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1.0 EXECUTIVE SUMMARY

Initial technology development road maps (TDRMs) were developed for each critical plant,
area, system, structure, and component (PASSC) of the Next Generation Nuclear Plant
(NGNP) for a reactor outlet temperature of 900°C and a conventional steam cycle connected to
the reactor through an intermediate gas loop. Subsequently, the NGNP project Senior
Advisory Group recommended, and the NGNP project adopted, a lower reactor outlet
temperature using a conventional steam cycle with a steam generator located in the primary
loop for the prismatic concept. AREVA proposes a 750C reactor outlet temperature and a
conventional steam cycle. This document updates information in the earlier TDRM report (e.qg.,
the list of critical PASSCs, Technology Readiness Assessments, TDRMs and Test Plans)
based on AREVA's current baseline. The plant configuration uses a prismatic block core and
has two primary coolant loops, two steam generators, and one turbine generator. The steam
produced by the steam generators provides energy to the turbine generator and one or more
steam reboilers. The steam reboilers provide process steam to industrial processes through a
tertiary process steam loop. The secondary side configuration is not fully defined at this point
in conceptual design.

The NGNP reactor is in the earliest phase of conceptual design. The plant configuration has
not been finalized, and therefore, many component design details remain undecided. Detailed
technology development planning at this time benefits design development and research and
development (R&D) planning. The present immature state of the NGNP design has limited the
availability of detailed information and constrained design planning. The TDRMs in this report
need to be reviewed and updated as more design details become available. This ongoing
process highlights a need for maximum flexibility in the new test facilities to be built to support
NGNP R&D and component qualification. As the design matures, so will the needs for the
anticipated test facilities.

Previous versions of this report identified 11 critical PASSCs for the indirect steam cycle, which
relied on an intermediate heat exchanger (IHX) to transfer heat to helium secondary heat
transfer loops. The reactor configuration had three heat transfer loops, two for generating
electric power (each loop had a steam generator unit that supplied a single turbine generator
Power Conversion System) and one for supplying process heat for hydrogen production.
Critical PASSCs are established by assessing whether either technology development or
testing is required before systems or components in the Nuclear Heat Supply System (NHSS),
Heat Transport System (HTS), Power Conversion System (PCS), or Balance of Plant (BOP)
are ready for integration into the NGNP. Only PASSCs requiring development are critical. TRL
rating sheets, technology development road maps, and test plans were developed for NGNP
PASSCs requiring technology development to achieve a Technology Readiness Level (TRL) of
7 (System Demonstration at the Engineering Scale).

This revision of the report updates information in the previous report based on the following:

- Operating configuration and design parameters in the NGNP Design Baseline [4]

+ Recommendations in the NGNP DDN/PIRT reconciliation document [5]

- Updated system terminology [6] and interfaces [7]; terminology used in the previous
TDRM report for the NGNP configuration that connected the steam cycle to the reactor
through an intermediate gas loop is identified in parentheses
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The list of critical PASSCs was revised based on the new system configuration [4], shown in
Figure 1-1. The changes are:
- Added High Pressure Reboiler and Low Pressure Reboiler for generating process
steam
« Removed the compact IHX, the tubular IHX, the IHX vessels (formerly part of the Vessel
System), the Secondary Gas Circulator (formerly part of the secondary heat transfer
loop), the High Temperature Isolation Valve (formerly part of the hydrogen production
heat transfer loop), and the Startup and Decay Heat Removal System

Water/steam
headers to other
reactor modules

Steam
isolation A Y
750°C valves
Primary
P Steam
Hoop I ~550°C turbine
HTR sG Generator
Reactor -
Core |_

- =0, .
> Process
;ﬁ Steam
_ LP
Circulator Reboiler LP

One of two heat HP P Process

transport loops Reboiler Steam
shown for simplicity
Condenser
== He
mmm \Water/steam Process Process
4O Water 4 Condensate
Process water/steam Cleanup Return
Makeup

Figure 1-1. NGNP Conceptual Design System Configuration

The 13 PASSCs that were reviewed based on the conventional steam cycle NGNP reactor
operating temperature and system configuration are:

* Nuclear Heat Supply System

Vessel System

Reactor Internals (formerly the Reactor Vessel Internals)
Reactor Core (formerly the Reactor Core Design Features)
Control Rod Drives (formerly the Neutron Control System)
Nuclear Instrumentation

O O O O O o

Reactor Cavity Cooling System
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* Main Heat Transport System (formerly referred to as the Heat Transport System)
Main Helium Circulator (formerly referred to as the Primary Gas Circulator)
Circulator Shutoff Valve

0
0
o0 Hot Duct (formerly referred to as the Primary Hot Gas Duct)
0

Steam Generator

* Other Reactor Support Systems (formerly referred to as Auxiliary Systems or BOP)
o Primary Loop Instrumentation
o Fuel Handling System

* Process Heat Transport System
0 Steam Reboiler System (new system)

The following subsections give a brief description of each PASSC and a summary of the
technology development. Elsewhere in this report, Section 5 describes the TRL methodology
and Section 6 summarizes actions required before critical PASSCs are ready for installation
into the NGNP. The TRL update report [9] contains the TRL rating sheets for the individual
systems.

Vessel System

The Vessel System (VS) includes the Reactor Pressure Vessel (RPV), which houses the
Reactor Core; two Cross Vessels (CV), which connect the RPV to the Steam Generator Vessel
(SGV); and the SGV. The Vessel System is fabricated both in the vendor shop and at the
NGNP site. Due to its size, the RPV must be shipped to the reactor site in four packages and
field-welded together, if the NGNP is built at Idaho National Laboratory. Connecting welds
between the RPV and CV and the CV and SGV must also be done on site.

The primary technical issues with the VS are the choice of material and the design conditions.
Technology development is not required at the design baseline temperatures for the
conventional steam cycle NGNP because the 750C rea ctor outlet temperature allows the use
of LWR steels for the RPV. After further study of the seal between the upper closure head and
the main RPV, it was concluded that a seal weld is preferable over the sealing devices used in
light water reactors and earlier gas reactors. The lower reactor outlet temperature of 750C
allows the use of steel (SA508/533) for the RPV. The selection of this material greatly
simplifies design data needs and RPV qualification due to extensive industry experience with
this type of steel in commercial light water reactors. The working group for the development of
ASME Code Rule for High Temperature Gas Reactors concluded that currently available
technology and materials data exist for developing ASME Code rules for the currently
envisioned design. A road map for code development work is being developed under that
activity. Therefore, this technology is ready for use in the NGNP without further technology
development. Consequently, this system is not a critical PASSC and is not included in Section
6.
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Reactor Internals

Reactor Internals include components that provide the structural interface between the Reactor
Core and the Vessel System and also components that route helium between the Reactor
Core and the Main Heat Transport and Shutdown Cooling Systems. In addition to providing
structural support and directing of the helium flow, other major functions of the Reactor
Internals include thermal and radiological shielding of the RPV, conservation of neutrons
during power production, and serving as a key link in the conduction cooldown radial heat
transport path.

The NGNP Reactor Internals are envisioned to consist of metallic, graphite, and composite
materials depending on their function and location inside the vessel. The metallic components
are mature technology requiring no further development. The graphite components are also
mature, but development work is needed to qualify a replacement graphite grade for the
previously used H451, which is no longer available. This graphite qualification work is ongoing
within the NGNP program. Finally, if composites are selected for the internals, the composite
components will require substantial development before installation into the NGNP. The
development includes basic work to identify correct fibers, matrices, and architectures for each
component and then the larger scale testing needed to qualify the components after their
geometry and performance requirements are specified.

Reactor Core

The Reactor Core design is an annular arrangement of prismatic fuel and reflector elements
located within a permanent graphite reflector. The annular core configuration is adopted to
achieve a maximum power rating and still permit passive core decay heat removal while
maintaining an acceptable fuel temperature distribution.

Extensive experience with prismatic fuel blocks gives confidence in the basic design of the
Reactor Core. The present availability of the manufacturing technology that existed for similar
designs needs to be assessed. The NGNP annular design is based on previous designs, such
as MHTGR, GT-MHR, and ANTARES, that evolved over a number of years. An annular
prismatic core has never been demonstrated in operation. One area of concern is the core’s
neutronic behavior, which needs to be characterized. This need might be met by
benchmarking against previous cores, such as Fort Saint Vrain or the High Temperature Test
Reactor, but critical testing may still be required. Potential issues include control rod worth,
radial peaking, and temperature coefficient prediction, which may be tested on a smaller mock-
up. An assessment must be made whether critical testing is required to support design and
licensing of the Reactor Core.

The concept of including burnable poison in the core of a High Temperature Gas-Cooled
Reactor (HTGR) to limit power peaking is new and has not been demonstrated in an operating
HTGR. An analysis of burnable poison options is needed to determine the relative
performance of the various options and to identify the technology development that would be
required. The main options are discrete poison compacts, discrete poison wafers between fuel
compacts, and burnable poison mixed with the fuel in fuel compacts. Neutronic and
mechanical performance of these options must be characterized either with further analysis or
with physical testing.
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The available isotopic cross-section database needs to be verified for a graphite-moderated
core made from currently available grades of graphite operating at high temperatures. A
review of the available properties databases is heeded to assess their adequacy for use on the
NGNP design. If new cross-sections are needed then development work will be necessary.

The type of graphite used in the Fort Saint Vrain reactor is no longer available, but new grades
of graphite are being developed, tested, and qualified. The development of fuel elements, fuel
compacts, and nuclear-grade graphite is being addressed in ongoing programs.

Control Rod Drives

In this study, the Control Rod Drives PASSC is defined as the control rods (CR), the control
rod drive mechanism (CRDM), and the associated equipment and sensors. Control rod drive
technology is mature technology for reactors with operating temperatures below 800°C, where
standard materials like Alloy 800H can be used. However, at the high core temperatures of
the NGNP during off-normal events, advanced materials such as Carbon/Carbon (C/C) or
Silicon Carbide (SiC/SiC) composites may be preferred.

Initial development activities for the Control Rod Drives focus on precisely defining operating
conditions and performance requirements during normal and off-normal conditions. Once this
information is known, options for CR materials can be explored in detail. Alloy 800H CR
cladding should be acceptable under normal operating conditions. During off-normal
conditions where temperatures exceed the limit for 800H, CRs may be damaged and need to
be replaced after the event. If the CR function is not compromised and the risk of an off-
normal event is low, it may be acceptable to use standard materials. If it is determined that
operating conditions and resulting consequences are not acceptable for Alloy 800H, then
advanced materials will be needed, along with substantial development of the materials.
Development includes basic work to identify the correct fibers, matrices, and material
architectures for each of the components followed by larger scale testing to qualify the
components once their geometry and performance requirements are specified.

Nuclear Instrumentation

In this report, Nuclear Instrumentation is comprised of external vessel neutron detectors,
source range detectors, and in-core flux mapping units. These instruments monitor neutron
flux levels during normal operation, startup, and shutdown. They also verify axial flux profiles
and confirm power stability.

There was concern in the Preconceptual Design Report [3] about the availability of instruments
that could operate in an NGNP that would operate at higher temperatures, use an IHX to
transfer heat to a secondary heat transfer loop, and employ a Brayton Cycle instead of a
conventional steam cycle. The previous TDRM concluded that commercially available
instruments are available for all expected service conditions in the NGNP with a steam cycle
connected to the reactor through an intermediate gas loop. These instruments include source
range detectors and in-core flux mapping detectors that can operate at up to 600°C. Itis
envisioned that the core will be designed to preclude exposure of these instruments to
temperatures higher than this limit. Thus, this system is not a critical PASSC and is not
included in Section 6.
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Reactor Cavity Cooling System

The Reactor Cavity Cooling System (RCCS), which receives heat transferred from the vessel,
includes the cavity cooler panels, which consist of a closed tube wall surrounding the RPV and
function as an efficient heat sink. The primary functions of the RCCS are to protect the reactor
cavity concrete, including RPV supports, from overheating during normal operation. The
RCCS provides an alternate means of heat removal from the reactor system to the
environment when neither the Main Heat Transport System nor the Shutdown Cooling System
are available. A passive approach fulfills these functions. Natural circulation moves water
through the inlet headers to the panel wall heat exchangers in the reactor cavity. The water
returns via the outlet headers to the water storage tanks.

The RCCS is a relatively simple system that relies on radiation, conduction and convection to
transfer heat away from the RPV. Development is needed to characterize these heat transfer
mechanisms and possible degradation during prolonged operation. Specifically, it is
necessary to measure the emissivity of the RPV and RCCS materials, assess the impact of
particulates in the reactor cavity on system performance, and potentially validate the system
performance in an integrated test.

Main Helium Circulators (formerly referred to as the Primary Gas Circulators)

The NGNP will have two large circulators mounted in the Steam Generator Vessels to circulate
primary coolant through the Steam Generator and Reactor Core at a flow rate of 282 kg/sec.
The circulator technology is mature. Helium will pass through the circulators at 320 at the
inlet and 325 at the outlet. Due to the required flow rate at that temperature, the circulators
will conservatively require a power rating of 4 MW, which is considered within the state-of-the-
art for gas circulators having helium immersed motors.

Development activities identified for the main helium circulators are standard manufacturer’s
testing. For example, verification testing of the rotating assembly and magnetic bearings and
final performance testing in air, which are included for completeness, are both standard
manufacturer’s activities. The primary technology issue is the verification of circulator
performance during an integrated engineering scale demonstration in a relevant environment.
This report concludes that testing of the circulator and circulator shutoff valve be conducted in
air at conditions relevant to the Main Heat Transport System.

Circulator Shutoff Valve

Each helium circulator is equipped with a self-actuating shutoff valve located at the impeller
inlet. Its function is to minimize backflow through the primary coolant loop when the circulator
is shut down. The valve is designed to close if the circulator stops (due to malfunction,
shutdown for maintenance, etc.). The envisioned shutoff valve is a flapper butterfly valve.
When the circulator is operating, differential pressure across the valve, created by the flow of
helium through the circulator, will open the valve. A gravity-operated counterweight will close
the valve.

Flapper valve technology is mature, having been installed and operated on previous nuclear
power plants. However, testing must include an integrated test with the circulator to ensure
proper behavior of the system and the passive operation of the valve. It is expected the valve
will be designed, procured, and tested by the circulator vendor.
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Hot Duct (formerly referred to as the Primary Hot Gas Duct)

A Hot Duct (HD) is used to transport helium coolant between the reactor and the Steam
Generators. The HD is located internal and coaxial to the Cross Vessel and is a multi-layered
insulated assembly that allows for the separation of hot and cold primary coolant within a
single vessel. Hot helium coolant (750C) from the core travels within the interior of the Hot
Duct while cold helium coolant (325<C) returns to t he core in the annulus located between the
outer side of the HD and the inner wall of the Cross Vessel.

The HD technologies have been demonstrated in Germany at the KVK test loop. A hot gas
duct with a ceramic composite (C/C) liner was tested for more than 5,000 hours at
temperatures up to 950C. Metallic and graphite li ners were also demonstrated. However, the
NGNP HD will be larger to accommodate a greater coolant flow rate. The larger size may
impact manufacturability and performance. Therefore, the recommended technology
development actions are to qualify the manufacturing process, develop an analytical model to
predict HD for performance, and perform an engineering scale demonstration of the unit.

Steam Generator

The Steam Generator concept for the NGNP is a helical tube heat exchanger with a
superheater and possibly a reheater. The NGNP includes two 50% capacity Steam
Generators. The primary side is helium. The secondary coolant is water. The helium enters
the shell side of the Steam Generator at 750°C and exits at 320°C at a flow rate of 141 kg/sec.
The coolant feedwater enters the tube side of the Steam Generator at 281°C and exits as
steam at 566°C at a flow rate of 141 kg/sec. The Steam Generator makes use of different
metals (2.25Cr1Mo and Alloy 800H) depending on the local conditions of operation.

There is high confidence the Steam Generator can be designed and manufactured to meet
NGNP requirements. One technology development action, an engineering scale test, has
been identified. Additionally, several other beneficial test activities have been identified,
including qualification of the vendor’s bimetallic welding process and development of the
component manufacturability.

Primary Loop Instrumentation

Sensor input forms part of the Plant Protection and Control System. Sensors are needed for
measuring flow rate, reactor cold leg temperature, reactor hot leg temperature, pressure, and
moisture. Sensor signals provide input to the Plant Protection System, Plant Control System
and Plant Monitoring System.

The required input measurements, sensor environment, and sensor requirements for each
instrument will be determined in detail during the NGNP conceptual design. Based on
preliminary information, no technology development actions have been identified. Qualification
testing of instruments has been recommended and development activities may be needed if
the actual sensor environment or requirements vary greatly from those in this study.

Fuel Handling System

The Fuel Handling System (FHS) consists of a series of machines and devices capable of
transferring fuel and reflector blocks between the Reactor Core and the Near Reactor Spent
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Fuel Storage location. The system is based on previous system designs, with the exception of
a Fuel Storage Server (FSS) instead of Fuel Transfer Casks. The FSS reduces the estimated
refueling time. The basic technology is similar to that demonstrated at Fort Saint Vrain.

Due to extensive operation in the past, the FHS is considered mature technology. However,
confirmatory testing is recommended for the commercially available seals, bearings, and
lubricants prior to installation in the NGNP. Furthermore, because the FHS has a large impact
on refueling efficiency, functional and long-term endurance tests are recommended on the

subcomponents to validate reliable performance.

Steam Reboiler System

The conventional steam cycle concept for the NGNP includes two reboilers that transfer heat
from the extraction side of the Power Conversion System steam turbines to a process heat
transfer loop. Reboilers are commonly used in the chemical process industry to heat
distillation columns or to recover waste heat. In both cases, the working fluid on the process
heat side returns as liquid, contacts the heat transfer surface, and vaporizes. Most reboilers
are shell and tube heat exchangers and are steam-heated, although other configurations are
also used. The service conditions for the NGNP process heat loop are less severe than most
applications (e.g., corrosive chemicals). This technology is mature and does not require
technology development for implementation in the NGNP.

2.0 ACRONYMS

ASME American Society of Mechanical Engineers
BEA Battelle Energy Alliance

BOP Balance of Plant

C/C Carbon/Carbon

CR Control Rod

CRDM Control Rod Drive Mechanism

CVv Cross Vessel

DDN Design Data Need

DOE United States Department of Energy
FA Fueling Adaptor

FE Fuel Elevator

FHM Fuel Handling Machine
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FHS Fuel Handling System

FSS Fuel Storage Server

FSV Fort Saint Vrain

GT-MHR Gas Turbine Modular Helium Reactor
HD Hot Duct

HTGR High Temperature Gas-cooled Reactor
HTS Heat Transport System

HTTR High Temperature Test Reactor

1&C Instrumentation and Control

IHX Intermediate Heat Exchanger

INL Idaho National Laboratory

ISI In-Service Inspection

KVK Component Test Loop (German)

LSFS Local Spent Fuel Storage

LWR Light Water Reactor

MHI Mitsubishi Heavy Industries

MHTGR Modular High Temperature Gas-cooled Reactor
MPa Megapascal

MW, Megawatt electric

N/A Not Applicable

NGNP Next Generation Nuclear Plant

NHSS Nuclear Heat Supply System

NQA Nuclear Quality Assurance

NRC Nuclear Regulatory Commission
ORNL Oak Ridge National Laboratory
PASSC Plant, Area, System, Structure, & Component
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PCDR Preconceptual Design Report

PCS Power Conversion System

PIRT Phenomena Identification and Ranking Table
PNNL Pacific Northwest National Laboratory
PRA Probabilistic Risk Assessment

PSR Permanent Side Reflector

R&D Research & Development

RAB Reactor Auxiliary Building

RAMI Reliability, Availability, Maintainability, Inspectability
RCCS Reactor Cavity Cooling System

RPV Reactor Pressure Vessel

SFSS Spent Fuel Storage System

SGV Steam Generator Vessel

SG Steam Generator

SiC/SiC Silicon Carbide/Silicon Carbide
TDRM Technology Development Road Map
TP Test Plan

TPS Top Plenum Shroud

TRL Technology Readiness Level

UCR Upper Core Restraint

VS Vessel System

3.0 INTRODUCTION

The US Department of Energy (DOE), through the NGNP project, is developing a High
Temperature Gas-cooled Reactor (HTGR) to be used as a heat source for a variety of process
heat applications (e.g.,hydrogen production, coal to liquids, tar sands oil recovery, electricity
cogeneration, etc.). Currently, this HTGR is envisioned as providing a reactor outlet
temperature of 750 - 800 °C and being operational by 2021. In order to meet these ambitious
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goals, a focused R&D initiative is required. In the current scope of work, AREVA has updated
the initial Technology Development Road Maps (TDRMSs) and associated initial Test Plans
(TPs) for the NGNP critical Plant, Area, Systems, Structures, and Components (PASSCs). In
performing this revision, AREVA focused on the PASSCs that are currently part of its baseline
design for an HTGR with a 750°C outlet temperature operating on a conventional steam cycle,
shown schematically in Figure 1-1.

This work included the review and incorporation of previous AREVA NGNP pre-conceptual and
conceptual design work to date. The road maps are expected to drive the needed actions to
down-select the configuration and designs for the Component Test Facility (CTF) to be built at
the Idaho National Laboratory (INL). The CTF will be a critical program component to
demonstrate NGNP technologies and design readiness through testing, piloting, and
prototyping. The CTF will also support the development of future Very High Temperature
Reactor Systems at temperatures beyond 750C. The depth and breadth of each TDRM has
been developed to a sufficient level of detail to begin the initial conceptual design development
of the CTF test loops. Future refinements to the TDRMs and TPs will be necessary to address
the specifics of the component maturation process without causing major modifications or
obsolescence of the CTF.

This document presents the road mapping process used to generate initial TDRMs and the
results of the work. Since a final selection of the NGNP configuration and operating conditions
has not been made, the TDRM task focused on the current reference configuration used by
AREVA. The initial TDRM was based on conceptual design studies performed in early FY-
2008 for a system with an intermediate gas loop driving a steam cycle and a reactor outlet
temperature of 900°C [1]. This TDRM is based on consideration of a less aggressive HTGR
system with an outlet temperature of 750C and a co nventional steam cycle [4].

