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Accident scenarios in nuclear power plants that bypass
containment have the potential for large and early releases of
radionuclides. They are typically guarded against using means
such as redundant valves arranged in series and interlocks
for systems that interface with the high pressure reactor
coolant system. Some of these preventative arrangements
rely on active systems that may fail in unique ways with
the introduction of digital instrumentation and control. A
hypothetical scenario in a pressurized water reactor plant
is examined in which the digital controllers for the residual
heat removal system intake valves are subjected to a common
cause failure. This failure may cause simultaneous unintended
valve opening while the reactor is at power which has the
potential to overpressurize and damage piping in the residual
heat removal system and cause a leak of primary system
water past containment into the auxiliary building (interfacing
system loss of coolant accident). If the controllers are in a
persistent fault condition, plant personnel will have to traverse
the potentially contaminated auxiliary building to override at
least one controller and close its associated valve. A dynamic
case is assembled and run using the ADAPT dynamic event
tree driver and the MELCOR severe accident analysis code in
which uncertainties in the progression of the accident as well
as mitigating operator actions are explored for an interfacing
systems loss of coolant accident initiator. The results are
assessed using recently-developed tools to gain insight into
the likely outcomes and key events.

I. INTRODUCTION

Probabilistic Safety Analysis (PSA), or Probabilistic
Risk Assessment (PRA) of Nuclear Power Plants (NPPs)
yields insights about possible outcomes stemming from an
initiating event. These outcomes are compared based on their
likelihood and impact for use in licensing and decision-making
in repair and maintenance. Sequences which may lead to an
early release of radionuclides from the plant may increase
the risk to the public when compared to later releases of
similar composition!. One general initiating event that may
lead to early release in a Light Water Reactor (LWR) is the
Interfacing System Loss of Coolant Accident (ISLOCA) in
which inventory from the Reactor Coolant System (RCS) leaks
into a lower-pressure system. The lower-pressure systems,
often Residual Heat Removal (RHR) or Low Pressure Safety
Injection (LPSI), have components outside of containment
in some existing plants?. In some cases, particularly in
Pressurized Water Reactors (PWRs), there is a chance that
overpressurization will cause damage in the lower-pressure
systegn leading to a leak of water and radionuclides from the
RCS".

Because of the potential consequences, systems that may
be subject to an ISLOCA have been designed to withstand
single component failures lowering the likelihood of an
ISLOCA. This has led to ISLOCAs, despite the potentially
high consequences, being screened out of some safety analyses
because the assessed risk is significantly lower than other more
likely accident types*.

The adoption of Digital Instrumentation & Control
(DI&C) in existing plants>® is expected to reduce cost and
improve overall reliability but will also introduce failure
modes that did not exist in the original analog systems.
This work examines a cyber-induced failure of the digital
controllers of the Motor-Operated Valves (MOVs) that isolate
the intake of the RHR system from the primary system at a
hypothetical PWR. Most ISLOCA pathways, and particularly
those commonly considered in large-scale analyses, involve
discharge lines that may be protected to a high level of
reliability using multiple check valves in series '**. The check
valves are passive, operating without power or control signals
from the plant. However, an ISLOCA at the RHR intake would
be in the usual direction of flow and so check valves would not
protect it. The intake must be isolated during some operating
modes and must be open for others which is accomplished
using actively-controlled systems. This work considers the
effects of a postulated cyber exploit of the control network at a
hypothetical plant that has upgraded shutdown system MOV
to DI&C.

This work explores the impact of uncertainties leading
from the initiating event of the two RHR MOVs being
persistently held open by controller failures on the likely
consequences of the event. Physical parameters such as
piping pressure capacity are considered as well as recovery
actions taken by plant personnel whose timing will depend
on the state of the auxiliary building when the actions are
taken. These types of uncertainties are generally difficult to
handle in a traditional PSA framework and usually require the
use of dynamic PSA methods®. New data analysis features
(dynamic importance measures) of the Analysis of Dynamic
Accident Progression Trees (ADAPT) Dynamic Event Tree
(DET) driver code are used to study the uncertainties relevant
to ISLOCA using the MELCOR code. MELCOR is an
LWR severe accident analysis code with the ability to
represent diverse phenomena such as thermal-hydraulics, core
degradation, radionuclide transport, core-concrete interaction,
and hydrogen generation and combustion®.

