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Abstract : After Fukushima Dai—ichi NPP accident, the need for implementation of diverse and flexible coping
strategies (FLEX) became evident. However, to ensure the effectiveness of the safety strategy, it is essential
to quantify the uncertainties associated with the station blackout (SBO) scenario as well as the operator
actions. In this paper, a systems engineering approach for uncertainty analysis (UA) of a SBO scenario in
advanced pressurized water reactor is performed. MARS—KS is used as a best estimate thermal—hydraulic
code and is loosely—coupled with Dakota software which is employed to develop the uncertainty quantification
framework. Furthermore, the systems engineering approach is adopted to identify the requirements, functions
and physical architecture, and to develop the verification and validation plan. For the preliminary analysis, 13
uncertainty parameters are propagated through the model to evaluate the stability and convergence of the
framework. The developed framework will ultimately be used to quantify the aleatory and epistemic
uncertainties associated with an extended SBO accident scenario and assess the coping capability of APR1400

and the effectiveness of the implemented FLEX strategies.
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1. Introduction

The Fukushima Dai—ichi NPP accident was
caused by a tsunami which flooded the emer—
gency power generators and electrical distribution
system, leading to an extended station blackout
(SBO). SBO is the complete loss of onsite and
offsite alternating current electric power (AC
power) to the nuclear power plant leading to
the unavailability of all active motor—driven
safety systems. This accident may therefore
challenge the coping capability of existing and
new nuclear power plant. Hence, implementation
of batteries for at least eight hours and use of
diverse and flexible coping strategies (FLEX)
were proposed to enhance the coping capability
of advanced nuclear reactors.

The FLEX strategy consist of using portable
equipment to provide water and power to restore
key safety functions. The FLEX strategy is
categorized into three phases: relying on

installed plant equipment, using on—site FLEX
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equipment, obtaining off—site resources. The
goal is to ensure that the NPP withstands the
extended SBO for at least 72 hours [1].

This paper verifies the reliability and
robustness of APR1400 safety strategy in the
event of a SBO, given the FLEX portable
equipment are employed. The best estimate
plus uncertainty is the approach chosen to
achieve the goal of this paper via a realistic
safety analysis as recommended by regulatory
body [2].

Systems Engineering approach (SE) is applied
to the evaluation of APR1400 under an extended
SBO to plan the tests in parallel with a
corresponding phase of development as shown
in the V—model in Figure 1. Hence, the reason
of SE employment is to provide a set of
verification and validation activities that guided
this project development by linking each
requirement to a validation or verification test

with predefined success criteria [3] [4].

Acceptance Test

[Figure 1] V—Model for evaluation of advanced nuclear reactor under SBO
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2. Requirements Identification

2.1 Developed Mission Requirement

The requirements addressed in this work can
be divided into mission requirement, originating
requirements, and system and component re—
quirements as seen in Table 1.

The mission requirement are derived from
stakeholders' need. The stakeholders can be
categorized into groups with economic, social,
environmental and technical impact. After Fuku—
shima accident, all those categories were affected.
The public suffer during and after the evacuation
process. Moreover, the negative repercussions
on the nuclear industry as evidenced by pressure
from the anti—nuclear groups to shut down nuclear

power plants, which in turn has economic and

{Table 1> Requirements of evaluation of APR1400
under SBO
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Requirements Description

1. The system shall realistically evaluate
APR1400 safety under extended SBO
scenario.

Mission
Requirement

1. The plant shall respect the safety
criteria under SBO condition

2. The plant shall respect the safety
criteria within 95% probability and
95% confidence under SBO condition

Originating
Requirements

1. The battery should last up to 8 hours
under SBO condition

2. The FLEX equipment should be used
to cope with SBO condition

3. The plant should provide feed and bleed
to cope with SBO condition

4. The operator action shall not be faster
than 30 minutes

System and |5. AC power shall not be available under

Component SBO are not available

Requirements | 6. The maximum shutoff head of primary
mobile pump shall be 12.23 bar

7. The maximum shutoff head of secondary
mobile pump shall be 2.23 bar

8. All AC power pump shall not be available

9. All emergency diesel generators shall
not be available under SBO

10. Reactor coolant pump (RCP) seal

leakage should occur under SBO

technical impacts. In absence of nuclear power,
the price of energy becomes more expensive
which ultimately affects the public. Furthermore,
utilities have to spend more money to enhance
the safety and prove that the existing and new
plants are able to cope with extended SBO by
meeting the new requirements enforced by the
regulators. The researches and scientists are
therefore compelled to create feasible solutions
to enhance the plants' safety. As the saying
goes, a nuclear accident anywhere is a nuclear
accident everywhere and everyone is affected.