4.0 SCOPE

The TDRM effort focuses on the NHSS, HTS, PCS, and reactor support systems areas. The
process heat applications are outside the scope of this document. The level of detail in this
document is limited by the current state of the NGNP design. The best purpose of the current
work is to establish a baseline process by which R&D within the NGNP program can be
monitored and controlled. The TDRMs developed here will require review and update on a
regular basis as increasing levels of detail are developed during design activities for the
NGNP.

5.0 METHODOLOGY

This section outlines the methodology used to develop the information contained in this report.
The methodology is as follows:

1) Establish baseline TRL scores

2) Establish critical PASSC list
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3) Develop Decision Discriminators for each PASSC
4) Identify down-select tasks if more than one option is carried forward
5) Determine technology maturation tasks

6) Document the Decision Discriminators, down-select tasks, and technology maturation
tasks on a Technology Development Road Map

7) Develop a test plan for each TRL step change for each PASSC

The following subsections provide detailed descriptions of the methodology process steps.

51 Establish Baseline TRL Scores

Baseline TRL scores for the 750C NGNP conventional steam cycle configuration were
determined by assessing the PASSCs previously identified as critical in the earlier version of
this report (900C NGNP with the steam cycle connec ted to the reactor through an
intermediate gas loop) for the current baseline operating conditions [4] to determine which
require further technology development. A TRL score was also determined for the Steam
Reboiler System included in the baseline NGNP conventional steam cycle configuration. Once
all PASSCs were identified, each was assessed individually, using engineering judgment, as to
whether or not it needed development in order to be ready for integration into the NGNP.

The TRL definitions provided by Battelle Energy Alliance (BEA) and used to determine the TRL
level of a component are shown in Table 5-1. The TRL definitions are not specifically tailored
for each PASSC in order to maintain consistency across the NGNP. However, a strict
interpretation of the definitions is not always possible when assigning TRL scores and during
the process of TRL progression. In some instances, the action progressing an item to the next
TRL level may be an analytical analysis of a new configuration, a scale up, or an operational
environment. A strict interpretation of the TRL definitions would preclude progression because
the TRL score increases only with physical phenomena, larger scale testing, increasingly
relevant environment testing, or increasingly integrated testing. In discussions with BEA
personnel, it was clear that analytical methods are also an acceptable way of demonstrating
increasing levels of technology readiness, especially when the physical phenomena being
modeled are well understood.

Table 5-1: TRL Definitions

Rating

Definition Abbreviated Definition
Level

Basic principles observed and reported in white papers,
1 industry literature, lab reports, etc. Scientific research Basic principles observed
without well defined application.

Technology concept and application formulated. Issues
> related to performance identified. Issues related to
technology concept have been identified. Paper studies
indicate potentially viable system operation.

Application formulated
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Rating Definition Abbreviated Definition
Level
Proof of concept: Analytical and experimental critical
functions and/or characteristic proven in laboratory.
3 Proof of concept

Technology or component tested at laboratory scale to
identify/screen potential viability in anticipated service.

Technology or component is tested at bench scale to
demonstrate technical feasibility and functionality. For
4 analytical modeling, use generally recognized Bench scale testing
benchmarked computational methods and traceable
material properties.

Component demonstrated at experimental scale in
relevant environment. Components have been defined,
acceptable technologies identified and technology issues | Component verified at

5 guantified for the relevant environment. Demonstration | experimental scale
methods include analyses, verification, tests, and
inspection.

6 Components have been integrated into a subsystem and | Subsystem verified at pilot

demonstrated at a pilot scale in a relevant environment. | scale

Subsystem integrated into a system for integrated
7 engineering scale demonstration in a relevant
environment.

System demonstration at
engineering scale

Integrated prototype of the system is demonstrated in its
operational environment with the appropriate number
and duration of tests and at the required levels of test
rigor and quality assurance. Analyses, if used, support
8 extension of demonstration to all design conditions.
Analysis methods verified and validated. Technology
issues resolved pending qualification (for nuclear
application, if required). Demonstrated readiness for hot
startup.

Integrated prototype tested
and qualified

The project is in final configuration, tested and

) : : Plant operational
demonstrated in operational environment.

Commercial-scale demonstration is achieved.
10 Technological risks minimized by multiple units built and
running through several years of service cycles.

Commercial scale — multiple
units

5.2 Establish Critical PASSC List

Only PASSCs requiring development are considered critical. The TRL analysis is in [9]. The
analysis resulted in the following critical PASSC list:

* Nuclear Heat Supply System
0 Reactor Internals
o Reactor Core
o Control Rod Drives
0 Reactor Cavity Cooling System
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* Main Heat Transport System
0 Main Helium Circulator
o Circulator Shutoff Valve
0 Hot Duct

* Power Conversion System
o Steam Generator

* Other Reactor Support Systems
o Primary Loop Instrumentation
o Fuel Handling System

5.3 Develop Decision Discriminators

The decision discriminators for each PASSC serve either one or both of two purposes. First,
they may provide the most significant parameters upon which to base a technology down-
selection decision that occurs when technologies are at a low state of maturity and substantial
decisions remain to be made (e.g.,choice of materials). Second, decision discriminators may
be used to document the types of parameters used to make a past technology selection. In
this case, direct superposition of the TDRM process on past decisions may be difficult because
decisions may have been made based on other processes. In either case, these parameters
typically cover relevant concerns such as performance, cost, Reliability, Availability,
Maintainability, Inspectability (RAMI), and risk.

54 Identify Down-Select Tasks

Down-select tasks are activities that will generate (or already have generated) the data needed
for obtaining measurable values for each of the decision discriminators for each PASSC. In
cases where down-selection has already been made, these tasks either may or may not have
been captured in documentation, some of which may be proprietary.

5.5 Determine Maturation Tasks

Maturation tasks were determined by reviewing work done thus far, assessing the current level
of maturity, and determining tasks which will increase the maturity to a level ready for
integration in the NGNP. These maturation tasks may cover the range of simply retrieving
data from another development plan, to performing analytical calculations, and up to
performing detailed fundamental material and integrated component tests. Maturation tasks
are identified to bring each technology to a TRL of 7, which is considered to be the level
necessary for installation of the PASSC into the NGNP.

5.6 Develop Test Plans

Test plans were developed to provide the details for each technology maturation task. The
test plans include the following information about each test:
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* What tests are required as part of the maturation task
* Why the test is important

» What the critical parameters are to be measured, both on the component being tested
and within the test rig where the testing is conducted

* An estimate of the duration and schedule for the testing

* A preliminary indication of where the testing should be conducted

In regard to the schedules developed for the testing, several key points were considered.

First, schedules were developed by taking an aggressive approach to the R&D needed. This
approach was considered to be necessary at this stage to meet the NGNP start date of 2021.
Second, schedules were developed based on AREVA'’s experience as an engineering
company. Experience shows substantial benefit can be gained by a collaborative working
arrangement between industry, national laboratories, and R&D organizations. Last, the
schedules developed in the test plans should be viewed as preliminary until they are integrated
into the NGNP project schedule and interactions between design development and test
activities are assessed. The updated test schedules should be used to update the NGNP
program schedule.

Costs for the technology development work were provided as part of the AREVA PCDR [3].
Further refinement of these cost estimates will require more detailed information about
component configuration and design than is available at this stage. Interaction with research
institutions familiar with the performance of testing on similar scales and scopes (e.g., large
scale testing and material qualification) would facilitate refinement of these estimates. The
updated costs for the technology development of the 750 conventional steam cycle NGNP
should be used to update the cost estimate for the NGNP program.

6.0 CRITICAL PASSC TECHNOLOGY DEVELOPMENT
6.1 Nuclear Heat Supply System (NHSS)

6.1.1 Reactor Internals

A description of the Reactor Internals, including technical maturity and the development needs,
is provided in the following subsections. Test plans for the Reactor Internals are in Appendix A
and the TDRM sheet is in Appendix K.

6.1.1.1 Description

Reactor Internals include components that provide the structural interface between the Reactor
Core and the Vessel System and components that provide for helium routing between the
Reactor Core and the Main Heat Transport and Shutdown Cooling Systems. In addition to
providing structural support and directing helium flow, other major functions of the Reactor
Internals include thermal and radiological shielding of the Reactor Pressure Vessel,
conservation of neutrons during power production, and serving as a key link in the conduction
cooldown radial heat transport path.
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6.1.1.1.1 Upper Core Restraint

The Upper Core Restraint (UCR) limits the movement of the replaceable reflector and fuel
columns at the upper end of the Reactor Core and provides for the flow of primary coolant into
the active core. The UCR is an assembly of interlocking pieces formed of either a high
temperature metallic alloy or a composite material. Each hexagonal UCR component
interfaces with dowels on the upper surfaces of three adjacent reflector elements, fixing their
positions relative to each other at the top end. The UCR components also interlock with each
other to form a semi-rigid structure over the top of the Reactor Core components. The UCR
components include through-thickness holes that channel helium coolant flow from the upper
core inlet plenum to the replaceable reflector elements above the active core.

6.1.1.1.2 Permanent Side Reflector

The graphite Permanent Side Reflector (PSR) system serves as the radial transition interface
between the exterior of the hexagonal Reactor Core system components (fuel elements and
replaceable reflectors) and the interior of the circular core barrel. The PSR extends axially
from the lower side of the UCR to the top of the underlying components of the graphite core
support. The PSR design is an array of graphite blocks of varying sizes and shapes. The
blocks are keyed vertically with dowels and are overlapped to minimize helium bypass flow.
The PSR limits movement of the Reactor Core and transfers structural loads (notably seismic)
between the replaceable reflector elements that surround the active core and the core barrel.
Another key function of the PSR is to reflect and conserve neutrons to facilitate the nuclear
reaction for heat generation. The PSR in conjunction with the core barrel is designed to
minimize helium bypass of the Reactor Core. It also provides radiological shielding. A subset
of the graphite blocks contains boron carbide materials for shielding purposes to limit the
neutron fluence seen by the reactor vessel.

6.1.1.1.3 Permanent Bottom Reflectors

The graphite Permanent Bottom Reflectors are part of the Graphite Core Support Structure
and constitute a transition region below the PSR and the bottom replaceable reflector
elements. They collect and channel the helium exiting the core to the Core Outlet Plenum.
Protection against neutron exposure will be ensured by inserting boron carbide rods inside one
row of the blocks.

6.1.1.1.4 Core Outlet Plenum

The Core Outlet Plenum is the part of the Graphite Core Support Structure that transfers axial
loads from the PSR and core assemblies to the metallic core support structure below. The
plenum is formed by an array of support posts between the upper transition floor and the lower
insulating layer. The arrangement of the posts and transition blocks is such that the axial load
from any given fuel or replaceable reflector column is shared by multiple posts.

6.1.1.1.5 Lower Floor

The Lower Floor is the part of the Graphite Core Support Structure that protects the metallic
plate located below it against neutron exposure and high temperature. The Lower Floor
consists of a graphite layer thick enough to protect the metallic parts against neutron exposure.
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The thermal protection of the Metallic Core Support is provided by a set of ceramic plates
located below the graphite. Its thickness will depend on the efficiency of the material selected.

6.1.1.1.6 Core Barrel

The Core Barrel is a double-wall metallic cylinder that is open at the top (where it supports the
top plenum structure) and attached to the metallic core support structure at the bottom. The
inner cylinder is the principal structural member of the core barrel assembly. The outer
cylinder establishes an annular passage for helium flow. Flanges at either end provide
stiffening, a mounting for the outer cylinder shell, and a means of bolting the four sections
together in the field.

6.1.1.1.7 Metallic Core Support

The Metallic Core Support (MCS) structure serves as an axial support structure and flow
channeling device. The vertical shell of the support structure has two concentric annular flow
channels. The outer channel communicates with return (cold) helium flow from the Cross
Vessel annulus surrounding the Hot Duct. This flow is directed to the lower plenum of the
support structure. From there, the flow enters the upper plenum of the support structure
through holes in the metal plate separating the two plena and through an annular opening at
the exterior of the vertical cylindrical shell that encloses the interface with the Shutdown
Cooling System Heat Exchanger. From the upper plenum, the flow enters the inner annular
passage of the vertical shell, which communicates with the core barrel flow annulus above.
The multi-plenum structure of the metallic core support is designed to provide a uniform flow
distribution of helium around the circumference of the structure at its interface with the core
barrel at the upper end.

6.1.1.1.8 Top Plenum Shroud Structure

The Top Plenum Shroud (TPS) structure is connected to the top end of the MCS and Core
Barrel to form the inlet plenum of the reactor. The TPS is an inner structural shell with external
stiffening ribs. An outer shell contains the combined thermal and radiation shielding material
that resides in the enclosed space within. Penetrations are provided for the Control Rod
Drives which are needed during normal operation. These same penetrations are also used
during refueling for fuel manipulation equipment and for other maintenance equipment
employed during outages. In normal operation, the main helium flow exits the core barrel
annular channel and enters the plenum formed by the MCS and the TPS. Flow outside the
TPS is essentially stagnant to reduce parasitic heat losses.

The Reactor Internals are depicted in Figure 6-1.
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Figure 6-1: Reactor Internals

6.1.1.2 Technical Maturity

Reactor Internals subcomponents are divided into the following three main groups of materials:
metallic components, graphite components, and composite components. The metallic Core
Barrel, Metallic Core Support, and Top Plenum Shroud (metallic/ceramic) components are
mature technology, requiring little or no technology development prior to use. The Permanent
Side and Bottom Reflectors and Core Outlet Plenum are graphite components that require
gualification of a new graphite source to replace the grade H451 graphite used in older
reactors. The Upper Core Restraint may be either a metallic (Alloy 800H) or a composite
component. If it is a composite component, it will require significant development prior to use.
The Lower Floor blocks may be either a ceramic/composite component that would require
significant development prior to use, or a graphite/ceramic component, which would require
graphite qualification.

The assessment of technical maturity is summarized in Table 6-1.
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Table 6-1: Reactor Internals Technical Maturity Assessment

Component Materials Maturity Assessment

Top Plenum Shroud Metallic/ Ceramic Mature technology —no
development required
Mature if metallic — Alloy 800H

Upper Core Restraint Composite or Metallic Significant development required
for composite

Permanent Side Reflector Graphite Maturg techn'o'logy — requires new
graphite qualification

Permanent Bottom Reflector Graphite Matur_e techn_o_logy — requires newj
graphite qualification

Core Outlet Plenum Graphite Mature techn_o_logy — requires new
graphite qualification
Significant development required

_ _ _ for ceramic composite material

Lower Floor Ceramic Composite or Graphite ] o )
Graphite qualification required for
graphite material

Metallic Core Support Metallic Mature technology —no
development required

Core Barrel Metallic Mature technology — no
development required

6.1.1.3 Technology Development Needs

Development needs for Reactor Internals technology include the selection of a material design
for the Lower Floor Blocks, the qualification of a new graphite supply to replace the historical
H451 graphite grade, and the selection and qualification of a composite design for components
requiring such material.

A recommended material for the Lower Floor Blocks has not yet been selected. The eventual
choice must meet key design requirements that include providing adequate axial and lateral
support for the core and reflectors, and adequate thermal and neutron protection for the
Metallic Core Supports and lower Reactor Pressure Vessel. A single material composition is
preferred, but it is recognized that a layered structure may be required to meet diverse needs.
Material choices currently under consideration include graphite, ceramics, and composites.

Qualification of a graphite grade to replace H451 is the subject of an ongoing INL/NGNP
development program. The TDRM process will reference this program in appropriate
development plans and specify no additional graphite development actions.

Specific selection and qualification activities for each composite material component will be
developed separately for each component due to the design-dependent nature of composite
material properties. Generally, the required material testing will include room temperature
tests, operating temperature tests, and accident temperature tests in both air and helium
atmospheres. Additionally, some tests will also consider irradiation behavior. To fully qualify a
single component, many thousands of samples will be required to meet statistical qualification
criteria.
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The TDRM tasks required for technology maturation are captured in Figure K-1.

6.1.2 Reactor Core

A description of the reactor active core design features, including technical maturity and
development needs, is provided in the following subsections. Test plans for the Reactor Core
design features are in Appendix B and the TDRM sheet is in Appendix K.

6.1.2.1 Description

The Reactor Core is an annular arrangement of prismatic fuel and reflector elements located
within a permanent graphite reflector. The annular core configuration is adopted to achieve a
maximum power rating and still permit passive core decay heat removal while maintaining an
acceptable fuel temperature distribution. The core design is illustrated in Figure 6-2 and
Figure 6-3.

The annular active core has 1020 fuel elements stacked in 102 columns 10 fuel elements tall,
roughly making up three rings of 30, 36 and 36 columns, respectively. Among these 102
columns, 30 have a dedicated channel for the introduction of a neutron absorber, of which 12
are dedicated to startup control rods and 18 are dedicated to the reserve shutdown system.
Replaceable reflector columns are arranged in the inner and outer zones of the core annulus
and have 61 and 102 columns, respectively. Among the 102 columns of the outer reflector
arrangement, 36 have a dedicated channel for the introduction of a control rod.

The basic core element is a hexagonal graphite block with the following main features:

* A hole in the center of the top face for coupling with the Fuel Handling Machine grip.

* Guide sockets and guide dowels on the bottom face and top face, respectively, intended
to provide alignment for refueling and coolant channels, and transfer of mechanical
loads between fuel elements. Their number and location depend on the type of
assembly.

» Beveled top and bottom edges of the elements to assist insertion into the core.

» Graphite material type candidates the same as those envisioned for the Reactor
Internals (NBG-17 and PCEA).

There are different types of elements in the core structure depending on their function and
location. These elements include the following:

* Fuel elements that contain blind holes for fuel compacts and full length channels for the
helium coolant flow.

* Non-fuel elements that are graphite blocks located in the radial and axial reflector
regions surrounding the core. They have different design features and height
depending on their location.
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Figure 6-2: Annular Prismatic Core Design

6.1.2.2 Technical Maturity

Extensive experience with the prismatic block design provides confidence in the basic design
of the Reactor Core fuel and reflector blocks. An assessment of the availability of the
manufacturing technology that existed for similar designs (e.g., Fort Saint Vrain) is needed. If
the technology is still available, then it must be assessed for applicability in the NGNP. Ifitis
no longer available, the manufacturing processes needed for producing finished fuel and
reflector blocks must be established. These processes include those for machining the holes
for the coolant, fuel, and neutron absorber with acceptable tolerances at a reasonable
throughput rate.

The annular design is based upon previous designs, such as GT-MHR, developed over a
number of years. However, an annular prismatic core has never been demonstrated in
operation. One item of concern, the neutronic behavior of the core, needs to be characterized
and may be achievable by benchmarking against previous cores such as FSV or HTTR.
Otherwise, critical testing may be required. Other potential issues include control rod worth,
radial peaking, and temperature coefficient prediction, which may be tested on a smaller mock-
up. Additionally, there is the possibility of azimuthal instabilities, which will need to be
assessed during design activities and will depend upon the availability of data from FSV and
HTTR. Critical testing of the core geometry will be difficult and may require facilities that
presently do not exist.
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The concept of including burnable poison in the HTGR core to limit power peaking is new and
has not been demonstrated in an operating HTGR. An analysis assessing the burnable poison
options is needed in order to determine the relative performance of the various options and the
technology development that would be required with each one. The main options now being
considered are discrete poison compacts, discrete poison wafers between fuel concepts, and
burnable poison mixed with the fuel in fuel compacts. The neutronic and mechanical
performance of these options will need to be characterized by further analysis or by physical
testing.

The available database of isotopic cross sections may not be sufficient for a moderated core
operating at high temperatures. A review of the available databases must be performed to
assess their adequacy for use in designing the NGNP. If new cross sections are needed, then
development work will be necessary.

The graphite used in the FSV reactor is no longer available. New grades of graphite are being
developed, tested, and qualified. The development of the fuel and fuel compacts and the
nuclear grade graphite is being addressed in ongoing programs.

In summary, at the current state of design and based on past experience, there is high
confidence that the annular core with prismatic blocks will meet all requirements for safety,
licensing, and operation of the NGNP at the operating parameters. There are some areas, as
outlined above, where data may exist that will aid the design of the NGNP. If such data is
unavailable to the Control Rod Drive designer during the design phase, then additional test
work may be identified to fill data gaps. However, it is too early to arrive at an accurate
assessment of where such data gaps exist.

6.1.2.3 Technology Development Needs

At this stage, the following development needs are identified, but more needs may be
uncovered during design activities:

Qualification of nuclear grade graphite — The physical, thermal, and mechanical
properties of the graphite must be determined as a function of temperature and neutron
fluences over the expected conditions of the core.

Structural performance of core blocks — It must be demonstrated that the blocks will not
be damaged during loading and unloading maneuvers and that the alignment pins will
survive stresses induced by seismic loads.

Bypass flow — The bypass flow is a key parameter and is a complex value to determine.
Bypass through the gaps between block columns and in the horizontal gap between the
blocks within a column must be characterized. This must be done under cold and hot
conditions with blocks that simulate both unirradiated and irradiated conditions.

Thermomechanical performance — The stresses the blocks will experience due to
thermomechanical stresses may be close to the structural limits of the graphite material.
Testing is needed to quantify the stresses that will be generated in the block during
operation.

The TDRM tasks required for technology maturation are captured in Figure K-2.
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6.1.3 Control Rod Drives

A description of the Control Rod Drives system, including technical maturity and development
needs, is provided in the following subsections. Test plans for the Control Rod Drives system
are in Appendix C and the TDRM sheet is in Appendix K.

6.1.3.1 Description

The Control Rod Drives system provides for controlling the reactivity rate within the Reactor
Core. As illustrated in Figure 6-3, the Control Rod Drives equipment includes 12 start-up
control rods located in the inner ring of fuel blocks and 36 operating control rods located in the
inner ring of the outer graphite reflector. The Control Rod Drives also include guide tubes and
the control rod drive mechanism (CRDM) to properly position the control rods in the core. The
CRDM includes a cable, drum drive, position indicator, and cable force sensor.

As illustrated in Figure 6-4, the control rods are a string of approximately 18 annular canisters
with articulating joints between adjacent canisters. The canisters are constructed with cladding
on the inside and outside to contain annular compacts of the boron carbide absorber material.
The cladding is vented so any helium generated by the neutron absorbing process discharges
into the helium coolant. Thus, there is no pressure boundary in the control rod assembly. The
articulating joint design allows the control rod assembly to act like a chain, permitting the
assembly to flex around bends in the channels within the columns of graphite blocks. A cable
connected to the CRDM runs through the center of the string of canisters and provides the
primary axial support. The three candidate materials for the control rod cladding, end caps,
and articulating connectors are: Alloy 800H, C/C composite, and SiC/SiC composite. A
decision on the material to be used for the control rod canisters and connectors will be
required.

