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1 INTRODUCTION

Toshiba Corporation (Toshiba) is planning to apply for Design Approval (DA) for the Super-Safe,
Small and Simple (4S) reactor in the United States with the cooperation of the Central Research
Institute of Electric Power Industry (CRIEPI), Westinghouse Electric Company, and Argonne
National Laboratory (ANL). Toshiba and the aforementioned parties (hereafter the 4S design
team) have held pre-application review meetings with the U.S. Nuclear Regulatory Commission
(NRC) in preparation for the DA submittal [1-1], [1-2], [1-3], [1-4].

In the DA submittal, Toshiba must demonstrate sufficient knowledge of the phenomena related
to safety, which affect the systems and components of the 4S, and show that the 4S design
addresses these phenomena appropriately. Therefore, Toshiba utilized the Phenomena
Identification and Ranking Table (PIRT) process to show which phenomena are important for the
safety of the 4S, and submitted a technical report for the PIRTs for design basis accident (DBA)
events [1-5] to NRC.

This previous PIRT report for DBAs summarizes the outline of the development process for the
4S PIRT, which was also discussed in the fourth pre-application review meeting, and also the
outline for further investigation that was derived from the PIRT effort.

The objectives of the 4S PIRT project are as follows:

" Classify the phenomena expected in the 4S by the level of importance and state of
knowledge (SoK).

* For the categories above, set the priority for further investigation to be implemented to
expand the SoK.

" Based on the priority determined above, clarify the content of the test or analyses to be
implemented in the near future.

During the fourth pre-application review meeting, which discussed the 4S PIRT for DBAs,
NRC staff inquired as to how Toshiba would treat the local fault (LF) event in the core and the
sodium-water reaction (SWR) from a tube leak in the steam generator (SG).

The 4S core is designed to prevent LFs by stringent quality management; precautions against

occurrence of loose parts including adopting the no fuel exchange concept and electromagnetic
pumps that have no rotating parts; and metallic fuel features such as high conductivity,
compatibility with sodium, and low power density. Moreover, to mitigate the influence of local
faults, radioactive monitors are used for detecting fuel failure in the cover gas region in the
reactor vessel. As a result, local faults do not propagate in the DBA scenarios.

Regarding the SWR, the 4S SG has double-wall tubes equipped with systems to detect both
inner and outer tube failures. Therefore, the probability of an SWR is very low and this event is
classified as a beyond-design-basis accident (BDBA).

TOSHIBA
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LFs and SWRs, however, are unique events for sodium-cooled fast reactors on which much
attention has been focused. Therefore, it is important to investigate the LF and SWR from the
viewpoint of clarifying the potential risk for the 4S design. As a result, Toshiba decided to
perform a PIRT to further investigate LFs in the core and SWRs in SGs.

This report summarizes the PIRT for an LF in the core and the SWR resulting from an SG tube
failure.

To benefit from significant prior PIRT development and applications, Toshiba consulted with an
independent review and advisory panel (IRAP) with extensive knowledge and experience for
each PIRT. The IRAP for LFs in the core consisted of one Japanese professor, one Japanese
engineer, and three U.S. experts whose roles in the PIRT effort were carefully defined at the
initiation of the project. The IRAP for SWRs in the SG consisted of one Japanese professor and
three U.S. experts.

Members of IRAP for PIRT of LF in the core:

Hisashi Ninokata (Tokyo Institute of Technology)
Kamal El-sheikh (Director, Cameron group)
Mario Carelli (Chief Scientist, Westinghouse)
Tanju Sofu (Department Manager, ANL)
Yoshihisa Nishi (Senior Research Scientist, CRIEPI)

Members of IRAP for PIRT of the SWR resulting from SG tube failure:

Akira Yamaguchi (Osaka University)
Chuck Boardman (Vice President, Cameron group)
Tony Grenci (Principal Engineer, Westinghouse)
Walt Dietrich (Senior Technical Advisor, ANL)

Team members consisting of Toshiba engineers and the Japanese IRAP members initiated the
work for these PIRTs in December 2010. The Toshiba engineers are assigned to the design
sections and research and development sections related to the 4S. Some members were
previously engaged in the design, research, and development of the Japanese prototype fast
breeder reactor "Monju."

Subsequently, from February 2011 through July 2011, Toshiba held two meetings to review the
development process and to evaluate ranking results with all members of the IRAP. After that, a
draft report was compiled by Toshiba, and the report was reviewed by the IRAP. This final report
reflects incorporation of additional comments and suggestions from the IRAP.

This report describes establishment of the PIRT process, PIRT results, and selection results of
candidate phenomena that require further investigation, along with insights for further
investigation.

TOSHIBA
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2 PIRT PROCEDURE

PIRT is a method that was introduced as a process for Code Scaling, Applicability and
Uncertainty evaluation methodology (CSAU) [2-1]. Originally, PIRT was used as one of the
processes in the evaluation for uncertainty of analysis codes to identify the important
phenomena.

Application of PIRT techniques is not limited to clarifying phenomena that lack information or
require highly detailed analysis for modeling uncertainty evaluation for analysis codes. PIRT is
also available as an effective tool for establishment of test plans and for development of
analysis code.

Figure 2-1 shows the process used for the 4S PIRT This process has evolved based on the
research papers by Wilson [2-2] and is composed of 11 steps. Listed below are the steps and
the sections of this report in which the steps are described.

Step 1: Define issues (Section 1)

This step defines the issues to be addressed by the 4S PIRT.

Step 2: Define objectives (Section 1)

This step defines objectives that are inherent in the issue of Step 1.

Step 3: Define events (Sections 4.1 and 5.1)

This step defines the events addressed in the PIRT report. This report treats the
following accidents: LFs in the core and SWRs in the SG. This step defines the
representative scenario for each accident.

Step 4: Partition selected events into time phases (Sections 4.1 and 5.1)

This step partitions selected events into time phases to facilitate understanding of
how phenomena importance may change as each transient progresses, because
the relative importance of phenomena may change during an event.

Step 5: Partition plant system into multiple components (Sections 4.2 and 5.2)

This step partitions the plant system into multiple subsystems/components to
enhance the plausible phenomena identification performed in Step 7.

Step 6: Define Figures of Merit (Sections 4.3 and 5.3)

This step defines Figures of Merit (FoM) that are the criteria by which the relative
importance of each phenomenon is judged.

TOSHIBA
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Step 7: Identify plausible phenomena (Sections 4.4 and 5.4)

This step identifies plausible phenomena using all currently available information,
including expert opinion. In the context of the PIRT process, plausible
phenomena are those that may have some influence on the FoM.

Step 8: Rank relative importance for phenomena (Sections 4.5 and 5.6)

This step ranks the relative importance of plausible phenomena that impact the
FoM using all currently available information, including expert opinion.

Step 9: Rank SoK for the phenomena (Sections 4.5 and 5.6)

This step ranks the SoK for plausible phenomena that impact the FoM using all
currently available information, including expert opinion.

Step 10: Perform sensitivity analysis (Section 5.5)

Sensitivity studies are performed in this step to verify/refine the preliminary

ranking results for the importance of the phenomena.

Step 11: Identify the scope and priority phenomena (subsections 4.5.4 and 5.6.3)

This step identifies the scope and priority for further analytical and experimental
investigations. The priority is determined by a combination of "relative
importance" and "SoK" of the phenomena.

This process allows for refining the results by returning to previous steps as needed in an
iterative fashion.

A number of PIRTs have been documented for light water reactors (LWRs) and gas-cooled
reactors [2-3], [2-4], [2-5]. To our knowledge, no previous PIRTs have been developed for
liquid-metal fast reactors (LMFRs) except for the 4S [2-6]. Therefore, the 4S PIRT was initially
established by reference to existing LWR PIRTs [2-2], [2-3]. Subsequently, the 4S PIRT was
refined by adapting the appropriate process steps to adequately reflect the 4S design, specific
features, and phenomena associated with the target events.
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Figure 2-1. 11 Steps of the 4S PIRT Process
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3 DESCRIPTION OF PLANT SYSTEM

This section briefly explains the plant system of the 4S in material excerpted from the
"4S Design Description" [3-1].

The 4S is a small LMFR, which, in combination with power generation equipment, is designed
for use as a power source in remote locations, and intended to operate for 30 years without
refueling. A pool-type fast neutron reactor, the 4S, when coupled to power generation equipment,
has an electrical output of 10 MWe (30 MWt).

Figure 3-1 is a schematic drawing of the overall 4S-based power generation facility, depicting its
major components. The overall area covered by the below-grade and above-grade structures of
the plant is approximately 50 meters long by 30 meters wide. The nuclear island is below grade
(this includes the steam generator as well as the reactor vessel and all vital equipment). The
balance of plant (BOP) includes facilities within the security barrier (turbine building, gas turbine
generator, switchgear, control area, and security facilities) and facilities outside the security
barrier, but within the owner-controlled area (administration facility, offices, and the like). The
BOP facilities are designed to conventional industrial construction requirements.

Figure 3-2 is a schematic cross-sectional view of the 4S power generation facility, showing its
main features. As can be seen in the figure, the 4S assembly is housed in a reactor building,
which includes and supports the reactor vessel, the guard vessel/top dome containment
configuration, the steam generator, and the equipment cells. The reactor building itself is
supported by seismic isolators, which provide horizontal seismic isolation.
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-- Turbine Generator

Steam Generator

Reactor Assembly

Figure 3-1. Schematic Drawing of 4S Power Generation Facility
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Figure 3-2. Section View of 4S Power Generation Facility

TOSHIBA
Leading Innovation >>> 3-3/25



PIRT for 4S BDBA

3.1 REACTOR AND FUEL

3.1.1 Reactor

The major components making up the reactor assembly are the reactor vessel, shielding plug,
guard vessel (GV), and top dome. Structures internal to the reactor vessel include the core
support structures, upper vertical baffle, electromagnetic pumps (EMPs), and intermediate heat
exchanger (IHX) (Figure 3.1-1).