The DET generation process is presented in Figure 1
and is driven by the condition of the plant as reflected by
a simulator code. When compared to traditional event trees
the significant differences are the automated generation of the
tree, the addition of a time axis, and the use of non-binary
branching. A database stores the parent-child relationships
of all branches which may be used to assemble outputs from



the initiating event (P;) to any end state (e.g., Pyj112) as a
unique sequence. In a similar manner to a traditional event
tree, the final output of a DET includes a set of plant states at
the end of the accident each with a probability conditional on
the initiating event. However, a richer set of data is returned
that also includes the time that each branching condition was
met as well as time series of chosen physical parameters.
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Fig. 1. General DET Behavior '

In this study, the results produced by the DET are
examined for the impact of chosen uncertain parameters
(e.g., timing of RHR pipe break isolation) on measures
of consequence (e.g., hydrogen production) using the
Dynamic Importance (DYI) measure calculation platform of
ADAPT !,

Section II describes the accident being studied as well
as its expected effects on the plant. Section III presents the
uncertainties that will be addressed in the dynamic simulation.
The results of the case are given and interrogated for insights
in Section IV. Finally, the work and its impact are briefly
summarized in Section V.

II. PLANT SYSTEM AND NOMINAL ACCIDENT
PROGRESSION

This section describes the plant system being studied
(II.A.), the expected accident progression (II.B.), and the
expected consequences (II.C.).

II.A. Plant Configuration

This work considers a hypothetical three loop PWR
that utilizes a combined LPSI and RHR system? outside of
containment which exists in several operating plants?. The
LPSI and RHR systems are typically designed to operate at
similar pressures and to discharge to similar locations and so

ITo avoid confusion, the measures referred to as DIM in Reference ! are

renamed to DYT in this and subsequent works
2When discussing the shared system of pumps and pipes this is referred to
as RHR. Specific discussion of the injection function uses the term LPSI.

it can be economical to combine them to reduce the number of
pumps and the amount of piping in the plant. The maximum
operating pressure for the RHR system in this case is assumed
to be 2M Pa and it can accommodate a flow rate of 3750gpm.

The High Pressure Safety Injection (HPSI) system
provides a flow of 375gpm and operates up to 12MPa
which is below the RCS operating pressure of 15.5MPa
but high enough that exposure to full RCS pressure is not
expected to damage the system. Along with HPSI and
LPSI, the Emergency Core Cooling System (ECCS) includes
accumulators which store pressurized highly borated water
and passively inject if the RCS pressure drops below 4.6 M Pa.
A diagram of the ECCS is shown in Figure 2 for reference.
HPSI and LPSI both draw from the Refueling Water Storage
Tank (RWST) when operating in injection mode. Water
from the containment sump may be recirculated for LPSI if
sufficient water has accumulated in the sump and Net Positive
Suction Head (NPSH) requirements are met 2.
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Fig. 2. Overview of the Emergency Core Cooling Systems !?
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The RHR system shown in Figure 3 is operational during
reactor shutdown periods when the RCS is at a reduced
pressure. The RHR system takes in water from the RCS
hot leg which is isolated during operation by two MOV’ on
independent control systems. These MOVs are located inside
the containment building to reduce the risk of a valve leak of
outside of containment . Water exits the containment structure
to the RHR pumps and through the RHR Heat Exchanger (HX)
tubes before being returned to the RCS cold leg 4. The water
is cooled by Component Cooling Water (CCW) on the shell
side of the heat exchangers. CCW also provides cooling
to the HPSI and RHR pumps. Not shown are RHR relief
valves throughout the system which provide a small level of
protection against overpressurization. These valves are not
large enough to protect the RHR system against full RCS
pressure® but may contribute to inventory loss in an ISLOCA.



CONTAINMENT ENVIRONMENT
SERVICE WATER
SYSTEM

(sw)

CCW HEAT
=1 EXCHANGER

RHR INTAKE ISOLATION VALVES

sw
PUMP.

EACTOR COOLANT
SYSTEM

RHR HEAT
EXCHANGER

RESIDUAL HEAT

RCP (RHR)

CONTAINVENT SUMP.

