parameters using Bayes’
uncertainty analysis and developed a database. In
this study, for the sake of simplicity, the
probability distribution of the water flow rate was
set at a normal distribution with a mean of 6,000
m’/hr and a standard deviation of 600 m3/hr.

2.3.2 Failure criteria

In a large flooding condition, the wave front
ripples. Therefore, it is difficult to determine the
water level uniquely in a large section. In
particular, regarding flooding during a seismic
event, the effects of sloshing would be expected
to appear. To consider the variations in water
levels, the normal distributions listed in Table 6
were set as the submergence criteria for the
mitigation systems.

Table 6. Normal distributions for hypothetical
submergence criteria

Submerged system Mean Std.
(inch) (inch)
AFW train A 18 1.8
AFW train B 13 1.3
HPI train A 6 0.6
HPI train B 6 0.6

2.3.3 Recovery actions

e Isolation of flood source

In flooding events, isolation actions have a
significant impact on event progression.
Therefore, human reliability analysis (HRA) such
as IDAC (Chang et al. (2007)) and Crew-module
(Kloos et al. (2008)), which evaluates the
reliability of operator actions, must be
implemented in any detailed analysis. In this
study, for the purpose of coupling the thermal-
hydraulic analysis and the simple flood
propagation analysis program, the following
simplified HRA model was used. To simulate the
timing of successful isolation, a truncated normal
distribution with the following parameters was
used.

The median value was the timing at which the
AFW B pump was placed in Room3 and lost
function (2,635 s). The standard deviation was set
to 1,438 s, which was the intermediate value
between the overflow alarm sounding (240 s) and
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the AFW B losing function. Therefore, a
truncated normal distribution with a lower limit of
240 s and an upper limit of 4,073 s was assumed
(see Fig. 7 and Table 7).

—
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Density (-)

upper limit —|

1

£~ median
1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

04 lower limit
o 500

Fig. 7. Probability distribution of timing for successful
isolation action

Table 7. Parameters related to the probability
distribution of timing of successful isolation actions

Parameter Setting condition Time
(values in basic analysis)
(s)
Median Submerged time of AFW 2,635
pump B
Std. Intermediate value between 1,438
flooding alarm activation
time and submersion time of
AFW pump B
Lower limit  Flooding alarm activation 240
time
Upper limit ~ Median +1o 4,073

e Drainage of water

After the Fukushima Dai-ichi NPP accident, a
number of utilities installed drainage pumps to
prevent and mitigate flood propagation (Chubu
Electric Power Co. (2011) and U.S.NRC (2018)).
To reflect this safety improvement, we modeled
the drainage of the flood water. The drainage
pump was installed in Room1 and its drainage
capacity was assumed to be 2,000 m*hr. This
pump starts to run and drain at the same time as
the flood alarm is activated.

2.3.4 Accident analysis

In this study, the accident scenario in THALES2
was analyzed for eight hours from the occurrence
of the flooding. If peak cladding temperatures
(PCTs) reached 1,200°C within this period, this
was counted as a core-damaged accident sequence.
For each recovery action, 10,000 cases were
analyzed.

3. Results

3.1 Accident simulation without recovery

Fig. 8 shows the frequency distributions of the
timing when the alarm was triggered and the
equipment was submerged. The alarm timing had
the lowest level of uncertainty, whereas the timing
uncertainty when the AFW B lost function was
the highest. This is because the sections where the
inflow started late were affected notably by the
rate at which the level rose as determined by the
flow rate of the water source, and also by the time
at which the water level in Rooml reached a
constant. When evaluating flooding progress, it is
necessary to consider the above points.

Fig. 9 shows the time variations in the PCTs of
10,000 cases. All cases resulted in core damage.
In addition, the PCTs started to rise after
approximately four hours.