The guide tubes are located in the upper plenum and extend from the Control Rod Drive stand
pipes to the top reflector blocks within the Reactor Core. The tubes protect the control rod
assemblies and guide them into channels within the designated fuel and reflector blocks in the
core. The two material options being considered for the guide tubes are: Alloy 800H and C/C
composites. A decision between these two materials will need to be made.
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6.1.3.2 Technical Maturity

There is much experience with control rod systems. Therefore, the technology is mature.
However, due to the higher temperatures that will be experienced in the NGNP and the need
to address some issues identified during past operation, technology development is needed in
a few areas. A full assessment of the technology development actions will be possible once a
better understanding of the in-core temperatures and the temperature distribution is obtained
in the design process.

Some iteration between design and technology development will exist for this PASSC. For
example, it is possible to use Alloy 800H control rods, which are mature technology, if the
control rods are cooled by providing bypass flow to the channels. From a design standpoint, it
would be preferable not to use bypass flow to cool control rods, but it is feasible if necessary.

The primary issue with the technical maturity of this system is with the materials for high
temperature operation. If control rods are to be inserted in uncooled channels, then extensive
use of composite materials (C/C, SiC/SiC) will be necessary for the control rod cladding,
canister joints, and control rod guide tubes. Development of these materials requires a
progression from tests that start with fiber and matrix materials, advance to small sample tests
followed by representative geometry tests, and then culminate in complete representative
component tests.

6.1.3.3 Technology Development Needs
Actions required to mature this technology are as follows:

+ Modeling to define maximum normal and off-normal temperatures

- Design analyses to determine Alloy 800H performance envelope in NGNP temperature
conditions

- Separate effects testing for C/C and SiC/SiC base materials and composites to obtain
data for analyses

- Design analyses for C/C and SiC/SiC composite components
« Further development for selected material to demonstrate control rod elements
- Further actions required to develop a suitable CRDM cable are:

o Establish design criteria

o Perform tests for candidate materials at reactor operating conditions

The TDRM tasks required for technology maturation are captured in Figure K-3.

6.1.4 Reactor Cavity Cooling System (RCCS)

A description of the Reactor Cavity Cooling System (RCCS), including technical maturity and
development needs, is provided in the following subsections. Test plans for the RCCS are in
Appendix D and the TDRM sheet is in Appendix K.
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6.1.4.1 Description

The primary functions of the Reactor Cavity Cooling System (RCCS), illustrated in Figure 6-5,
are to protect reactor cavity concrete, including RPV supports, from overheating during normal
operation. The RCCS provides an alternate means of heat removal from the reactor system to
the environment when neither the Main Heat Transport System nor the Shutdown Cooling
System are available.

A passive approach fulfills these functions by use of a steel Reactor Pressure Vessel (RPV),
whose cylindrical walls are not insulated, providing a heat transfer path for removing decay
heat. During normal operation, heat lost through the uninsulated vessel is extracted by the
ventilation systems and by the cavity cooler of the RCCS. During normal shutdown, decay
heat is removed through either the Main Heat Transport System or the Shutdown Cooling
System. In the event these paths are unavailable, decay heat is transferred by passive means
through the RPV to RCCS panels. For example, during a depressurized conduction cooldown
event, decay heat is removed by conduction through the graphite reflector, and by radiation
and natural convection from the uninsulated part of the RPV.

The cooling systems for the reactor cavity, which receive the heat transferred from the vessel,
include the cavity cooler panels. The cavity cooler panels consist of a closed tube wall that
surrounds the RPV and functions as an efficient heat sink. The tubes are installed vertically
and joined by welding to form a welded membrane panel wall. There are two inlet headers
located in the lower section of the reactor cavity and two outlet headers in the upper section.
The eight segments of the cavity cooler are bolted in place and the header segments are
welded. Each segment is suspended from two points at the top of the reactor cavity. The
headers are axially fixed, circumferentially guided, and free to move radially. Expansion loops
compensate for thermal axial expansion of the cooling tubes.

Water moves by natural circulation through the inlet headers to the panel wall heat exchangers
in the reactor cavity and then returns via the outlet headers to water storage tanks. Heat is
removed from the water storage tanks by a dedicated circulating water loop in which there is
active forced flow. Heat is transferred in a water-to-water heat exchanger submerged in the
water storage tanks. The heat is rejected to the atmosphere via a forced draft water-to-air heat
exchanger. If the storage tank heat removal system is unavailable, then water stored in water
storage tanks continues to flow by natural circulation to the panel wall heat exchangers. Heat
is rejected by vaporizing the water inventory and venting steam through the water storage
tanks to the atmosphere.
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6.1.4.2 Technical Maturity

The RCCS is a relatively simple system that relies on radiation, conduction, and convection to
transfer heat from the RPV. Development is needed to appropriately characterize these heat
transfer mechanisms and possible degradation during prolonged operation.

Cooling of the concrete is a key issue. High heat loads in the concrete will reduce the
material’s strength and can lead to a loss of support for the RPV. Information must be
obtained from concrete suppliers and the American Concrete Institute to determine the
concrete requirements and capabilities. Air flow between the RPV and RCCS cooler panels
and between the RCCS panels and cavity wall also needs to be well characterized.

6.1.4.3 Technology Development Needs

Radiative heat transfer plays a significant role in removing heat from the RPV. The emissivity
of the RPV and RCCS panel materials must be fully characterized over the range of conditions
experienced during normal and accident operation. Any decrease in emissivity over time or as
a result of the presence of particulates in the reactor cavity must also be assessed.

Natural convection within the reactor cavity also plays a significant role in removing heat from
the RPV. This complex mechanism requires analytical modeling and may require validation
testing.

Heat transferred to the RCCS panels is removed via natural circulation within the tube panels,
piping, and the water storage tank. This heat transfer mechanism requires detailed analytical
modeling and may require validation testing.

The thermomechanical performance of the RCCS cooler panels is important for defining the
lifetime of the RCCS. This performance requires analytical modeling and may require
validation testing.

The TDRM tasks required for technology maturation are captured in Figure K-4.

6.2 Main Heat Transport System (HTS)

In this report, the Main Heat Transport System (HTS) includes the primary system required to
transfer heat via the primary coolant helium from the Reactor Core to the Power Conversion
System (PCS) and the Steam Reboiler System required to transfer heat from the PCS to the
process heat user. The NGNP HTS has two parallel heat transfer loops. Each loop includes
a Main Helium Circulator, a Steam Generator, and a Hot Duct. The HTS interfaces with the
Vessel System (Reactor Pressure Vessel, Cross Vessel, and Steam Generator Vessel) and
the reactor system (core and internals). The following sections describe the HTS PASSCs that
require technology development. Steam reboilers are a mature technology and do not require
further technology development.

6.2.1 Main Helium Circulator

A description of the main helium circulator, including technical maturity and development
needs, is provided in the following subsections. Test plans for the Main Helium Circulator are
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in Appendix E and the TDRM sheet is in Appendix K. This system was referred to as the
Primary Gas Circulator in the previous version of this report for the NGNP with a steam cycle
connected to the reactor through an intermediate gas loop [1].

6.2.1.1 Description

The Main Helium Circulator forces primary helium through the Reactor Core and cooling loops.
The circulators are conservatively sized based on the coolant pressure drop through the
Reactor Cooling System when the reactor is at 100% power. The NGNP pre-conceptual
design has two heat transport loops. Each heat transport loop has a single 4 MW, gas
circulator.

The reference gas circulator concept in this report includes the following components:

« Housing
« Impeller
- Diffuser

+ Electric motor

- Bearings (electromagnetic and mechanical catcher)
« Rotor

« Inverter

The NGNP pre-conceptual design configuration is envisioned to be similar to the MHTGR
primary circulator configuration, in which the gas circulator housing is vertically mounted on the
top of the Steam Generator Vessel. The circulator housing bolts to a flange on the top of the
Steam Generator Vessel. The impeller and annular diffuser assembly are suspended and
engage with the circulator inlet pipe inside the top of the Steam Generator Vessel. The
diffuser assembly works aerodynamically with the impeller to convert shaft power into
circulator power, which is proportional to the volumetric flow rate and the system pressure
drop. The impeller is matched aerodynamically to the diffuser assembly and is vertically
mounted on the motor shaft. The impeller will be constructed of Haynes Alloy 718 because of
its high creep strength at design temperatures. The gas circulator flow rate is controlled by
speed control through an electrical motor inverter. The motor is mounted within the circulator
housing and is separated from the circulating hot helium by a thermal barrier. There is a small
clearance in this barrier at the impeller level to balance the pressure between the Steam
Generator Vessel and motor compartment. The circulator housing includes a water cooling
coil (with connections exterior to the pressure vessel) to cool the motor and bearing windings.
The cooling water pressure is maintained lower than the helium pressure to ensure any leaks
are from the helium side to the water side or exterior. A cooling impeller is mounted on the
motor shaft to draw gas through the cooling coils and through channels between both the
motor and bearing stators and rotors. The motor rotor and centrifugal impeller are supported
by radial and axial magnetic bearings. Mechanical catcher bearings are set to support the
rotor in case the magnetic bearings fail. The circulator housing includes mechanical supports
and connectors for the motor, bearings, and rotor, as shown in Figure 6-6.
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Figure 6-6: Schematic Configuration of the Main Helium Circulator Bearing
Configuration

The critical design parameters for the Main Helium Circulator are listed in Table 6-2.

The design temperature will be finalized after more detailed analyses of the design margins
during normal load-following, maintenance, and transient conditions.

The Main Helium Circulator interfaces with the Steam Generator Vessel and a Circulator
Shutoff Valve installed at its inlet. Other interfaces include the service connections through the
circulator housing for electrical power and cooling water supply and the interface with the
helium coolant circulating through the reactor.

Table 6-2: Main Helium Circulator Critical Design Parameters

Parameter Design Value
Outlet Temperature 325°C [normal operations]
Pressure 6.0 MPa
Mass Flow 141 kg/sec helium
Pressure Rise 66 KPa
Power 4 MWe,
Control Range 30 - 100%
Ramp Rate 10% mass flow/min

6.2.1.2 Technical Maturity

Working with the manufacturer early in the design process is critical. The designer will specify
the circulator requirements and the manufacturer will indicate what testing and information is
needed to complete the order (e.g., material properties). AREVA has a proprietary conceptual
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design that requires confirmatory testing. The TDRM and test plans include typical vendor
tests. For example, bearing and rotordynamics, impeller and diffuser aerodynamic efficiency,
and acoustic performance are standard manufacturer’s tests. The final NGNP circulator
assembly will be tested in air at ambient conditions as part of the manufacturer’s testing and
then integrated with the circulator shutoff valve at normal heat transport system operating
conditions as required to achieve TRL 7. AREVA believes the technology is ready for
integration into NGNP. There is minimal risk in deferring integrated testing at representative
conditions until qualification testing of the NGNP.

Magnetic bearings and catcher bearings sized for a 4 MW, helium circulator are within the
range of commercially available technology. Vendor testing of the bearings in conjunction with
rotordynamics testing is standard practice for circulator manufacturers. Design and technology
issues about magnetic bearing performance include environmental (helium, temperature)
effects , size, temperature, bearing stiffness, and seismic performance. The results of testing
in air should allow generation of a model to predict performance in the helium environment
because the physical phenomenon (ideal gas law) is well understood and the vendors have
analytical models for predicting performance. Integrated circulator system testing in helium will
occur during NGNP qualification and operation, where in-service inspection data can be used
to collect maintenance and lifetime data.

6.2.1.3 Technology Development Needs

The main item requiring further technology development for the main helium circulator is
verification of circulator performance. The TDRM tasks required for technology maturation are
captured in Figure K-5.

6.2.2 Circulator Shutoff Valve

A description of the Circulator Shutoff Valve, including technical maturity and development
needs, is provided in the following subsections. Test plans for the Circulator Shutoff Valve are
in Appendix F and the TDRM sheet is in Appendix K.

6.2.2.1 Description

Each Main Helium Circulator is equipped with a self-actuating shutoff valve located at the
impeller inlet. This valve is envisioned to be a flapper valve, which closes:

« in the event of a circulator malfunction,
- if the circulator is shut down for maintenance operations on other HTS structures, or
« when the Power Conversion System is taken off line.

The valve is opened by the aerodynamic flow of gas over the eccentric disk (also referred to as
a "flapper"), which rotates on a stem. When in the open position, the valve disk (flapper) is
designed to minimize obstruction of flow. The disks are elliptical in shape and have a closing
angle of approximately 60 degrees. During circulator operation, torque created by the flow of
helium on the disk causes the valve to open fully. A counterweight shuts the valve when flow
stops. This action minimizes reverse flow from the Reactor Core when the circulator is not
operating. Although some reverse flow is allowable, excessive reverse flow is undesirable
because it would allow coolant from the other primary loops or the Shutdown Cooling System
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to bypass the core, thereby reducing core cooling efficiency. The valve bearings are not
lubricated to prevent lubricant contamination of the HTS. The shape of the disks and housing
connectors may disturb the inlet flow and efficiency of the circulator if not properly designed.

The basic butterfly-type valve envisioned for the NGNP is technically feasible and has been
used in previous multi-loop gas-cooled reactors. An actuator may be required to assist closing
the valve during shutdown and startup when the gas density and pressure are low, especially if
the bearings have become stiff. Experience has shown high temperature dry bearings tend to
become stiff and unreliable over time. Limited demonstration testing is warranted to ensure
proper operation of the valve over the expected plant lifetime.

The design requirements for the Circulator Shutoff Valve are:

Normal Conditions: The Main Heat Transport System normally operates at a
temperature of 325°C, a pressure of 6.0 MP, and a flow rate of 141 kg/sec. The design
margin required for valve actuation under normal load following and transient conditions
has not been established.

Passive Actuation: A counterweighted design with dry bearings (no lubricants) will be
used. The valve will open when the circulator motor starts without causing the circulator
to stall and will remain open in forward flow with minimal obstruction to flow. The valve
will close within a specified time when circulator motor is turned off. When flow stops
the valve will close and remain closed. There is no requirement for positive shutoff of
reverse flow.

Pressure Drop: The pressure drop across the valve will be minimized by design but
shall be demonstrated to be less than a specified percentage of the circulator pressure
head over a range of circulator flows. The maximum pressure rise available from the
circulator impellers should ensure that the valve can be passively opened from the fully
closed position.

The critical (bounding) design parameters for the Circulator Shutoff Valve are listed in Table

6-3:

Table 6-3: Circulator Shutoff Valve Critical Design Parameters

Parameter Design Value
Temperature 325 °C [normal operation]
Pressure 6.0 MPa
Pressure Drop TBD MPa
Mass Flow 141 kg/sec
Operation Passive

The Circulator Shutoff Valve interfaces with the circulator inlet and must operate with minimal
disturbance of flow to the circulator impeller.
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6.2.2.2 Technical Maturity

Butterfly valves have been used as circulator shutoff valves in operating gas-cooled reactors.
Similar technology is used in a wide variety of applications that may be more challenging, such
as incinerators, fossil power plants, and petrochemical plants.

Circulator shutoff valves are typically designed by the circulator manufacturer by incorporating
the shutoff valve as part of the circulator inlet or outlet. All proposed testing is the
manufacturer’s testing. No special facilities are needed.

6.2.2.3 Technology Development Needs

Butterfly valve technology is relatively mature, having operated in previous gas-cooled nuclear
power plants. However, the design for the NGNP has neither been selected nor demonstrated
as an integrated system at representative HTS conditions. Integrated testing with the circulator
is required to ensure proper behavior of the system and passive operation of the valve.
AREVA is confident that commercially available technology is available and ready for
integration into the NGNP without further testing as part of either the circulator or heat
transport loop prior to qualification testing at the NGNP.

The TDRM tasks required for technology maturation, which are standard manufacturing tests,
are captured in Figure K-6.

6.2.3 Hot Duct

A description of the Main Heat Transport System Hot Duct, including technical maturity and
development needs, is provided in the following subsections. Test plans for the Reactor Core
design features are in Appendix G and the TDRM sheet is in Appendix K.

6.2.3.1 Description

Hot Ducts transport helium coolant between the reactor and the Steam Generator. The Hot
Duct (HD) is considered bounding for all other hot gas ducts in the reactor system. The HD is
located internal and coaxial to the Cross Vessel between the Reactor Pressure Vessel and the
Steam Generator Vessel. The HD is a multi-layered insulated assembly that allows for the
separation of hot and cold primary coolant within a single vessel. Hot helium coolant (750C)
from the core travels inside the Hot Duct while cold helium coolant (325C) returns to the core
in the annulus between the outside of the HD and the inner wall of the Cross Vessel. The Hot
Duct concept is illustrated in Figure 6-7.

The HD structure consists of the following:

« Liner (Alloy 800H or C/C ceramic composite)

« Wrapped ceramic fiber insulation (Alumina)

+ Intermediate foil layer

« Support tube (Alloy 800H)

- Spacers (Alloy 800 or C/C ceramic composite)

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 40 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

Liner — The liner is in direct contact with the hot helium coolant (750C) and provides support
for the insulation on the hot side of the assembly. The temperature could be as high as 900C
considering hot streaks and may reach 1000 during off-normal events such as pressurized
conduction cooldown events. Thermal hydraulic and structural analyses are required to
determine if Alloy 800H can be used or if a ceramic liner is required.

Wrapped fiber insulation — This material can only be made out of suitable fibrous material to
ensure maximum flexibility while ruling out gaps in the insulation space. The use of this
material is to prevent unacceptably high temperatures at the support tube. It is for this reason
that wrapped insulation is used, as it minimizes the creation of cavities during the service life.
The insulation should have a packing density of greater than 100 kg/m®, as anything below this
value would allow significant temperature peaks in the support pipe because of the enhanced
free convection of helium within the insulation space.

Intermediate foil layer — An intermediate layer of foil is to be located between the wrapped
fiber insulation and the support pipe. This design is needed to provide a high flow resistance
to the convective circulation of helium within the insulation space. Without an intermediate foll,
the effective thermal conductance of the insulation space would be approximately 30% higher.

Support tube — The above-mentioned internals are housed in a gas-tight support tube, which
is to be a closed metal cylinder. This cylinder could be forged or it could be made from a
welded rolled sheet. It needs to be made from a high temperature material, such as Alloy
800H, that can withstand a nominal design temperature of 600C.

Spacers — The spacers are used to join HD sections together. The spacers need to be either
800H or ceramic composites depending on the results of thermal hydraulic and structural
analyses.
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Figure 6-7: Hot Duct Layout

The critical design parameters for the Hot Duct are listed in Table 6-4.

Table 6-4: Hot Duct Critical Design Parameters

Parameter Design Value
Primary Side T 750°C
Primary Side Toq 325°C

Primary Loop Pressure 6.0 MPa
Helium Flow Rate 141 kgls

6.2.3.2 Technical Maturity

The Hot Duct has been demonstrated previously in Germany at the KVK test loop in the
context of the PNP-500 program. A Hot Duct with a ceramic composite (C/C) liner was tested
for greater than 5000 hours at temperatures up to 950C. Metallic and graphite liners have

also been tested [2].
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The Hot Duct to be used in the NGNP is nearly identical to the tested unit, but it will be larger
in diameter and thickness to accommodate the increased coolant flow rate and design
pressure, which may have an impact on the design details and how the Hot Duct is assembled.

6.2.3.3 Technology Development Needs

In order to be ready to fabricate a production Hot Duct unit for the NGNP, the following actions
are required:

« Develop and qualify manufacturing processes — Processes must be developed or
qualified to build the components of the Hot Ducts and to assemble the unit. These
processes include manufacturing the ceramic liner and metallic support tube and
assembling the duct.

« Analytical performance assessment — Analytical calculations are necessary to
assess the thermal hydraulic and structural performance of the Hot Duct. Some of the
items to be assessed are the heat transfer capability through the duct wall, temperature
profiles within the Hot Duct during transients, structural performance during a
depressurization, and overall lifetime predictions.

- Engineering scale demonstration — This test is necessary to validate the analytical
performance assessments and to demonstrate the integrated design in a representative
environment and conditions.

The TDRM tasks required for technology maturation are captured in Figure K-7.

6.2.4 Steam Generator

A description of the Steam Generator (SG), including technical maturity and development
needs, is provided in the following subsections. Test plans for the SG are in Appendix H and
the TDRM sheet is in Appendix K.

6.2.4.1 Description

A description of the SG meeting requirements for the AREVA recommended plant, with a
750°C reactor outlet temperature to the Steam Generator and a two loop PCS system concept,
is presented in Figure 6-8 and Table 6-5. This design requires demonstration testing due to a
larger diameter and greater thickness compared to what has been designed and manufactured
in the past. This conclusion is based on past gas-cooled reactor experience for a design with a
thermal capacity of around 200 MWy, and inlet temperature up to 750°C.

The reheater and superheater tubes are the most critical part of the SG. For a gas inlet
temperature in the range of 750-850°C, the tube temperature can be kept the same by
adjusting the exchange tube pitch. The material envisioned for the tubes of the reheater and
superheater is Alloy 800H. It is expected that a design life of 60 years could be achieved
under NGNP conditions.
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Figure 6-8: Proposed Steam Generator Design
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Table 6-5: Proposed Steam Generator Design Overview

ltem Unit Specification
General condition
Equipment name Steam Generator
Type Helical coil type
Number (-) 1
Heat Transfer duty MW 306.0
Design condition Shell side Tube side
Fluid Helium gas | Water/Steam
Flow Rate kgls 140.3 118.4/100.7
Inlet Pressure MPa 5.5 17.2
Pressure drop MPa <0.06 <0.76
Inlet Temperature °C 825.0 281.5
Outlet Temperature °C 405.0 566/538
Dimension
Outer Shell Inside Dia. mm 4,140
(Cir.+RH+SH+SG) | Thickness mm 120
Height mm Approx. 25,000
Heat transportation] Outer Dia. mm 3,400/2,320
Inner Dia. mm 700
Height(sub cooling and
evaporator zone) mm 3,004
zone) mm 2,420
Height(re-heating zone) mm 712
Material
Outer shell - 2 1/4 Cr -1 Mo Steel
Heat transfer tube |(Sub cooling and
Evaporator zone) - 2 1/4 Cr -1 Mo Steel
(Super heating zone) Alloy 800H
(Re-heating zone) Alloy 800H
Insulator - Ceramics Fiber
Weight ton 420

6.2.4.2 Technical Maturity

The Steam Generator design requires demonstration testing due to uncertainty over the design
and manufacturing methods used to build the 200 MWy, Steam Generator upon which this
design is based. Mitsubishi Heavy Industries (MHI) has identified several development actions
to be completed before this design is ready to be installed in the NGNP.

