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generation module (PGM) parameters after a PGM assembly Is shutdown. The Ul displays, In real-time, indicators corresponding
to one or more post-shutdown PGM parameters. The Ul provides indications of whether the post-shutdown PGM parameters meet
post-shutdown criteria of the PGM assembly. When a post-shutdown PGM parameter does not meet the post-shutdown criteria, a
user alert I1s provided to the user. A protocol may additionally be provided to the user. In some embodiments, the protocol may
enable the user to return the PGM assembly to a condition that satisfies the post-shutdown criteria. The protocol may be a safety
protocol and/or an asset protection protocol.
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SYSTEMS AND METHODS FOR MONITORING A POWER-GENERATION
MODULE ASSEMBLY AFTER A POWER-GENERATION MODULE SHUTDOWN
EVENT

PRIORITY CLAIM
[0001] This application claims prionity to U.S. Patent Application Serial No.
15/040,804, filed February 10, 2016, which claams the benefit of U.S. Provisional Patent
Application Serial No. 62/205,084, entitled SYSTEMS AND METHODS FOR THE
MANAGEMENT OF OPERATOR NOTIFICATIONS AND POST-SHUTDOWN
DISPLAYS FOR MODULAR FUSION-BASED POWER PLANTS, filed on August 14,

2015, the contents of which are hereby incorporated by reference.

FIELD OF THE INVENTION
[0002] The application relates to a power-generation module and, more particularly
but not exclusively to, monitoring one or more power-generation modules after a power-

generation module shutdown event.
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BACKGROUND OF THE INVENTION

[0003] After the operation of a nuclear reactor 1s shutdown, that 1s to say that the

effective neutron multiplication factor of the core falls below criticality (ke < 1), the core

continues to generate at least heat and radioactivity. Furthermore, the core may continue to
generate pressure within a containment vessel that houses the reactor, as well as within
plumbing associated with reactor cooling and steam generation. Accordingly, 1t 1s critical to
monitor the condition of a reactor reactor even when the reactor 1s 1n a subcritical state.

[0004] Monitoring a subcritical reactor requires the simultaneous and continuous
monitoring of a large number of parameters. Furthermore, when the reactor 1s included 1n a
power plant, the safety of various power plant assets that may be exposed to the deleterious
effects of the residual heat, radioactivity, and pressure of the reactor must also be
simultaneously and continuously monitored. Such monitoring requires a significant diligence
from the reactor’s operator. The demand for such operator diligence grows as the number of
reactors included in a power plant multiplies. It 1s for these and other concerns that the

following disclosure 1s provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Preferred and alternative examples of the present invention are described 1n
detail below with reference to the following drawings:

[0006] FIGURE 1A provides a schematic view of a power-generation module
assembly that 1s consistent with the various embodiments disclosed herein;

[0007] FIGURE 1B provides a schematic view of a modular power plant that 1s

consistent with the various embodiments disclosed herein:



CA 02995604 2018-02-13

WO 2017/030610 PCT/US2016/024550

[0008] FIGURE 1C provides a schematic view of sensor data bus, the modular
protection system, the module control system network, and the control room of FIGURE 1B:;

[0009] FIGURE 2 shows an embodiment of a computer device that may be included
in the modular power plant that 1s shown in FIGURE 1B:;

[0010] FIGURE 3 shows an overview flowchart for a process to operate a modular
power plant, 1n accordance with at least one of the various embodiments;

[0011] FIGURE 4A shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the containment 1solation of a
power-generation module assembly, 1n accordance with at least one of the wvarious
embodiments;

[0012] FIGURE 4B shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the reactivity control of a
power-generation module assembly, in accordance with at least one of the various
embodiments:

[0013] FIGURE 4C shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the core cooling of a power-
generation module assembly, in accordance with at least one of the various embodiments;:

[0014] FIGURE 5A shows an user interface employed to monitor a power-generation
module assembly after a power-generation module shutdown event, in accordance with at
least one of the various embodiments;

[0015] FIGURE 5B shows the user interface of FIGURE 5A providing a user alert

to a user; and
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[0016] FIGURE 5C shows the user interface of FIGURE 35A providing a user alert

and a protocol to a user.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0017] Various embodiments are described more fully hereinafter with reference to
the accompanying drawings, which form a part hereof, and which show, by way of
illustration, specific embodiments by which the invention may be practiced. The
embodiments may, however, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the
scope of the embodiments to those skilled in the artt Among other things, the various
embodiments may be methods, systems, media, or devices. Accordingly, the various
embodiments may be entirely hardware embodiments, entirely software embodiments, or
embodiments combining software and hardware aspects. The following detailed description
should, therefore, not be limiting.

[0018] Throughout the specification and claims, the following terms take the
meanings explicitly associated herein, unless the context clearly dictates otherwise. The term
“herein” refers to the specification, claams, and drawings associated with the current
application. The phrase “in one embodiment™ as used herein does not necessarily refer to the
same embodiment, though 1t may. Furthermore, the phrase “in another embodiment™ as used
herein does not necessarily refer to a different embodiment, although 1t may. Thus, as
described below, various embodiments of the invention may be readily combined, without

departing from the scope or spirit of the invention.
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[0019] In addition, as used herein, the term “or” 1s an inclusive “or’” operator, and 1s
equivalent to the term “and/or,” unless the context clearly dictates otherwise. The term
“based on” 1s not exclusive and allows for being based on additional factors not described,

unless the context clearly dictates otherwise. In addition, throughout the specification, the

e 2% ¢¢ 2
d

meaning of an,” and “the” include plural references. The meaning of “in” includes “in’
and “on.”