Fig. 3. Overview of the Residual Heat Removal System '

II.LB. Accident Sequence and Nominal Response

A MELCOR model of the hypothetical plant was created
for this and related analyses which includes relevant systems
and pathways 3. At time /=0 both RHR isolation MOV are
assumed to be opened and held open by their compromised
controllers while the reactor is operating at full power with
possible damage to both the RHR piping and the RHR heat
exchangers?. Shortly after any break the reactor will scram on
low pressure followed by the main feedwater system tripping
and engaging auxiliary feedwater. As the pressure decreases
HPSI will engage if available. If the pressure continues to
fall the accumulators will inject their inventory. LPSI will not
be immediately available in the case of any RHR damage but
may be recovered by isolating the damaged component(s).

If any RHR heat exchanger failure occurs, the CCW
system will be subject to either high pressure or a leak and is
assumed to be out of service until isolated from the RHR heat
exchangers. It is further assumed that the systems that depend
on CCW, including HPSI, will also be out of service until
CCW isolation is achieved. The impact of overpressurization
of the CCW system depends on the configuration. Some
common configurations may be seen in 6.

In this study, it is assumed that if a pipe break occurs it
will occur near the RHR pump intake and will cause a leak
into the RHR pump room of the auxiliary building (see BRK-1
in Figure 4). Water from the RCS as well as the RWST will

flow into the RHR pump room until each source is isolated.

The RWST may be isolated from the shared RHR system by
closing its MOVs from the control room. If a heat exchanger
tube break occurs (BRK-2 in Figure 4), the CCW system will
be overpressurized. If the heat exchanger shell also fails
(BRK-3 in Figure 4), RCS water and CCW will spill into
the RHR heat exchanger room. This will continue until the
CCW is isolated from the RHR heat exchanger and the RCS
is isolated from RHR.

The Motor Control Center (MCC) for one RHR isolation
valve is assumed to be on the same level of the auxiliary
building as the control room and the MCC for the other
valve is on lowest level (see MCCI in Figure 4). The MCC
houses the power supply and controller for the motors that
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Fig. 4. Auxiliary Building Lower Level Layout

drive the MOVs. As the controllers will be in a persistent
failed state, plant personnel will have to reach an MCC,
override the controller, and manually send a signal to the
valve motor to close the valve. Due to electrical safety hazards
associated with MCCs, personnel will be required to don arc
flash protection equipment delaying completion of the task !”.
There is a chance of an internal failure to close the MOV. In
this case, the operators will have to attempt the procedure
at the other MCC. Because the MOVs are in series, closing
either one is assumed to be sufficient to isolate the RCS from
RHR.

For the State-of-the-Art Reactor Consequence Analyses
(SOARCA) study, operators at the Surry plant were subjected
to a simulated ISLOCA and their performance of the
emergency procedure was timed*. RWST isolation was
accomplished 16 minutes after initiation of the accident
which is used as the timing of RWST isolation in this case.
The SOARCA ISLOCA analysis also examined the effects
of the operators opening the Pilot-Operated Relief Valves
(PORVs5) after an ISLOCA is identified. This opens a path for
high pressure RCS inventory to move into the containment
structure reducing the total flow from the break outside of
containment. In addition to potentially reducing the flow of
radionuclides out of containment this retains some inventory in
the containment sump where it may be used for recirculation
(see Section I1.A.).

The state of doors in the RHR pump room and RHR
heat exchanger room can influence the ability of operators to
perform isolation actions. Doors to high energy line break
areas, which are considered to be at high risk for internal
flooding, have been left open inappropriately in some recent
cases %1% Even with the door closed, there is a chance that
seals have degraded similar to the case at an operating plant
that identified "degraded flood penetration seals, conduit seals,
and a 7.6cm (3 inch) gap in the weather stripping along the
bottom of the Unit 2 reactor building railroad door"?°. Finally,
a closed door may burst if incoming water overcomes the
room drains and the water level rises past the door’s capacity .
Operators are assumed to be unable to safely complete tasks in
a room while the water level is over 1 inch and so a flood that



propagates through the auxiliary building may delay multiple
recovery actions.

II.C. Potential Consequences

This event challenges the integrity of the fuel as multiple
failure modes of the RHR system allow RCS water to escape
while disabling portions of the ECCS as well as shutdown
cooling. The radioactivity of RCS water before fuel damage is
not significant to offsite consequences but may delay plant
personnel in performing recovery actions as they will be
required to don radiation protection equipment??. If fuel
damage occurs and the RHR isolation valves are still open,
there is likely to be significant contamination of the auxiliary
building which may prevent operators from performing
further actions outside of the control room. Additionally,
hydrogen may be transported to the auxiliary building and
may reach appropriate conditions for combustion. This may
cause the auxiliary building doors or roof to fail due to
overpressurization opening a release path of radionuclides
to the environment*.