6.2.4.3 Technology Development Needs

In order to be ready to fabricate a production Steam Generator unit for NGNP, the following
actions are required:

- Expand creep and fatigue data for Alloy 800H — These data are needed to extend
the design life of the Steam Generator to 60 years.

« Qualify bimetallic welds — Bimetallic welds from 2.25Cr1Mo to Alloy 800H will be
necessary. Although MHI has extensive experience with making these welds, they will
have to be qualified for application in NGNP.
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- Component manufacturability development — Several options exist for fabricating the
circular hot header. These options must be explored with both the forging supplier and
alternative methods such as plate bending and pipe fittings.

« Engineering scale demonstration — This test would reduce performance
uncertainties. It is recommended this uncertainty be evaluated based on project risk
and technology demonstration goals. A 30 MW, mockup of the NGNP Steam
Generator is proposed to confirm thermal hydraulic performance, FIV performance,
stability of the steam/water interface, and validation of the ISI equipment for the tubes.

The TDRM tasks required for technology maturation are captured in Figure K-8.

6.3 Other Reactor Support Systems

This group of systems and components was referred to as Balance of Plant (BOP) in the
previous version of this report, which was based on the NGNP with a steam cycle connected to
the reactor through an intermediate gas loop.

6.3.1 Primary Loop Instrumentation

A description of the Primary Loop Instrumentation, including technical maturity and
development needs, is provided in the following subsections. Test plans for the Primary Loop
Instrumentation are in Appendix | and the TDRM sheet is in Appendix K. This item will cover
instrumentation in the primary, secondary, and process heat loop system since the Primary
Loop Instrumentation environment will be the bounding case.

6.3.1.1 Description

There are three types of Primary Loop Instrumentation measurements:
1) Reactor Protection System — Post accident shutdown
2) Plant Investment Protection System — Monitoring and control during normal operations
3) NGNP — Test measurements not needed for other functions

The NGNP Plant Protection and Control System includes safety (reactor trip) and non-safety
(normal operations) functions. There are redundant sensors and connections between the
sensors and the Plant Protection System. The Reactor Protection System (the emergency
shutdown system, which is located in a separate control room) uses two-out-of-three logic to
analyze sensor inputs.

The Primary Loop Instrumentation included in this test plan is the critical PASSC required for
the Plant Protection and Control System measurements. The Primary Loop Instrumentation is
used in conjunction with Nuclear Instrumentation to control the neutron flux, operating
pressure, and temperature in the Reactor Core.

The NGNP PCDR [3] identifies the following sensor inputs as part of the Plant Protection and
Control Systems: flow rate measurements, reactor cold leg temperature sensors, reactor hot
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leg temperature sensors, pressure sensors, and moisture sensors. The signals from these
instruments provide inputs to the Plant Protection System, Plant Control System, and the Plant
Monitoring System. The flow rate, pressure, humidity, and temperature signals are part of the
safety system and part of the reactor trip control logic. The moisture level is also monitored by
the operator and used to manually control the Helium Service System, which removes
moisture and other impurities to prevent material corrosion in the reactor and primary loop.

The NGNP conceptual design activities will determine accident scenarios, the required
measurements, the sensor environment, and the sensor requirements for each instrument.
Some preliminary values are shown in Table 6-6.

Table 6-6: Sensor Operating Parameters

Sensor Accuracy/Precision | Operating Range Survival Range
Range
< 750°C <900°C
Temp Hot Leg 2-3%
<6 MPa <7 MPa
< 350°C < 500°C
Temp Cold Leg 2-3%
6 MPa 7 MPa
100°C - 300°C 200°C - 300°C
Pressure 2%
7 MPa 7 MPa
Flow Rate 1 RPM circ speed n/a n/a
Moisture (Reactof 100-1000 vpm 200°C
Protection 10% 200°C 2 MP
System) 7 MPa a
0.0-0.1 MPa
200°C - 300°C
AP 5% 100°C - 300°C
7 MPa
7 MPa
- 2~ 100 vpm 200°C — 300°C
Moisture 10% 100°C — 300°C
(monitored) 7 MPa
7 MPa

Though the NGNP design and associated safety analyses have not progressed to the point
that detailed functional requirements for these instruments can be developed, the column
entitled “Accuracy/Precision Range” is included in Table 6-6 to provide a preliminary indication
of the expected performance requirements for each particular instrument.

The flow rate through the reactor is monitored during normal operations and is used to initiate
a reactor trip. The flow rate through the circulator can be calculated using the circulator speed
and performance curve.

The cold leg temperatures are important core performance parameters and are used with the
Nuclear Instrumentation (neutron flux) to monitor core power and adjust the position of the
control rods. The reactor inlet (cold leg) temperature and control rod position have the biggest
effect on core reactivity. Platinum and rhodium thermocouples meet this function up to
1300<C.
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The reactor hot leg (outlet) temperature and Nuclear Instrumentation monitor the core power.
Commercially available temperature sensors are available for temperatures up to 1700C.

The pressure monitors performance and is an input to the Helium Service System, which
supplies purified helium at pressure to the primary loop. Pressure transducers meet the
operating range.

Optical measurement of dew point is under consideration. The sensor location must be in the
primary loop. The Helium Service System humidity is not considered useful as an I1&C signal
for keeping the humidity level in the range required to prevent the corrosion of materials in the
reactor and the primary loop due to time lag and mixing. If it is located in another auxiliary loop
there is concern the sensor might be isolated in off-normal conditions, in which case the plant
loses moisture monitoring capability.

6.3.1.2 Technical Maturity

It is not clear what the requirements for redundancy and diversity will be in the US regulations
for the HTGR. Typically, diversity can be achieved by using two different measurement
phenomena or two different manufacturers of a single type of sensor. The diversity
requirements are important because if they lead to the need for different measurement
phenomena, then this may lead to the need for additional technology development for some
Sensors.

In-core Temperature Measurement — Although it is desirable to know the in-core
temperature, in practice the high temperatures in the core preclude using direct temperature as
a safety measurement. Current technology for measuring temperatures is limited to 1700<C.
Higher temperature methods are only reliable for short periods of time, not for continuous
operation. Instead, measurements are planned in protected areas, such as isolated
penetrations, which can be calibrated against in-core temperatures measured using a thermo-
well (which isolates the thermocouple) and used to calculate the core temperature during
normal operation. For testing purposes, some thermocouples should be placed in the hottest
areas and calibrated against some protected thermocouples for calculating the temperatures.
The thermocouples in the hot area are not expected to survive and are not needed for plant
operation or protection.

Flow Rate Measurement — The most reliable technology is an indirect method using the
circulator shaft speed to calculate the flow rate using the circulator performance curves
(adjusting for pressure and temperature). Alternative measurements may be possible using a
venturi meter or the Control Rod Drive pressure drop.

Reactor Cold Leg Temperature Sensor — Commercially available thermocouples are
available that can survive expected off-normal conditions (<500C). Conventional Type K
thermocouples are rated at 1300C.

Reactor Hot Leg Temperature Sensors — Temperature sensors that are reliable up to
1700C are commercially available. These sensor sy stems will be calibrated to NIST or other
appropriate standards. To assure adequate coverage of the hot leg, including the impacts of
flow stratification, these sensors will be used in conjunction with detailed CFD analyses to
monitor the temperature distribution within the hot legs.
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Pressure Sensors — These should be at locations of greatest pressure in the primary loop and
not in a specific location off the loop, such as the connection to the Helium Service System.

Moisture Sensors — AREVA experience is that current humidity instrumentation does not go
to low enough parts per million levels at high temperatures. The best option may be an optical
measurement to determine the dew point in the primary loop. The Helium Service System
humidity is not useful (time lag and mixing makes the usefulness of the value questionable) as
an I&C signal for keeping the humidity level in the range required to prevent materials
corrosion in the reactor and primary loop. If itis located in another auxiliary loop, there is
concern the sensor might be isolated during off-normal conditions, in which case the plant
loses moisture monitoring capability.

6.3.1.3 Technology Development Needs

A limited amount of design work has been devoted to the Primary Loop Instrumentation
Systems. The identification of no feasibility issues for these systems does not preclude the
identification of new sensor research and development needs to meet NGNP safety and
reliability goals as the design and licensing processes progress. Demonstration and
gualification testing is required in helium at expected normal and off-normal pressures and
temperatures.

The tasks required for technology maturation are captured in Figure K-9.

6.3.2 Fuel Handling System

A description of the Fuel Handling System (FHS), including technical maturity and
development needs, is provided in the following subsections. Test plans for the FHS are
available in Appendix J and the TDRM sheet is in Appendix K.

6.3.2.1 Description

The FHS consists of a series of mechanisms and devices capable of transferring fuel and
reflector blocks between the Reactor Core and the Near Reactor Spent Fuel Storage location.
The system is similar to the design for FSV and GT-MHR with the exception of a Fuel Storage
Server (FSS) instead of Fuel Transfer Casks. The FSS reduces the estimated refueling time.

Refueling is accomplished by using robotic machines to remove core blocks and transfer them
to the adjacent Local Spent Fuel Storage (LSFS) cell, which is part of the Spent Fuel Storage
System (SFSS). Subsequently, new and irradiated fuel blocks are delivered to the FHS, which
then places them into the Reactor Pressure Vessel (RPV). Access to the core region is
provided by a Fuel Elevator mounted at the central position. All fuel elements and reflector
blocks go through this central position. A Fuel Handling Machine (FHM) for the in-vessel fuel
handling is installed at the position of an inner control rod. From there the Fuel Handling
Machine can unload and load a one-sixth sector of the core.

The components of the FHS are mobile and may be shared among all reactor modules in
multi-module plants. The FHS also interacts closely with the control rod removal cask. This
cask, part of the Reactor Service System, mates with the Fueling Adaptor, and is used to
remove and install central column instrumentation as well as inner and outer control rod and
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reserve shutdown assemblies. These in-core components are strong sources of gamma
radiation and are stored in wells in the Reactor Building during refueling. The Spent Fuel
Storage System also interfaces closely with facilities for storage of graphite elements and
waste treatment systems.

The FHS consists of the following devices and facilities:

6.3.2.1.1 Fueling Adaptor

The Fueling Adaptor (FA) is a mechanical device that extends the control rod drive mechanism
(CRDM) nozzles. The FA is a welded steel structure that fits over the CRDM nozzles and
creates a soft seal around each nozzle to permit the removal of CRDMs and the insertion of
the Fuel Elevator (FE) and Fuel Handling Machine (FHM) without opening the reactor coolant
boundary to the Reactor Auxiliary Building (RAB) maintenance hall. The weight of the FA is
carried on the FHS support skirt, which is supported by the RPV.

The FA is designed with soft or inflatable seals that operate on the outside surface of the
CRDM nozzle. On the inner CRDM nozzles and the central column nozzle, the FA will also
have horizontal valves. Valves have been located at three separate levels so the gate
enclosures and operators do not interfere with each other.

6.3.2.1.2 Fuel Elevator

The Fuel Elevator (FE) is a machine that can be inserted through the Fueling Adaptor into the
RPV. The central penetration on the reactor head, which normally contains in-core
instruments, is used for the FE. The FE supports blocks from the bottom of the blocks and has
a vertical range of motion. It can also rotate so the elevator car can face the FHM at any
sector. The FE can be rotated to align the face of the car with the Fuel Storage Server when
the FE is in the raised position. Because fuel in the Fuel Elevator is always inside the RPV or
the Fuel Storage Server, the FE does not require any shielding or specific ventilation
capability. A soft seal between the Fuel Elevator and the RPV is sufficient to maintain the
reactor coolant boundary during refueling. Figure 6-9 depicts the Fueling Adaptor and the Fuel
Elevator as assembled for refueling.
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Figure 6-9: Fueling Adaptor and Fuel Elevator

6.3.2.1.3 Fuel Handling Machine (FHM)

The Fuel Handling Machine (FHM), depicted in Figure 6-10, is a robotic manipulator that can
be inserted into an inner Control Rod Drive penetration. It is equipped with a grapple probe
that can be inserted into the handling hole in the top of any hexagonal block. The grapple
probe engages the hexagonal block handling hole to lift via the FHM. The FHM is equipped
with a pantograph-like mechanism giving it the capability to extend the grapple to a radius
sufficient to reach all the blocks within a sector, including all the hexagonal reflector blocks.
The FHM rotates, extends, raises, and lowers to access all the hexagonal blocks in a sector
from an inner CRDM nozzle.

Blocks are grappled and raised one at a time by the FHM. When the FHM is in its uppermost
operating position and oriented toward the center of the core, it can extend and place the block
on the Fuel Elevator. When placing blocks in the core, the process is reversed, with the FHM
grappling a block from the Fuel Elevator, locating the block over the proper column, and
lowering it into place. The rotational position of the block is maintained to correctly align the
CRDM holes with the dowels. To accomplish proper alignment, the FHM has the ability to
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rotate the block on the grapple axis and to move the grapple probe over small horizontal
distances.

The FHM can move in the Z, R, theta (around the inner CRDM nozzle axis) and phi (around
the grapple head axis) directions and in fine motion at the grapple head. The FHM concept is
expected to include a rigid, non-rotating tubular mast. Inside this mast, a rotating tubular mast
can be lowered from a "ready" position above the top of the core to the elevation necessary to
grapple the lowermost element. Raising or lowering the inner mast accomplishes changes in
the Z-direction and rotation of the inner mast accomplishes changes in the theta-direction.

The complete FHM, when closed at R=0, must fit through the CRDM nozzle. Relative vertical
motion of bearings supporting the grapple arms will change the angle of the supporting arms,
and change R. Phi and grapple head X and Y motions are accomplished by electromechanical
drivers located on the grapple head, as is the expansion and contraction of the grapple probe.

Figure 6-10 depicts the in-vessel details of the Fuel Handling Machine.
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Figure 6-10: Fuel Handling Machine

6.3.2.1.4 Fuel Storage Server (FSS)

The Fuel Storage Server (FSS) is a proprietary AREVA fuel element handling device designed
to replace the cask-based handling systems envisioned for most past prismatic HTGR
systems. Fuel elements are transferred between the FE and the module Spent Fuel Storage
area using the FSS. The FSS was developed to decrease refueling times and to reduce
worker exposure during refueling operations.

6.3.2.2 Technical Maturity

Based on the successful operation of this type of system at Fort Saint Vrain, the technology
maturity level is considered high. The areas recommended for testing are the soft seals,
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bearings and lubricants that operate in a helium environment, and long term operation of the
integrated system. Long term tests are required to estimate system reliability.

6.3.2.3 Technology Development Needs

The main technology development actions for the seals, bearings, and lubricants involve the
following:

« Establishing reliable lifetime limitations due to moderately high temperature operation in
a helium environment

- Determining the impact of soft seal performance on plant safety case
« Minimizing primary system contamination

Qualification of these subcomponents will require an assessment of material performance and
contamination release in a moderately high temperature helium environment. The estimated
temperature requirements for most components are expected to be limited to 100<C.
Temperature requirements for the Fuel Handling Machine grapple and mast components will
require a core decay heat evaluation to accurately determine operational temperatures.

Prior to installation of the major system components into the NGNP reactor, a series of
functional tests will be required to verify acceptable operation. One key test will be an
endurance test, in which the component is continuously operated under realistic conditions of
temperature, atmosphere, and load for a duration consistent with expected refueling times.

The tasks required for technology maturation are captured in Figure K-10.
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APPENDIX A: REACTOR INTERNALS TEST PLANS
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A.1 Reactor Internals Test Plan (TRL 4 to 5)

NGNP Nuclear Heat
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Introduction

This test plan describes the actions necessary to move the Technology Readiness Level (TRL) of the
Reactor Internals system from 4 to 5. These actions include qualification of a new source of nuclear
graphite material, initial development and testing of composite materials. The Reactor Internals are
illustrated in Fig. A-1.

Top Plenum Shroud
Upper Core Restraint

Permanent Side Reflector

Core Barrel

Permanent Bottom Reflector

Core Outlet Plenum

Lower Floor

Metallic Core Support

Fig. A-1: Reactor Internals

Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | N/A

Component: Reactor Internals
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Technology Readiness Level

Current TRL: 4

Next TRL: 5

The design of Reactor Internals components is a well-understood activity and includes consideration
of various mechanical, thermal, and materials phenomena. The TRL of this structure, if assessed
based on the use of well-characterized materials of construction, would be at least a TRL of 7. The
NGNP reactor, however, requires the use of materials that are not well-characterized. In the case of
the graphite components, a new source of nuclear grade graphite must be developed. Specifically
designed composite materials must be developed and qualified for components which require such
materials. Based on these material development needs, the system TRL is set at a TRL of 4.

Required Tests to Achieve Next TRL

Two test series are required to achieve the next TRL level for the Reactor Internals System. These
are:

Test 1: Qualification of Nuclear Grade Graphite

Test 2: Development and Initial Testing of Composite Materials
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Test 1: Qualification of Nuclear Grade Graphite

The activities necessary for qualification of appropriate sources of nuclear grade graphite for use in
the NGNP are currently addressed in an ongoing program being conducted by INL as part of the
overall NGNP program. As such, specific test details and requirements are not included in this test
plan.

One item, in particular, deserves some mention here. AREVA has identified two types of graphite that
are its preferred grades based on work done in France. These grades are NBG-17 and PCEA, for
fuel blocks and reflectors, respectively. Based on the current understanding of the INL graphite
program, PCEA appears to be fully included in the qualification activities. In contrast, NBG-17
appears to have been included to a much lesser extent. AREVA recommends the full inclusion of
NBG-17 in the INL graphite qualification program.
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Test 2: Development and Initial Testing of Composite Materials

Test Objective

The objective of this test series is to develop and initially test a composite material for use in several
Reactor Internals subcomponents. The material properties for each composite component will be a
strong function of the geometry of the final design of the component. This series of tests and
development activities is only conducted to provide a reasonable expectation that the selected
material and fiber architecture will eventually be able to successfully meet the material properties
requirements when tested as a final component.

Test Description
Test Conditions

Much of the initial testing can be accomplished in air over the expected range of component operating
temperatures. Limited testing in a helium environment will be required to assess the potential
impacts on performance. Irradiation tests of representative material coupons will be required to
identify potential deleterious effects.

Test Configuration

The tests conducted and the associated incorporation of existing composite data will fulfill three main
objectives:

= Verify acceptable fabrication characteristics for the chosen configuration, including
assessing adequate fiber/matrix bonding.

= |dentify potential deleterious environmental effects, including the effects of temperature,
helium environment, and radiation field.

= Provide initial mechanical and thermal properties data for use in the components design
activities.

The specific parameters that require measurement will be determined subsequent to development of
design requirements for the individual core structures to support normal operation and accident
conditions.

Test Duration

The duration of these tests will be sufficient to provide the information required above. It is estimated
that this test series will take approximately one year to complete, if the number of composite materials
and configurations are limited and are tested in parallel. The applicable risks involve deciding when
sufficient data has been gathered to reasonably expect that the selected composite material will
successfully support the design of the appropriate components. A preliminary test schedule is
presented in Fig. A-2.
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Proposed Test Location

It is expected that sufficient materials testing laboratories will be able to perform the required test.
The limiting constraint is expected to be the need for testing of irradiated samples for certain required
parameters. Such testing may be conducted at the INL or another approved laboratory.

Measured Parameters

The parameters measured during individual tests will be those required to meet the objectives
identified under the “Test Configuration” section.

Data Requirements

Since this data will not be used to formally qualify or codify the composite material, it does not have to
meet formal quality standards. The data quality needs to be able to reasonably support the decision
as to which composite materials and configurations are selected for each component. The economic
risk of proceeding with an inadequate material is minimized.

Test Evaluation Criteria

The results of this test series will be evaluated based on the perceived ability of the resulting
composites to meet the design requirements for the final components.

Deliverables

The deliverables for this test series are a set of initial mechanical, material, and thermal properties at
operating and accident conditions adequate to support the initial design of the composite components
of the Reactor Internals system.
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Reactor Vessel Internals (TRL 4 - 5)
Initial Testing of Composites A ——
Test item design 1
E—
1
[
E—
C—— 1
[
O

Test item procurement

Update of test plan

Test procedure development

Test facility identification and contracting
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Fig. A-2: Test Schedule for Reactor Internals for TRL from 4to 5
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A.2 Reactor Internals Test Plan (TRL 5 to 6)

NGNP Nuclear Heat
Supply System

Test Plan for Reactor

Internals
TRL5t0o 6

A

AREVA
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Introduction

This test plan describes the actions necessary to move the Technology Readiness Level (TRL) of the
Reactor Internals system from 5 to 6. The only required action required to is complete the final design
of the composite components of this system. This action will support later formal materials testing at
higher TRL levels. The Reactor Internals are illustrated in Fig. A-3.

Top Plenum Shroud
Upper Core Restraint

Permanent Side Reflector

Core Barrel

Permanent Bottom Reflector

Core Outlet Plenum

Lower Floor

Metallic Core Support

Fig. A-3: Reactor Internals

Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | N/A

Component: Reactor Internals

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 63 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

Technology Readiness Level

Current TRL: 5

Next TRL: 6

Required Tests to Achieve Next TRL

The actions required to move from TRL 5 to TRL 6 are to produce final, or near-to-final, designs of all
Reactor Internals components that are to be composed of composite/ceramic materials. These
designs will use the initial material test data produced in development efforts to achieve TRL 5.
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Test 1: Design of Composite/Ceramic Components

Test Objective

Because of the importance of fiber architecture to the material properties of a composite component,
meaningful materials properties testing can only be performed on the final configurations of those
components. In order to support such materials testing at the next TRL level for the Reactor Internals
composite components, the design of these components must be effectively completed at this stage.
Based on a review of potential uses of composite materials within the NGNP reactor vessel, the
components considered here are the Upper Core Restraint Blocks and the Lower Floor Blocks.
These designs should use the materials properties data obtained during the TRL4 testing, along with
materials data available from the open literature and vendors, as input to this design activity. The
adequacy of the design assumptions will be verified at the conclusion of the material qualification
testing.