[0020] Briefly stated, embodiments are directed to monitoring a power-generation
module (PGM) assembly after a PGM shutdown event. In some embodiments, the PGM
assembly may include a nuclear reactor that has a reactor core that generates at least one of
heat, pressure, or radioactivity. The PGM assembly may be included in a PGM assembly
array included 1in a modular power plant, such as a modular nuclear power plant.

[0021] A human systems interface (HSI) 1s provided to a user or operator of the PGM
assembly or the modular power plant. In various embodiments, the HSI may include one or
more user interfaces (Uls). The one or more Uls may be provided to the user via one or more
display devices of one or more computer devices.

[0022] The one or more Uls streamline and/or simplify the process of monitoring
critical and/or non-critical PGM parameters after the PGM assembly shutdown event. Each
Ul may correspond to a specific PGM assembly included in the PGM assembly array. In
various embodiments, each Ul may be automatically provided on a specific display device
that corresponds to the specific PGM assembly.

[0023] In some embodiments, the Uls may display in real-time, or near real-time,

indicators corresponding to one or more post-shutdown PGM parameters. The Uls may

provide indications of whether the one or more post-shutdown PGM parameters meet post-

-5 -
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shutdown criterita. The post-shutdown criteria may include safety and/or asset protection
criteria. Furthermore, one or more PGM parameter thresholds may be based on the post-
shutdown criteria.

[0024] In at least one embodiment, when one or more post-shutdown PGM
parameters do not meet the post-shutdown criteria, such as when the PGM parameters exceed
and/or fall below the corresponding PGM parameter thresholds, one or more user alerts are
provided to the user. The user alerts may be visual and/or audible user alerts. Upon an
acknowledgment by the user, via a selection of a user selection within the Ul, a protocol may
be provided to the user. In some embodiments, the protocol may enable the user to return the
PGM assembly to a condition that satisfies the post-shutdown criteria. The protocol may be a
safety protocol and/or an asset protection protocol.

[llustrated Operating Environment

[0025] FIGURE 1A provides a schematic view of a power-generation module (PGM)
assembly 100 that 1s consistent with the various embodiments disclosed herein. In some
embodiments, PGM assembly 100 1s a modular nuclear reactor assembly, although other
embodiments are not so constrained and PGM assembly 100 may be any modular assembly
that generates flowing energy (heat). In some embodiments, PGM assembly 100 1s a modular
fission reactor assembly. In at least one embodiment, PGM assembly 100 1s a modular fusion
reactor assembly.

[0026] PGM assembly 100 may be housed in a PGM bay 144. The PGM bay 144
may 1nclude a cooling pool 146 of water or some other material that includes thermal
properties enabling the cooling of PGM assembly 100. At least a portion of the PGM

assembly 100 may be submerged 1n a cooling pool 146.

-6 -



CA 02995604 2018-02-13

WO 2017/030610 PCT/US2016/024550

[0027] PGM assembly 100 includes PGM core 102. PGM core 102 may be any
device, assembly, apparatus, or configuration that may be employed to controllably generate
heat. In some embodiments, PGM core 102 may be a nuclear reactor core, such as but not
limited to a fission reactor core. PGM core 102 may be immersed in PGM coolant 148. In at
least one embodiment, PGM coolant 148 includes water or any other material that enables the
flow of heat (generated by the PGM core 102) away from the PGM core 102.

[0028] In some embodiments, PGM assembly 100 includes a core shroud 134 that at
least partially constrains, channels, or otherwise guides a flow of PGM coolant 148. As
shown 1n FIGURE 1A, PGM core 102 may be at least partially surrounded by the core
shroud 134. The PGM core 102, the core shroud 134, and the PGM coolant 148 are housed
within a pressure vessel 104,

[0029] In various embodiments, PGM core 102 generates heat that 1s transferred to
the PGM coolant 148. As shown by the flow arrows in FIGURES 1A, heating the PGM
coolant 148 1n the pressure vessel 104 generates a generally vertical circular convection
current of the PGM coolant 148. The core shroud 148 at least partially constrains, channels,
or otherwise guides the generally vertical circular convection current of the PGM coolant
148. A pressurizer 108 regulates the internal pressure within pressure vessel 104 that 1s due
to at least the heating and/or the convection current of the PGM coolant 148.

[0030] The PGM core 102 heats the portion of the PGM coolant 148 that 1s 1n the
lower plenum 136 of the core shroud 134. The heated PGM coolant 148 flows upward and
out of the shroud riser 138. As the PGM coolant 148 flows upward, the heated PGM coolant
148 provides heat to a plurality of steam generators 122. Due at least this heat exchange, as

the PGM coolant 148 flows out of the shroud riser 138, the PGM coolant 148 1s cooled. As

-7 -
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shown by the flow arrows in FIGURE 1A, once outside of the shroud niser 138, the PGM
coolant 148 flows generally downward between the core shroud 134 and the pressure vessel
104. The convection current pulls the cooled PGM coolant 148 near the lower plenum 136
back into the core shroud 134. The PGM core 102 reheats the PGM coolant 148 such that the
convection current continues to circulate and cool the PGM core 102.