Primary sodium is directed via the vessel outer plenum down through the IHX, exchanging heat
with the intermediate loop. It then passes to the suction of the EMPs, where it is pumped
downward to the lower head region and redirected up through the core. The sodium is heated in
the core, exits the core, and is redirected downward into the IHX to continue the cycle.

The core height is 2500 mm. The high thermal conductivity of the metal fuel core allows it to be
operated at relatively low temperatures. Inherent core reactivity feedback causes reactivity
shutdown for beyond-design-basis accidents (BDBAs), such as an anticipated transient without
scram (ATWS).

During normal operating conditions, reactor power is controlled by a movable reflector. The
reflector drive consists of a combination of fine and fast adjustment mechanisms. To scram the
reactor, the clutch of the fast adjustment mechanism is released and the reflector lowers
(withdraws) via gravity, causing the reactor to shut down. The shutdown rod is also inserted for
a scram at the core center position to increase neutron absorption. Figure 3.1-2 shows the core
layout, reflector, and shutdown rod.

Burnup reactivity compensation and margins for uncertainties in the temperature effect, criticality,
and fissile enrichment are considered in the reflector and fixed neutron absorber design. The
radial reflectors are adjustable, and they are raised slowly and incrementally during the service
life of the core via the fine adjustment mechanism to maintain neutron flux and power levels. In
case of electrical power loss or failure of the reflector drive, the assembly lowers to the bottom
of the reactor. Reflector lowering (withdrawal) reduces reactivity and stops the nuclear reaction.

3.1.2 Fuel Subassembly

Figure 3.1-3 shows the fuel assembly configuration. The number of pins in one assembly is 169.
The pins contain fuel columns made of U-10% Zr alloy. The wire spacers maintain gaps
between the pins to prevent them from contacting each other. The fuel slug portion of each pin
is 2500 mm high, and the fission gas plenum just above the fuel is 2700 mm high. The pins
incorporate a sodium bond between the fuel slug and cladding. The fuel smeared density inside
the cladding is 78 percent of the theoretical density.

A neutron shield made of seven pins containing B4C is installed in the upper portion of each fuel
assembly.
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The combination of the outer diameter of the entrance nozzle of each fuel assembly, and the
inner diameter of the outlet nozzle, enables the fuel handling equipment discrimination
mechanism to identify a certain fuel assembly to ensure a fit to a module located in the correct
orifice zone of the core flow distribution configuration (see Figure 3.1-4).

The fuel assembly of 4S has high fuel volume fraction and low pressure compared to a
conventional fuel assembly, to achieve a 30-year core life and passive safety. Table 3. 1 -1 shows
the main parameters of the fuel assembly, and the main features of the 4S fuel assembly are as
follows:

" Wrappertube

Wall thickness of the wrapper tube is 2.5 mm and the length is about 6 m. It is fabricated
by a drawing process. The middle pad is located at the top of the core region.

" Fuel pin support

A knock bar type fuel pin support, which is the conventional fuel pin support design used in
existing fast reactors such as the Japanese experimental fast reactor "Joyo," has been
adopted for the 4S design. As shown in Figure 3.1-5, knock bars are inserted in the
rectangular holes located at upper part of the entrance nozzle of fuel assembly. The knock
bars are then fixed by welding, and the fuel pins are supported by the knock bars.

" Entrance nozzle of module

The nozzle has seven flow holes in six directions (See Figure 3.1-4).

" Upper shielding

The upper shielding consists of shielding pins that contain 134C and are located in the
upper part of the fuel bundle. The shielding pins are hooked from the handling head.

" Handling head

The handling head consists of the hook for fuel handling and the upper pad. The pad
absorbs the impact or stress generated by seismic vibration and thermal bowing.

" Pin spacer

A wire spacer* is used to maintain the gap between pins. Wire diameter and spiral wire
pitch are determined by the geometry tolerance of the wire, pin, and wrapper tube. The
wire is fixed to the upper and lower end-plugs of a pin.

Currently, the 4S fuel design specifies a grid spacer, with a wire spacer proposed as an
alternative. The exact specification is to be determined at the detailed design phase.
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Taking into account the licensibility of each alternative, this LF PIRT focuses on the
wire spacer version based on the availability of existing data.

3.1.3 Reactor Vessel Cover Gas Monitoring System

Fuel failure in the 4S core would be detected by the reactor vessel cover gas system and the
neutron flux monitoring system. This subsection describes the former system, while the next
subsection discusses the latter system. Other conventional fuel failure detection systems, such
as delayed neutron monitoring or loose parts monitoring, are not installed in the 4S core owing
to the good compatibility between fuel slug and sodium. There are also thermocouples to
monitor the core outlet temperature, which do not monitor the temperature at the specific
location, but monitor the average temperature of certain areas.

The fission gas monitor detects a fuel failure by continuously measuring the gamma rays from
noble gas fission products that are released to the reactor cover gas from a comparatively small
fuel pin failure (pinhole failure). Fission gases in the cover gas, released from failed fuel pins,
are transported from the cover gas to the detector by diffusion. The fission gas monitor samples
the cover gas and measures the concentration of fission gas with a gamma ray detector. Data
from the fission gas monitor are processed to inform the operator of the state of the reactor core.

Large-scale fuel failure detection is made using detectors installed outside the reactor vessel to
measure the gamma radiation from noble gases in the fission products in the cover gas area.

The 4S peak burnup is < 5.5 percent, and the design life is 30 years. Therefore, the above 1
percent burnup will be reached in 1/5.5 x 30 - 5.5 years (See Figure 3.1-6). This estimate
implies that for at least the first 5 years of the 4S operation, the chance of fuel eutectic formation
is unlikely. Since fission gas release from the fuel to the fission gas plenum is also unlikely,
failure of the clad by fission gas high pressure is also unlikely. Other causes of clad failure such
as random failure can also be shown to be unlikely or extremely unlikely (For more information
on the 4S fuel failure mechanisms and phenomena, see Reference 3-2). If a clad failure occurs
during that period, detection of the failure by the failed fuel radiation detectors will be unreliable
due to the very low level of fission product concentration in the fission gas and bond sodium. If
not detected by another method that does not rely on fission product radiation, a clad failure
could be undetected for years until enough fission products are transported to the fission gas
plenum or bond sodium. After the estimated several years, detection of the clad failure by
radiation measurements can be relied upon. The existing data show, however, that even if the
fuel cladding failed at the beginning of fuel burnup, failure propagation to the neighboring fuel
pins would not occur due to good compatibility of sodium with metallic fuel [3-2], and the
integrity of the fuel cooling would be maintained.

The purpose of the 4S reactor vessel cover gas monitoring system is not prevention of fuel
failure propagation, but to determine the amount of the fission product released from the core by
measuring the concentration of fission gas in the cover gas area.
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3.1.4 Neutron Flux Monitoring System

The neutron flux monitoring system is installed for reactor protection system (RPS)
instrumentation. Neutron flux leakage from the core provides a measure of the core neutron flux,
and it is monitored to detect both flux level and also the rate of change in neutron flux.
Measured values are used after calibration of the reactor power obtained from a heat balance
calculation.

The neutron instrumentation measures the neutron-flux level from a reactor shutdown condition
up to 130 percent of the rated reactor power, initiates reactor trip signals when appropriate, and
informs operators of the reactor power level during normal operation and any abnormal
transients.

The source-range monitoring system is installed in the reactor vessel in a well, located in the
shielding plug over the reactor. Its radial position is between fuel assemblies and the core barrel.

The source-range monitoring system monitors the core subcritical condition during reactor
shutdown and the neutron flux during reactor startup.

The wide-range and power-range monitoring systems are installed outside the reactor vessel in
the concrete adjacent to the reactor vessel auxiliary cooling system (RVACS) flow path. The
wide-range monitor can monitor the neutron power from subcriticality to the power-range,
whereas the power-range monitor is restricted to monitoring the power range only. The power
monitoring system is used for the RPS signals to prevent excessive reactivity insertion and
overpower in the reactor core.

The axial position for both wide and power ranges is in the upper region of the fuel assemblies.

The 4S design will include power-range and wide-range monitors installed in at least three
locations.

Although the role of the neutron monitoring system is not primarily to detect a fuel failure, it
could be used to detect a collapse of the fuel geometry.
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Table 3.1-1. Fuel Subassembly Specifications

Item Value

" Pin diameter
" Pin pitch
" Pin number/subassembly

" Subassembly length
" Bundle length

" Wire diameter
" Wire spacer wrapping pitch
" Wire spacer number of spirals
" Core length
" Plenum length
" Flat-to-flat distance of wrapper tube
• Thickness of wrapper tube
" Subassembly pitch

* 14mm
* 15.1 mm
* 169

* Approx. 6.5 m
* Approx. 5.2 m
* 1.05 mm
* Approx. 300 mm
* Approx. 17
* 2.5m
* 2.7m
* 199.3 mm
* 2.5 mm
* 206.3 mm
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Figure 3.1-1. 4S Reactor System
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Figure 3.1-2. Core Layout with Reflector
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Figure 3.1-3. Fuel Subassembly Configuration
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Figure 3.1-4. Entrance Nozzle of a Fuel Assembly
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Figure 3.1-5. Fuel Pin Support Structure
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Figure 3.1-6. Fission Gas Release vs. Burnup for Different Types of Metallic Fuel [3-3]
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3.2 REACTOR COOLANT SYSTEM AND CONNECTED SYSTEMS

The power generation facility for the reference design consists of the reactor, intermediate
system, steam generator, and one turbine generator. Two sequentially oriented EMPs of 50
percent capacity each combine to circulate primary sodium within the reactor vessel. A single
IHX transfers reactor thermal energy to the single intermediate heat transport system (IHTS)
loop. Heat is transferred from the IHTS via the SG to a single steam turbine generator. The
primary heat transport system (PHTS) is contained entirely within the reactor vessel. It consists
of the hot pool, the tube side of the IHX, pumps, and pump plenum. As shown in Figure 3.2-1,
sodium from the reactor enters and flows through the IHX, where it is cooled as it heats the
intermediate sodium. The primary sodium then exits the IHX and is drawn into the pump plenum.
The primary EMPs discharge the sodium down into the bottom of the reactor. The sodium is
heated as it flows up through the core, and then returns through the IHX. The IHX consists of
upper and lower tube sheets separated by straight tubes. The cold leg intermediate sodium
flows down through the IHX shell and, as it is being heated, flows up to exit the IHX through the
intermediate outlet nozzle for use in the IHTS.