One of the objectives of this design activity is to verify the need for these two components to be
comprised of composite materials. It is possible detailed analyses may indicate more conventional
materials may suffice, particularly in the case of the Lower Floor Blocks. Should more conventional
materials be found acceptable, development activities for that component would continue under plans
associated with the new material.

Test Description

This action is a design activity. There are no supporting tests envisioned.

Test Duration

Basic design concepts for the Reactor Internals ceramic components have been developed as part of
the pre-conceptual design of the NGNP. Finalizing these designs to where they are adequate to
support qualification testing would include identifying expected bounding component loads and
operational environments, followed by development of a detailed component model using appropriate
design software. Completing this effort should not require more than one year. A preliminary
schedule for these actions is presented in Figure A-4.

Measured Parameters

This action is a design activity. There are no supporting tests envisioned.
Data Requirements

This action is a design activity. There are no supporting tests envisioned.
Test Evaluation Criteria

This action is a design activity. There are no supporting tests envisioned.
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Deliverables

The deliverables for this action are final, or near-to-final, component designs for each composite
component of the Reactor Internals System. The designs must be sufficiently reflective of the final
NGNP design such that meaningful materials testing can be conducted without risk of being
invalidated by later design updates.

ID_|Task Name 41 2 [2 & 5 6 |7 [8 [o [0 [11 [1z_[12
1 |Reactor Vessel Internals (TRL 5 - 6)

2 Design of composite or ceramic components R E—————

3 Generate component performance requirements [

4 Component Design | ‘

5

Develop design and fabrication documents 1]

Fig. A-4: Test Schedule for Reactor Internals for TRL from 5to 6
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A.3 Reactor Internals Test Plan (TRL 6 to 7)

NGNP Nuclear Heat
Supply System

Test Plan for Reactor

Internals
TRL6to 7

A

AREVA
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Introduction

This test plan describes actions necessary to move the Technology Readiness Level (TRL) of the
Reactor Internals system from 6 to 7. These actions consist of tests required to qualify and codify the
composite materials from which several components are fabricated. The Reactor Internals are
illustrated in Fig. A-5.

Top Plenum Shroud
Upper Core Restraint

Permanent Side Reflector

Core Barrel

Permanent Bottom Reflector

Core Outlet Plenum

Lower Floor

Metallic Core Support

Fig. A-5: Reactor Internals

Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | N/A

Component: Reactor Internals
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Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

A series of tests to formally qualify the Reactor Internals components composed of composite
materials is required to move to the next TRL level. In addition, testing of key components to obtain
data to support the required conduction cooldown analysis is required at this point.
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Test 1: Qualification of Composite Materials

Test Objective
The objective of this test series is to provide sufficient mechanical behavior information about the

selected composite materials to adequately model their behavior in appropriate design calculations
and to support codification of the material.

Test Description
Test Conditions

The conditions under which the materials tests are conducted shall be sufficient to qualify the
composite material for use under NGNP conditions up to, and including, the following extremes.

Table A-1: Test Conditions

Upper Core Restraint Blocks Lower Floor Blocks
Maximum Operating 350 Maximum Operating 750
Temperature - °C Temperature - °C
Maximum Accident 1100 Maximum Accident 1100
Temperature - °C Temperature - °C
Expected Lifetime — 60 Expected Lifetime — 60
years years
Expected Lifetime 1.6x10%° Expected Lifetime 1.7x10*
Fluence — n/cm? Fluence — n/cm?

Environment Helium and Environment Helium and
TBD TBD
impurities impurities

Test Configuration

The series of tests will be configured using standard materials testing methods to measure the
parameters indicated below. The tests will be performed on a combination of material specimens and
representative component mockups depending on the parameter of interest. Many
structural/mechanical parameters are dependent on the component geometry due to the nature of
composite materials.

Parameters will be measured at various points over the range of expected temperatures and neutron
fluence.
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In addition, long term properties, including creep and long term helium interactions behavior, will also
be measured.

Test Duration

The duration of these tests will be sufficient to provide the information required above. It has been
estimated in TDR-3000807, “NGNP Composites R&D Technical Issues Study”, that activities
associated with qualification and codification of all composite materials for the NGNP will take 4 to 6
years to complete. A schedule of all tests required to move from TRL 6 to TRL 7 is shown in Fig.
A-6.

Proposed Test Location

It is expected that many materials testing laboratories will be used to process the large number of
samples required for this test series. The limiting constraint is expected to be the need for testing of
irradiated samples for certain of the required parameters. It is anticipated that there will be limited
numbers of test reactors which can handle the size of the required test specimens. Reactors in
France (CEA) and in Russia have been identified as likely candidates for these tests. More may be
possible if it is determined to be acceptable to use scaled-down components for these tests.

Measured Parameters

The parameters measured using material specimens should include:

= Coefficient of Thermal Expansion
= Thermal Conductivity and Diffusivity
=  Emissivity
= Specific Heat
The parameters measured on representative component mockups should include:

= Stress Rupture & Creep Data

= Fracture Toughness Data

= Stress Strain Curves

= Fatigue Data

= Ultimate Tensile Strength

= Yield Strength (or equivalent for composites)
* Young’'s Modulus

= Poisson’s Ratio

= Compressive Strength

= Flexural Strength

= Biaxial / Multi-axial Flexural Strength
* Flexural Modulus
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= Strain to Failure

= Shear Strength

= Inter-laminar Shear Strength

= Trans-thickness Tensile Strength
= Shear Modulus

Specific required values will be determined during the design process.
Data Requirements

The accuracy of all measurements taken during the testing will be in compliance with the necessary
standards required to support codification. All data shall be collected in a manner consistent and
compliant with NQA-1. Test conditions for transient condition analysis will be defined as the NGNP
design progresses.

Test Evaluation Criteria

The materials property data developed by this series of tests will be evaluated by validating that the
design of the composite components meets their individual design criteria. That is, the composite
components design calculations performed to raise the system TRL from 5 to 6 will be revisited using
the qualified materials property data and verified to be acceptable.

Deliverables

The deliverables for this test series are a set of composite material property data sufficient to support
the design of the Reactor Internals composite materials and the appropriate codification activities.
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Test 2: Properties Data Collection to Support Conduction Cooldown Analyses

Test Objective

The objective of this test series is to provide sufficient thermal hydraulic data on the radial heat path
from the core region to the Reactor Pressure Vessel to support the completion of required conduction
cooldown analyses.

Test Description
Test Conditions

These tests will be conducted in a helium environment at atmospheric pressure conditions. Test
temperatures will be varied to provide an assessment of functionality of each variable with
temperature over the range from nominal inlet temperature (325C) to postulated accident maximum
temperatures (1100C). Graphite thermal properties, including the impacts of neutron irradiation on
those properties, are not considered in these tests. They will be covered by the ongoing INL graphite
development and qualification program.

Test Configuration

The following tests are envisioned to provide the required information:

» Gap loss coefficients — frictional loss coefficients for flow through the gaps between
graphite blocks are determined. The proposed test configuration defines a “unit cell” of
gaps, i.e., the intersection between three adjacent blocks and neighboring block sides up
to half of the block face width. Gap sizes are varied from 0-1.0 cm. Helium flows will be be
simulated based on Re number. The flow parameters should be based on expected
natural circulation in the core under pressure conduction cooldown conditions.

* Fuel block coolant channel loss coefficients — frictional loss coefficients for flow through a
fuel block coolant channel are determined. The proposed test configuration consists of
several single fuel flock coolant channels, with diameters varying from TBD to TBD cm.
Helium flows are varied from TBD-TBD m/s.

* Fuel and reflector block conduction — A heat conduction test is performed using a
representative fuel block and reflector block. One side of each block is heated to over a
range of conditions up to 1200 with an associated heat flux of TDB W/cm?. The
temperature of the opposite face of the block is recorded as a function of time.

» Core barrel emissivity — The emissivity of a representative section of core barrel material is
determined as a function of temperature between 325 and 750<C.

In addition to these tests, an integrated thermal hydraulic test of a representative section of the
Reactor Internals may be required at some point, but such a test is not currently specified.
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Test Duration

The duration of these tests will be sufficient to provide the information required above. It is estimated
most tests will be of short duration. A schedule of all tests required to move from TRL 6 to TRL 7 is
shown in Fig. A-6.

Proposed Test Location

These are separate effects tests with each one requiring a specific test rig. They could be performed
at the CTF or at another test facility.

Measured Parameters

The parameters measured during individual tests will be those required to establish values for the
parameters identified under the “Test Configuration” section.

Data Requirements

The accuracy of all measurements taken during the testing will be in compliance with the necessary
standards required to support computer code development. All data shall be collected in a manner
consistent and compliant with NQA-1. Test conditions for transient condition analysis will be defined
as the NGNP design progresses.

Test Evaluation Criteria

The data developed by this series of tests will be incorporated into the computer codes used to
predict the conduction cooldown behavior of the NGNP. This incorporation will be via a series of
phenomenological models that describe each behavior. These models will be reviewed for
reasonableness against existing models to verify data integrity.

Deliverables

The deliverables for this test series are a set of thermal hydraulic performance curves covering the
identified parameters and a test report documenting performance of the tests.
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Task Name

of o N of o & o N =5

Reactor Vessel Internals (TRL 6 - 7)

Qualification of composite materials
Test item procurement
Update of test plan
Test procedure development
Test facility identification and contracting
Test setup and installation
Test
Data analysis
Reporting
Data collection for conduction cooldown analyses
Test item design
Test item procurement
Update of test plan
Test procedure development
Test facility identification and contracting
Test setup and installation
Test
Data analysis
Reporting
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Fig. A-6: Test Schedule for Reactor Internals for TRL from 6 to 7
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APPENDIX B: REACTOR CORE TEST PLANS
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B.1 Reactor Core Test Plan (TRL 4to 5)

NGNP Nuclear Heat
Supply System

Test Plan for Reactor Core

TRL 4t0o 5

A

AREVA
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Introduction

The Reactor Core Test Plans cover the neutronic, thermal hydraulic, and structural features of the
prismatic core proposed for the NGNP. The core design is based on similar components and
technology successfully demonstrated at Fort Saint Vrain. The annular prismatic core design is
illustrated in Figure B-1.

Upper replaceable

Lateral replaceable

Inner replaceable

Fuel

Lower replaceable

_. Replaceable central reflactor

. Replaceable side reflector
.-’/-’.
___—Permanent side reflector

_—— Replaceable side reflector
wilth <o ntrol rod

- Repl. ble central refl
with boronated compacts

72 fuel eslumns (1FE)

“fl 30 fuel columns (2FE)

T Metallic core support (barral)

~. 36 aperating control rads

~.
12 start-up contral rods

=
" 18 reserve shutdown channels

Fig. B-1: Annular Prismatic Core Design
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Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | N/A

Component: Reactor Core

Technology Readiness Level

Current TRL: 4

Next TRL: 5

Required Tests to Achieve Next TRL

Test 1: Qualification of Nuclear Grade Graphite

The activities necessary for qualification of appropriate sources of nuclear grade graphite for use in
the NGNP are currently addressed in an ongoing program being conducted by the INL as part of the
overall NGNP program. Thus, specific test details and requirements are not included in this test plan.

AREVA has identified two types of graphite that are its preferred grades based on work done in
France. These types are NBG-17 and PCEA, for fuel blocks and reflectors, respectively. Based on
the current understanding of the INL graphite program, PCEA appears to be fully included in the
gualification activities. However, NBG-17 appears to have been included to a much lesser extent.
AREVA recommends the full inclusion of NBG-17 in the INL graphite qualification program.
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B.2 Reactor Core Test Plan (TRL 5to 6)

NGNP Nuclear Heat
Supply System

Test Plan for Reactor Core

TRL 5to 6

A

AREVA
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Introduction

The Reactor Core Test Plans cover the neutronic, thermal hydraulic, and structural features of the
prismatic core proposed for the NGNP. The core design is based on similar components and
technology successfully demonstrated at Fort Saint Vrain. The annular prismatic core design is

illustrated in Figure B-1.

Technology Description and Readiness Level

Plant: NGNP

Area: Nuclear Heat Supply System
System: Reactor System
Subsystem/Structure: | N/A

Component: Reactor Core

Technology Readiness Level

Current TRL:

5

Next TRL:

6

Required Tests to Achieve Next TRL

Test 1: Design Components

The activities necessary for achieving the next level of technology development is to produce near-
final designs of fuel blocks for design and performance acceptability evaluation. These activities are
design activities. Specific test details and requirements are not included in this test plan. The results
of these activities will be used to develop detailed test plans for bypass flow testing and
demonstrating thermomechanical and structural integrity testing of the fuel blocks, which is required
before using the graphite in the NGNP core.
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B.3 Reactor Core Test Plan (TRL 6to 7)

NGNP Nuclear Heat
Supply System

Test Plan for Reactor Core

TRLG6to 7

A

AREVA
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Introduction

The Reactor Core Test Plans cover the neutronic, thermal hydraulic, and structural features of the
prismatic core proposed for the NGNP. The core design is based on similar components and
technology successfully demonstrated at Fort Saint Vrain. The annular prismatic core design is
illustrated in Figure B-1.

Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | N/A

Component: Reactor Core

Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

Three tests are required for the Reactor Core design to achieve a TRL of 7. They are:
Test 1: Bypass Flow Testing
Test 2: Thermomechanical Testing
Test 3: Structural Integrity Testing

These are the only tests presently considered to be necessary. During the design process it is
expected that other development needs will be uncovered and that these needs would extend the
range of tests covered by this test plan.
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Test 1: Bypass Flow Testing

Test Objective

The objective of this test is to determine the bypass flow behavior of the helium coolant within the
core structure and establish the ranges of bypass flow expected in the NGNP. Detailed information is
required on specific localized behavior, which can be obtained in a series of separate tests. That
data can be used to develop integrated models to predict overall system behavior. The results of the
test will be used to validate the thermal hydraulic design codes used to establish the core
performance of the initial and subsequent core loadings.

Test Conditions

The prismatic blocks are assembled on a pitch that allows for an amount of clearance at cold
conditions to aid in the core loading. At normal operating conditions thermal expansion of the
graphite material would be expected to close these gaps. However, it is conceivable that full closure
may not occur on every interface and that an amount of bypass flow will occur through these gaps.
Similarly, bypass flow may occur in the axial gap at the interface between blocks within a column.
These interface gaps would be unintentional sources of bypass flow and will vary with core
temperature and core depletion conditions. For this testing, the blocks would be manufactured to
simulate irradiated conditions rather than using actual irradiated blocks. The blocks would be
manufactured using normal manufacturing tolerances for the top, bottom, and sides. The axial gap
will not change significantly during operation and does not require testing.

There are intentional sources of bypass flow such as the flow that cools the reactivity control
channels and the flow that cools the reflector blocks. All of these sources of bypass flow must be
characterized in order to validate the analytical predictions of the core cooling.

The bypass testing will cover the full temperature and flow rate ranges of the expected NGNP
operation during startup and normal operating conditions as described in the table below.

Table B-1: Test Conditions

Upper Temperature Bound () 1200
Lower Temperature Bound () 20
Upper Mass Flow Rate (kg/s) 3.0
Lower Mass Flow Rate (kg/s) 0.1

It may not be necessary to cover the full range unless the elevated temperatures have a significant
impact on the ability of the design codes to predict the hydraulic behavior of the core.

Several combinations of geometry will need to be explored to assess a diverse set of conditions that
could occur in the core. For instance, it is conceivable that a gap could run along the entire length of
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the active core or only exist at a single axial elevation. A synthesis of separate effects tests would be
expected to yield the data necessary to generate a reasonable bypass model.

Setup Requirements

A helium test facility is required in order to perform the bypass testing of the prismatic core blocks.
The facility needs to operate over the range described above. The following list provides a sample of
the test equipment that should be available to support the tests:

» Pressure and differential pressure sensors
* Flow meters

* Thermocouples
Other equipment may be needed as determined during the design process.

Proposed Test Location

To date no patrticular test facility has been found to meet the criteria of this test. Therefore, it is
recommended that tests in helium be conducted by a laboratory with relevant expertise and
capabilities.

Test Duration

The bypass flow testing should be completed prior to the start of final design activities. The schedule
for this development program is expected to take approximately 13 months. A schedule of all tests
required to move from TRL 6 to TRL 7 is shown in Fig. B-2.

Measured Parameters

The following parameters are presently considered to be necessary to measure:

* Flow distribution in coolant channels at inlet of each block in column stack
* Flow distribution in coolant channels at outlet of each block in column stack
* Flow through bypass regions

* Pressure drop across core blocks

This list will expand if further data are found to be required during the detailed design activities.
Data Requirements

All data are to be collected in a manner compliant with NQA-1. The necessary accuracy of the
measurements will be determined in conceptual design.

Deliverables

The following deliverables, at a minimum, will be required to document the results of the testing:
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* Raw test data

* Bypass flow as a function of block temperature

» Characterization of flow induced vibration

* Boundary conditions imposed by flow induced vibration and lift forces

* Inlet and outlet flow distributions
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Test 2: Thermomechanical Testing

Test Objective

The objective of this test is to determine the thermomechanical behavior of the prismatic core blocks
to be used in the NGNP. The heat and stress distributions within a core block for both symmetric and
asymmetric heating profiles will be investigated. The results of these tests will be used to verify that
material property limits of the graphite will not be violated and to validate the thermomechanical
design codes used to establish the core performance of the initial and subsequent core loadings.

Test Conditions

For symmetric conditions the heat distribution is expected to be uniform but a thermal gradient from
one side of a block to another or radially from the center may have an impact on the
thermomechanical stresses within the block. Any variation due to the heat distribution should be
characterized in order to validate analytical predictions of the core structural performance.

The expectation for the test would be that a representative graphite prismatic block would be loaded
with resistive heaters rather than fuel compacts. These resistive heaters would be used to create the
heat distribution within the block. Temperatures within each of the coolant channels and within the
block would be measured to establish the heat distribution in the block. The test shall cover a
significant portion of the full temperature and flow rate range of expected NGNP operation during
startup and normal operating conditions as described in the table below.

Table B-2: Test Conditions

Upper Temperature Bound () 1200
Lower Temperature Bound () 20
Upper Mass Flow Rate (kg/s) 3.0
Lower Mass Flow Rate (kg/s) 0.1
Average Heat Generation per Block 500
(kw)

Radial Peaking Upper Bound 15
Radial Peaking Lower Bound 0.5

It may not be necessary to cover the full range unless the elevated temperatures have a significant
impact on the ability of the design codes to predict the thermal behavior of the core blocks.
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Setup Requirements

A helium test facility is required to perform the thermal testing of the prismatic core blocks. The facility
needs to operate over the range described above. The following list provides a sample of the test
equipment that should be available to support the tests:

» Pressure and differential pressure sensors
* Flow meters

* Thermocouples

Other equipment may be needed as determined during the design process.
Proposed Test Location

No particular test facility has been found to meet the criteria of this test. Therefore, it is
recommended that the tests in helium be conducted by a laboratory with relevant expertise and
capabilities.

Test Duration

The thermal testing should be completed prior to the start of final design activities. The schedule for
this development program is expected to take approximately 15 months. A schedule of all tests
required to move from TRL 6 to TRL 7 is shown in Fig. B-2.

Measured Parameters

The following parameters are presently considered to be necessary to measure:

* Flow and temperature distribution in coolant channels at inlet of block
* Flow and temperature distribution in coolant channels at outlet of block
» Temperature distribution within block

» Stress distribution within the block

This list will expand if further data are found to be needed during the detailed design activities.
Data Requirements

All data are to be collected in a manner compliant with NQA-1. The necessary accuracy of the
measurements will be determined in conceptual design.
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Deliverables

The following deliverables, at a minimum, will be required to document the results of the testing:
* Raw test data
» Temperature distribution within block

* Enthalpy rise within each coolant channel
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Test 3: Structural Integrity Testing

Test Objective

The objective of this testing is to determine the structural behavior of the prismatic core blocks to be
used in the NGNP. The following are two main concerns:

« Potential block damage during loading and unloading
« Structural integrity of alignment pins during seismic events

The results of these tests will be used to verify the block design is sufficiently robust so damage to the
blocks will not occur during routine maneuvers and so the overall core geometry will not be disrupted
during a seismic event.

Test Conditions

The loading and unloading test can be performed with a mockup to determine allowable transport
speeds of the blocks. This can be performed at ambient conditions.

The alignment pin test shall be conducted at ambient conditions with representative prismatic blocks.
The seismic loads should cover the range the reactor is designed to withstand.

Setup Requirements

A seismic shake table test facility is required to perform the seismic testing of the prismatic core
blocks. The facility can operate at ambient conditions. The following list provides a sample of the test
equipment that should be available to support the tests:

* Accelerometers
e Strain gauges

The loading and unloading test does not require any special test facilities other than an overhead
crane capable of supporting a core block.

The following list provides a sample of the test equipment that should be available to support the
tests:

* Accelerometers
e Strain gauges

Proposed Test Location

It is recommended that the seismic test be conducted by a facility with seismic test equipment
capable of handling the mass and dimensions of a limited assembly of core blocks.
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The loading and unloading test can be performed at any number of commercial, laboratory, or
university facilities.

Test Duration

The structural testing should be completed prior to the start of final design activities. The schedule for
this development program is expected to take approximately nine months. A schedule of all tests
required to move from TRL 6 to TRL 7 is shown in Fig. B-2.

Measured Parameters

The following parameters are presently considered necessary to measure:

e Stress distribution within blocks
» Damage to blocks

» Shearing of alignment pins

This list will expand if further data are found to be needed during the detailed design activities.
Data Requirements

All data shall be collected in a manner compliant with NQA-1. The necessary accuracy of the
measurements will be determined in conceptual design.