[0031] The pressure vessel 102 may be housed within a containment vessel 106. The
containment vessel 106 may insure the containment of material within the pressure vessel
102, including any material included in the PGM core 102, as well as the PGM coolant 148.
In some embodiments, the PGM assembly 100 includes a plurality of PGM vent valves 110
and/or a plurality of PGM recirculation valves 118 to vent pressure within and/or dissipate
excess heat away from the pressure vessel 102.

[0032] Feedwater may flow 1n a circuit that includes the steam generators 122 and
electrical generators (not shown in FIGURE 1A). Within the steam generators 122, the
feedwater 1s heated to generate stream. The generated steam flows out of the steam headers
and carries the transferred heat away from PGM assembly 100. A plurality steam 1solation
valves regulate the flow of the steam away from the PGM assembly 100. The steam may be
routed via a steam bus, such as but not limited to steam bus 160 of FIGURE 1B, to electrical
generators, such as but not limited to turbine generators, to generate electrical power or some
other form of usable power.

[0033] After the energy within the steam generates the electrical power, the return of
the cooled feedwater to the PGM assembly 100 may be regulated via a plurality of feedwater
1solation valves 112. The cooled feedwater 1s returned to the steam generators 122 via the

feedwater headers 124, to complete the circuit.

-8 -
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[0034] In at least some embodiments, even after a shutdown of the PGM assembly
100, the PGM core 102 may continue to generate heat. For instance, in embodiments where
the PGM core 102 includes a nuclear reactor core, the nuclear reactor core may continue to
generate heat during a decay period associated with the spent fuel within the nuclear reactor
core. The heat that 1s generated after a shutdown of the PGM assembly 100 may be decay
heat. Accordingly, to insure that the PGM core 102 and other components of the PGM
assembly 100 do not overheat, at least due to decay heat, the power generated by the PGM
core 102 may be dissipated.

[0035] To dissipate decay heat in some embodiments, the PGM assembly 100
includes a decay hear removal system (DHRS). The DHRS may include a plurality of DHRS
heat exchangers 120 submerged 1n the cooling pool 146 of the PGM bay 144, as well as a
plurality of a plurality of DHRS valves 116.

[0036] During a shutdown of the PGM assembly 100, or during another event where
1t 1s desired to not provide the steam and/or heated feedwater to the electrical generators, the
plurality of steam 1solation valves 114 may be closed such that the steam and/or heated
feedwater does not flow to the electrical generators. Rather, the steam and/or heated
feedwater flows through the plurality of DHRS heat exchangers 120 and 1s cooled. The
DHRS heat exchangers 120 dump the excess heat into cooling pool 146. The circular flow of
feedwater through the decay heat exchangers 120 may be regulated by the plurality of DHRS
valves 116.

[0037] The rate of power generation of the of the PGM core 102 may be regulated by
the positioning of one or more control rods 130. The positioning of the one or more control

rods 130 may be driven by control rod drives 132.

-0
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[0038] PGM assembly 100 includes a plurality of diagnostic sensors 140
schematically shown in FIGURE 1A. Diagnostic sensors 140 may sense and monitor various
components of PGM module 100. Diagnostic sensors 140 may include various types of
sensors, such as but not limited to temperature sensors, pressure sensors, valve configuration
sensors control rod positioning sensors, radioactivity sensors, fluid and gas flow sensors, or
any other sensor that monitors parameters of the PGM assembly 100. Diagnostic sensors 140
provide sensor output signals on a sensor data bus 142. Diagnostic sensors 140 may include
safety sensors or safety-related sensors, as well as asset protection-related sensors.

[0039] FIGURE 1B provides a schematic view of a modular power plant 150 that 1s
consistent with the various embodiments disclosed herein. Modular power plant 150 includes
power-generation module (PGM) assembly array 156. PGM assembly array 156 includes
one or more PGM assemblies, such as but not limited to PGM assembly 164. In some
embodiments, at least one of the PGM assemblies included in PGM assembly array 156 may
include similar features to PGM assembly 100 of FIGURE 1A. As shown in FIGURE 1B, 1n
at least one embodiment, PGM assembly array 156 includes twelve PGM assemblies.
However, in other embodiments, the number of PGM assemblies included in PGM assembly
array 156 includes more or less than twelve PGM assemblies. A PGM housing 152 may
house at least a portion of the PGM assembly array 156.

[0040] In some embodiments, one or more generator housings 154 house a generator
array 158. Generator array 158 includes one or more devices that generate electrical power
or some other form of usable power from steam generated by the PGM assembly array 156.
Accordingly, generator array 158 may include one or more electrical generators, such as but

not limited to turbine generator 176. As shown in FIGURE 1B, 1n at least one embodiment,

- 10 -
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generator array 158 includes twelve electrical generators. However, 1in other embodiments,
the number of electrical generators included 1n generator array 158 includes more or less than
electrical generators. In at least one embodiment, there 1s a one to one correspondence
between each PGM assembly included PGM assembly array 156 and each electrical
generator included 1in generator array 158.

[0041] A steam bus 160 may route the steam generated by PGM assembly array 156
to the generator array 158. The steam bus 160 may provide the one to one correspondence
between the PGM assemblies included in the PGM assembly array 156 and the electrical
generators included in the generator array 158. For instance, the steam bus 160 may insure
that the steam generated by a particular PGM assembly 1s provided only to a particular
electrical generator. The steam bus 160 may additionally insure that the steam provided to
the particular electrical generator 1s generated only by the particular PGM assembly. A
power bus 162 may transmit the electrical power generated by modular power plant 150 to
other structures.