III. DYNAMIC CASE

This section first briefly describes the operation of the
ADAPT DET driver code and its requirements (III.A.). The
particular dynamic case developed for this work is presented
in terms of the uncertainties that are addressed in accident
initiation and operator response (IIL.B.).

IILA. ADAPT Operation

The uncertainties in this case include values of physical
parameters (e.g., pressure capacities) as well as timing of
actions in response to the initiating event which are difficult
to address using traditional PRA. A simulator-driven DET
is a form of dynamic PRA that can accommodate such
uncertainties®. The basic progression is shown in Figure 1.
An initial simulation is run until a point of interest is met
either according to time (e.g., initiating event at time zero) or
the value of a physical parameter (e.g., HPSI demanded due
to low primary pressure). Uncertain parameters are sampled
from their Cumulative Distribution Functions (CDFs). The
granularity of the sampling is a compromise between coverage
of the uncertainty space and available computational resources.
Sampled values of an uncertain parameter are applied for each
branch and the simulator is run to determine the effect of the
branching values. The probability of each branch conditional
on the initiating event is tracked in the ADAPT database. The
following entries are stored in the ADAPT database for each
branch:

e Branch number
e Parent branch number

e Branching condition of parent

Simulator input file location

ADAPT variable values

o Total branch probability

e Simulator to run

ADAPT is a DET generation and analysis code that has
historically been used with a single simulator code for a
given application that is broad enough to represent the entire
scope of phenomena of interest. ADAPT was initially linked
to MELCOR?? and has since been used with RELAP524,
SAS4A % and MAAP426. A recent example of the use
of ADAPT with multiple simulators utilized independent
MELCOR models to represent the primary system and the
auxiliary building during an ISLOCA to demonstrate the
passing of information and control between codes?’.

The process followed for each branch in ADAPT is
diagrammed in Figure 5. The simulator is run (Execute
Simulator) with appropriate input until it stops at which
point ADAPT ascertains the Reason for Stopping. The DET
is considered finished when all sequences have ended with
a branch with Maximum Simulation Time Reached or an
abnormal Simulator Failure. In all cases, branches ending
will Update Database. If a branching condition is reached,
ADAPT will Apply Branching Rules to produce database
entries and input files for the new branches which are added
to the queue to be run when resources are available.
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Fig. 5. ADAPT Branch Operations

A template simulator input file is provided by the user
with uncertain parameters indicated with ADAPT variables.
These variables are replaced with branched values according to
the branching rules for each branching condition. The physical
state of the plant as reflected by the simulator "restart" file and
updated during the course of each branch is the starting point
of each child branch.



IILB. MELCOR Uncertainty Treatment

HI.B.1.

The capacities of the RHR piping and heat exchangers
determine whether the initiating event will cause an ISLOCA.
The RHR intake pipe is assumed to be 12 inches diameter
thin-walled stainless steel '*. The RHR heat exchanger tubes
and shells are also constructed of stainless steel with capacities
defined in?®. The lognormal distribution parameters for these
capacities are given in Table I. The pressure capacity CDFs as
well as sampled values (25th and 50th percentile used in DET
for illustration purposes) are shown in Figure 6. The capacities
are branched independently after both RHR isolation valves
have opened.

ISLOCA Initiation

TABLE I. RHR Component Pressure Capacity

Component Median (psig) Log. Std. Dev.
Intake Pipe 1284 0.36
Heat Exchanger Tube 2 1650 0.23
Heat Exchanger Shell?® 1370 0.27
1.0
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Fig. 6. CDF for RHR Component Pressure Capacities

I11.B.2.

Per the timing from the ISLOCA simulation performed
for SOARCA, no operator actions are credited until 6 minutes
after accident initiation*. This allows time for an ISLOCA
outside of containment to be diagnosed and the appropriate
emergency procedure to be identified. In some manual
scenarios run for this study, it was found that 6 minutes
after accident initiation the RCS pressure may be below the
accumulator injection point. A decision must be made by
operators to allow the pressure to rise once isolation has been
regained or to keep the pressure low. At 6 minutes after
initiation the DET is programmed to branch on the decision to
either open and lock the PORVs or take no action. Opening
the PORVs is a method that may be used in an ISLOCA to
reduce the volume of water lost from the RCS as well as

Operator Response

the release of radionuclides through the ISLOCA pathway*.