Deliverables

The following deliverables will be required to document the results of the testing:
* Raw test data
e Stress distribution within blocks

» Documentation of visual inspection of damage to blocks or alignment pins (photographs,
digital images, etc.)
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D Task Name -1
1 |Reactor Core Design Features (TRL 6-7)
2 Bypass flow testing
o3 Test item design
4 Test item procurement
5 Update of test plan
6 Test procedure development
7 Test facility identification and contracting
BE Test setup and installation
9 Test
e Test item removal
o Test item inspection
12 Data analysis
s Reporting
14 Thermo-mechanical testing
15 Test item design
16 Test item procurement
1 Update of test plan
18 Test procedure development
1 Test facility identification and contracting
S0 Test setup and installation
21 Test
2 Test item removal
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2 Data analysis
3 Reporting
28 Structural integrity testing
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Fig. B-2: Test Schedule for Reactor Core for TRL from 6to 7
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APPENDIX C: CONTROL ROD DRIVES TEST PLANS
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C.1 Control Rod Drives Test Plan (TRL 4 to 5)

NGNP Nuclear Heat
Supply System

Test Plan for the

Control Rod Drives
TRL 4to 5

A

AREVA
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Introduction

The Control Rod Drives provide for controlling the reactivity rate within the Reactor Core. This
PASSC consists of the control rods, control rod guide tubes, and the control rod drive mechanism
(CRDM). The Control Rod Drives include 12 start-up control rods located in the inner ring of fuel
blocks and 36 operating control rods located in the inner ring of the outer graphite reflector. The
Control Rod Drives also include guide tubes and the CRDM to properly position the control rods in the
core. The CRDM includes a cable, drum drive, position indicator, and cable force sensor.

The control rods are a string of approximately 18 annular canisters with articulating joints between
adjacent canisters. The canisters are constructed with cladding on the inside and outside to contain
annular compacts of the boron carbide absorber material. The cladding is vented to permit helium
generated by the neutron absorbing process to discharge into the helium coolant. There is no
pressure boundary in the control rod assembly. The articulating joint configuration allows the control
rod assembly to flex around bends in the channels within the columns of the graphite blocks. A cable
connected to the CRDM runs through the center of the string of canisters, providing primary axial
support. The following three materials are candidates for the control rod cladding, end caps, and
articulating connectors: Alloy 800H, C/C composite, and SiC/SiC composite. A decision on the
material to be used for the control rod canisters and connectors will be required. The control rod
design is illustrated in Fig. C-1.

The guide tubes are located in the upper plenum and extend from the stand pipes to the top reflector

blocks within the Reactor Core. The tubes will protect the control rod assemblies and guide them into
channels within designated fuel and reflector core blocks. The two material options being considered
for the guide tubes are Alloy 800H and C/C composites.

This test plan describes development and testing activities that must be conducted to advance the
Technology Readiness Level (TRL) for the control rods, guide tubes, and the CRDM cable from the
current TRL rating of 4 to a rating of 5.
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Fig. C-1: Segmented Control Rod Design

Technology Description and Readiness Level

Plant: NGNP

Area: Nuclear Heat Supply System
System: Reactor System
Subsystem/Structure: | N/A

Component: Control Rod Drive

Technology Readiness Level

Current TRL: 4

Next TRL: 5
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Required Tests to Achieve Next TRL
Three primary tasks must be conducted to achieve a TRL of 5 for the Control Rod Drives. These
tasks address each of the three components identified above. Design, analysis, and testing will be
required for each of the following tasks:

Test 1. Design, development and demonstration of control rod elements

Test 2: Design, development and demonstration of guide tubes

Test 3: Selection of CRDM cable material
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Test 1: Design, Development and Demonstration of Control Rod Elements

Test Objective

To develop and demonstrate the control rod canisters and articulating connectors for the NGNP
Control Rod Drives, the following activities and tests must be conducted:

« Perform modeling and analysis of the reactor to define the performance envelope for the
control rod elements (canisters, springs, and connectors), including the maximum normal and
off-normal temperatures, the primary coolant chemistry (i.e., the maximum and minimum
helium impurity concentration), and the maximum neutron flux and fluence for the operating
control rods.

- Perform design analyses for Alloy 800H control rods to define their performance envelope,
including exposure to off-normal conditions.

« Conduct limited testing for C/C and SiC/SiC composites to obtain the necessary data to
support design analyses.

- Perform conceptual design and analyses for C/C and/or SiC/SiC composite control rods.

« Survey potential component manufacturers to assess availability and costs for control rods
produced from each material.

- Further develop and demonstrate control rod elements for the selected material.

Test Conditions

Limited testing must be conducted for C/C and SiC/SiC composites to obtain the data needed to
support conceptual design analyses to achieve the objective of developing and demonstrating the
control rod canisters and articulating connector for the NGNP Control Rod Drives. Specifically,
physical properties, mechanical properties, and environmental stability (helium environment and
irradiation) over the range of expected operating conditions will be required. It is possible that
completion of key testing activities already underway within the national laboratories for baseline C/C
and SiC/SiC composite materials will provide sufficient data.

Test Configuration

Testing to obtain physical and mechanical property data and to evaluate environmental stability
(including helium environment and irradiation) will be performed on small specimens specifically
designed for the test, per ASTM standards. Because the type of fiber and architecture is highly
dependent upon the particular part being fabricated, these tests will be conducted on a range of
components that incorporate different fibers, different matrices, and different fiber architectures to
determine the best composite material. The precise requirements for representative specimens can
only be achieved through discussions with the composite manufacturer. It is anticipated that most of
these tests will involve specimens cut from larger components fabricated for the test program. Some
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tests, such as tensile strength and creep, may utilize individual specimens specifically designed and
manufactured for the tests.

Proposed Test Location

Testing of materials to support conceptual design analyses of the selected material will primarily be
conducted by the national laboratories that are already involved in the NGNP materials testing
program. The INL, ORNL and PNNL will perform most of the material testing along with support from
other universities and laboratories (e.g., for round-robin testing).

Limited testing of components, and associated nondestructive examination, will likely be performed
by the manufacturer(s) providing the selected material.

Test Duration

A schedule for the development and testing required to move from TRL 4 to TRL 5 is shown in Fig.
C-2. Tests to obtain data for physical and mechanical properties will generally be short term. Tests
involving irradiation of specimens, time-dependent failure or oxidation will require longer time periods.

Measured Parameters

Measurements of the following properties over the range of anticipated reactor operating conditions
(including irradiation and bounding case helium environments) will need to be obtained for the
materials to support conceptual design analyses (for the selected material):

« Physical Properties
0 Micro-structural Characteristics

0 Meso-structural Characteristics — includes flaw detection using nondestructive examination
methods

Mass and Dimensions
Thermal Expansion
Thermal Conductivity

o O O O

Specific Heat
« Mechanical Properties
o Elastic Constants
o Strength Values
o Fracture Toughness
« Environmental Stability
0 Oxidation/Corrosion
« Time-dependent Failure — including creep deformation and slow crack growth

All test conditions and resulting material response will need to be measured and recorded.
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Data Requirements

The data used to support conceptual design efforts will not have to meet formal quality standards.
However, the data needs to be of sufficient quality to support the selection of one material for further
development and demonstration of control rod components.

All parameters must be measured and recorded with a level of accuracy that is to be determined in
conceptual design to support the codification effort. All data shall be collected in a manner compliant
with NQA-1.

Deliverables

The deliverables for the testing efforts will be data used for conceptual and preliminary design. The
data will be documented in test reports.
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Test 2: Design, Development and Demonstration of Guide Tubes

Test Objective

To develop and demonstrate guide tubes for control rods, the following activities and tests must be
conducted:

« Perform modeling and analysis of the reactor to define the envelope of operating conditions for
the guide tubes including the maximum normal and off-normal temperatures, the primary
coolant chemistry (i.e. maximum and minimum helium impurity concentration), and the
maximum neutron flux and fluence for the operating control rods.

« Perform design analyses for Alloy 800H guide tubes to define their performance envelope,
including exposure to accident conditions.

« If C/C composites are selected, further develop and demonstrate the guide tubes. This will
require the following activities and tests:

o Conduct limited testing for C/C composites to obtain the necessary data to support
conceptual design analyses. Physical properties, mechanical properties and environmental
stability over the range of expected operating conditions will be required. It is possible that
completion of key testing activities already underway within the national laboratories for
baseline C/C composite will provide sufficient data.

o Preliminary design and analysis for guide tubes.

Test Conditions

Achieving the objective of developing and demonstrating guide tubes will require testing of a C/C
composite, assuming this material was not selected for control rods. If this material is a C/C
composite, it is possible the selected material will not replicate one of baseline materials already
being tested by INL and ORNL. Thus, itis likely a full range of tests will be required to obtain data for
physical properties, mechanical properties, and environmental stability over the range of expected
operating conditions. Furthermore, the testing effort will need to include support for developing ASTM
standards and an ASTM material specification.

Test Configuration

Testing to obtain physical and mechanical property data and to evaluate environmental stability will
be performed on small specimens specifically designed for the test, per ASTM standards. Because
the type of fiber and architecture is highly dependent upon the particular part being fabricated, these
tests will be conducted on a range of components that incorporate different fibers, different matrices,
and different fiber architectures to determine the best composite material. The precise requirements
for representative specimens can only be achieved through discussions with the composite
manufacturer. Most of these tests will involve specimens cut from larger components fabricated for
the test program. Some tests, such as tensile strength and creep, may use individual specimens
specifically designed and manufactured for the tests.
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Proposed Test Location

Testing of the selected material will primarily be conducted by the national laboratories involved in the
NGNP materials testing program. The INL, ORNL and PNNL will perform most of the material testing
along with support from other universities and laboratories (e.g., for round-robin testing).

Limited testing of guide tubes, and associated nondestructive examinations, will likely be performed
by the manufacturer(s) providing the selected material. Further testing of guide tube sections and
joints will be performed in a facility designed specifically for such testing. This facility could be
located at the INL, the manufacturer’s site, or another appropriate facility.

Test Duration

A schedule for the development and testing required to move from TRL 4 to TRL 5 is shown in Fig.
C-2. Tests to obtain data for physical and mechanical properties will be short term. Tests involving
irradiation of specimens, time-dependent failure, or oxidation will require longer time periods.

Measured Parameters

The data and other parameters to be measured for guide tubes are similar to those described above
for control rod materials and components.

Data Requirements

All parameters must be measured and recorded with a level of accuracy to be determined in
conceptual design. All data shall be collected in a manner consistent with NQA-1.

Deliverables

The deliverables for the testing efforts will be data used for conceptual and preliminary design and for
codification. The data will be documented in test reports.
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Test 3: Selection of CRDM Cable Material

Test Objective

To evaluate candidate materials and select a cable material for the CRDM cable, the following
activities and tests must be performed:

- Establish design criteria and select candidate cable materials

- Perform testing of candidate materials to determine high temperature strength, creep behavior,
and environmental stability. Depending on the cable material chosen and the actual
environment to which the cables will be exposed, no further development work may be
necessary.

- Perform testing of materials to assess irradiation effects on high temperature strength, creep
and environmental stability.

Test Conditions

The operating control rods will be used for reactivity control during normal reactor operation and thus
will often be partially inserted into the core. Hence, the cable will be exposed to relatively high
temperatures and neutron fluence if the cable runs through the control rod elements and is attached
to a bottom end cap. During conduction cooldown accidents, the cable may be exposed to very high
temperatures. It is expected the cable materials will be super-alloys capable of performing at high
temperatures within the Reactor Core. While significant property data exists for Alloy 800H,
irradiation performance data for other materials (e.g., PE-16, PM2000 (ODS)) are very limited. Thus,
short-term and long-term tests at high temperatures in a helium atmosphere and with irradiation will
be required to obtain the performance data necessary to determine the best cable material. Test
conditions will need to address normal operating conditions and off-normal conditions.

Test Configuration

Testing to obtain key physical and mechanical property data and to evaluate time-dependent failure
(creep, oxidation) will be performed on small cable specimens specifically designed for the test, per
ASTM standards. Special test fixtures and containment capsules will be designed and constructed to
permit assessment of key properties and time-dependent failure behavior as a function of
temperature and fluence. The testing hardware may be similar in design to that previously deployed.

Proposed Test Location

Testing of the candidate cable materials will primarily be conducted by national laboratories already
involved in the NGNP materials testing program. Irradiation of specimens will be performed at INL or
ORNL, followed by post-irradiation testing and examination, as appropriate. High temperature tests
that do not involve irradiation of materials may be performed at the national laboratories or at other
appropriate test facilities.
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Test Duration

A schedule for the testing required to move from TRL 4 to TRL 5 is shown in Fig. C-2. Most of the
tests will be directed at time-dependent failure behavior and thus will involve long testing periods.

Measured Parameters

Testing will be performed primarily for the purpose of providing the necessary performance data to
support a decision on the most suitable cable material. The intent will be to obtain data to fill gaps in
the existing database. Testing will be performed on unirradiated and irradiated specimens to obtain
physical and mechanical property data to characterize environmental stability and time-dependent
failure for a range of normal and off-normal conditions.

Data Requirements

All parameters must be measured and recorded in a manner consistent with NQA-1 quality
requirements to support the materials selection effort and subsequent codification of the chosen
material.

Deliverables

The deliverables for the material testing efforts will be data used for the material selection process
and subsequently for preliminary design and codification. The data will be documented in test
reports.

ID _ |[Task Name 4 |1 13 [6 [o [12 [15 [18 [21 [24 [27 [30 [33 [36 |
T INeutron Control System (TRL 4-5) T ——_—_—_—_—_—_—_—_—_—
Z Control Rods (CR)

Gl Modeling to define max norm and off-norm temps
5 Limited testing for candidate materials

B Design analyses for candidate materials for CR

J Assess availability and costs for CR

y Preliminary design and analyses

£ Materials testing for codification

. Guide Tubes (GT)

i Modeling to define maximum temperatures

i Assess Alloy 800H guide tube performance

i Develop C/C composite GT to define cost and perf
K Data Analysis

e Develop and demonstrate C/C GT

S Materials testing for codification

e CRDM Cable

il Establish design criteria

ik Design and fabricate test fixture

it Testing at high T - strength, creep

= Testing at high T - Irradiation effects

Fig. C-2: Test Schedule for Control Rod Drives for TRL from 4to 5
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C.2 Control Rod Drives Test Plan (TRL 5to 6)

NGNP Nuclear Heat
Supply System

Test Plan for the

Control Rod Drives
TRL 5t0o 6

A

AREVA
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Introduction

The Control Rod Drives provide for controlling the reactivity rate within the Reactor Core. This
PASSC consists of the control rods, control rod guide tubes, and the control rod drive mechanism
(CRDM). The Control Rod Drives include 12 start-up control rods located in the inner ring of fuel
blocks and 36 operating control rods located in the inner ring of the outer graphite reflector. The
Control Rod Drives also include guide tubes and the CRDM to properly position the control rods in the
core. The CRDM includes a cable, drum drive, position indicator, and cable force sensor.

The control rods are a string of approximately 18 annular canisters with articulating joints between
adjacent canisters. The canisters are constructed with cladding on the inside and outside to contain
annular compacts of the boron carbide absorber material. The cladding is vented to permit helium
generated by the neutron absorbing process to discharge into the helium coolant. There is no
pressure boundary in the control rod assembly. The articulating joint design allows the control rod
assembly to flex around bends in the channels within the columns of the graphite blocks. A cable
connected to the CRDM runs through the center of the string of canisters, providing primary axial
support. The following three materials are candidates for the control rod cladding, end caps, and
articulating connectors: Alloy 800H, C/C composite, and SiC/SiC composite. A decision on the
material to be used for the control rod canisters and connectors will be required. The control rod
design is illustrated in Fig. C-3.

The guide tubes are located in the upper plenum and extend from the stand pipes to the top reflector

blocks within the Reactor Core. The tubes will protect the control rod assemblies and guide them into
channels within designated fuel and reflector core blocks. The two material options being considered
for the guide tubes are Alloy 800H and C/C composites.

This test plan describes development and testing activities that must be conducted to advance the
Technology Readiness Level (TRL) for the Control Rod Drives to move from the current TRL rating of
5 to a rating of 6.
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Fig. C-3: Segmented Control Rod Design

Technology Description and Readiness Level

Plant: NGNP

Area: Nuclear Heat Supply System
System: Reactor System
Subsystem/Structure: | N/A

Component: Control Rod Drive

Technology Readiness Level

Current TRL: 5

Next TRL: 6
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Required Tests to Achieve Next TRL

The following test must be conducted to achieve a TRL of 6 for the Control Rod Drives.

Test 1. Design, development and demonstration of control rod elements
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Test 1: Design, Development and Demonstration of Control Rod Elements

Test Objective

To develop and demonstrate the NGNP control rod elements, the following activities and tests must
be conducted:

Development and demonstration of control rod elements (canisters, springs, and connectors).

o Design and fabrication of fixtures and the facility for testing individual components of a
complete control rod element under reactor operating conditions. Design and fabrication of
fixtures and related equipment for irradiation of control rod components will also be
required.

o Fabrication and qualification testing for canisters and connectors, including interaction of
the boron carbide absorber with the control rod cladding.

o Assembly and testing of control rod element components under normal and off-normal
reactor operating conditions (temperature, imposed loads, helium atmosphere).

Development and demonstration of guide tubes
o Design and fabrication of fixtures and the facility for testing full-length guide tubes.

o Fabrication and testing of full-length guide tubes, including the stand-pipe interface
(mechanical, thermal, helium environment).

o Evaluation of friction and wear due to control rods and the reflector block interface.

Test Conditions

To achieve the objective of developing and demonstrating the control rod canisters and articulating
connector for the NGNP Control Rod Drives, the following test conditions will be required:

Development of the control rod assemblies will require testing at the component level and for
complete control rod elements (canister, spring and connectors). If the materials and
fabrication methods for the annular absorber compacts are similar to those used for prior
designs, development testing will not be required to support the production of absorber
elements. If a spring is included in the control rod canisters to restrain movement of the
absorber elements during handling, testing will be required as part of the component and
control rod element testing to validate selection of the spring material. Appropriate testing and
nondestructive examination will be performed for canisters and connectors by the
manufacturer. Further testing may be required for specimens extracted from these
components to verify physical and mechanical properties. Extensive testing will be required for
complete control rod elements to qualify the design and verify performance. Evaluation of
nondestructive examination methods for detecting accumulated damage to the components
during testing will be included. Irradiation of control rod components, followed by post-
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irradiation examinations will also be required. These irradiation tests must include the boron
carbide absorber inside the canisters to evaluate the interaction between the absorber and the
cladding.

- Development of the guide tubes will require testing of full-length tubes over the full range of
normal and off-normal operating conditions. Testing will be required to evaluate the
mechanical interface between the standpipes and guide tubes. Testing will also be required to
assess friction and wear due to movement of the control rods within the guide tubes (including
FIV) and at the interface between the guide tubes and the upper core restraint blocks and/or
top reflector blocks. Evaluation of nondestructive examination methods for detecting
accumulated damage to the components during testing will be included.

Test Configuration

Physical and mechanical characterization of control rod components (absorber compacts, canister,
connector, spring) will be performed by the manufacturer in conjunction with the fabrication and
inspection operations. Testing will be performed separately to verify manufacturer data along with
further testing over the range of operating conditions. Key tests for this development effort will be
those performed for control rod components (e.g.,canisters and connectors). Testing under a range
of temperatures, loads, and environmental conditions expected for control rod elements will be
performed. The test facility will use a furnace chamber with internal hot zone dimensions of about 2
meters long and 15 cm in diameter with the capability for maintaining a helium environment ranging
from very pure to impure to bound the potential NGNP primary coolant chemistry conditions. Itis
expected that one or more control rod components (e.g.,canisters and joints) will need to be
irradiated, followed by appropriate post-irradiation examinations.

Testing of the guide tubes will require a number of test fixtures and associated facilities. An
atmosphere-controlled furnace chamber having hot zone dimensions of 4-5 meters in length and
about 20 cm in diameter will need to be constructed and instrumented to test a complete guide tube.
This facility will need to be capable of exposing the guide tubes to a range of temperatures in a
helium environment ranging from very pure to impure to bound the potential NGNP primary coolant
chemistry conditions. Evaluation of the mechanical connection at the upper end of the guide tube
(within the standpipe) will require assembly of the appropriate test fixtures and instrumentation with a
controlled atmosphere chamber. High temperature furnaces will also need to be set up to evaluate
friction and wear behavior between the guide tube and control rod elements and between the guide
tube and interfacing components within the core (upper core restraints and top reflector blocks).

Proposed Test Location

Limited testing of components and associated nondestructive examination will likely be performed by
the manufacturer(s) providing the selected material. Further testing of components and testing of
CRDM and control rod element subassemblies will be performed in facilities designed specifically for
such testing. Facilities capable of performing this testing exist in France or could be developed at the
INL Component Test Facility (CTF) or at another location.

Test Duration

A schedule for the development and testing required to move from TRL 5 to TRL 6 is shown in Fig.
C-4. Tests involving irradiation of specimens or time-dependent failure will require long time periods.
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Evaluating the performance of components and subassemblies (control rod components) will involve
a combination of short- and long-term tests.

Measured Parameters

The following properties values over the range of anticipated reactor operating conditions (including
irradiation) will need to be obtained for the selected materials to support codification efforts:

« Physical Properties
0 Microstructure Characteristics

0 Meso-structural Characteristics — includes flaw detection using nondestructive examination
methods

Mass and Dimensions
Thermal Expansion
Thermal Conductivity

o O O O

Specific Heat
+ Mechanical Properties
o Elastic Constants
o Strength Values
o Fracture Toughness
« Environmental Stability
0 Oxidation/Corrosion
« Time-dependent Failure — includes creep deformation and slow crack growth

Details of the various tests for individual components and subassemblies (control rod components)
will need to be defined. All test conditions and resulting material responses will need to be measured
and recorded.

Data Requirements

Testing of individual components and subassemblies (control rod components) will be performed in a
manner that confirms the preliminary design. All data shall be collected in a manner consistent with
NQA-1.

Deliverables

Test reports will be required to document the fabrication development efforts, including inspections
and the testing to characterize the components supplied by manufacturers. It is expected that
nondestructive examination data will be supplied for structural components (e.g., control rod canisters
and connectors, guide tubes).
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Reports will also document the testing of the components and subassemblies (control rod
components) performed in addition to testing by the manufacturer.

Task Name

Neutron Control System (TRL 5-6)
Control rod development
Design and fabricate test fixtures

Ass'y and testing of CR components
Guide Tube Development
Design and fabricate test fixtures
Interface testing with stand pipe
Friction and wear due to CR (including FIV)
Fabrication and testing of full-length tubes

© o N o g &M W N =20

N
o

Canister and connector fabrication and testing

1

6 9 12 (15 18 |21 [24 |27 30

Fig. C-4: Test Schedule for Control Rod Drives for TRL from 5to 6
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C.3 Control Rod Drives Test Plan (TRL 6 to 7)

NGNP Nuclear Heat
Supply System

Test Plan for the

Control Rod Drives
TRL6to 7

A

AREVA
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Introduction

The Control Rod Drives provide for controlling the reactivity rate within the Reactor Core. This
PASSC consists of the control rods, control rod guide tubes, and the control rod drive mechanism
(CRDM). The Control Rod Drives include 12 start-up control rods located in the inner ring of fuel
blocks and 36 operating control rods located in the inner ring of the outer graphite reflector. The
Control Rod Drives also include guide tubes and the CRDM to properly position the control rods in the
core. The CRDM includes a cable, drum drive, position indicator, and cable force sensor.