The mission requirement shown in the Table 1
reflect the needs and goals of the stakeholders
that is to evaluate the success of the new

system design.

2.2 Developed Originating Requirements

The originating requirements are based on
the stakeholders' inputs and mission requirement.
For a given operational scenario, the objectives
are identified and ordered according to their
level of importance to formulate the objectives
hierarchy. Perhaps the most common overarching
objective of all stakeholders is to avoid or at
least minimize the radioactive releases within
the regulatory limits. A nuclear power plant
therefore adopts the defense—in—depth safety
philosophy via six radiation barriers: crystal
fuel lattice, fuel rod cladding, pressure boundary,
concrete shielding, containment and reinforced
concrete shell. For the current work, the
objective hierarchy focuses on maintaining the
fuel integrity since transitioning to severe
accident is excluded. The fuel cladding integrity
as specified by the safety requirement of
maintain the peak cladding temperature below

922 K is maintained as the primary goal of
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SBO coping capability to prevent fuel damage.
Consequently, this work intend to prove that
APR1400 is able to cope with extended SBO
without breaking the first barrier.

The most important events in the SBO
scenario are described as follows. At time
00:00h, station blackout occurs, reactor shutdown
and TDAFWP starts automatically. At 00:03h,
the RCP seal leakage occurs. This RCP seal
leakage increase the challenge that the plant
has to overcome. At 00:30, operator open the
atmospheric dump valve (ADV) to start cooling
down the system (conservatism). At 02:00, the
mobile primary and secondary pump responsible
to pump water into primary system and sec—
ondary system are connected to the primary
and secondary system. However, they are not
able to pump water into the system due to the
high pressure. At 08:00h, the battery is lost.
When the battery is over, the turbine drive
auxiliary water pumps(TDAFWP) also stop.
The coping strategy is assumed successful if
the system copes with the accident for a
mission time of 72 hours.

The originating requirements states about
the system capabilities which are derived from
the mission requirements, and based on the
operational scenario and objective hierarchy.
The originating requirements added to the mission
requirements the importance of respecting the
safety criteria with 95% probability and 95%
confidence. The safety criteria for SBO determined
by Kang et al. [5] and Kozmenkon et al. [6]
are core level and peak cladding temperature.
Both safety parameters, core level and peak
cladding temperature are related to each other
and attempt to demonstrate the importance

of maintaining the core covered and natural
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circulation. The natural circulation on primary
side, promoted by secondary side, allows

continuously cooling of the core.

2.2 Developed Derived Requirements

This subsection describes the system require —
ments and component requirements (Table 2).
The system requirements and component re—
quirement (Table 1) detail the SBO accident
characteristics by adding performance and
constraints requirements. The System and com—
ponents requirements impose limit for battery
capability and shutoff head mobile pumps,
restriction to operator action, AC power supply
and EDGs. Furthermore, it suggest the use of
FLEX equipment to overcome SBO challenge.

The system and component requirements
demands the development of SBO APR1400
thermal hydraulic model to represent those
features. The detailed requirements and par—
ameters characteristics for thermal hydraulic
modeling the APR1400 are omitted for brevity.
However, the most important requirements are

described.

2.3 Architecture Design

This subsection shows the functional architecture
(Figure 2) of APR1400 under SBO. The first
level of functional architecture describes the
three main functions that need to be executed
to avoid a severe accident condition. The core
must to be covered with water. Hence, it is
necessary to provide water to primary system
to maintain the inventory when the collapsed
level of the core and, consequently, the
pressurizer (PZR) level are low. Furthermore,
the seal leakage should be minimized. The

RCP seal leakage that may be incurred due

54 A2-AXLOE



APR1400 under
SBO

Maintain core Maintaincore Release
covered cooling Pressure
Miaint || [Establishand || [ ]
v Minimize RCP StablisTan [ Redease Primary,
prirmary —amaintain natural .
z seal leakage H . | System Pressure
insentory || | circulation || | |
. . Rel
rovide water to Provide u.atrrml A
| primany system 1 sGifesd) Secandary
P L System Pressune

|| Provide conling
1 56 (bleed]

[Figure 2] Functional Architecture of APR1400 under
SBO

lack of component cooling water. When the seal
breaks, it causes a loss of primary inventory.

The core must be cooled to deal with the
decay heat. The decay heat is the heat produced
by the decay of radioactive fission products
after a reactor has been shut down. The natural
circulation provides a means to cool down the
core by convection heat transfer and this phe—
nomenon highly depends on the steam generator
(SG) status.