The mitigating action of opening the PORVs is subject to
internal PORV failure according to the probability of failure
per demand values listed in Table II.

TABLE II. Plant System Reliability

Probability of failure
Event

per demand
PORYV fail to open?’ 7.0 %1073
PORY fail to close?’ 1.0%1073
MOV fail to open or close? 1.0 %1073

After a break in the RHR system, the RWST will be
leaking into the auxiliary building contributing to flooding and
reducing inventory available for injection. At 16 minutes after
ISLOCA initiation the DET branches on the success of the
operator attempt to isolate the RWST from the RHR system
using the timing from*. This action is taken from the control
room and may fail due to internal MOV failure to close (see
Table II).

Operator actions that must be taken outside of the control
room are assumed to require time according to a distribution
from3® which was originally assigned to manual isolation
of an Auxiliary Feedwater (AFW) train and is shown in
Figure 7. Similarly to?’, additional minimum time was
added to the base Weibull distribution seen in Figure 7
to account for unavoidable delays. In this case delays
include donning protective equipment and moving through
the auxiliary building. The stars in Figure 7 denote initially
sampled values of each CDF. Only the 50th and 75th
percentiles are used in DET generation. Delays are sampled
from the CDF in Figure 7 for the following actions:

e Isolation of RHR pump suction from RCS
e Isolation of RHR heat exchanger from RHR

e Isolation of RHR heat exchanger from CCW
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Fig. 7. CDF for Operator Action Timing*’



IIL.C. Flooding

At the time of any break in the RHR system, a branching
condition is used to determine the state of auxiliary building
doors. This affects the extent to which rooms will flood as well
as the general transport of radionuclides around the auxiliary
building. First, branching determines whether the doors to the
RHR pump room and RHR HX room are opened or closed
with a 0.9 probability of each being closed and 0.1 probability
of each being open. Next, if a door is closed branching is
performed to determine the capacity of the door for the RHR
pump room and the RHR HX room. Each door may fail
at a room water level of either 4ft or 6ft with equal (0.5)
probability?'. Each room in the auxiliary building is assumed
to have two 3 inch drains leading to a semi-infinite sink, while
the main hall of the lower level (see Figure 4) has ten 3 inch
drains.

IV. RESULTS AND DISCUSSION

The DET resulted in 31,000 total branches, which
represent 26,000 unique sequences from the initiating event
to end states. The computing cluster used consisted of three

dual processor nodes running Red Hat Enterprise Linux 7.

The case required 450 processor-days (or 4 calendar days
using the 150 available processors). The conditional core
damage probability was found to be 2.9 * 1076, The resulting
data set was 1.5 terabytes and the volume of output data has
historically presented a challenge for extracting meaningful
insights from DETs. DYIs measures are used to examine the
impact of uncertain parameters on consequences of interest as
introduced in!!.

The primary pressure of all sequences are plotted in
Figure 8. Sequences where at most one RHR isolation valve
opens terminate early and do not appear in the plot. With the
series arrangement of RHR isolation valves, failing a single
valve will not cause an ISLOCA outside containment. It is
important to note that pipe and tube failures in this model
account only for over-pressurization and not dynamic loading
which may also contribute to failures in the RHR system (see
Section IL.A.).

At around 40s, sequences diverge based on whether the

RHR intake pipe failed, the RHR HX shell failed, or both.

Between approximately 300s and 800s branching occurs on
whether the operators open the PORVs and whether the RCS
is isolated from the RHR system both of which influence the
primary pressure.

The reactor vessel water level is shown in Figure 9 with
the top of active fuel marked at 6.7m. The RHR ISLOCA
results in a fast decrease in the level which may be slowly
reversed if the leak is isolated and HPSI is available. The HPSI
pump shutoff pressure does not exceed the PORV closing
setpoints and so if pressure rises to a level that cycles the
PORVs there is no automatic injection.

IV.A. Importance Assessments

Two key advantages of the simulator-based DET over
traditional event trees are that non-binary parameter values
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may be explored and a rich set of continuous output data is
produced. This presents a challenge for traditional importance
measures which were designed around binary branching
conditions and outcomes. The recently-introduced DYTs !
as seen in Table III may be used to search for relationships
between the value of a chosen measure of consequence and
the value of a branched parameter. In Table III, R() represents
the expected value of a chosen consequence measure for a
set of sequences, x=1 refers to all sequences where event x
occurs, x=0 refers to sequences where x does not occur, and
x; indicates a value of occurrence i in the case of uncertain
timing of an event or value of a physical parameter.