The control rods are a string of approximately 18 annular canisters with articulating joints between
adjacent canisters. The canisters are constructed with cladding on the inside and outside to contain
annular compacts of the boron carbide absorber material. The cladding is vented to permit helium
generated by the neutron absorbing process to discharge into the helium coolant. There is no
pressure boundary in the control rod assembly. The articulating joint design allows the control rod
assembly to flex around bends in the channels within the columns of the graphite blocks. A cable
connected to the CRDM runs through the center of the string of canisters, providing primary axial
support. The following three materials are candidates for the control rod cladding, end caps, and
articulating connectors: Alloy 800H, C/C composite, and SiC/SiC composite. A decision on the
material to be used for the control rod canisters and connectors will be required. The control rod
design is illustrated in Fig. C-5.

The guide tubes are located in the upper plenum and extend from the standpipes to the top reflector
blocks within the Reactor Core. The tubes will protect the control rod assemblies and guide them into
channels within designated fuel and reflector core blocks. The two material options being considered
for the guide tubes are Alloy 800H and C/C composites.

This test plan describes development and testing activities that must be conducted to advance the
Technology Readiness Level (TRL) for the Control Rod Drives to move from the current TRL rating of
6 to a rating of 7.
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Fig. C-5: Segmented Control Rod Design

Technology Description and Readiness Level

Plant: NGNP

Area: Nuclear Heat Supply System
System: Reactor System
Subsystem/Structure: | N/A

Component: Control Rod Drive

Technology Readiness Level

Current TRL: 6

Next TRL: 7
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Required Tests to Achieve Next TRL

One test must be conducted to achieve a TRL of 7 for the Control Rod Drives:
Test 1: Final Qualification of the Control Rod Drives
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Test 1. Final Qualification of the Control Rod Drives

Test Objective

To qualify the Control Rod Drives for use in the NGNP reactor, the following activities and tests must
be conducted:

- Fabricate and test control rod elements to verify design (loads, temperature, and helium
atmosphere).

- Fabricate, test, and qualify Control Rod Drives under anticipated normal and off-normal
conditions, including the wear and vibration effects of sustained operation.

Test Conditions

To achieve the objective of qualifying the NGNP Control Rod Drives, the following test conditions will
be required:

« Qualification of the control rods will require further testing of complete control rod elements
over the full range of normal and off-normal reactor operating conditions.

« Qualification of the Control Rod Drives will require assembly and testing of complete control
rods (i.e., the full string of 18 canisters) connected through a cable to the CRDM under the full
range of normal and off-normal reactor operating conditions.

Test Configuration

Testing of all Control Rod Drives subcomponents will be performed by the manufacturer in
conjunction with fabrication and inspection operations. Testing will be performed independently to
verify manufacturer data.

Testing of the complete Control Rod Drives, including the full control rod, a guide tube, a cable and
the CRDM, will require the design and fabrication of a large test facility, including all of the associated
test fixtures and instrumentation. To achieve the desired test environment, an atmosphere-controlled
test section on the order of 15-20 meters high will be needed. The test will include control rod drop
measurements. Reactor core blocks will be installed in the test facility for the rod to penetrate. The
test will be conducted during normal, off-normal, and seismic conditions to verify that the control rod
will enter the core in the required time.

Proposed Test Location

Quialification testing of the complete Control Rod Drives may be performed at the INL, using the CTF
or similar facility to support the test.
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Test Duration

A schedule for the development and testing required to move from TRL 6 to TRL 7 is shown in Fig.
C-6.

Measured Parameters

Overall operation of the integrated Control Rod Drives will be observed and validated during the
testing. The critical parameters during this test will be:

* Reliability of the PASSC

» Average time of entry for the control rod into the core during normal, off-normal, and seismic
event conditions

» Assessment of potential for control rod wear, both internal wear between the components of
the control rod and external wear between the control rod and its interfacing surfaces.

Data Requirements

Testing of the Control Rod Drives will be performed in a manner that confirms the final design and
supports licensing. All data shall be collected in a manner consistent with NQA-1.

Deliverables

Test reports will be required to document the fabrication of key components, such as control rod
canisters and connectors, guide tubes, and annular absorber compacts. The reports will include
inspections and testing to characterize the components supplied by manufacturers. It is expected
that nondestructive examination data will be supplied for structural components (e.g., control rod
canisters and connectors, guide tubes).

Finally, reports will be required to document the final integrated testing of the Control Rod Drives.

o N o o & w N =g

Task Name -4 -1 3 6 9 12 15
Neutron Control System (TRL 6-7) P I——_—_—_——
Final integrated test of control rod equipment e ——
By
B
B

o

£l
B

Fabricate and assemble control rod equipment
Installation into CTF

Test

Test item removal

Data analysis

Reporting

Fig. C-6: Test Schedule for Control Rod Drives for TRL from 6 to 7

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 118 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

APPENDIX D: REACTOR CAVITY COOLING SYSTEM TEST PLANS
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D.1 Reactor Cavity Cooling System Test Plan (TRL 5to 6)

NGNP Nuclear Heat
Supply System

Test Plan for the

Reactor Cavity Cooling System
TRL5to 6

A

AREVA
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Introduction

The primary functions of the Reactor Cavity Cooling System (RCCS) are to protect the reactor cavity
concrete, including Reactor Pressure Vessel (RPV) supports, from overheating during normal
operation. The RCCS provides an alternate means of heat removal from the reactor system to the
environment when neither the Main Heat Transport System nor the Shutdown Cooling System is

available.

The RCCS, which receives heat transferred from the vessel, includes the cavity cooler panels. The
cavity cooler panels form a closed tube wall that surrounds the RPV and functions as a compact air-
to-water heat exchanger. The tubes are installed vertically and joined by welding to form a welded

membrane panel wall. The RCCS is illustrated in Fig. D-1.

Outlet
Headers T

7Y

Reactor Vessel

O

N

O

v

Water Storage

and Heat

Exchangers

Forced flow
v

Natural Convection Flow

l¢—— Panel wall Cavity Cooler

*———_ Inlet Headers

RCCS Panel Detail

Fig. D-1: RCCS Layout
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Technology Description and Readiness Level

Plant: NGNP

Area: Nuclear Heat Supply System
System: Reactor System
Subsystem/Structure: | Reactor Cavity Cooling System
Component: N/A

Technology Readiness Level

Current TRL:

5

Next TRL:

6

Required Tests to Achieve Next TRL

Two tests are required for the Cavity Cooler Panels to achieve a TRL of 6:

Test 1. Emissivity Behavior of RPV and RCCS Materials

Test 2. Effect of Particulates on Radiation Heat Transport
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Test 1: Emissivity Behavior of RPV and RCCS Materials

Test Objective

The objective of this test is to determine the long-term emissivity behavior of the NGNP Reactor
Pressure Vessel and Reactor Cavity Cooling System materials. The emissivity is critical to the
thermal design of the RCCS.

The results of these tests will establish guidelines to be used for the analytical design of the RCCS
components.

Test Conditions

The RPV material will be manufactured of either SA-508 or 9Cr1Mo steel. The RCCS cavity cooler
panel is expected to be manufactured with steel tubing. Test coupons of each material will be tested
in air over a range of temperatures for an extended time. The temperature range for each material is
as follows:

Table D-1: Test Conditions
SA-508 coupons [C] 20 — 540
Cavity Cooler Panel material [C] 20-TBD

Long-term testing will be performed at representative NGNP normal operating conditions. Short-term
tests will be conducted at representative NGNP accident conditions. The required duration of the
long- and short-term tests must be defined during conceptual design.

Test coupons should be tested in a facility capable of making accurate emissivity measurement.
Test Facility Requirements

A test facility capable of providing the required vacuum conditions is necessary. The test facility must
have adequate instruments needed to perform the measurements for developing the emissivity data
for the sample coupons. The following list specifies the test equipment that should be available to
support the tests:

* Thermocouples
» Data acquisition and processing equipment

Other equipment may be necessary as determined during the design process.

Proposed Test Location

It is recommended that tests be conducted by a facility with relevant expertise and capabilities such
as the High Temperature Materials Laboratory at the Oak Ridge National Laboratory.
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Test Duration

The test duration is estimated to be approximately 11 months. A schedule of all tests required to
move from TRL 5 to TRL 6 is shown in Fig. D-2.

Measured Parameters

The following parameters need to be measured:

« Surface temperature and emissivity of the emitting body as a function of temperature
- Surface temperature and emissivity of the absorbing body as a function of temperature
+ Stability of the emissivity values over time and varying environmental conditions

Data Requirements

All parameters must be measured and recorded to a level of accuracy to be determined in conceptual
design. All data shall be collected in a manner consistent with NQA-1.

Deliverables

The following deliverables are required to document, in the form of a test report, the results of the
testing:
« Raw test data

- A statistical function that correlates the emissivity of each material to temperature, time, and
any other relevant parameter determined to be significant
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Test 2: Effect of Particulates on Radiation Heat Transport

Test Objective

The objective of this test is to determine the effects of particulate, dust, and steam in the reactor
cavity on radiation heat transfer. There are two main concerns with particulates:

- the particulates can scatter radiant energy and act as a participating medium, and

- the particulates may plate out on the cooler surface of the RCCS panels and thus reduce the
emissivity of the panels

The testing must establish whether these concerns are justifiable and characterize the overall effect
on the heat transfer from the RPV to the RCCS.

Test Conditions

A test assembly with a resistance-heated emitter and actively cooled absorber, built from materials
with well-established emissivity properties, will be tested in an apparatus capable of controlling
environmental conditions and introducing variable levels of particulates, dust, and steam. Ideally the
selected materials should be representative of the RPV and RCCS materials, but this may not be
strictly necessary. The temperature ranges for the emitter and absorber are as follows:

Table D-2: Test Conditions
Emitter Temperature Range [TC] 20 —-700
Absorber Temperature Range [C] 20 - TBD

Baseline measurements will be taken with purified air in a controlled environment. Varying levels of
particulates will be introduced to assess the impact on heat transfer. The types of particulates remain
to be determined, but, at a minimum, they should include steam, concrete dust, and graphite dust
(from a depressurization).

Longer-term testing to determine the effects of plating out on the RCCS panels must also be
completed. The required test duration and level of particulates needed for making these
assessments should be based upon the results of testing that varies the level of particulates.

Test Facility Requirements

An in-air test facility capable of providing the conditions above is needed. The test facility must be
adequately instrumented to measure emissivity and total heat transfer. The following list identifies a
sample of the test equipment that should be available to support the tests:

« Thermocouples
- Data acquisition and processing equipment

Other equipment may be needed as determined during the design process.

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 125 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

Proposed Test Location

It is recommended that tests be conducted by a facility with relevant expertise and capabilities such
as the High Temperature Materials Laboratory at the Oak Ridge National Laboratory.

Test Duration

The test duration is estimated to be approximately 6 - 12 months. A schedule of all tests required to
move from TRL 5 to TRL 6 is shown in Fig. D-2.

Measured Parameters

The following parameters need to be measured:

- Reduction in radiative heat transfer as a function of the amount of particulates

« Decrease in emissivity of RCCS panels as a function of the amount of particulates, time, and
temperature of the RCCS panels

Data Requirements

All parameters must be measured and recorded at a level of accuracy to be determined in conceptual
design. All data shall be collected in a manner consistent with NQA-1.

Deliverables

The following deliverables are required to document, in the form of a test report, the results of the
testing:
+ Raw test data

« A statistical function correlating the reduction in radiative heat transfer to the amount of
particulates, time, and temperature of the RCCS panels
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Task Name

ID
il

2
3

4
5

6

7

8

9
—
EE

13
14

Reactor Cavity Cooling System (RCCS) (TRL 5-6)
Emissivity behavior of RPV and RCCS materials

Test item design

Test item procurement
Update of test plan

Test procedure development
Test facility identification and contracting
Test setup and installation
Test

Test item removal

Test item inspection

Data analysis

Reporting

Effect of particulates on radiation heat transport

Test item design

Test item procurement
Update of test plan

Test procedure development
Test facility identification and contracting
Test setup and installation
Test

Test item removal

Test item inspection

Data analysis

Reporting

Fig. D-2: Test Schedule for RCCS for TRL from 5to 6
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D.2 Reactor Cavity Cooling System Test Plan (TRL 6to 7)

NGNP Nuclear Heat
Supply System

Test Plan for the

Reactor Cavity Cooling System
TRL6t0 7

A

AREVA
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Introduction

The primary functions of the Reactor Cavity Cooling System (RCCS) are to protect the reactor cavity
concrete, including Reactor Pressure Vessel (RPV) supports, from overheating during normal
operation. The RCCS provides an alternate means of heat removal from the reactor system to the
environment when neither the Main Heat Transport System nor the Shutdown Cooling System is

available.

The RCCS, which receives heat transferred from the vessel, includes the cavity cooler panels. The
cavity cooler panels form a closed tube wall that surrounds the RPV and functions as a compact air-
to-water heat exchanger. The tubes are installed vertically and joined by welding to form a welded

membrane panel wall. The RCCS is illustrated in Fig. D-3.
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Fig. D-3: RCCS Layout
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Technology Description and Readiness Level

Plant: NGNP
Area: Nuclear Heat Supply System
System: Reactor System

Subsystem/Structure: | Reactor Cavity Cooling System

Component: N/A

Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL
Four tests are required for the RCCS to achieve a TRL of 7:
Test 1. Reactor Cavity Heat Transfer Analysis
Test 2. RCCS Natural Circulation Analysis
Test 3. RCCS Thermomechanical Analysis
Test 4. Integrated Test
The first three tests require no physical testing. However, some testing may be needed to validate

the analysis results, depending on the requirements of the NGNP program, NRC requirements, or the
outcome of the future design analyses.
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Test 1: Reactor Cavity Heat Transfer Analysis

Test Objective

The objective of this test is to characterize heat transport phenomena in the reactor cavity in order to
define the coolant path for accident conditions and to assess their impact on normal operations. The
following three main heat transport mechanisms need to be considered:

« Radiation across the annular gap between the RPV and the RCCS cavity cooler panels
- Natural convection within the reactor cavity

« To alesser extent, conduction across the gap between the RPV and the RCCS cavity cooler
panels

Analytical calculation methods, such as computational fluid dynamics and lumped-capacitance
models, should be used to characterize the general heat transport phenomena and to perform
sensitivity studies on key parameters.

Test Conditions

Proposed Test Location

This task should be performed by the design organization.
Test Duration

The analysis is estimated to need approximately eight months. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Fig. D-4.

Measured Parameters

The following parameters are to be calculated:

- Steady-state heat loss to the RCCS at normal operating conditions

« Steady-state temperatures of the RPV and RCCS cavity cooler panels at normal operating
conditions

« Transient temperatures of the RPV and RCCS cavity cooler panels under accident conditions

Deliverables

The following deliverables will be required to document, in the form of a test report, the results of the
analyses:

- Steady-state heat loss to RCCS under normal conditions
+ Maximum steady-state temperatures of RPV and RCCS under normal conditions
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« Maximum transient temperatures of RPV and RCCS under accident conditions

« Sensitivity studies for key parameters, such as, but not limited to, emissivity, geometry, and
reactor cavity environment
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Test 2: RCCS Natural Circulation Analysis

Test Objective

The objective of this test is to characterize natural circulation phenomena in the RCCS cavity cooler
panels, coolant piping, and water storage tank.

Analytical calculation methods, such as computational fluid dynamics and lumped-capacitance
models, should be used to characterize the natural circulation phenomena and to perform sensitivity
studies on key parameters.

Test Conditions

Proposed Test Location

This task should be performed by the design organization.
Test Duration

The analysis is estimated to need approximately seven months. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Fig. D-4.

Measured Parameters

The following parameters are to be calculated:

» Critical Heat Flux (CHF) of the coolant tubes in the panel wall
« Natural circulation behavior of the RCCS system

« Heat removal capacity of the RCCS via natural circulation with and without active cooling of
the water storage tank

Deliverables

The following deliverables are required to document, in the form of a test report, the results of the
analysis:

« CHF correlation for panel wall
- Heat removal capacity of the RCCS for normal and accident conditions
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Test 3: RCCS Thermomechanical Analysis

Test Objective

The objective of this test is to characterize the thermomechanical behavior of the RCCS cavity cooler
panels.

Analytical calculation methods, such as finite element analysis, should be used to characterize the
thermomechanical behavior of the cavity cooler panels and to perform sensitivity studies on key
parameters.

Test Conditions

Proposed Test Location

This task should be performed by the design organization.
Test Duration

The analysis is estimated to need approximately five months. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Fig. D-4.

Measured Parameters

The following parameters are to be calculated:

« Stresses induced by thermal expansion, seismic conditions, or any other applicable source
- Failure mechanisms of tubes in cavity cooler panels

Deliverables

The following deliverables will be required to document, in the form of a test report, the results of the
analysis:

« Total stress limits for the RCCS cavity cooler panels
- Design criteria to prevent failure (cracking, sheering, etc.) of tubes in cooler panels
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Test 4: Integrated Testing

Test Objective

The objective of this test is to validate the overall integrated performance of the RCCS at an
engineering scale. While the general phenomena involved in the heat removal path can be
calculated analytically piecewise, it is necessary to confirm that the entire system as a whole
performs in an acceptable manner.

Test Conditions

The testing must incorporate the RCCS design and materials and test over the following range of
steady-state and transient conditions that bound temperatures expected in each of the components:

Table D-3: Test Conditions
RPV Temperature [C] 20 — 550
RCCS Temperature [C] 20-TBD

Long-term testing at conditions representative of NGNP normal operating conditions, plus some
short-duration tests at conditions representative of accident conditions, will be performed. The
necessary length of these tests must be defined during conceptual design work. Additionally, testing
should be conducted with the water storage tank cooling out-of-service to determine a time to dry out,
which may limit the amount of time without operator interaction.

Proposed Test Location

It is recommended that this test be conducted at the Natural Convection Shutdown Heat Removal
Test Facility at Argonne National Laboratory.

Test Duration

The test duration is estimated to be approximately 11 months. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Fig. D-4.

Measured Parameters

The following parameters are necessary to measure:

« Surface temperature of the RPV
- Surface temperature of the RCCS
« Temperatures in the panel tubes, coolant piping, water storage tank, etc.

This list may expand if more data are found to be needed during detailed design activities.
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Data Requirements

All parameters must be measured and recorded to a level of accuracy to be determined in conceptual
design. All data must be collected in a manner consistent with NQA-1.

Deliverables
The following deliverables will be required to document, in the form of a test report, the results of the
testing:

« Raw test data

+ Overall assessment of RCCS capability

- Heat removal capacity of system in accident conditions

+ Maximum RPV and RCCS temperatures during steady-state and transient conditions

D [Task Name E] 1 2 [3 [4 5 6 7 8 9 [10 (11 12
T |Reactor Cavity Cooling System (RCCS) (TRL 6-7) . R T R
2 Reactor cavity heat transfer analysis 4 v
3 Analytical model development )
[ 4 Boundary condition assessment &=
2 Base model processing E
S Sensitivity studies T
T Data analysis S|
8 Reporting &=
9 RCCS natural circulation analysis v v
10 Analytical model development E
L Boundary condition assessment &l
12 Base model processing i
1 Sensitivity studies
14 Data analysis (B
15 Reporting £
18 RCCS thermo-mechanical analysis v v
17 Analytical model development A
18 Boundary condition assessment B
i Base model processing B
20 Sensitivity studies B
21 Data analysis &
2 Reporting £
23 Integrated Test v v
e Test item design B
25 Test item procurement i
26 Update of test plan [
2 Test procedure development E=
28 Test facility identification and contracting B
C 2 Test setup and installation e
30 Test B
31 Test item removal B
32 Test item inspection B
EN Data analysis e
EE Reporting EE

Paae 1

Fig. D-4: Test Schedule for RCCS for TRL from 6 to 7

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 136 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

APPENDIX E: MAIN HELIUM CIRCULATOR TEST PLANS
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E.1 Main Helium Circulator Test Plan (TRL 6 to 7)

NGNP Heat Transport
System

Test Plan for the

Main Helium Circulator
TRL6to 7

A

AREVA
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Introduction

The Main Helium Circulator pumps helium through the Reactor Core and through the Main Heat
Transport System. The reference gas circulator concept for the NGNP reactor is an encapsulated
centrifugal impeller, vertically mounted on the 4 MW, motor shaft. The size of the unit is based on:

- Engineering studies that considered the tradeoff between construction costs of the unit and the
coolant pressure drop through the reactor using a two-loop configuration

« Scaling up of previous 4 MW, circulator designs

Previous work [8] found the 4 MW, circulator is feasible with existing design methods and available
technology. However, additional engineering testing is required to confirm the design solution and
the performance of the unit as a whole and especially the performance of the rotor, which is the
critical component within the circulator.

All of the components within the design envelope now being considered for NGNP are within current
technology limits, but their designs are complex and interdependent. For example, the design and
selection of the magnetic bearings are dependent on the rotordynamics, which is a critical area that
requires considerable data and has design details that will evolve as the design is developed.
Vendors typically test the rotordynamics (impeller, shaft, motor, and bearings) to ensure there is
acceptable margin between the running speed and the natural frequency to avoid unacceptable
dynamic amplification and vibration. These tests and any required changes (including tuning the
bearings or rotor design modifications) will demonstrate the design and qualify it to operate under
load.

Standard vendor tests will be performed to confirm the aerodynamic and acoustic design analysis.
These tests will be used to optimize the design of the acoustic treatments used to reduce noise-
induced harmonics and fatigue damage. It is expected the circulator design changes, which will be
based on the results of low temperature and pressure tests, will optimize performance. Other design
changes that may occur include the following: using acoustic treatments to reduce noise breakout
power levels, tuning bearing controls to reduce resonance near the critical rotor speed, and adding an
impeller guard. The test plan includes tests of the design modifications based on the low temperature
tests and also tests of the circulator connected to the circulator shutoff valve. The latter test will
demonstrate that the circulator does not choke or stall when started up with the shutoff valve closed.
The valve is designed to prevent reverse flow.