The IHTS transports heat from the primary system to the SG system. The IHTS consists of a
piping loop thermally coupled to the primary system by the IHX in the reactor vessel and to the
SG system in the steam generator compartment. The IHTS is a closed-loop system with an
expansion space in the SG plenum using argon cover gas to accommodate thermally induced
systemwide volume changes. An EMP, located separately from the steam generator, circulates
intermediate sodium through the shell side of the IHX and steam generator. An air cooler is
included in the intermediate piping for residual heat removal between the secondary main pump
and IHX. The residual heat removal system is described in Section 3.3. All materials for the
IHTS piping and components are designed to minimize corrosion and erosion, and to ensure
compatibility with the operating environment. The SG is a helical coil shell-and-tube heat
exchanger with water/steam in the tube side and sodium in the shell side. Double-wall tubes,
which include a wire mesh layer between the inner and outer tube, provide high reliability and
significantly reduce the probability of sodium-water interaction.

The generator is powered via a steam turbine. The exhausted steam is transported to a single
condenser. A feedwater pump system for the water/steam loop circulates water from the
condenser back to the steam generator.
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Figure 3.2-1. Heat Transport System Flow Diagram
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3.3 RESIDUAL HEAT REMOVAL SYSTEMS

The 4S shutdown heat removal systems consist of the main condenser cooling system; the
IRACS, which uses an air cooler (AC) in the intermediate sodium loop; and the reactor vessel
auxiliary cooling system (RVACS), which removes heat directly from the reactor vessel.
Figure 3.3-1 shows the schematic diagram of these residual heat removal systems.

When the reactor is brought from full power to cold shutdown conditions under normal operation,
cooling is provided by routing steam through the steam generator bypass directly to the
condenser. In the condenser, the steam condenses to water and, using the feedwater pumps, it
is fed back to the steam generator. Feedwater flow to the SG is maintained by the local control
system.

The EMP of the intermediate sodium loop maintains sodium flow within the IHTS with power
supplied by an auxiliary generator. The IRACS can remove additional heat from the core via the
AC, which is located in the piping between the IHX and the intermediate EMP.

In the event that normal condenser cooling is not available, as with a loss of power supply,
decay heat can be removed by the RVACS. The RVACS is a passive system. The system
transports heat to the atmosphere by natural circulation of air. It functions continuously with its
heat transport rate governed by the reactor vessel temperature. The RVACS operates
continuously at all operating conditions including normal power operation. The flow of sodium
within the reactor is aided by natural convection caused by heating in the core and cooling along
the reactor vessel wall caused by the RVACS. Airflow in the RVACS is maintained by natural
draft in the main RVACS riser.
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Figure 3.3-1. Schematic Diagram of Residual Heat Removal Systems

TOSHIBA
Leading Innovation >>) 3-18/25



PIRT for 4S BDBA

3.4 STEAM GENERATOR, LEAK DETECTION SYSTEM, AND SODIUM-WATER
REACTION PRESSURE RELEASE SYSTEM

3.4.1 Double-Wall Tube Steam Generator (DWSG) [3-4]

The SG is a heat exchanger that transports heat from the intermediate system to the water-
steam system. The IHTS consists of the heat transport loop, which consists of an SG, an AC, a
main circulating EMP, an electromagnetic flow meter (EMF), piping, and associated equipment.
Approximately 30 MW of heat from the IHX is conveyed to the SG during plant rated operation
at full power.

Heat is transferred to the steam/water loop by the SG. The SG shell has a free surface of liquid
sodium outside the helical coil double-wall tubes. The free surface level is maintained during
normal operation and transients, such as plant shutdown, by overflowing and pumping the
sodium to/from a dump tank. Specifications for the SG are shown in Table 3.4-1.

The steam generator tubes are double-wall with a wire mesh layer between the inner and outer
tubes. Double-wall tubes are used to prevent a sodium-water reaction during a steam generator
tube failure (Figure 3.4-1).

The double-wall tubes are 80 m in length with three tube-to-tube welding points. A picture of the
tube-to-tube welding is shown in Figure 3.4-2. There is no wire mesh at the end of the tube
(i.e., the tube-to-tube welding point), and the inner and outer tubes are not welded at the same
position in the axial direction, which prevents the gap between the inner and outer tubes from
being blocked by welding.

Figure 3.4-3 shows the configuration of the end of a tube. The tube sheet has a double-tube-
sheet structure for the inner and outer tubes. The cavity between the inner and outer tube
sheets is filled with helium gas.

Figure 3.4-4 shows the support structure of the double-wall tubes. Double-wall tubes are
supported by plates between the inner and outer cylinder installed at every 90-degree sector of
the SG

Sodium flows onto the top of the tube bundle through a distribution header at the top of the SG
While flowing down over the tube bundle, sodium exchanges heat with water and steam inside
the tubes and flows out from the outlet nozzle at the bottom of the SG.

Water flows into the steam generator tubes from feedwater nozzles on the lower part of the
steam generator. While rising through the helical tube bundle, water is heated from the
intermediate sodium and becomes superheated steam. The steam then flows out from steam
nozzles on the upper part of the SG

If tube leakage is detected, the plant is shut down and the tube is plugged. The heat transfer
area of the SG is designed with approximately 10 percent margin, including that for tube
plugging. Figure 3.4-5 shows the leak detection system for the SG.
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3.4.2 Tube Failure Monitoring System

As shown in Figure 3.4-1, the heat transfer tubes of the DWSG have a 0.35 mm wire mesh layer
in the gap between the inner and outer tube. The wire mesh layer, as it is structurally separating
the inner and the outer tube, will reduce the failure probability of a tube caused by a common
factor because a crack in the tube in one side does not propagate directly to the other tube.

In addition, the wire mesh layer has a high permeability and is filled with a third fluid, such as
helium, to provide continuous leak detection. This continuous monitoring can detect a failure of
one of the double-wall tubes and prompt operator action before a second failure of the other
tube wall results in a sodium-water reaction. This promotes high reliability of the overall system.

In this section, the configuration of the leak detection systems for the inner and outer tubes, and
the detection characteristics of these systems, are described.

The configuration of the measurement instruments of the tube failure monitoring system are
shown in Figure 3.4-5. During normal operation, helium plenum pressure is kept constant at an
intermediate value below that of the water-steam side and above that of the sodium side.

In case of inner tube failure, moisture leaks into the helium in the wire mesh layer. This leaking
moisture migrates into the helium plenum from the feedwater header or the steam header and
displaces helium. The moisture migrating into the helium plenum is detected by a moisture
gauge in the sampling system because of increasing moisture concentration. In addition, the
abnormality can be detected by pressure increasing in the helium plenum. The sampling system
is composed of a cooler, moisture gauge, circulator, and heater in both the feedwater side and
steam side.

The outer tube leak detection system is designed to detect a penetrating failure of the outer tube.
If an outer tube failure occurs, the helium in the wire mesh layer will leak into the intermediate
sodium loop. The pressure drop of the helium plenum caused by the outflow of helium is
detected as an outer tube failure. A small portion of helium flowing into the sodium is dissolved
in the sodium and the rest migrates into the cover gas area as a gas. The outer tube leak
detection system consists mainly of SG cover gas monitoring for helium content in the cover gas
to detect an initial small-scale and subsequent medium-scale helium leakage promptly.

This system is designed to prevent double tube failure, which would result in a sodium-water
reaction, by permitting shutdown of the plant in case of prompt detection of a small-scale and
medium-scale failure of either side of the double-wall tube. If a sodium-water reaction caused by
double tube failure occurs, the cover gas pressure system and rupture disk failure detection
system are used as an alarm signal and interlock signal, respectively.
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3.4.3 Sodium-Water Reaction Pressure Release System (SWRPS)

If both the inner and outer tubes fail and operation continues, water and steam transfer into the
intermediate sodium and a sodium-water reaction occurs.

The intermediate EM pump trips on the interlock signal of the intermediate pressure gauge
placed in the intermediate system cover gas region, because intermediate system pressure
increases if a sodium-water reaction occurs, and subsequently the reactor shuts down.

If detection of sodium-water reaction fails, although it is unlikely, the pressure of the
intermediate system is decreased by the SWRPS system, and the integrity of the primary
coolant boundary is maintained.

A configuration diagram of the SWRPS is shown in Figure 3.4-6. Assuming the extremely
unlikely event of both inner and outer tube failure and detection failure of a sodium-water
reaction, the sodium-water reaction would continue followed by a pressure increase of the
intermediate system. When the pressure of the intermediate system exceeds the setting value,
the SWRPS rupture disk bursts, and the intermediate system pressure decreases. The reactor
scrams and feedwater pump trips upon rupture disk burst signal, and the water/steam system
will start to blow down.

Solid and liquid materials produced by the sodium-water reaction are transported to the
SWP storage tank. Hydrogen is burned using an igniter and is released to atmosphere.
Intermediate system pressure is decreased, the integrity of the primary coolant boundary is
maintained, and residual heat is mainly removed by RVACS.