[0042] Modular power plant 150 may include a sensor data bus 168, a module
protection system (MPS) 180, a module control system (MCS) network 198, and a control
room 170. As shown in FIGURE 1B, 1n at least some embodiments, the MPS 180 and the
control room 170 are housed within PGM housing 152, although other embodiments are not
so constrained.

[0043] FIGURE 1C provides a schematic view of sensor data bus, the MPS 180, the
MCS network 198, and the control room of FIGURE 1B. A sensor data bus 168 may provide
data generated by diagnostic sensors included in each PGM assembly include PGM assembly

array 156 of FIGURE 1B, such as but not limited to diagnostic sensors 140 of FIGURE 1A,
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to MPS 180. As shown in FIGURE 1C, mn various embodiments, the sensor data bus 168
may provide at least one iput, corresponding to each of the PGM assemblies included 1n
PGM assembly array 156, to the MPS 180.

[0044] MPS 180 provides at least a portion of the diagnostic sensor data to control
room 170 via a module control system (MCS) network 198. Accordingly, MPS 180 may be a
modular protection data hub. MPS 180 provides protection for the integrity of the diagnostic
sensor data. In various embodiments, MPS 180 includes at least one of a processor 186, logic
circuitry, such as but not limited to application specific integrated circuits (ASIC) 182 and/or
field programmable gate arrays (FPGA) 184, and a power supply 188. The various logic
circuitry may include similar features to logic circuitry 268 discussed in conjunction with at
least FIGURE 2. Processor 186 that may include sitmilar features to processor 202 and power
supply 188 may include sitmilar feature to power supply 230 discussed 1n at least conjunction
with FIGURE 2.

[0045] MPS may further include memory 190 to store various applications 192 and
data 194, such as but not limited to the diagnostic sensor data provided by the sensor data bus
168. Memory 190 may include similar features to memory 204 discussed in conjunction with
at least FIGURE 2.

[0046] Control room 170 includes at least one computer device 172 and a display
device array 174. Computer device 172 may be similar to, or at least include similar features
to computer device 200 discussed in conjunction with at least FIGURE 2. Daisplay device
array 174 includes one or more display devices. At least one of the display devices included
in display device array 174 may be similar to, or at least include similar features to display

250 discussed 1n conjunction with at least FIGURE 2.
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[0047] As shown in FIGURE 1B, 1n some embodiments, the display device array 174
includes twelve display devices. In at least one embodiment, there 1s a one to one
correspondence between each of the PGM assemblies included in the PGM assembly array
156 and each of the display devices included in display device array 174. Accordingly, there
may be more or less than twelve display devices included in display device 174.

[0048] A data diode 166 may protect the MPS 180 by enabling data to flow from the
MPS 180 to the MCS 198, but prevent data flowing from MCS network 198 to MPS 180.
Accordingly, one or more data busses upstream of data diode 166 may be protected from data
signals from downstream of data diose 166, such as signals from MCS network 198. In some
embodiments, data busses upstream of data diode 166 may include transport data that 1s
critical to the safe operation of modular power plant 150, but at least a portion of the data

transported by MCS network 198 1s not critical to the safe operation of modular power plant

150.
Generalized Operations

[0049] The operation of certain aspects of the invention will now be described with
respect to FIGURES 3-4C. In at least one of various embodiments, processes 300, 400, 420,
and 440 described in conjunction with FIGURES 3-4C, respectively, or portions of these
processes may be implemented by and/or executed on a computer device, such as but not
limited to computer device 200 of FIGURE 2. In other embodiments, these processes or
portions of these processes may be implemented by and/or executed on a plurality of
computer devices. Further, in other embodiments, these processes or portions of these

processes may be implemented by and/or executed on one or more module protection

systems (MPSs), such as MPS 180 as shown in FIGURE 1C. In addition, in at least one of
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the various embodiments, these processes or portions of these processes may be implemented
by and/or executed on one or more cloud instances operating in one or more cloud networks.
However, embodiments are not so limited and various combinations of computer devices,
MPSs, cloud computers, or the like, may be utilized.

[0050] The discussion 1n conjunction with processes 300, 400, 420, and 440
additionally refers to user interface (UI) 500 of FIGURES 5A-5C. FIGURE 5A shows the Ul
500 that 1s employed to monitor a power-generation module (PGM) assembly, such as but not
limited to PGM assembly 100 of FIGURE 1A, after a PGM shutdown event, in accordance
with at least one of the various embodiments. FIGURE 5B shows UI 500 of FIGURE 5A
providing a user alert to a user. FIGURE 5C shows UI 500 of FIGURE 5A providing a user
alert and a protocol to the user.

[0051] As discussed herein, UI 500 1s employed 1in conjunction with the operation of
a power plant, such as but not limited to modular power plant 150 of FIGURE 1B. In some
embodiments, a separate UI, such as but not limited to UI 500, 1s employed to monitor at
least a portion of PGM parameters associated with each of the PGM assemblies, such as but
not limited PGM assembly 100 of FIGURE 1A or PGM assembly 164 of FIGURE 1B,
included in a PGM assembly array, such as but not limited to PGM assembly array 156 of
modular power plant 150, after the PGM assembly has been shut down. In such
embodiments, a separate Ul for each PGM assembly may be provided to a separate display
device included 1n a display device array, such as but not limited to display device array 174
of modular power plant 150, included 1n a control room, such as but not limited to control

room 170 of modular power plant 150.
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[0052] In various embodiments, an event that results in a shutdown of the operation
of one or more PGM assemblies may be interchangeably referred to as trip event or a scram
event. Accordingly, the various embodiments of Uls discussed herein may monitor PGM
parameters post or after a PGM assembly trip or scram.