An example calculation of DYII is given in Equation 1
for the occurrence of an RHR intake pipe break. This
event causes the RHR system to be permanently failed and
LPSI to be unavailable until the break can be isolated. The
consequence measure C is the level of hydrogen production.



TABLE III. Dynamic Importance Measures

Importance Measure ~ Comparison

DYIl = ﬁgj); Occurrence to non-occurrence
DYI2(i) = If;();::{))) Occurrence i to non-occurrence
DYI3(i) = ’;((’;::1])) Occurrence i to all occurrence

The summations in the numerator of Equation 1 cover the
set of n,-; sequences j where the failure occurs while the
denominator summations cover the set of n,-o sequences k
where the break does not occur. The weighted average of
each set is found by dividing the product of the probability
P and consequence C for each sequence by the sum of
sequence probabilities in the set. The weighted average
hydrogen production where the break occurs is 31.7kg while

the expected value when the break does not occur is 1.69kg.

This renders a DYI1 value of 18.8 meaning that the expected
hydrogen production when the break occurs is 18.8 times the
expected production when the break does not occur. This and
other DYI1 values appear in Table IV.
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DYII1 values are presented in Table IV for binary events
and their relation to the extent of hydrogen production. This is
used as a surrogate for core damage as hydrogen is produced
in an accident when the fuel becomes uncovered and the
zircaloy cladding reacts with steam. Note that the DYI values
indicate the ratio of consequences when the event occurs vs
does not occur regardless of whether the event is considered
a "failure". Also note that a value of co indicates that the
hydrogen production was zero for all sequences where the
event (e.g., RHR HX Tube Break) did not occur resulting in
an infinite value of DYT1. Such a result is also possible with
traditional Importance Measures (IMs)>3! and suggests that in
this case avoiding the event may prevent fuel damage as in
the case of RHR HX tube and shell failure. It can be seen that
hydrogen production is 18.8 times greater in sequences where
the RHR intake pipe fails than in sequences where this failure
does not occur. Production is reduced when RHR HX shell
isolation succeeds versus when it is failed (0.273 times the
production when isolation succeeds versus fails) which was
also expected.

Binary Events

IV.A.2.  Physical Parameters

Uncertainty in the value of a physical parameter (e.g.,
RHR intake pipe pressure capacity) is difficult to capture in
traditional fault tree / event tree PRA as it does not represent

TABLE IV. DYII Values for Binary Events, H2 Production

Branching Condition DYTI1
RHR Pipe Break 18.8
RHR HX Tube Break )
RHR HX Shell Break )
RHR HX Shell Isolation  0.273

a binary event. Such parameters may be important to an
analysis, however, and can be handled in a DET by branching
on sampled values just before they are expected to have an
impact on the analysis. For example, branching for the RHR
intake pipe pressure capacity is triggered at the moment both
RHR isolation valves have been opened. DYI3 values for
relevant parameters are seen in Table V for their impact on
production of hydrogen.

Production for an RHR intake pipe capacity of 7.1MPa
is similar to that of all sampled sequences (1.18 times
the expected value in all sequences). There is a stronger
relationship for the low sampled values for RHR HX tube
and shell capacities (9.7MPa and 7.9MPa, respectively),
where production is 62.3 and 48.9, respectively, times the
expected value across all sequences. For all capacities, the
samples used were the 25th and 75th percentile values of the
distributions seen in Figure 6. In each case, the higher sampled
capacities led to lower expected consequences. For example,
the expected consequences for the 11MPa sample of RHR
pipe capacity are 1.37 * 1072 times those for the overall DET.