Table 3.4-1. Steam Generator Specifications

Item Value

Type
Heat exchange per unit
Sodium flow rate
Water flow rate
Sodium inlet/outlet temperature
Steam/water inlet/outlet temperature
Steam/water pressure
Outer diameter/thickness of outer tube
Wire mesh annular gap
Outer diameter/thickness of inner tube
Number of tubes
Inner diameter of SG shroud
Height of SG

Helical-type double-wall tube SG
30 MWt
4.82 X 102 ton/hr
4.60x10 1 ton/hr
485/31 0°C
210/453 0C
10.5 MPa
31.5/3.0 mm
0.35 mm
24.8/2.9 mm
52
1650 mm
11400 mm
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Figure 3.4-1. Section View of Double-Wall Tube and Steam Generator
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Figure 3.4-2. Tube-to-Tube Welding in Double-Wall Tube SG
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Figure 3.4-4. Tube Support Structure in Double-Wall Tube SG
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4 PIRT FOR LOCAL FAULT EVENT

4.1 EVENT DEFINITION

The 4S is designed to continue to operate beyond a cladding breach as long as the amount of

fission gases in the cover gas area is less than that when 1 percent of the total fission gases

contained in the fuel in the core are detected. Partial or large-scale core melting due to local

faults can be ruled out through careful analysis of their consequences and associated

uncertainties. The 4S PIRT for the local fault (LF) event is implemented to identify the extent of

the uncertainties of the phenomena pertinent to the LFs.

4.1.1 Event Selection

The event scenarios to which the PIRT process are applied are selected deterministically, at first,

from experience with fast reactors such as the Power Reactor Innovative Small Module
(PRISM) [4-1], Clinch River Breeder Reactor (CRBR) [4-2], and the Japanese Prototype

Reactor Monju [4-3]. Then, the representative events are selected based on the occurrence

frequencies and event consequences. Referring to PRISM reactor design [4-1], an event with

occurrence frequency 10-/ry is considered in the DBA category. As described in Section 1, this
report focuses on the BDBAs, while preventive and mitigative measures are designed for the

LFs categorized in the DBAs. Hence, in this report, the LF events that have been considered for

the past sodium-cooled fast reactor are investigated, and those that have higher occurrence
frequency and significant consequences are selected from the events with occurrence
frequency less than 10- /ry. LFs occur due to local heat removal imbalances resulting from an
increase or decrease in heat generation or heat removal. The initiators for such events were

identified based on experience with fast reactors such as PRISM, CRBR, and Monju.

The occurrence frequencies and event consequences for each initiating event are examined in

the following subsections to select the scenario of LFs for which the PIRT process is
implemented. To define the occurrence frequency of initiating events, numerical frequency

ranges given in Table 4.1-1 were used in case associated failure data are unknown. These
frequency ranges are the same as those used in evaluation for the previous sodium-cooled fast

reactor [4-1], and similar to those recommended by American Nuclear Society (ANS) standards

for light water reactors (LWRs) [4-5] [4-6].
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Table 4.1-1. Event Categories

Category Frequency Range Definition
(mean)

Normal F >_ 10-1/ry Any condition of system startup, design range
operation operations, hot standby or shutdown.

Anticipated 10-1 > F > 10 2/ry An off-normal condition that may occur individually once
event or more during the plant's lifetime.

Unlikely 10-2 > F _ 104/ry An off-normal condition that is not expected to occur
event individually during the plant lifetime; however, when

integrated over all plant components, events in this
category may be expected to occur a number of times.

Extremely 10"4 > F _ 1 06 /ry An off-normal condition of such extremely low probability
unlikely that no events in this category are expected to occur
event during the plant's lifetime, but which nevertheless

represent the extreme limiting cases of failure identified
as the design basis.
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4.1.1.1 Enrichment Error

An enrichment error can result in an increase of heat generation. The 4S fuel subassembly has
two levels of enrichment. The following initiators cause an enrichment error: 1) mispositioning of
a fuel assembly in the core region, and 2) fabrication error of fuel pin and fuel assembly.

1. Mispositioning of fuel assembly in core region

The 4S fuel assemblies are loaded only once before plant operation. There are 18 fuel
assemblies in the core placed in the three core zones (outer, middle, and inner core)
combining two different enrichment levels and two flow rates; the inner core has lower
enrichment and higher flow rate and the outer core has higher enrichment and lower flow
rate. Loading of a higher-enriched fuel assembly into the zone intended for the
lower-enriched fuel assembly results in the increase of heat generation. Each assembly,
however, is equipped with a specific entrance nozzle and outlet nozzle configuration
whose structure prevents the mispositioning mechanically, so the occurrence of a
mispositioning of a fuel assembly would be prevented.

2. Fabrication error of fuel pin

Adequate quality control in the manufacturing process, as well as the out-pile airflow test
and in-pile flow test, would prevent occurrence of a fuel pin having different enrichment.
Thus, it is unlikely that several of these measures would fail and result in occurrence of an

overpower pin. Assuming, however, that all these measures failed, resulting in a fuel pin
failure, the cover gas monitoring system measures the concentration of fission gas in the
cover gas area released from the failed fuel slug, and would alert the operator to take
appropriate action.

Since the detailed fabrication procedure of the 4S fuel slug has not been specified yet,
existing data for CRBR are utilized to estimate the occurrence frequency of an
overenriched fuel pin that is undetected during the quality control process. The probability
of a pin having an enrichment error without detection is estimated to be about 3 x 10-6/ry
[4-2]. Accordingly, the probability of the occurrence of overenrichment of one subassembly,
which consists of 169 fuel pins, would be very little (less than 10 7/ry).

Even if an enrichment error of one subassembly occurred, where an assembly to be loaded in

the outer core zone, which has higher enrichment and lower flow rate, is placed into the inner
core zone, the fuel temperature would change by about 600C or less (estimation under condition
with the maximum fuel cladding temperature of the nominal hottest pin: 570°C) because the
4S metallic fuel has good thermal conductivity and low power density. Therefore, the maximum
cladding temperature would be around 6300C, which is lower than the temperature at which the
eutectic reaction starts (6500C under conservative conditions). Thus, fuel pins would not fail in
the short term, and reactor operation would continue. In the long term, there is a possibility of
fuel cladding failure at the end of plant life due to cumulative damage resulting from exposure to
higher-than-design temperatures. In case of fuel pin failure, fission gas released to the cover
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gas area via primary coolant would be detected by the cover gas monitor, and the operator
would shut the reactor down when the fission gas density exceeded the limit value.

4.1.1.2 Wire Spacer Failure

Failure of the wire spacer wrapping a fuel pin would result in a narrower flow path in a
subassembly or even pin-to-pin contact due to bowing and/or swelling of the pin, and would
cause a reduction of heat removal to occur. Failure of the wire spacer is initiated by
1) looseness of the wire spacer, 2) wire spacer thinning due to corrosion, 3) wear mark
(scratches on a fuel pin where the pin is worn against the wire), and 4) a manufacturing defect.
The following descriptions explain the measures against these initiators:

1 Looseness of wire spacer

This initiator could occur due to difference in swelling characteristics of the cladding and
wire. In case a wire spacer became loose and detached from the pin, the wire pitch of the
pin would be doubled. The local temperature rise of the pin could occur due to the point
contact between the pins resulting from the lengthened wire pitch. To avoid this event, the
wire and pin are composed of the same material; HT-9. Moreover, cladding is affected by
radiation creep due to increase of the inner pressure of the fuel pin and production of
fission gases. Therefore, expansion of the cladding (both in the radial and axial directions)
is larger than that of the wire spacer, and wire tension would be maintained.

2. Wire spacer thinning due to corrosion

Thinning of the wire spacer due to corrosion is concerned with chemical interaction of the
primary sodium coolant with the HT-9 wire spacer. The outer surface of the wire spacer
would be more prone to corrosion. The amount of corrosion, however, is expected to be
about 90 gm [4-7], which is a trivial amount compared to its diameter (1.05 mm), so the
wire integrity would be maintained. Moreover, primary coolant purity is strictly maintained
to avoid the occurrence of corrosion [4-8].

3. Wear mark

The 4S subassembly is designed to avoid occurrence of the wear mark by referencing the
existing data pertinent to wire spacers. Figure 4. 1 -1 shows the relationship between fuel
pin specifications and occurrence of a wear mark [4-9]. The x-axis represents force
exerted on the fuel pin in a horizontal direction, and the y-axis shows the coefficient of
friction necessary to stop vibration of the fuel pin. Here, D (mm) and d (mm) denote,
respectively, pin diameter and wire diameter, Pi (mm) denotes pin pitch, P/R (mm) denotes
porosity per ring, AT (OC) denotes the temperature rise over the core, H (mm) denotes wire
wrap pitch, and L (mm) is fuel pin length. The dotted line divides the wear mark region and
the contact mark region where scratches do not occur and, as shown in the figure, the
4S fuel pin is designed to fit in the contact mark region. In case a wire separates from a
fuel pin, the wire would become loose in the axial direction, which causes interaction
between the pin and adjoining pin. With the wire spacer unwrapped, the wire pitch of the
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pin becomes twice that of a normal pin because the pin spacers of adjacent pins are intact.
Even in this case, i.e., H becomes twice the normal value, the 4S fuel pin specification
would be expected to fit in the contact mark region in Figure 4.1-1.

4. Manufacturing defect

A defect of the wire welding such as at the upper or lower end plug of the pin could cause
a failure of the wire spacer. Such a manufacturing defect is prevented by the quality
control and welding inspections. Although the failure of the wire spacer is unlikely,
assuming all those preventive measures fail, the possibility of a wire spacer failure was
estimated from the viewpoint of statistical failure. First, the statistical failure probability of a
fuel pin during the plant lifetime (30 years) is estimated to be 1/3000 [4-10]. Then,
statistical failure probability of a fuel pin per year is about 1. lx 05/ry. Considering the
uncertainties in the manufacturing process of a fuel pin, the probability of occurrence of a

wire spacer failure is estimated using engineering judgment to be one order of magnitude
larger than that of a fuel pin failure, or 1.0xxl 04/ry. Then, the occurrence frequency of

failure of two wire spacers is estimated to be less than 1 07/ry.