[0053] FIGURE 3 shows an overview flowchart for a process to operate a modular
power plant, in accordance with at least one of the various embodiments. After a start block,
process 300 begins at block 302, where the operation of at least one power-generation
module (PGM) assembly 1s begun. The operation of at least one or more of the PGM
assemblies included in PGM assembly array 156 of power plant 150 of FIGURE 1B may
begin at block 302. In at least one embodiment, a PGM core, such as but not limited to PGM
core 102 of PGM assembly 100 of FIGURE 1 may begin and/or continue to generate heat at
block 302. For instance, control rod drives 132 may position control rods 130 outside of
PGM core 102 at block 302.

[0054] At block 304, the operation of the PGM assembly 1s monitored. Monitoring
the operation of the PGM assembly may include monitoring at least a portion of the sensor
data, provided via diagnostics sensors included 1in the PGM assembly, such as but not imited
to diagnostic sensors 140 of PGM assembly 100.

[0055] At decision block 306, 1t 1s determined whether a PGM assembly shutdown
event 1s detected. In some embodiments, a PGM assembly scram, or trip, event may be
detected at block 306. For instance, a PGM assembly shutdown event may be detected when
the operation of the PGM assembly {falls outside the bounds of safe operation, or 1t 1s
otherwise desired to shut down the PGM assembly. Detecting a PGM assembly shutdown

event may be based on at least the monitoring of the operation of the PGM assembly at block
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304. In at least one embodiment, detecting a PGM assembly shutdown event may be based
on at least sensor data. If a PGM assembly shutdown event 1s detected, then process 300
flows to block 308. Otherwise, process 300 flows back to block 304 to continue monitoring
the operation of the PGM assembly.

[0056] At block 308, the operation of the PGM assembly 1s shutdown. In some
embodiments, the operation of the PGM core 1s shutdown. In at least one embodiment, the
control rods may be positioned within the PGM core via the control rod drives.

[0057] At block 310, a plurality of post-shutdown PGM parameters are monitored.
The post-shutdown PGM parameters may be monitored after the shutdown event at least
because the PGM assembly continues to generate at least one of heat, pressure, or
radioactivity after the PGM control rods have been positioned with the PGM core.
Accordingly, for at least safety and asset protection concerns, the post-shutdown PGM
parameters are at least monitored at block 310.

[0058] Various embodiments of monitoring post-shutdown PGM parameters are
discussed 1n at least conjunction with processes 400, 420, and 440 of FIGURE 4A, 4B, and
4C respectively. However briefly, at block 310, a human systems interface (HSI) 1s provided
to a user. In various embodiments, the HSI may include one or more user interfaces (UIs).

[0059] As such, the one or more Uls may provide a display that streamlines and/or
simplifies the process of monitoring critical and non-critical post-shutdown PGM parameters.
A Ul may be provided automatically on a display device, such as but not limited to one of the
display devices included 1n display device array 174 of control room 170 of modular power
plant 150 of FIGURES 1B-1C. In at least one embodiment, a separate Ul corresponding to

each of the PGM assemblies included 1in the PGM assembly array 156 1s provided on each of
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the display devices included in the display device array 174. Each display device that
provides a Ul corresponds to the corresponding PGM assembly that 1s monitored in the UL

[0060] The UI may provide information, such as post-shutdown PGM parameters
based on at least a portion of the sensor data to a user, such as but not limited to an operator.
The operator may be an operator of a modular power plant, of a PGM assembly, of a nuclear
reactor, or the like. The UI may provide additional information to the user, such as but not
limited to user alerts, based on the sensor data, one or more parameter thresholds, and/or a
comparison between the sensor data and the parameter thresholds.

[0061] A plurality of display windows within the one or more Uls may provide the
user with a visual indication that the PGM assembly 1s within the safe boundaries of post-
shutdown conditions (based on the parameter thresholds). When the PGM assembly 1s not
within the safe boundaries of the post-shutdown conditions, a user alert, such as but not

limited to a visual and/or an audio alert, may be provided to the user.

[0062] FIGURES 5A-5C show an exemplary embodiment of a UI 500 provided to
users during processes 300, 400, 420, and 440 of FIGURES 3-4C respectively. A visual
presentation of UI 500 may be based on at least three general categories of post-shutdown
PGM parameters: parameters associated with containment i1solation, parameters associated
with reactivity control, and parameters associated with core cooling. As shown in FIGURES
5A-5C, Ul 500 includes a containment 1solation window 510, a reactivity control window
530, and a core cooling window 550. Each of windows 510/530/550 displays various status
indicators (SI), such as but not limited to values, plots, graphs, charts, tables, status 1cons,
user selections, and the like. Each of the SIs indicates the real-time, or near real-time, status

of one or more PGM parameters.
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[0063] As noted above, when one or more PGM parameters falls outside of a
predetermined range (based on PGM parameter thresholds), one or more user alerts may be
provided to the user, as shown in FIGURE 35B. A user alert may include visual alert, such as
a transition of the color of one or more SIs within the UI. For instance, as shown in FIGURE
5A, the reactivity control SI 540 may be colored green, as indicated in FIGURE 5A, when
each of the associated PGM parameters monitored within reactivity control window 530 1s
within a predetermuned parameter range for that PGM parameter.