The third main function is pressure release.
A high pressure during SBO accident may
occur when the reactor is shutdown due to
lack of proper cooling. This phenomenon affects
the primary and secondary system. By releasing
the secondary system pressure (bleed), a cooling
flow path is established hence providing cooling
to SG. By establishing a cooling flow path
through the SGs, natural circulation within the
core is maintained. It is worth noting that the
pressure release primarily avoids equipment
break due to system over pressurization.

As mentioned earlier, the leak in the primary
side may be encountered due to lack of cooling
to the RCP seal. When the seal breaks, it causes

a loss of primary inventory.
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The simplified physical architecture represents
the main components under SBO condition.
They are linked to the functional architecture.
The equipment responsible to inject water on
the primary side to cover the core are portable
pump, safety injection tank (SIT). In the secondary
system, the equipment responsible to inject
water to SG are TDAFWP and portable pump
and the ADV to establish a cooling path to the
SG. PORSV and MSSV are the equipment
responsible to release system pressure in the
primary system and secondary system, re-—
spectively. The RCP is the component that
suffers the leakage through the seal.

3. Verification and Validation

This section refers to the verification and
validation of thermal hydraulic model and frame —
work built to attempt to represent APR1400
under SBO and meet the requirements. Hence,
the first step is to develop the thermal
hydraulic model.

The evaluation of APR1400 under SBO in this
work is conducted via a numerical simulation
using MARS—KS. MARS (Multi—dimensional
Analysis of Reactor Safety) is a best estimate
thermal—hydraulic code code for the realistic
multi—dimensional thermal—hydraulic system
analysis of light water reactor transients,
developed by KAERI [7].

The framework was developed by loosely—
coupling MARS—KS with Dakota. Dakota is
mathematical toolkit used as a platform to run
the uncertainty analysis using the thermal
hydraulic system code. Figure 3 represents the
framework. MARS—KS is treated as a black

box and both codes exchange data by reading
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[Figure 3] Uncertainty Analysis Framework

and writing several text files. A separate process
external to Dakota is created to run MARS—KS
iteratively. A python script was developed to
be the interface between the software responsible
for executing and writing the uncertain parameters
values generated by Dakota in MARS—KS input
file, executing MARS—KS twice per iteration, and
writing the selected parameters from MARS—KS

output file on Dakota results file [8].

3.1 Unit and Integration Tests Verification

The unit and integration tests attempt to
address the derived requirements. These tests
are at the code level and help to eliminate
issues at an early stage. The unit test is setup
to verify the components behavior inside the
simulation while the integration test is setup to
verify the successful integration of those
components. The way to demonstrate the veri—
fication process is by running the APR1400
model in MARS—KS code, collecting the results
from MARS—KS code and plotting curves which
represent the components and system re—
quirements. The main goal of derived requirements
is to simulate the station blackout in APR1400
and show the behavior of some components
and system.

Figure 4 depicts the ADV flow and hence
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[Figure 4] RCP seal leakage flow rate as function of
time

demonstrates the operator action, 30 minutes
from the accident as defined in the requirement.

Figure 5 represents the impact of utilizing
FLEX on primary—side by pump operation in
the simulation. The primary mobile pump is in
standby condition at 2 hours, however, it is
only able to inject water when the primary
pressure (represented by PZR pressure) is
lower than 0.1223 MPa and the PZR level is
below 50%.

3.2 System Test Execution Validation

The system test execution addresses the
originating requirements. The system test
execution 1s validated in comparison with real
plant data and other publications. It was done
in 2 phases. First, the real plant data was
obtained at [9]. Those data were compared to
thermal hydraulic model results at steady state
condition. The steady state conditions mismatch
is 0.015 for reactor power (MWt), 0.004 for
PZR pressure (MPa), 0.02 for core inlet tem—
perature (K), 0.002 for core outlet temperature
(K), 0.0 for SG pressure (MPa) and 0.0 for
steam temperature (K).

Second, it was compared the results of the
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transient file for SBO scenario without operator
action and without TDAFWP. The thermal hydraulic
model developed was compared against the
results of Lee et al. [10]. The comparison show
that the SG dryout happens at 10.9 hours in
SBO with turbine driven auxiliary feed water

in comparison with 12.2 hours of this model.

3.3 APR1400 Model Acceptance Test

The acceptance test is used to address the
mission requirement. The uncertainty analysis
framework was developed to be able to per—
form the mission requirement under the SBO
scenario for the APR1400 model.

3.3.1 Uncertainty Analysis

UA consist of 3 processes. First, identifying
input uncertainties. Second, propagating these
uncertainties through a computational model
(MARS—KS). Third, performing statistical as—
sessments on the resulting responses.