In case of a wire spacer failure, there is a possibility for neighboring pins to contact each other
due to excessive bowing or swelling. It was estimated for Monju [4-11] that the temperature
increases at the area where the neighboring pins contact under the conditions of point contact

and line contact are 35 0C and 600C, respectively. Therefore, the local temperature increase for
4S, which has a lower maximum linear power density (90 W/m) than that of Monju (360 W/m),
under the same conditions, would estimated to be 600C or less. Failure of two wire spacers of
two neighboring pins would result in point contact, while failures of the neighboring three pins
would result in line contact, whose occurrence frequency is very small.
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4.1.1.3 Local Blockage by Subassembly Internal Substance

Several fuel pins can be expected to fail during normal operation. The most likely failure would
be a pinhole-size failure associated with a fission gas leak. Although it is unlikely, a fragment of

the failed cladding could cause a blockage in the coolant path between the fuel pins, which
results in a slight reduction of heat removal in the subassembly. Fuel pin failure is characterized
by either 1) detection failure of the defective fuel pin before initial operation, or 2) statistical fuel
pin failure during operation.

1. Detection failure of the defective fuel pin before initial operation

The failure probability of a single fuel pin is projected to be about 10 4/D by appropriate
design and quality control (see Table 4.1-1). Therefore, the failure probability of the 4S fuel
pin is estimated to be 1.0xl 0 2/ry (1.0x10"4/ 3 0 years x 3000 fuel pins). Defective fuel pins

are eliminated by inspection and quality control through the process of parts
manufacturing, assembly, and shipping at the factory. Moreover, an air test, which
measures the leakage of helium from the fuel pin by depressurizing the fuel subassembly,
is conducted before fuel loading to detect cladding failure. The total failure probability of
the detection system is designed in the range of 10 -4 to 10-5/ry. A fuel pin failure at initial
operation occurs only if all these detection systems fail. Therefore, the occurrence
frequency of the fuel pin failure due to detection failure would be about 10-/ry (1 04x10-2).

In case the failed fuel pin is not detected before the plant startup, the reactor starts
operation with the failed fuel pin. Then, fission gas would be released from the failed pin
and be detected in the cover gas region, and the operator would manually shut down the
reactor when the density of fission gas in the cover gas region reached the design limit i.e.,

1 percent of the total core.

2. Statistical fuel pin failure

Statistical failure probability of a 4S fuel pin for the plant lifetime (30 years) is 1/3000 per
reactor [4-10]. Statistical failure probability of a fuel pin per year is estimated to be
1. 1x1 05 /ry. Then, statistical failure probability of two fuel pins is less than 1.0x10 7/ry.

The effect of local blockage resulting from statistical fuel failure would be small because most

statistical fuel failures result only in a gas leaker. To estimate the temperature increase due to
local blockage, an extremely conservative hypothetic failure area resulting from a fuel pin burst,
i.e., 1/4Dt, where D and t stand for pin diameter and pin thickness, respectively, was assumed.
The result of the evaluation shows that the local temperature increase is only about 10°C (see
subsection 4.1.2.2). Therefore, the failure would not propagate to other fuel pins and would not
cause any significant effect on total subassembly behavior. This is because of the good

compatibility of metallic fuel and sodium. Plant operation would continue and the cover gas
monitoring system would allow initial detection of the pin failure. In the long term, eutectic
reaction between the fuel slug and cladding may start downstream of the blockage where
temperature locally increases due to eddy flow. Then, creep failure of the cladding would occur
at the end of plant life due to cladding thinning.
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4.1.1.4 Local Blockage by Reactor Internal Substance

Local blockage by reactor internal substance is initiated by entrainment of foreign material in the

coolant path, which results in a reduction of heat removal from the subassembly. The following
materials could be present: 1) nondegradable materials such as bolts and nuts that may detach
from reactor internal structures or be left behind during construction, 2) degradable materials
such as rubber or gloves that may be left behind during construction.

Nondegradable materials

The loose parts anticipated to be found in the reactor vessel are bolts, nuts, pins, and
screws used for the components installed beneath the shielding plug. Those loose parts
would not be broken into pieces by a pump impeller because 4S does not have
mechanical pumps, instead using EMPs. Other than these parts, fragments of failed radial
shielding plate could become loose parts. In case a loose part is entrained in the reactor
vessel, whether it flows upward or sinks would depend on the geometry and weight of the
loose part and the flow rate of coolant. According to the relation between flow resistance F
and gravity:

F= 1/2xC X P XV2

where C, p, and v stand for constant, density, and flow rate, respectively, and assuming
that the loose part flows upward when flow resistance is larger than gravity and downward
when it is smaller, a loose part of less than around 100 g weight would flow upward under
conditions of 1.0 to 1.4 m/s coolant flow rate, which is the rated flow rate in the 4S reactor
vessel. Also, if the flow rate is higher than around 0. 5 m/s, loose parts of around 10 g
would flow upward.

Dropped bolts, nuts, and screws are assumed to become loose parts, but the occurrence
frequency is controlled by the appropriate design and manufacturing processes to be a
rate of 1.0x10-4/ry [4-12]. The type of parts and the area where they are used in the
4S reactor vessel were investigated. The types of parts used inside the reactor vessel,
i.e., beneath the shielding plug, are fasteners with International Organization for
Standardization (ISO) classification ranging from M6 to M68, whose weights are more than
10 g. Loose parts fallen off from the shielding plug would be trapped at first by the dip
plate. Since 4S has EMPs rather than mechanical pumps, the loose parts would not be
expected to be broken into pieces by the pump impeller. Therefore, most loose parts
would not be able to pass through the coolant path of the EMP or IHX, which is about 15
mm width, or the supporting plate of the shielding, which consists of a fourfold layer. Even
if the loose parts reached the lower plenum in the reactor vessel, the possibility for the
loose parts to ascend to the core support plate is considered unlikely because the coolant
flow rate at the lower plenum is very low (0. 3 m/s), at which rate objects heavier than 10 g
cannot rise. Moreover, there are 42 orifice holes (7 holes in each of 6 sectors) with a 13.6
mm diameter at the inlet of each fuel subassembly module. Therefore, the loose parts
would be prevented from entering the subassembly there. In addition, even if a loose part
passed through the orifice hole and flowed into the subassembly, it would not reach the
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active core region but be trapped upstream in the subassembly because the maximum

width of the flow path in a subassembly is about 1.8 mm. Therefore, the effect on the
probability of large-scale core melting due to blockage at the core inlet or inside the fuel
assembly is considered very small. At the same time, some bolts and nuts are used in the
core barrel near the core outlet, which may fall above the core outlet. They would sink
against the upward flow in the core due to their weight, and be trapped on the plate
installed above the core outlet to prevent subassemblies from floating.

Referring to Table 4.1 -1, the occurrence frequency is estimated for the local blockage at
the inlet, inside, and outlet of the subassembly. For the bolt or nut at the inner side of the
shielding plug to become a loose part would be considered an extremely unlikely event.

Furthermore, the event in which a loose part passes through the narrower coolant flow
paths in the EMP, IHX, and supporting plate of the radial shield, which are about 15 mm
wide, is considered an anticipated event. The event in which loose parts would flow

upward, disobeying the relationship between flow rate and mass, is considered an unlikely
event. The event in which the loose parts pass through the orifice hole with a 13.6 mm
diameter would be considered an anticipated event. Then, summing up these possibilities,
the occurrence frequency of local blockage at the inlet (blockage of an orifice hole) and
inside of a subassembly are estimated to be 10-7 /ry and 10-8/ry, respectively. Moreover,
assuming the event in which the plate preventing the subassembly from floating fails to
entrap the loose part to be an anticipated event, the occurrence frequency of local
blockage at the core outlet is estimated to be 1 0-6/ry.

2. Degradable materials

Appropriate quality control and foreign materials management processes keep degradable
materials such as rubber or gloves from being left behind during construction. In case
such an event occurred, such material would essentially disintegrate upon contact with
high-temperature sodium. Therefore, large-scale blockage is extremely unlikely.
Furthermore, those impurities are removed from the coolant by cold trap before reactor
startup.

4.1.1.5 Small Gas Bubble Passage through Fuel Subassembly

If a small gas bubble became entrained in a subassembly, a local fault could occur due to the
addition of unexpected positive reactivity or reduction of heat removal. The causes of gas
bubble formation are: 1) lubricant entrainment, 2) argon cover gas dissolution into the primary
coolant, 3) fission gas bubble passage due to failure of a fuel pin or radial shield, and 4) failure

of the vertical shroud.

1. Lubricant entrainment

Since 4S uses neither mechanical pumps nor a fuel handling machine, lubricants used for
the bearings and/or seals for those components are not entrained in the primary sodium.
Seals for the shaft of the driving mechanism for the reflectors and shutdown rod are
designed to prevent lubricant from leaking into the primary sodium. Although it is expected
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to be very unlikely, in case a very small amount of lubricant became entrained in the

sodium, hydrogen would be produced by the chemical reaction. The following

considerations are taken into account in with regard to the chemical reaction between the

lubricant and sodium.

An oil leakage accident resulted in local blockage at the outlet of the pump filter at

the UK Prototype Fast Reactor (PFR), and at the IHX at the Russian experimental

fast reactor BOR-60. Neither case resulted in local blockage at the core region. The

particle size of the blockage material was as small as < 0.2 mm. In such a case, the

blockage material, consisting of carbon, is brittle enough that the particle size would

become smaller. Therefore, carbon debris would not cause an LF in the core region

[4-13].

* Although its concentration is expected to be as low as that of carbon, within the order

of ppm, ammonia is assumed to be included in the lubricant as by-product during the

oil refining process. In this case, ammonia reacts with sodium, and hydrogen is

produced (Na+NH 3->NaNH 2+1/2H2 ).

* Explosive acetylene gas is assumed to get mixed with the lubricant as an impure

ingredient. Since acetylene would be a risk to transformers, the concentration of the

acetylene in the lubricant is controlled to be less than 1 ppm by strict quality

management. However, there is a possibility for hydrogen to be produced by

chemical reaction with acetylene and sodium (2Na+C2 H2-+Na2C 2+H 2).