[0064] When one or more of the PGM parameters associated with the reactivity
control SI 540 exceeds (or falls below) a corresponding PGM parameter threshold, the color
of reactivity control SI 540 may transition, 1n real-time or close to real-time, to red. As
shown 1n at least FIGURE 5B, the visual user alert has been provided to the user by the
transition of the color of reactivity control SI 540 to red. In various embodiments, at least an
audible user alert, such as but not limited to a siren or an alarm, may accompany such a visual
user alert.

[0065] At least one of the provided user alerts may indicate that the user 1s required to
take action to address the condition that triggered the user alert. In such embodiments, at
least one of the SIs, such as but not limited to reactivity control SI 540 may also be employed
to provide the user with a user selection. For instance, at least when reactivity control SI 540
1s colored red, reactivity control SU 540 may be selectable by the user via clicking, touching,
or some other selecting mechanism.

[0066] Upon selection of the one or more user selections, UI 500 may provide the
user with one or more protocols to address the triggering conditions and return the PGM

assembly to within the acceptable range of PGM parameters. As shown in UI 500 of
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FIGURE 5C, the user has selected the user selection provided via reactivity control SI 540.
The nght hand side of UI 500 has transitioned to provide a protocol window 570. Based on
the selection of user selection via reactivity control SI 540, protocol window 570 provides a
protocol that when executed by the user, at least a portion of the associated reactivity
parameters may be returned to within the acceptable parameter ranges. Protocol window 570
provides a back button to return UI 500 to a previous state.

[0067] In various embodiments, containment 1solation SI 520 and core cooling SI
560 may provide similar features, in conjunction with containment i1solation window 510 and
core cooling window 550 respectively, to that of reactivity control SI 540. The various
protocols provided via protocol window 570 may break down multiple criteria for the various
assoclated PGM parameters into several smaller individual components, enabling the user to
1dentify the 1ssue that triggered the user alert and respond 1n an efficient manner.

[0068] At decision block 312, 1t 1s determined whether to continue monitoring the
post-shutdown PGM parameters. If the PGM parameters are to be continued to be monitored,
process 300 returns to block 310. Otherwise, such as when the PGM assembly 1s ready to
resume operation or i1t 1s no longer required to monitor the PGM parameters, process 300
flows to decision block 314.

[0069] At decision block 314, 1t 1s determined whether to resume operation of the
PGM assembly. If the operation of PGM assembly 1s to be resumed, process flows to block
316, where the operation of the PGM assembly 1s resumed. Process 300 then returns to block
304 to monitor the operation of PGM assembly. Otherwise process 300 may ternunate and/or

return to a calling process to perform other actions.
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[0070] FIGURE 4A shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the containment 1solation of a
power-generation module assembly, in accordance with at least one of the various
embodiments. After a start block, process 400 may begin at block 402, where one or more
containment parameter thresholds may be determuned. The containment parameter thresholds
may be determuned via an access of a look-up table, a database query, an access to a storage
medium, or the like.

[0071] Each of the containment parameter thresholds may correspond to one or
more post-shutdown power-generation module (PGM) parameters associated with the
containment 1solation of a PGM assembly, such as but not limited to PGM assembly 100 of
FIGURE 1A. At least one of the containment parameter thresholds may correspond to an
acceptable upper-bound of a post-shutdown PGM parameter, such as but not imited to one or
more containment parameters. In some embodiments, at least one of the containment
parameter thresholds may correspond to an acceptable lower-bound of a one or more
containment parameters. In at least one embodiment, a pair or ordered containment
parameter thresholds may correspond to an acceptable range (lower-bound and upper bound)
of the one or more corresponding containment parameters.

[0072] In some embodiments, at least one of the containment parameter thresholds
may 1ndicate an acceptable or preferred configuration, state, or value of one or more
containment parameters. For instance, a containment parameter threshold may indicate that a
valve associated with or coupled to the containment 1solation 1s either opened or closed in the

acceptable or preferred configuration or state.
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[0073] At block 404, one or more containment parameters are monitored.
Monitoring the containment parameters may include monitoring at least a portion of the
sensor data, provided via diagnostics sensors included in the PGM assembly, such as but not
limited to diagnostic sensors 140 of PGM assembly 100. Monitoring the one or more
containment parameters may include providing a user, via a user interface (UI), such as but
not limited to Ul 500 of FIGURES 5A-5C, status indicators (SI) of the one or more
containment parameters. At least a portion of the SIs may be displayed in a containment
1solation window, such as but not limited to containment 1solation window 510 of UI 500.

[0074] In various embodiments, the containment parameters may include at least a
pressure within a containment vessel of the PGM assembly, such as containment vessel 106
of FIGURE 1A. The containment vessel pressure may be provided by a pressure sensor
included in the containment vessel. In an exemplary embodiment, pressure SI 512 of
containment 1solation window 510 provides the real-time, or near real-time status of the
containment vessel pressure.

[0075] Main steam SI 514 provides indicators for the status of one or more steam
1solation valves, such as but not limited to steam 1solation valves 114 of FIGURE 1A. Main
steam SI 514 may indicate whether each of the one or more steam i1solation valves are
configured 1n an open or a closed state. Simularly, feedwater SI 522 indicates the status of
one or more feedwater 1solation valves, such as but not limited to feedwater 1solation valves
112 of FIGURE 1A. Likewise CVS SI 516 and CE SI 518 indicates the status of other valves
coupled to the containment vessel of the power-generation module.