Identification of uncertain parameters is a
significant process in the uncertainty analysis.
A PIRT has to be developed to identify the
highly ranked phenomena and the safety par—
ameters. The screening of uncertain parameters
in this research were performed by the authors
based on the PIRT developed by Kang et al. [5]
and uncertainty analysis performed by Kozmenkov
et al. [6] and Lee et al. [10]. The uncertain
parameters identified are: Reactor Power (UP1),
Decay Heat Power (UP2), Fuel Heat Capacity
(UP3), Fuel Thermal Conductivity (UP4), Initial
Secondary Pressure (UP5), Initial PZR Pressure
(UP6), Multiplier for liquid heat transfer mode
(UP7), Multiplier for transition boiling mode
(UP8), Multiplier for nucleate boiling mode
(UP9), Initial total mass flow (UP10), Total
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[Figure 5] Pressurizer pressure and Flex on primary
flow as function of time to show dependency
between mobile pump shutoff head and
primary pressure

moment of inertia for RCPs (UP11), Form loss
factor for PZR surge line (UP12), Form loss
factor for SIT surge line (UP13), Initial pressure
in SITs (UP14), Initial temperature in SITs
(UP15), Initial coolant inventory in SITs (UP16),
SITs actuation pressure (UP17), High Pressure
Safety Injection water temperature (UP18).

The second step is sampling and propagating
those parameters into thermal hydraulic model.
The third order Wilks' formula is applied to
choose the minimum number of iterations
necessary to respect with 95% probability and
95% confidence required by NRC and explicit
in the originating requirement [2]. The advantage
of Wilks' method is that the number of calculations
is independent of the number of input par—
ameters. Hence, 130 iterations was performed
varying the input parameters related to initial
conditions, boundary conditions, material properties
and set points.

The third step is assessment of the response.
The platform allows the sensitivity analysis
and uncertainty quantification. The sensitivity

analysis in this work apply Spearman's rank—
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order correlation to measure the strength and
direction (positive or negative) of association
between parameters. The correlation is carry
out among the uncertain input parameters, and
among uncertain parameters and peak cladding
temperature. The sensitivity analysis identifies
the key input parameters that influences on
the output of the system. The UQ will assess
the reliability of the safety systems according

to the acceptance criteria.

3.3.2 Verification of the Framework

A necessary condition to assure the robustness
of the methodology is to assure that the
uncertain parameters are independent. Hence,
bias in the sensitivity analysis or uncertainty
quantification is avoided. The partial rank
correlation of input parameters is presented in
the Table 4.

3.3.3 UA results

The evaluation of APR1400 model under SBO
through acceptance test demonstrated reliability
and robustness. Furthermore, wall heat transfer,
thermal power generation, natural circulation
and coolant flow were identified the most
important phenomena.

The uncertain parameters that affect most
the peak cladding temperature (Figure 6) are
initial secondary pressure, initial pressure in
pressurizer, reactor power, total moment of
inertial for RCPs and fuel thermal conductivity.
The initial secondary pressure, initial PZR
pressure, reactor power provokes a bigger
cladding temperature in the beginning of accident
when it reaches the maximum temperature.
Also, the total moment of inertia for RCPs

have a significant influence in the beginning of
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{Table 4> Correlation of uncertain parameters

UP1 | UP2 | UP3 | UP4 | UPS5 | UP6 | UP7

UP1 | 1.00

up2 .00 | 1.00

up3 | .01 .02 | 1.00

up4 | 02| .04 | .01 | 1.00

Up5 | —.02| .00 | .02 | .04 | 1.00

up6 | .01 .01 .00 | .01 .04 | 1.00

up7 | .00 | -.01| .02 |-.02] .03 | .02 | 1.00
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[Figure 6] Sensitivity Analysis of peak cladding
temperature

accident. The fuel thermal conductivity is directly
related to the cladding temperature.

The maximum peak cladding temperature is
681 K much lower than 922 K that would
indicate the onset of a severe accident condition.
The FLEX strategy is therefore a necessary
intervention mechanism to overcome the challenges
posed by the SBO.

4. Conclusion

This work performed an uncertainty analysis
to confirm the reliability and robustness of
APR1400 under SBO scenario, given the em—
ployment of FLEX strategy. The Systems
Engineering approach based on V—model demon—

strated to be a useful tool to address the
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requirements and to show the relationships
between each phase of the development life
cycle and its associated phase of testing.

To accomplish the purpose of this work an
uncertainty analysis framework, composed of
the coupling of Dakota and MARS, and a
APR1400 Thermal hydraulic model were developed,
verified and validated. Accordingly to results
obtained, the fuel cladding did not undergo
APR1400 developed model

succeeded to cope with an extended station

failure. Hence,

blackout scenario applying FLEX strategy.
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