During plant maintenance, the driving mechanisms of the reflectors, shutdown rod, and

fixed absorber are disassembled and reassembled on the roof slab. Although it is very

unlikely, on this occasion it may be possible for lubricant to leak on the roof slab, and

become entrained in the primary sodium by passing through the seals of the driving

mechanisms. In such a case, the amount of hydrogen gas to be produced upon

entrainment of lubricant in the primary sodium is evaluated as follows: 1 kg of lubricant, an

amount chosen for conservatism, is assumed to be entrained in primary sodium. Further,

1 ppm of ammonia and acetylene are assumed to be included in the 1 kg of lubricant and

0.5 mole and 1 mol of hydrogen gas can be produced by 1 mol of ammonia and 1 mol of

acetylene, respectively. Considering the molecular weights of ammonia and acetylene, i.e.,

17 and 26, about 1 mole of hydrogen is estimated to be produced. The volume of the

hydrogen is about 2.24x10 3 liters under 1 atm, and about 1x10 3 liter under 2 atm. Since

the cross-section of the 4S flow paths in a subassembly is 8.4x10-3 M 2 , a liter of hydrogen

gas would be spread over 1.2x1 02 cm in the axial direction, and the void reactivity added

by this would be negligible. The possibility of failure of the seals, which is considered

smaller for 4S because it does not have mechanical pumps, is conservatively estimated to

be 10 2/ry, referring to that of CRBR [4-14]. The possibility of hydrogen to be accumulated

in a large enough amount to be considered significant is 10-3/ry [4-14]. Therefore, the

occurrence frequency of a local fault due to a small gas bubble is estimated as 10 5/ry

[4-14].
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2. Cover gas (argon) dissolution/entrainment into primary coolant

Argon gas in the cover gas plenum is in a gas-liquid equilibrium condition, and argon
dissolved in the sodium is saturated. When this argon gas precipitates in the colder
plenum after passing through the cooling systems, the solubility limit of argon becomes
smaller and it becomes oversaturated, and some of the argon may become separated
from the sodium. The solubility limit under rated conditions does not cause argon to be
separated from the sodium. Depending on the differences in the solubility limit in the
primary sodium, however, there might be some regions containing much greater amounts
of argon gas. In this case, the dissolved argon may be separated in the cold plenum and
become small gas bubbles passing through the core. The oversaturated argon gas is
estimated to be separated as micro-bubbles within several tens of micrometers diameter,
while a large-scale bubble is considered unlikely. Therefore, even if small argon gas
bubbles flows into the core due to differences in the solubility limits, the effect on a local
fault in terms of an abnormal positive reactivity addition or reduction of heat removal from
the fuel pin would be negligible. The amount of the argon gas to be separated is evaluated
as follows.

The solubility of argon (SAr) can be calculated from Log SAr = -4.01-3450/T(K) [4-15],
where T stands for sodium temperature. Assuming the pressure of the cover gas, hot
plenum, and cold plenum to be 1.5, 1.5, and 3 atm, respectively, and the temperature of
hot and cold plenum to be 510 and 3550C, respectively, the difference in solubility in the
hot and cold plenum is calculated as 3.2x10.9 mOIArmOINa. Taking into account the density
of argon and sodium in the cold plenum as 1.39 and 867 kg/M 3, and the molecular weights
of argon and sodium as 4.1x10 2 and 2.3x10 2 kg, respectively, the amount of argon gas to
be separated from sodium in the cold plenum due to the difference in solubility is
estimated as 4x10.6 m3 Ar/m3Na (3.2xl 09x(4.1 x10 2/1 .39) /(2.3xl 0-2/867)), which would be
too small an amount to have an influence on the fuel pin integrity.

At the same time, argon cover gas could be entrained from the coolant surface. In this
case, the average flow velocity of the upper plenum is considered a key parameter of this
event. Taking into account the 4S average flow rate of 0.18 m3/s and a cross-sectional
area of the upper plenum of 2.9 M2, the average flow velocity of 4S is estimated to be as
low as 0.06 m/s, while it is about 0.5 m/s for previous large-scale FBRs. Therefore, gas
entrainment from the coolant surface is quite unlikely.

3. Fission gas bubble passage due to failure of fuel pin or radial shield

Fission gas released from a failed fuel pin and/or the radial shield to the primary sodium
could become a gas bubble and pass through a subassembly when the released gas
returns to the core via the primary heat transport system, though it is unlikely. In that case,
local faults would occur due to the addition of void reactivity or a reduction of heat removal
from the fuel pin. Most of the fission gas released from a fuel pin is expected to flow
upward and into the cover gas plenum. Therefore, the amount of the fission gas coming
back to the core would be very little.
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The amount of fission gas released upon statistical fuel pin failure is estimated as follows.
Assuming the maximum gas pressure in the fuel pin, volume of the gas plenum in a fuel
pin, cover gas pressure, and core inlet pressure at rated operation, 4.8x10 6 Pa, 2.8x10-4

m3 , 1.5x1 05 Pa, and 3.0x105 Pa, respectively, the integral volume of the fission gas when
released from the gas plenum in the failed fuel pin is estimated to be 4.3x10 3 M3

(2.8x10.4x[4.8x10 6/3.0x1 09]). Assuming that the released fission gas is spread into
all subchannels of a subassembly, the axial length of fission gas is estimated to be about
0.5 m. At the same time, the amount of gas generated from the radial shield is assumed to

be 7.5x10 3 M3 (at 273 K, 1x10 5 Pa), and the integral volume of gas when released from a
failed shield is estimated to be 5.8x1 0-3 M3 . Then, the axial length of the gas would be 0.7
m. Therefore, fuel failure would not occur as a result of such a fission gas bubble passage.
As mentioned in subsection 4.1.1.3, the fuel pin statistical failure probability is estimated to
be 1 .1x1 05/ry. Taking equivalent quality control for the radial shield, the failure probability
of the shield is estimated to be equivalent to that of the fuel pin. Fission gas bubble
passage is anticipated to occur when released fission gas returns to the core. Therefore,
the occurrence frequency of the gas bubble passage would be 1. x1 05 /ry or less.

4. Gas entrainment from failed vertical shroud

The gas confined in the vertical shroud is designed to flow upward in case the vertical

shroud fails. Therefore, the effect on a local fault in the subassembly is considered
negligible.

4.1.1.6 Summary of the Event Selection

Consideration pertinent to the initiating events is summarized in Table 4.1-2. According to the
event categories described in the preliminary safety evaluation report for the PRISM reactor
[4-1], an event with an occurrence frequency from 10.2 to 10-6/ry is generally categorized as a
DBA.

As described in Section 1, this report focuses on BDBAs, while preventive measures are
designed for the LFs categorized as DBAs. Therefore, the initiating events with event category
DBA in Table 4.1-2 can be excluded from the LF PIRT. Moreover, any initiating event with an
occurrence frequency of 10"8/ry is ruled out due to its relatively lower probability than the others.
Then, "local blockage by reactor internal substance at core inlet" is ruled out because, as shown
in subsection 4.1.1.4, the event consequence is less significant compared to the others.
Therefore, as a result, "enrichment error of one subassembly," "pin spacer failure (two spacers
failure)," and "local blockage by subassembly internal substance (two fuel pins failure)" are
selected as the initiating events to establish PIRTs for LFs.
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Table 4.1-2. Occurrence Frequency and Consequence of Initiating Events

Occurrence Event
Initiating Event Frequency [Iry] Category

Enrichment error (a fuel pin) 1.0x10.6  DBA

V Enrichment error (a subassembly) Less than 1. Ox 107 BDBA

Pin spacer failure (a spacer failure) 1.Oxl0-4 DBA

VPin spacer failure (two spacers failure) Less than 1.Ox10.7 BDBA

Local blockage by subassembly internal substance 1.0xl 0s DBA
(a fuel pin failure)

/ Local blockage by subassembly internal substance Less than 1.0xl 07 BDBA

(two fuel pins failure)

Local blockage by reactor internal substance (at 1.0xl0 0 DBA
core outlet)

Local blockage by reactor internal substance (at 1.0xl0-7 BDBA
core inlet)

Local blockage by reactor internal substance 1.0x1 0-8 BDBA
(inside subassembly)

Small gas bubble passage through fuel 1.0x10. DBA
subassembly

Note:
/: Selected initiating event for LF PIRT
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4.1.2 Event Description

4.1.2.1 Enrichment Error

This event involves enrichment error of one fuel subassembly (169 fuel pins). There are
two levels of enrichment for the 4S subassemblies, 17 percent for the inner and middle core
regions, and 19 percent for the outer core region. A local temperature increase may occur when
a subassembly for the outer core region (higher-enriched subassembly) is mistakenly loaded at
the inner or middle core region. The peak temperature in such a case is analyzed as follows.

" Scenario

A subassembly for the outer core with 19 percent enrichment is loaded into the inner core
where enrichment is designed to be 17 percent, which results in a local temperature rise at
the misloaded subassembly (see Figure 4.1-2).

• Analysis procedure

A one-dimensional flow network plant dynamics code [4-16] is used to analyze the peak
temperature of the misloaded subassembly by varying the core power ratio of one inner
core (IC) subassembly and one outer core (OC) subassembly from normal conditions.
Then, a sensitivity analysis is performed with core power as the parameter (100 percent
and 110 percent) to account for uncertainty in the fuel calculation.

" Analysis conditions

- Ratio of power output is derived as follows:

Power ratio of misloaded OC- Design power ratio for 6 unit IC x19%
Total unit of IC (= 6) 17%

- Flow distribution is the same as rated design: 8.4 kg/s (IC), 7.4 kg/s (OC)

- Transient phase

From the viewpoint of occurrence frequency, a protected loss of flow (PLOF) event is
assumed as representative for anticipated operational occurrences (AOOs), such as
failure of the water-steam system, false tripping of the reactor, etc., where the
activating system or components like EMPs or SG fail, resulting in a loss-of-flow event.

- Rated operation phase

No failure and/or accidents are considered.