[0076] At decision block 406, 1t 1s determined whether one or more containment

parameters that are monitored in block 404 exceed (or fall below) one or more corresponding
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containment parameter thresholds. Such a determunation may be based on a comparison
between the monitored containment parameter and one or more corresponding containment
parameter thresholds. If the containment parameter exceeds (or falls below) the
corresponding containment parameter threshold, process 400 flows to block 408. Otherwise,
the process 400 flows back to block 404 to continue monitoring the one or more containment
parameters.

[0077] At block 408, a user alert may be provided to the user. The user alert may
be a visual and/or an audible user alert. In one exemplary embodiment, the user alert may
include a color transition of at least containment 1solation SI 520 of containment 1solation
window 510.

[0078] At decision block 410, 1t 1s determuned whether a user selection 1s received.
One or more user selections may be provided to the user, via Ul 500. The user selections
may 1nclude selectable buttons, fields, or the like that may be selected via a click, a touch
sensitive screen on the display device, or the like. For instance, containment 1solation SI 520
may be a selectable button. If the user selects one or more of the provided user selections,
process 400 may proceed to block 412. Otherwise, process 400 returns to block 404 to
continue monitoring the containment parameters.

[0079] At block 412, one or more protocols may be provided to the user via the UL
The provided protocols may be based on at least one of the containment parameters, the
containment parameter thresholds, or the received user selection. In various embodiments,
the protocol 1s directed to enabling the user to return one or more of the containment
parameters to within the acceptable range determined by the one or more corresponding

containment parameter thresholds.
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[0080] At decision block 414, 1t 1s determined whether another user selection 1s
received. If another user selection 1s received, process 400 flows back to block 412 to
provide another protocol to the user based on at least the other received user selection.
Otherwise, process 400 flows to decision block 416.

[0081] At decision block 416, 1t 1s determined whether to continue to monitor the
one or more containment parameters. If 1t 1s determined to continue monitoring the
containment parameters, process 400 returns to block 404. Otherwise process 400 may
terminate and/or return to a calling process to perform other actions.

[0082] FIGURE 4B shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the reactivity control of a
power-generation module assembly, 1n accordance with at least one of the various
embodiments. After a start block, process 420 may begin at block 422, where one or more
reactivity parameter thresholds may be determined. The reactivity parameter thresholds may
be determined via an access of a look-up table, a database query, an access to a storage
medium, or the like.

[0083] Each of the reactivity parameter thresholds may correspond to one or more
post-shutdown power-generation module (PGM) parameters associated with the reactivity
control of a PGM assembly, such as but not limited to PGM assembly 100 of FIGURE 1A.
At least one of the reactivity parameter thresholds may correspond to an acceptable upper-
bound of a post-shutdown PGM parameter, such as but not limited to one or more reactivity
parameters. In some embodiments, at least one of the reactivity parameter thresholds may
correspond to an acceptable lower-bound of a one or more reactivity parameters. In at least

one embodiment, a pair or ordered reactivity parameter thresholds may correspond to an
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acceptable range (lower-bound and upper bound) of the one or more corresponding reactivity
parameters.

[0084] In some embodiments, at least one of the reactivity parameter thresholds
may 1ndicate an acceptable or preferred configuration, state, or value of one or more
reactivity parameters. For instance, a reactivity parameter threshold may indicate that a valve
associated with a PGM core of the PGM assembly 1s either opened or closed in the acceptable
or preferred configuration or state.

[0085] At block 424, one or more reactivity parameters are monitored. Monitoring
the reactivity parameters may include monitoring at least a portion of the sensor data,
provided via diagnostics sensors included in the PGM assembly, such as but not limited to
diagnostic sensors 140 of PGM assembly 100. Monitoring the one or more reactivity
parameters may include providing a user, via a user interface (UI), such as but not limited to
UI 500 of FIGURES 5A-5C, status indicators (SI) of the one or more reactivity parameters.
At least a portion of the SIs may be displayed 1n a reactivity control window, such as but not
limited to reactivity control window 530 of UI 500.

[0086] In various embodiments, one or more of the reactivity parameters may be
associated with a radioactivity of a PGM core of the PGM assembly, such as but not linited
to a nuclear reactor core. The reactivity parameters may include at least a status for one or
more circult breakers for control rod drives, such but not limited to control rod drives 132 of
FIGURE 1A. In an exemplary embodiment, breaker SI 534 of reactivity control window 530
provides the real-time, or near real-time status of the configuration of the one or more control

rod drives.
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[0087] Other SIs included 1n reactivity control window 3530, such as but not limited
to power SI 536, startup SI 538, and control rod position SI 542 provide the real-time, or near
real-time status of other reactivity parameters.

[0088] At decision block 426, 1t 1s determined whether one or more reactivity
parameters that are monitored 1n block 424 exceed (or fall below) one or more corresponding
reactivity parameter thresholds. Such a determination may be based on a comparison
between the monitored reactivity parameter and one or more corresponding reactivity
parameter thresholds. If the reactivity parameter exceeds (or falls below) the corresponding
reactivity parameter threshold, process 420 flows to block 428. Otherwise, the process 420
flows back to block 424 to continue monitoring the one or more reactivity parameters.