3 Aarm

4000 AFW A failure
[ HPI A failure
3 HPI B failure
3000 [ AFW B failure

L

Frequency (-)

2000 ‘
1000 T
0 - . . . - - l
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)
Fig. 8. Frequency distribution alarm activation and
equipment submergence timing
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Fig. 9. PCTs without recovery

3.2 Accident simulation with isolation

Fig. 10 shows the time variations in PCTs when
the isolation measure mentioned in section 2.3.3
is considered. By considering this effect, 4,550 of
10,000 cases avoided core damage. This result
indicates that the effect of this action reduces
CCDP by 45.5%.
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There are two groups of accident sequence that
do not lead to core damage: the upper sequence
avoids core damage using an AFW; the lower
sequence avoids core damage using F&B.
Isolation leads to differences in the mitigation
systems that are able to avoid loss of function,
which results in these groups.
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Fig. 10. PCTs with isolation

3.3 Accident simulation with drainage

Fig. 11 shows the time variations in PCTs when
the drainage measure mentioned in section 2.3.3
is considered. By considering this effect, 402 of
10,000 cases avoided core damage. Drainage
delayed the core damage timing. The results
suggest that it becomes a more effective counter
measure when combined with isolation.
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Peak clad temperature (Deg C)

200
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Fig. 11. PCT with drainage

3.4 Accident simulation with isolation and
drainage

Fig. 12 shows the time variations in PCTs when
isolation and drainage measures are considered.
Under this condition, 8,743 of 10,000 cases
avoided core damage. The results suggest that
combining isolation and drainage is the most
effective method of flood mitigation.
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Fig. 12. PCTs with isolation and drainage

3.5 Comparison of recovery effects

Fig. 13 shows the frequency distributions of core
damage timing for all conditions. By comparing
the results shown by the red line (without
recovery) and those shown by the green line (with
isolation), it can be seen that the frequency of late
core damage is reduced when the isolation
measure is considered. This is because loss of

function due to submergence occurs at a later time.

This effect is caused by the relationship between
the flood flow rate and the timing of the successful
isolation action. As mentioned in section 2.3.3, it
is considered necessary to apply an advanced
HRA method in order to conduct a detailed
evaluation.

By comparing the results shown by the red line
(without recovery) and those shown by the cyan
line (with drainage), it can be seen that the timing
of the occurrence of core damage is delayed by
drainage. This is because the speed at which the
water level rises is reduced by drainage, and,
therefore, the occurrence of submergence is
delayed.

The results show that core damage can be
avoided most effectively by combining isolation
and drainage (blue line). Table 8 shows the
statistical parameters of these distributions.

le3
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=3 Without recovery
= With isolation
With drainage
=1 With isolation + drainage

Frequency (-)
- NN W oW
w o w o w

-
o

o
w
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Time (hr)

Fig. 13. Frequency distributions of core damage timing
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Table 8. Statistical parameters of core damage

timing
Recovery Mean Median  Std.
(hr) (hr) (hr)
Ignore 522 5.17 0.31
Isolation only 5.13 5.11 0.28
Drainage only 6.47 6.28 0.65

Isolation and drainage ~ 6.02 6.00 0.48

4. Conclusions

In this study, thermal-hydraulic simulations were
coupled with flood propagation analyses using the
RAPID framework, and the temporal distributions
of core damage occurrences were evaluated.
These distributions provide useful information
because they cannot be obtained by conventional
Level 1 PRA and are important inputs for Level
2/3 PRA.

In addition, a simple model was used to
evaluate the isolation of flood water sources by
operator actions and drainage using a pump.
Although hypothetical assumptions affected the
simulation results, the effects of the recovery
actions were evaluated more realistically using
this method.

As a result, this study demonstrated how
THALES2-RAPID can be used for dynamic PRA,
considering the timing of the loss of safety
systems due to flooding.

The following items are suggested as areas for
future work based on this study.

e Application of a detailed HRA method

In this study, the isolation action was modeled
simply using probability distribution based on
equipment failure timings. As a result, the effect of
the isolation could be quantitatively evaluated. For
a more detailed evaluation, it is necessary to
understand the effectiveness of the isolation using
the HRA method. At the same time, it is necessary
to obtain information on environmental
degradation due to flooding, such as access routes.

e  Evaluation using more detailed simulation

The simple formula used in this study is a rational
calculation based on Bernoulli's law; however,
when considering the actual phenomena, a number
of threats to the reliability of SSCs are described in
section 2.1. In order to understand these effects, it
is necessary to obtain detailed information on plant
sections and equipment locations, as in previous
studies, and to perform fluid analysis using particle
methods etc.
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