As shown in Table 4.1-3, the results of the analysis indicate that the fuel temperature increases
only 200C, or 500C when assuming conditions of 110 percent core power accounting for the
uncertainty. The temperature increase is mitigated because of the good thermal conductivity and
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low power density of 4S metallic fuel. Although the maximum fuel peak temperature of the

nominal hottest pin would be expected to exceed 6500 C in the case considering the uncertainty,

which would result in a eutectic reaction proceeding at a very slow rate, rapid fuel failure would

not occur in this temperature range. Moreover, even if the reactor continued to operate with the

enrichment error undetected for 30 years, the cladding cumulative damage fraction (CDF) [4-17]

satisfies safety acceptance criteria for fuel cladding integrity, i.e., CDF <1 [4-18], so cladding
integrity would be maintained.
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Table 4.1-3. Analysis Result of Enrichment Error

Max. Temperature [°C] CDF 72 Hours after

Transient Case Fuel Cladding Scram [-]

PLOF without enrichment error 600 570 5.7x1 01'

PLOF with enrichment error 620 600 3.6x1 0-

PLOF with enrichment error & 110% power 650 620 3.4x1 0s

Max. Temperature [°C] CDF after 30 Years

Rated Operation Case Fuel Cladding Operation [-]

Rated operation without enrichment error 600 570 9.2x1 06

Rated operation with enrichment error 620 600 2 .7 x10-4

Rated operation with enrichment error & 650 620 1.Oxl02

110% power I

Reflectors

Core barrel

Shutdown rod

Subassembly with
enrichment error

Inner core

Middle core

Outer core

Figure 4.1-2. Model of Enrichment Error of a Subassembly
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4.1.2.2 Local Blockage

In this scenario, a local temperature increase occurs due to the local blockage in a subassembly
by a fragment of statistically failed cladding. For reference, the peak fuel temperature is
analyzed as a consequence of the local blockage as follows.

* Scenario

Hypothetically assuming the burst failure of two fuel pins in one subassembly, and
complete or partial blockage of the subchannels surrounding a single fuel pin by the
fragments of failed cladding.

* Analysis procedure

Computational fluid dynamics (CFD) code, STAR-CD, is used with simplified 4S core
model consisting of 37 fuel pins instead of 169, to evaluate the peak fuel temperature
under local blockage condition. Table 4.1-4 and Figure 4.1-3 show the analytical model.

* Analysis conditions

- Turbulence model: k-s turbulence model

- Boundary condition: Inlet mass flow 8.4 kg/s
Inlet temperature 3550C

- For conservatism, radial heat transfer of the fuel pin, which enhances heat removal
from the fuel pin, is not taken into consideration.

- In the axial direction, 0.5 m below the upper end of the fissile region is assumed to be

blocked. Assuming the bottom of the fissile region as z = 0, the blockage is at z = 2 m
(see Figure 4.1-3).

- Length of the hypothetical blockage is determined as follows. The geometry of
blockage is assumed to be spherical. If the diameter of the blockage is smaller than
the gap between fuel pins, it can pass through the core inlet and inside a subassembly.
Therefore, the maximum diameter of the blockage is substituted for the length of the

blockage.

- To evaluate the effect of blockage porosity, the number of blocked subchannels is
varied as a parameter. Two cases with three and six blocked subchannels are
analyzed as shown in Figure 4.1-4.

- The analysis is performed under rated operation and transient phases. As described in
subsection 4.1.2.1, a PLOF event is assumed, and the power and flow data shown in
Figure 4.1-5 are given as input for the analysis.
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As shown in Figure 4.1-6, the results indicate a temperature increase due to local blockage of

about 10°C, and the maximum fuel temperature is low at 5821C or less. (The fuel pin is divided

into six cells in the horizontal direction, and the maximum temperature represents the average

temperature of those cells.) The result of the transient case was the same because the peak
temperature monotonically decreases after the transient starts. Thus, a eutectic reaction would

not occur in this event, so fuel integrity would be maintained. These results are expected

because the 4S core is designed to be robust with metallic fuel and low power density.

Table 4.1-4. Fuel Pin Model Specifications

Item Actual 4S Simplified Model

Pin pitch for 169 pin 15.1 mm 32.09 mm

Pin diameter for 169 pin 14.0 mm 30.59 mm

Length of the hypothetical blockage 1.73 mm 6.46 mm

Cross section Fissile region ..........

of a fuel pin
Upper end of fissile region

500.0 [mm]

Gas plenum region

2700 [mm]

Blockage
Z=2000[mm]

Fissile region 30.5 ....... A. mm

2500 [mm]

Maximum width between
fuel pins 6.,48 [min]

Bottom of fissile

Z=0 [mam] e

L Blockage length
............. ... 6.46 [m m ]

Figure 4.1-3. Analytical Model for Local Blockage in Subassembly
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Six subchannels
h./ blockage

Three subchannels
blockage

Figure 4.1-4. Radial Position of the Local Blockage
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Figure 4.1-5. Transient Conditions Used for Local Blockage Analysis [4-18]
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Blockage region Maximum temperature region

No blockage
- Max. Temp. 5720C

'(Z=2.3m)

3 subchanr
blockage

Max. Temp. 573 o C

(Z=2m) (Z=2.3m)

Max. Temp. 582 o C

6 subchannels
blockage

(Z=2m)
v ~T MIC

(Z=2m) (AT=9)

575512

449

Figure 4.1-6. Radial Temperature Distribution (Local Blockage)
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4.1.2.3 Failure of Wire Spacer

This event involves a local temperature increase due to point contact of two neighboring pins
resulting from two wire spacer failures. Utilizing the same model used in subsection 4.1.1.2, a
pin-to-pin point contact is simulated by assuming six subchannels blocked with a heat

generating material that has the same physical properties as the fuel slug. As a result, the
temperature increase is about 300C, and the maximum fuel temperature becomes 6000C or less
(see Figure 4.1-7). Thus, a eutectic reaction would not occur in this event, so fuel integrity is
maintained. These results are expected because the 4S core is designed to be robust with
metallic fuel and low power density.

Maximum temperature region

Max. Temp. 5960C

I- Y

T [°C]

(AT = 9)

I
I

575

512

449

(Z=2m)

Figure 4.1-7. Radial Temperature Distribution (Wire Spacer Failure)
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4.1.2.4 Event Scenario

Each initiating event selected causes a local power-to-flow mismatch in the core, but fuel
melting would not occur in these events as shown in subsections 4.1.2.1 through 4.1.2.3.
Therefore, the LF PIRT focuses on the event scenario without occurrence of fuel melting.
Phenomena pertinent to fuel melting are identified, however, in the phenomena identification

process. Figure 4.1-8 shows a flowchart of the event scenario.

Failure of wire spacer Enrichment error]I Loca, ,okageo

Local PIF mismatch

I Molten fuel eject

PIRT for
Rated operation

PIRT for
Transient phase i

....... ....... ... . ........................ .................

Propagates to
other

subassemblies

. .. . ........................................... ......... .

i.............................................. ............ ..........................

Does not
propagate

.. .. .. .. .... .. .. .. .. .. ..... ........... ..

Figure 4.1-8. Event Scenario for LF PIRT
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4.1.3 Partitioning of Events into Time Phases

As described in subsection 4.1.1, the events whose important phenomena need to be identified

and ranked have been selected. However, the importance of the phenomena may vary within
the same event according to the plant status because plant status would change along with
operating mode changes. The core flow rate changes between rated operation, partial-power
operation, transient (which includes emergency shutdown), and planned shutdown (long-term
cooling phase after planned shutdown). Here, the planned shutdown phase can be bounded by
the transient phase because the EMP is operating, and coolant is in a forced circulation state
with 20 to 30 percent of the rated flow. During the transient phase, coolant is in a natural
circulation state and the power output is larger than that of planned shutdown phase. Thus, it
can be stated that the planned shutdown phase is a much safer state than the transient phase,
because the power-to-flow ratio is smaller under the forced circulation mode. In addition, during
the partial-power operation phase, whose period is relatively shorter, the coolant is in a forced

circulation mode, also, and power-to-flow ratio is in a much safer state than that of the rated
operation phase. Therefore, in this 4S LF PIRT, two time phases are taken into consideration i.e.,
rated operation and transient phases. The events are classified into those two phases to
establish the relative importance ranking of the phenomena. Pertinent to the transient phase,
the protected loss of flow (PLOF) event is selected as a representative transient since the plant

behavior inside the reactor vessel is considered to be the same as that of other transients.
Operating states characterizing the selected time phases are as follows:

1. Rated operation: Rated power and forced coolant flow in the primary and intermediate
heat removal systems, steam generator, and condenser cooling system

2. Transient (PLOF): Characterized by the following sequence of events:

- Loss of primary heat removal by forced flow with successful scram.
- Reactor power drops from nominal power to decay heat levels.
- Primary heat removal transition from forced to natural circulation.
- Decay heat removal by RVACS and IRACS.

Figure 4.1-8 shows the time phase for the LF PIRT focus.

4.2 PARTITIONING OF PLANT SYSTEM

In the PIRT process, to make the selection of plausible phenomena easier, the overall plant

system is divided into subsystems or components. Here, "plant system" means the whole plant
system, and "subsystem" means individual plant system, such as "core and fuel assemblies,"
"reactor system," and so on.

As shown in the previous 4S PIRT report, which focused on AQOs and DBAs [4-16], the overall
plant system is divided into six subsystems from the aspect of thermal-hydraulic behavior:

" Core and fuel assemblies
* Reactor system
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* Primary heat transport system (PHTS)
* Intermediate heat transport system (IHTS)
* Residual heat removal system (RHRS)
* Instrumentation and control (I&C) system

These six subsystems are divided into components and those components are further divided
into subcomponents.