[0089] At block 428, a user alert may be provided to the user. The user alert may
be a visual and/or an audible user alert. In one exemplary embodiment, the user alert may
include a color transition of at least reactivity control SI 540 of reactivity control window
530.

[0090] At decision block 430, 1t 1s determined whether a user selection 1s received.
One or more user selections may be provided to the user, via UI 500. The user selections
may Include selectable buttons, fields, or the like that may be selected via a click, a touch
sensitive screen on the display device, or the like. For instance, reactivity control SI 540 may
be a selectable button. If the user selects one or more of the provided user selections, process
420 may proceed to block 432. Otherwise, process 420 returns to block 424 to continue
monitoring the reactivity parameters.

[0091] At block 432, one or more protocols may be provided to the user via the UL

The provided protocols may be based on at least one of the reactivity parameters, the
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reactivity parameter thresholds, or the received user selection. In various embodiments, the
protocol 1s directed to enabling the user to return one or more of the reactivity parameters to
within the acceptable range determined by the one or more corresponding reactivity
parameter thresholds.

[0092] In an exemplary embodiment, the right hand side of UI 500 of FIGURE 5C
includes a protocol window 570. Based on the selection of user selection via reactivity
control SI 540, al block 430, protocol window 570 provides a protocol that when executed by
the user, at least a portion of the associated reactivity parameters may be returned to within
the acceptable parameter ranges. Protocol window 570 provides a back button to return
UI 500 to a previous state.

[0093] At decision block 434, 1t 1s determined whether another user selection 1s
received. If another user selection 1s received, process 420 flows back to block 422 to
provide another protocol to the user based on at least the other received user selection.
Otherwise, process 420 flows to decision block 436.

[0094] At decision block 436, 1t 1s determined whether to continue to monitor the
one or more reactivity parameters. If 1t 1s determined to continue monitoring the reactivity
parameters, process 420 returns to block 424. Otherwise process 420 may terminate and/or
return to a calling process to perform other actions.

[0095] FIGURE 4C shows an overview flowchart for a process to monitor post-
shutdown power-generation module parameters associated with the core cooling of a power-
generation module assembly, 1n accordance with at least one of the various embodiments.

After a start block, process 440 may begin at block 442, where one or more core parameter
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thresholds may be determuned. The core parameter thresholds may be determined via an
access of a look-up table, a database query, an access to a storage medium, or the like.

[0096] Each of the core parameter thresholds may correspond to one or more post-
shutdown power-generation module (PGM) parameters associated with the core cooling of a
PGM assembly, such as but not imited to PGM assembly 100 of FIGURE 1A. At least one
of the core parameter thresholds may correspond to an acceptable upper-bound of a post-
shutdown PGM parameter, such as but not imited to one or more core parameters. In some
embodiments, at least one of the core parameter thresholds may correspond to an acceptable
lower-bound of a one or more core parameters. In at least one embodiment, a pair or ordered
core parameter thresholds may correspond to an acceptable range (lower-bound and upper
bound) of the one or more corresponding core parameters.

[0097] In some embodiments, at least one of the core parameter thresholds may
indicate an acceptable or preferred configuration, state, or value of one or more core
parameters. For instance, a core parameter threshold may indicate that a valve associated
with a decay hear removal system (DHRS) included 1in the power-generation module 1s either
opened or closed 1n the acceptable or preferred configuration or state.

[0098] At block 444, one or more core parameters are monitored. Monitoring the
core parameters may include monitoring at least a portion of the sensor data, provided via
diagnostics sensors included in the PGM assembly, such as but not limited to diagnostic
sensors 140 of PGM assembly 100. Monitoring the one or more core parameters may include
providing a user, via a user interface (UI), such as but not limited to UI 500 of FIGURES 5 A-

5C, status indicators (SI) of the one or more core parameters. At least a portion of the SIs
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may be displayed in a core cooling window, such as but not limited to core cooling
window 550 of UI 500.

[0099] In various embodiments, the core parameters may include at least parameters
associated with one or more steam generators included in the PGM assembly, such as steam
generators 122 of FIGURE 1A. The core parameters may include at least one of a pressure, a
temperature, a level, a flow rate in and out of the steam generators, and the like. The
pressures, temperatures, flow rates, and the like may be provided by a pressure, temperature,
and flow rate sensors included in the PGM assembly. In an exemplary embodiment, steam
generator SI 552 of core cooling window 550 provides the real-time, or near real-time status
of various pressures, temperatures, levels, flow rates, and the like within the one or more
steam generators. Steam generator SI 552 may provide plots of any of the associated
containment parameters, including but not limited to plots as a function of time.

[00100] Other SIs included 1in core cooling window 550, such as but not limited to
steam musmatch SI 554, feedwater SI 556, decay heat removal (DHR) valves SI 558, and
bypass valve SI 562 provide the real-time, or near real-time status of other core parameters.
For instance, DHR valves SI 558 provides indicators for the status of one or more DHRS
valves, such as but not limited to DHRS valves 116 of FIGURE 1A. DHRS valves SI 558
may 1ndicate whether each of the one or more DHR valves are configured 1n an open or a
closed state.

[00101] At decision block 446, 1t 1s determined whether one or more core parameters
that are monitored 1n block 444 exceed (or fall below) one or more corresponding core
parameter thresholds. Such a determination may be based on a comparison between the

monitored core parameter and one or more corresponding core parameter thresholds. If the
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