TABLE V. DYI3 Values for Physical Parameters, H2

Production
Branching Condition Value DYI3
. . 7.1 MPa 1.18
RHR Pipe Capacity 11MPa 137102
. 9.7MPa 623
RHR HX Tube Capacity 13MPa 133102
. 79 MPa 489
RHR HX Shell Capacity 11 MPa  2.13 % 10-2
Open 1.90
RHR Pump Room Door Capacity 4 ft 55.2
6 ft 421 %1074
Open 4.02
RHR HX Room Door Capacity 4 ft 474
6 ft 5.19 %107

Apparent non-monotonic relationships are seen between
the states of the RHR pump and HX room doors and hydrogen
production using the DYI3 values in Table V. For the pump
room door, the expected consequences when the door is left
open are 1.90 times the expected consequences across the
DET (See Table V). For the HX room door being left open,
the ratio is 4.02. When the pump room door is closed and
bursts at a water level of 4ft, the consequence ratio against
the overall DET is 55.2. The ratio for the HX room door is
47.4. However, when the pump room door is closed and has
a capacity of 6f¢ the ratio is 4.21 * 10™* indicating that the
expected consequences are significantly lower at this water
level capacity. For the same capacity of the HX room door,



the ratio is 5.19 * 1074,

A door being left open in a room with a leak may result in
more widespread immediate flooding of the auxiliary building
but also faster draining as the water may flow through more
drains. When flooding reached a level of 1 inch over the floor
of the auxiliary building, all operator actions in the area were
delayed. In this DET, many sequences with sampled door
burst levels of 4 f¢ did experience a door burst but none with a
capacity of 6 bursted. In sequences with a capacity of 6ft,
then, the flooding was contained to the room (or rooms) with

a leak allowing operators to perform other mitigating actions.

A capacity of 4 ft appears to suffer both from early flooding
of the room with the leak and of later flooding of the entire
floor. This is also seen in the DYI2 values in Table VI which
compare the expected consequences for each door capacity to
the set of sequences where the door is left open. Compared to
the RHR pump room door being left open, a capacity of 4 f¢
leads to higher expected consequences (141 times the value
of sequences with the door left open) while a capacity of 6f
leads to lower consequences (1.07 * 1073 times the value of
sequences with the door left open).

TABLE VI. DYI2 Values for Door Capacity, H2 Production

Branching Condition Value DYI2
. 4ft 141
RHR Pump Room Door Capacity 6f  1.07 %103
4ft 499

RHR HX Room Door Capacity 6ft  546%10-

IVA.3.

The values of DYI2 reflect the impact of a particular
timing or extent of an event compared to cases where the
event does not occur. An interpretation from Table VII is that
relatively early isolation of an RHR HX shell rupture leads
to reduced hydrogen production versus sequences where the
isolation attempt fails. For example, the hydrogen production
when isolation is achieved in 393s is 1.9 x 107% times the
expected production when the isolation attempt fails. Late
isolation (1050s) leads to greater production than cases where
the isolation attempt fails with 2.6 * 10?! times the expected
hydrogen production of a failure. Further study will be
required to determine the cause of this relationship and to
identify ranges of timing where isolation is either beneficial
or harmful.

TABLE VII. DYI2 Values for Event Timing, H2 Production

Isolation Event Timing

Branching Condition Value DYI2
393s 1.9x107°

RHR HX Shell Isolation 608s 1.0 %1074
1050s 2.6 % 10*!

V. CONCLUSIONS

The introduction of DI&C systems in NPPs brings with
it new failure modes which may significantly affect the
likelihood of accidents involving active components. The

RHR ISLOCA was examined as an example of such an
accident with uncertainties in the initiation and resolution
phases that make it difficult to represent in a traditional PRA
framework. An analysis was performed using some of the
uncertainties outlined in the SOARCA study and the results
were examined for insights into the RHR ISLOCA and similar
accidents.

Refinement of the use of importance measures in a DET
environment is expected to improve the insights that may
be drawn from dynamic PRA. The implementation of a
dynamic importance measure calculation framework as well
as the particular set of measures used in this work have
great promise for returning actionable insights from a DET
comparable to importance measures used in traditional PRA.
For example, the time required to isolate a break in the RHR
heat exchanger was found to have a non-monotonic effect on
hydrogen generation, a measure of the level of fuel damage. It
was discovered that for this case earlier isolation times lead to
reduced damage compared to a failed isolation attempt, but a
later isolation time leads to greater damage than no isolation.
When prioritizing emergency actions, such insights may be
valuable in determining how long to continue dedicating
resources to attempting a given action before switching to
another. This is an example of the utility of dynamic PRA as
the relationship may not have been discovered in a traditional
PRA using binary success and failure of repair attempts.
Additionally, operator depressurization of the RCS using the
PORVs was demonstrated to be a viable mitigating option for
this scenario as it was in the somewhat different SOARCA
ISLOCA*.
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