The results of this partitioning of the 4S plant system are shown in Table 4.2-1 and Figures 4.2-1
through 4.2-4. The subsystems and components of the 4S plant system related to LFs,
i.e., "core and fuel assemblies," "reactor system," and "PHTS" are described in Table 4.2-2. The
index (A, B, etc.) in Table 4.2-2 is the index of subsystems, components, or subcomponents in
Table 4.2-1.
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Table 4.2-1. Subsystems, Components, and Subcomponents

Subsystem Component Subcomponent Index

Core/Fuel Assemblies A - -

Reactor System Reactor vessel B B1 -

Reactor internal structures General - B2 B20

Reflector - - B21

Lower plenum - - B22

Upper plenum - - B23

Vertical shroud - - B24

Radial shield - - B25

Reactivity control drive mechanism - - B26

Primary Heat Transport General - C CO -
System IHX - - C1 -

Primary EMP - - C2 -

Intermediate Heat Transport General - D DO -
System Intermediate EMP - - D1 -

Steam generator system - - D2 -

Residual Heat Removal Air cooler of IRACS - E El -
System RVACS - - E2 -

Instrumentation and Control I&C equipment Plant protection sensors F F1 F11
System Others - I F12
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Table 4.2-2. Descriptions of Subsystems and Components

SubsystemlComponent/
Index Subcomponent Description

A Core/fuel assemblies The core is composed of two types of fuel assemblies
with different enrichments of uranium (total 18 fuel
assemblies). The active fuel length is 2.5 m. The 4S
has a total thermal power of 30 MVMt and requires no
refueling for 30 years. Reflectors that control neutron
leakage are arranged circumferentially and control core
power by moving up and down. An assembly that
integrates the fixed absorber that compensates for
burnup reactivity, and the shutdown rod with shutdown
function as a backup protection system, is placed in the
center of the core. A five-layered neutron shield is
installed on the outermost circumference of the core.
Metallic fuel (alloy of uranium and zirconium) is used
and is encased in the fuel cladding with a sodium bond.
One fuel assembly is composed of 169 fuel pins. The
space between the fuel pins is maintained by wire
spacers. Each fuel assembly obtains a predetermined
flow rate using a flow orifice placed at the inlet of the
assembly. A neutron shield function is incorporated at
the top and bottom of the fuel assembly.

B Reactor system The reactor system is composed of reactor vessel,
shield plug, reactor internal structures, shroud, upper
and lower plenum, and primary heat transport system
equipment. The core is supported by the core support
structure and is placed in the axis center at the lower
part of the reactor vessel. The core support structure
has a protection function against mispositioning of the
core assembly and a flow rate adjustment function, and
is supported by the lower part of the reactor vessel.
The backup core support structure is installed beneath
the core support structure to prevent the unexpected
falling of the core.
The heat energy generated in the core transfers from
the primary coolant through the IHX to the intermediate
coolant. Reactivity of the core is controlled by the
reflector placed on the outer circumference of the core,
and the reflector control mechanisms are supported on
the shield plug. Equipment in the reactor related to the
reactor and core is designed considering nuclear
radiation effects. The reactor vessel is a cylindrical
vertical vessel with a half-ellipse-shaped plate at the
lower end, and a guard vessel surrounds the reactor
vessel to protect against unexpected leakage. The
space between the reactor and guard vessels is filled
with nitrogen gas.
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Table 4.2-2. Descriptions of Subsystems and Components (cont.)

Subsystem/Component/
Index Subcomponent Description

131 Reactor vessel The reactor vessel is a cylindrical vertical vessel with a
half-ellipse-shaped plate at the lower end, an upper
flange support, and a core support flange at the lower
part of the vessel. A shielding plug seals the upper part
of the reactor vessel and encloses the surface of the
liquid sodium in an argon cover gas atmosphere. The
inner diameter and height of the reactor vessel barrel
are 3.5 m and 24 m, respectively.

B2 Reactor internal structures The reactor internal structures include the core support
structure, reflector, lower plenum, upper plenum,
vertical shroud, and radial shield, and make up the flow
path for the primary coolant.

The core support structure is composed of core support
plate, upper core support plate (which supports and
anchors components including core fuel assemblies),
shutdown rod, and fixed absorbers.

B21 Reflector The reflector controls reactivity by moving the six fan-
shaped structures placed on the outer circumference of
the core. The reflector is composed of a reflector region
and a cavity region. The reflector is assembled from
laminated plates of ferritic steel and is connected to the
reflector drive unit on the shielding plug through a drive
shaft. Each sector of the cavity region consists of six
cavity cans for each of the six segments of the
reflector. The cavity region is placed above the reflector
region. The function of the cavity region is to enhance
neutron leakage to the surrounding sodium coolant.
Each cavity can is cylindrical and is filled with argon
gas.

B22 Lower plenum The lower plenum is the region formed by the lower
core support plate and lower end plate of the reactor
vessel. It changes the flow direction of the primary
coolant from the outlet of the radial shield to the core
inlet, and also has the function of coolant mixing in the
plenum.
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Table 4.2-2. Descriptions of Subsystems and Components (cont.)

Subsystem/Component/
Index Subcomponent Description

B23 Upper plenum The upper plenum is the region ranging from directly
above the fuel assembly to the free surface level of
sodium in the primary system. Sodium level varies due
to the volume variation caused by the primary coolant
temperature under conditions of normal operation,
shutdown, and reactor scram. The sodium level under
normal operation includes margin so that the liquid
level exceeds the inlet of the IHX in case of unexpected
leakage from the reactor vessel.

B24 Vertical shroud The upper vertical shroud is the structure that divides
the upper plenum, IHX, and EMP, and suppresses the
amount of heat transfer from the high-temperature
(51 O*C) sodium that flows out of the core outlet to the
low-temperature (3550C) sodium that flows out of the
EMP. Heat-insulating material is contained inside the
upper vertical shroud. Differences in thermal expansion
caused by the difference in temperature between the
inside and outside of the upper vertical shroud are
accommodated by a bellows placed on the upper part
of the upper vertical shroud.

B25 Radial shield The radial shield is the structure having the functions to
suppress the ductile reduction of the reactor vessel by
neutron irradiation and to prevent radioactivation of the
air outside the guard vessel. The radial shield is placed
in the outermost circumference of the core. The shield
is composed of an inner cylinder filled with 134Cpowder

and an outer cylinder to protect the inner cylinder from
thermal expansion and swelling of 134C. The radial
shield is composed of shield segments with different
external diameters and consists of five layers.

B26 Reactivity control drive The reactivity control system is composed of a
mechanism reflector, reflector drive mechanism, shutdown rod,

shutdown rod drive mechanism, and fixed absorbers.
The cylindrical reflector has six identical segments that
can be controlled individually and is located outside the
core barrel. The reflector drive mechanisms consist of
three different drive systems, two for startup and
shutdown by power cylinder, for power control, and
another for burnup swing compensation that consists of
ball screw, motor, and reduction gear. When needed,
the scram function releases the brake on the power
cylinder for startup and shutdown, and the reflector
descends by its own weight.
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Table 4.2-2. Descriptions of Subsystems and Components (cont.)

Subsystem/Component/
Index Subcomponent Description

B26 At the center of the core, one shutdown rod and fixed
(cont.) absorbers divided into six fan-shaped pieces

surrounding the shutdown rod are enclosed in a
cylindrical protecting tube on the center of the
hexangular wrapper tube. The shutdown rod is a
cylindrical tube containing B4C pellets.
The drive system of the shutdown rod employs a
motor-driven ball screw mechanism and is used to
raise the shutdown rod before startup. At the time of a
scram, the shutdown rod is detached from the drive
system, and is inserted into the core by gravity. For a
scheduled shutdown, the shutdown rod is inserted into
the core by the shutdown rod drive system.The fixed
absorber is hafnium and sheathed in stainless steel.
The fixed absorber is located in the core at the start of
operation. After a predetermined operating period, the
fixed absorber is manually withdrawn, and positive
reactivity is added to compensate for fuel burnup.
When moving the fixed absorber, the reactor is shut
down, so the fixed absorber is not moved during
reactor operation.

C Primary heat transport The PHTS cools the core and is composed of the IHX,
system (PHTS) primary EMPs, and shroud. Primary coolant that flows

out of the core rises through the center of the reactor
vessel, flows into the IHX, descends through the heat
transfer tubes, and reaches the suction port of the
primary EMPs. Coolant is then pumped down through
the shield region by the driving force of the two EMPs
in series, redirecting at the lower plenum, and returns
to the core inlet.
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Table 4.2-2. Descriptions of Subsystems and Components (cont.)

Subsystem/Component/
Index Subcomponent Description

C1 Intermediate heat The IHX is a vertical shell-and-tube, straight-tube,
exchanger (IHX) parallel counterflow type structure. Primary coolant

flows from the upper side of the heat transfer tubes
arranged in several concentric circles with different
radii around the shell inside the heat exchanger,
descends through the tubes, and flows out from the
lower part of the heat transfer tube. The inlet and outlet
flow paths of the intermediate coolant are formed by
the structure of the double annular shell on the upper
part of the heat exchanger. Intermediate coolant
descends through the outside inlet annular flow path, is
redirected at the lower tube plate, rises through the
outside of the heat transfer tube, and flows out of the
outlet annular flow path into the intermediate system.
The IHX is supported by the upper flange and is
combined with the primary EMPs as a single unit.

C2 Primary EMP To circulate the primary coolant, two primary EMPs are
installed sequentially. The pumps are induction-type
and the flow path has an annular configuration. Power
is supplied from the three-phase AC power supplies.
Flow rate is controlled by fixing the ratio of voltage and
frequency. Heat generation in the pumps is mitigated
by the primary coolant. The EMPs are positioned
around the center of the reactor vessel axis direction
and near the inner surface of the reactor vessel.

Compared to a mechanical pump, an EMP has little
fluid inertia. The pumps are therefore equipped with a
motor-generator set (MG set) with a flywheel as backup
power to compensate for the lack of fluid inertia when
the normal power supply is interrupted.

The MG set can supply sufficient power to maintain an
adequate flow coastdown during a power loss. The
EMP exciter sends an electric current to the rotor of the
generator at the time of the flow coastdown and
startup.
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Figure 4.2-1. Subsystems and Components Considered in the 4S PIRT
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Figure 4.2-2. Reactor Internals
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Cl: IHX

C2: EMPs

Figure 4.2-3. Configuration of Electromagnetic Pumps and Intermediate Heat Exchanger
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Figure 4.2-4. Flow Coastdown System of Electromagnetic Pump
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