The tests described in this plan are considered adequate to demonstrate the design and operation of
the Main Helium Circulator at the elevated temperatures and pressures of the NGNP. Previous
vendor tests have demonstrated that electrical discharge is most likely to occur at low pressures.
Electrical discharge degrades the electrical insulation and degraded electrical insulation leads to
electrical discharge at normal operating conditions. Testing of the bearing and motor conductors and
insulation in helium and at representative voltages is recommended.

Dynamic testing of the circulator in helium is not required before it is installed in the NGNP given that
helium circulator technology, for the unit sizes and operational environment envisioned for the NGNP,
is a fairly robust technology. Interactions with potential helium circulator suppliers in support of
AREVA's internal HTGR program have reinforced this position, as has past gas reactor performance
history, which indicates no significant impacts from dust or static buildup.
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The recommended full scale air testing is solely intended as fabrication verification for the NGNP-
specific unit. It is not expected to verify the myriad of design considerations that are part of the
normal development of a new circulator type. This type of testing is typically conducted by the
circulator vendors for each new unit delivered.

Full scale tests in helium will be conducted during qualification of the completed NGNP systems. The
schedule risk differential between conducting the final helium test at the factory or other helium loop
versus in the NGNP is minimal. Since it is expected that the circulator test would be conducted as
part of system commissioning shortly after delivery and installation, the final test will occur only a few
months after it could have been tested otherwise. There is no safety issue associated with
conducting this test in the NGNP.

The following items are important for helium service but can be tested in air. The properties of air and
helium are well understood; both behave as near ideal gases at NGNP service conditions:

« Aerodynamics — tested in air by using similarity laws

- Motor Load — control of the air density can be adequately simulated by control of the
temperature and pressure

« Motor cooling — solved via analysis

« Acoustics — The shift in blower sound power levels and casing breakout frequencies from air to
helium can be determined via analysis. Helium has a sound velocity more than four times that
of air. The frequency and strength of vortex shedding and broadband noise generation is
proportional to the gas density. The sound power is inversely proportional to the cube of the
velocity of sound.

- Bearings — Tribology effects on the magnetic bearings and catcher bearings are not
considered critical. In-service inspection of the NGNP circulator bearings can be used to
determine maintenance requirements.

AREVA assumes that long-term corrosion effects from the NGNP helium chemistry will be evaluated
as part of the ongoing materials test program and during NGNP operation. The circulator
instrumentation and control are standard technology.

The circulator illustrated Fig. E-1 is taken from the MHTGR. The depicted circulator design is
considered to be comparable to the NGNP design.
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Fig. E-1: Circulator Layout (MHTGR)

For illustration only. The configuration shown is for an axial downflow circulator. The AREVA
conceptual design includes an upflow centrifugal compressor (similar to the New Production Reactor)
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Technology Description and Readiness Level

Plant: NGNP
Area: Heat Transport System
System: Main Heat Transport System

Subsystem/Structure: | N/A

Component: Main Helium Circulator

Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

The following four tests are required to validate the circulator design and operation in the Main Heat
Transport System:

« Vendor bench tests of bearing and rotordynamics
- Vendor tests of electrical conductors, connection, insulation, and penetrations in helium
« Vendor performance tests in air at ambient conditions

- A single integrated test of the gas circulator assembled with the circulator shutoff valve in high
temperature and pressurized air. The circulator must start at low pressure and temperature
without stalling under the load of the shutoff valve and operate efficiently over a wide range of
flow conditions. The performance of the components near the limit of their design envelope
must be confirmed.
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Test 1: Demonstration of the magnetic bearings with the rotating equipment
assembly

Test Objective

The objective of this test is to demonstrate the performance of the magnetic bearings as part of the
integrated rotating equipment assembly (motor, bearings, rotor, and impeller) over the full range of
operating conditions. The accuracy of the calculated natural frequencies and critical speed of the
impeller will be determined. The adequacy of design margins will be evaluated. The test results will
be used to revise the bearing and rotor design, if resonant vibration occurs. A second objective is to
demonstrate that state of the art inverters and input power transformer rectifiers can operate at the
frequencies required to control the motor without having an adverse impact on the supply current.

Test Conditions

An integrated rotating equipment assembly is required for this test. The test location must have a test
rig capable of supporting the assembly for testing in air. The test will cover a range of 0 to 110% of
the circulator motor’s design speed at ambient temperature and pressure.

Setup Requirements

A test rig with electrical power and instrumentation for measuring motor speed, voltage, current, and
shaft vibration is required. Additional instrumentation will be included to measure secondary items,
such as thrust on the load bearings, motor temperature, torque characteristics, acoustics and coast-
down tests. Nondestructive examination equipment will be required to examine the rotor and to
assess the performance and wear on the bearings following completion of testing.

Proposed Test Location

This testing should be performed at a test facility identified by the circulator vendor. Other facilities
could be used, such as the facility at Zittau, Germany.

Test Duration

The test duration is estimated at one to three months, including set-up, testing, and preparing the
deliverables.
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Measured Parameters
The following parameters are required to be measured before, during, and after testing:
Table E-1: Measured Parameters

Parameter Range Units
Torqgue settings of all TBD N m
mechanical nuts and bolts
Motor speed TBD RPM
Motor temperature TBD T
Motor torque TBD Nm
Motor temperature under all TBD T
loads
Thrust on bearings during all TBD N
loads
Lateral movement of the TBD mm
impellor shaft during load
conditions.
Electrical current and TBD Amps & Hz
frequency
Voltage drawn under all loads TBD Volts
Shaft vibration amplitude TBD mm
Shaft vibration frequency TBD
- Critical speed - RPM
- Frequency response - Amplitude vs.
curve Hz
Coast down characteristics of TBD
unit
- Vibration - nla
- Time - Min.
Check torque setting of all TBD N m
mechanical nuts and bolts
following testing
Visual determination of TBD n/a
stability of impeller
Post test examination of all TBD n/a
major components
Post test inspection of all TBD n/a
bearings
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Data Requirements

The required accuracy of data will be established during NGNP conceptual design. The data from
this test will be used to generate circulator performance curves (pressure differential vs. mass flow
rate, input power vs. mass flow rate, etc.) to enable final predictions of NGNP primary side
aerodynamics prior to final preoperational plant testing. All data will be collected in a manner
consistent with NQA-1.

Deliverables
The following deliverables will be required to document the results of the testing:

* Vendor design drawings, specifications, and design report for the rotating assembly

« Test data

» Test report documenting the results of the testing, any as-built modifications, and lessons
learned from the testing
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Test 2: Electrical conductors, connections, insulation and penetrations in helium

Test Objective

The objective of this test is to validate the performance of candidate electrical high voltage motor
windings, bearing power conductors and insulation in helium at the most severe combinations of
pressure, temperature, and depressurization.

Test Conditions

High voltage electrical motor and bearing mockups should be tested in a configuration having
characteristics (clearance between conductors, metal connections, penetrations, and gas dielectric
properties) similar to those of the circulator. These conditions will be accomplished in a mockup
assembly having the same configuration, critical dimensions, and materials of construction as the
configuration to be used in the circulator. The test will be performed at the motor housing design
temperature (approximately 150<C, the limit for Cla ss F Cable) and at pressures representative of
both startup (0.1 MPa) and normal operating conditions (6.0 MPa).

Setup Requirements

The test will be conducted in a helium test chamber with pressure and temperature controls. A high
voltage electric power supply (same voltage as the 4 MW, circulator power supply) is required.

Proposed Test Location

It is recommended that the tests be conducted at a specialized vendor or national laboratory
equipped with the necessary equipment and safety procedures. An appropriate test bench with
helium environment exists at FLP 500 in Dresden, Germany, where magnetic bearing tests are
performed as part of the European program.

Test Duration

Test duration is estimated at six months, including the setup, testing, and preparing deliverables.

Measured Parameters

Conductors and penetrations should neither crack nor experience electrical discharge at the most
severe combinations of pressure, temperature, and depressurization.

The following parameters are required to be measured before, during, and after testing:

« Current (Amps)
- Voltage (Volts)
« Dimensions (mm)
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« Visual Inspection
« Aging and embrittlement of the insulation following testing at operating temperature

Data Requirements
The required accuracy of data will be established during NGNP conceptual design. All data shall be

collected in a manner consistent with NQA-1.

Deliverables

The following deliverables are required to document the results of the testing:

- Detailed design of the electrical penetrations

« Test Report documenting the results of the testing, any as-built modifications, and lessons
learned from the testing
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Test 3: Demonstration of circulator (housing, impeller, diffuser, electric motor,
bearings, rotor, and inverter) performance in air

Test Objective

The objective of this test is to demonstrate the behavior of the assembled circulator by examining and
characterizing the following key aspects of the unit while it is running in air at ambient temperature
and pressure:

» Satisfactory operation of the complete unit over the complete speed range

* Fluid dynamics and harmonics of the impeller and benchmarking of the aerodynamic model

» Establish the efficiency of the impeller and diffuser

* In-duct and housing frequency responses and noise breakout power levels from the housing
will be measured to determine if the acoustic dampening is sufficient to avoid harmonic
coupling, which risks fatigue damage

» Acoustic treatment such as lagging, silencers or acoustic enclosures will be developed and
tested, if required

» Extended steady state operation to determine stability of the design over time

» Determination of leakage from the circulator housing

* Nondestructive examination of component parts following testing

Circulator performance curves (power and flow for ambient air at full speed) will be generated during
this test to confirm the design and operation of the circulator. The operational performance of the
circulator should be better characterized following this test. Additionally, the aerodynamic and
mechanical design of the circulator should be validated against the operational requirements of
NGNP.

Leakage rates of the helium from the unit will be measured during static testing of the circulator. The
final test will be nondestructive examination, during the dismantling of the system, to monitor
clearances and individual measurements of changes in the physical dimensions of the component
parts.

Test Conditions

The following two tests will be conducted on the fully assembled unit: a dynamic load test to measure
various variables and a static pressure test to monitor leak rates. These tests of the fully assembled
NGNP circulator design will be conducted at full scale. The test conditions will be at ambient
temperature and pressure for the dynamic test and in helium at 6 MPa for the static test. The
dynamic tests will verify operation over the operational range of the motor speed from 0 to 110%. The
outlet from the circulator must be loaded to simulate the flow resistance that will be encountered in
the NGNP reactor. The circulator will be suitably instrumented to allow the collection of all required
data. The static test will monitor leakage of helium from the unit.

Setup Requirements

A test rig with electrical power and instrumentation for measuring motor speed, voltage, current, and
shaft vibration is required. Additional instrumentation will be included to measure secondary items
such as thrust on the load bearings, motor temperature, torque characteristics, acoustics, and coast-
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down tests. Nondestructive examination of the rotor is required to assess the performance and wear
on the bearings following testing.

The test rig must be capable of running continuously for an extended time to simulate reactor
operations at normal reactor loads. The test will demonstrate the stability of the component operation
with time.

The circulator outlet flow in the test rig must simulate the backpressure of the NGNP primary loop.
The test must be designed to represent all aspects of the circulator including bearing and motor
power connections, instrumentation leads, and cooling water. The test will be conducted in air at
ambient conditions.

The capability to measure in-duct sound power levels and casing breakout sound power levels is
required. The capability to test the catcher bearings is also required.

The circulator test unit should be disconnected from the flow test equipment following dynamic testing
and then reconfigured to allow static testing at the operating pressure with helium over a 24-hour
period to measure the loss of static pressure. A pressurized helium supply and test header with
pressure recording gauges will be needed for conducting leak tests of the circulator housing,
including penetrations and connections to the SG mockup.

Nondestructive examination of the critical circulator components will be required following the static
test as the unit is disassembled.

Proposed Test Location

It is envisioned that testing will be conducted at the circulator manufacturer’s test facility so
adjustments (e.g., adding sound baffles, using a different diffuser or impeller) can be made during the
testing of the unit. However, it is possible to conduct the tests at another test facility.

Test Duration

The duration of these tests is approximately two to three months, including setup, testing and
preparing deliverables. This test is to be completed before integrated tests simulating the Main Heat
Transport System are started.
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Measured Parameters
The following parameters are required to be measured before, during, and after testing:
Table E-2: Measured Parameters

Parameter Range Units
Gas Conditions
- mass flow rate - 0-141 - Kals
- pressure (inlet and outlet) - 01-0.2 - MPa
- gas temperature (inlet and - 25-100 - T
outlet)
Pretest clearances of component parts TBD mm
of circulator
In-duct and exterior sound TBD
- power levels - W
- frequencies - Hz
Vibration TBD
- Frequency - Hz
- Amplitude - mm
Circulator cooler water TBD
- flow rate - dm’s
- temperatures - T
Coast down performance TBD n/a
Leak rate (gas and water) TBD dm®/s
Rotational speed TBD RPM
Axial thrust TBD N
Axial displacement TBD mm
Dimensions TBD mm
Visual TBD n/a
Weld penetration and radiological tests TBD Visible contrast at 1,000
micro-watts per
centimeter squared
Current TBD Amps
Voltage TBD Volts
Motor speed TBD RPM
Motor temperature TBD T
nondestructive examination of critical TBD n/a
circulator parts
Internal clearance measurements of TBD mm
component parts following testing
Leakage rate on sealed unit TBD % per day

Data Requirements

The required accuracy of data will be established during NGNP conceptual design. All data will be
collected in a manner consistent with NQA-1.
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Deliverables
The following deliverables are required to document the results of the testing:

» Test data, material specifications, and design package
» Circulator performance curves (e.g., AP vs. mass flow rate, power input vs. impeller speed

* Test Report
Test 4. Integrated Test of Gas Circulator with Shutoff Valve

Test Objective

The objective of this test is to demonstrate integrated operation of the circulator assembly (housing
and cooling system, impeller and barrier plate, electric motor and power supply, bearings, rotor,
power supply, and housing) with the shutoff valve under startup (100°C and 0.1 MPa), normal (320C
and 6.0 MPa), and transient conditions. The test will demonstrate that the circulator starts without
stalling under the load imposed by the shutoff valve. The test will also characterize the impeller and
diffuser aerodynamic performance as well as the blower acoustic frequency response of the circulator
and shutoff valve in air over the range of operating conditions. The test will confirm the circulator
component’s performance and design over the range of operating conditions. Similarity laws will be
used to predict the performance of the circulator in helium based on the test results.

This test is required to achieve TRL 7. AREVA recommends that this test be performed during
reactor commissioning.

Test Conditions

This final test will be used to qualify the full-scale main helium circulator for the NGNP and the
performance of the components used in its design. It is assumed that the circulator used in previous
testing will be available for this test and that all results pertaining to the physical measurement of
clearances and components will be available and do not need to be repeated to obtain reference
information.

Testing will be conducted in air at temperatures, pressures, and mass flow rates equivalent to those
present in the NGNP reactor. Normal operating conditions are defined as a helium flow rate of 141
kg/sec, a temperature of 320C, and a pressure of 6 MPa against a 66 KPa pressure head.

The tests should be conducted over a flow range of 30% to 100%. Testing will include transient
maneuvers (startup, shutdown, and accident scenarios) to verify performance under those conditions.
Startup conditions are 100C and 0.1 MPa. Load-fol lowing transient and safety design basis
conditions will be established during NGNP conceptual design.

Casing acoustic noise breakout sound levels and rotor vibration frequencies will be measured and
compared to predicted values at any given impeller speed over the operating range.

The circulator cooling system will be operated to demonstrate that the motor and bearings are
maintained within their design temperature limits.
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The leak rate from the circulator will be measured at the end of the test to ensure the integrity of the
boundary has been maintained. Leak testing will be conducted during the course of the testing where
practical to determine the integrity of all seals.

Visual, physical and nondestructive examination of all critical components and clearances will be
conducted prior to and at the completion of the trials.

Setup Requirements

The setup requires an air heater and piping designed to deliver air at 325T and 6 MPa to the
circulator and valves to control flow rates and create a 66 KPa pressure drop. During the test, the
nominal full-flow air flow rate will be equivalent to 141 kg/sec helium and be measured in incremental
changes. The air heater for this test is required to produce the nominal reactor temperature heating
rate.

The circulator inlet piping connection will accommodate the shutoff valve for integrated testing with
the circulator. Provisions are required for testing the backflow through the shutoff valve.

The test loop will be fully instrumented with strain gauges, vibration and noise monitoring,
thermocouples, pressure transducers and volumetric flow measurement at all relevant points in the
circulator and the test loop.

Motor control load (current, voltage) and inverter frequency data recording instrumentation will be
installed in the test setup.

The capability to measure in-duct sound power levels and casing breakout sound power levels is
required.

A pressurized helium supply and test header with recording pressure gauges will be required for post-
test leak tests of the circulator housing. Following the dynamic testing of the circulator, the unit
should be disconnected from the rest of the process equipment and reconfigured to allow a static test
with helium at operating pressure to be conducted over a 24 hour period to measure the loss of static
pressure.

Nondestructive examination of critical circulator components will be required as the unit is
disassembled following the static test.

Proposed Test Location

It is recommended that this test be performed during NGNP commissioning. Alternatively, the testing
could be performed at the CTF or at a vendor test facility.

Test Duration

The duration of testing is estimated at 6 -12 months, including setup, testing, and preparing
deliverables. The testing is expected to be completed prior to shipping the circulator to the NGNP
site.
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Measured Parameters
The following parameters are required to be measured before, during, and after testing:
Table E-3: Measured Parameters

Parameters Range Units
Torque settings of all mechanical nuts TBD N m
and bolts
Motor speed TBD RPM
Motor temperature TBD T
Motor torque TBD Nm
Motor temperature under all loads TBD T
Thrust on bearings during all loads TBD N
Lateral movement of the impeller shaft TBD mm
during load conditions.
Electrical power TBD
- Current - Amps
- Frequency - Hz
Voltage drawn under all loads TBD Volts
Shatft vibration amplitude TBD mm
Shatft vibration frequency TBD Hz
Coast down characteristics of unit TBD
- Vibration - nla
- Time - Min.
Check torque setting of all mechanical TBD N m
nuts and bolts following testing
Visual determination of stability of TBD n/a
impeller
Gas Conditions
- mass flow rate - 0141 - Kgls
- pressure (outlet) - 60 -  MPa
- pressure rise - 66 - KPa
- gas temperature (inlet and outlet) - 320-325 - T
Motor electrical power TBD
—  Current - Amps
- Voltage - Volts
Motor inverter frequency TBD Hz
Circulator cooler water TBD
- flow rate - dm’s
- temperatures - T
Post test leak rates TBD %/day
Post test examination of all major TBD n/a
components
Post test inspection of all bearings TBD n/a
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Data Requirements

The required accuracy of data will be established during NGNP conceptual design. The data from
this test will be used to generate circulator performance curves (pressure differential vs. mass flow
rate, input power vs. mass flow rate, etc.) to enable final predictions of NGNP primary side
aerodynamics prior to final preoperational plant testing. All data will be collected in a manner
consistent with NQA-1.

Deliverables

The following deliverables are required to document the results of the testing:

» Data characterizing the performance of the gas circulator (impeller and diffuser aerodynamics,
cooling system effectiveness, and motor efficiency, rotordynamics, effect of inverter on
incoming power supply)

» Circulator performance curves for air and helium
» Design package and specifications, including: 1) impeller design loads during normal and
transient events, 2) motor design loads during normal and transient events and, 3)

rotordynamics

» Test report comparing test results with design requirements and assumptions
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Fig. E-2: Test Schedule for Main Helium Circulator for TRL from 6 to 7
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APPENDIX F: CIRCULATOR SHUTOFF VALVE TEST PLANS
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F.1 Shutoff Valve Test Plan (TRL 6to 7)

NGNP Heat Transport
System

Test Plan for

Circulator Shutoff Valve
TRL6to 7

A

AREVA
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Circulator shutoff valves are located at the inlet to the circulators in the Main Heat Transport System
(HTS). These valves are required to remain open during plant operation and close during plant
shutdown to prevent excessive backflow of coolant through the circulator(s). The valves are
designed to operate passively using a counterweight to close the valve when flow stops and
aerodynamic forces to open the valve when there is flow. The NGNP Circulator Shutoff Valve is
located at the circulator inlet. The FSV Circulator Shutoff Valve was at the outlet.

Based on previous operating experience with similar valves, the primary design issues are:

Reliable cyclic operation of the valve at high temperature (failures and stiffening). The critical
test is that the valve opens when the circulator starts up. Long term cyclic testing is not
required due to the low number of cycles over valve lifetime (~1000) and the assumption that
in-service inspection will be performed during planned shutdowns.

Reliability of the valve actuation mechanism to close or open the valve. The conceptual design
relies on aerodynamics and gravity. Mechanical actuators are more complicated.

Effect of the valve operation on the circulator operation and performance.

The tests in this plan are expected to confirm valve design, operating characteristics, and
operation at the design operating conditions expected in the NGNP during reactor startup,
normal operation, and reactor shutdown. The performance of the valve will be characterized
by measuring its performance in air at both ambient temperature and at normal operating
temperatures. These measurements will provide data on the resistance to the gas flow
through the valve as a function of the position of the valve. The deposition of carbon
transported in the circulating helium from the Reactor Core onto the bearings is not considered
significant enough to lead to operational problems since the gas will contact colder surfaces
and complex flow geometries in the SG before flowing through this valve.

Technology Description and Readiness Level

Plant: NGNP

Area:

Heat Transport System

System: Main Heat Transport System

Subsystem/Structure: | N/A

Component: Circulator Shutoff Valve

Technology Readiness Level

Current TRL: 6

Next TRL: 7
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Required Tests to Achieve Next TRL

To reach a TRL of 7, a test will first need to be performed to test the operation of the valve in air at
standard temperature and pressure (STP). This test will be followed by a demonstration of the valve
operating under simulated plant conditions. These integrated tasks will cover reactor startup
conditions, steady-state conditions, and reactor shutdown. They should ideally be conducted while
the valve is connected to the circulator to ensure no interference of the circulator operation occurs
during valve operation. All proposed testing is manufacturer’s testing normally performed by
circulator vendors. No special facilities or other special items are needed.

The tests in air will validate the performance of the valve in air prior to high temperature testing in
conjunction with the circulator. These tests are designed to validate the operation of the valve and
record its operating characteristics. The tests will be conducted on a simple test rig that will be
constructed to support this work and will include the following:

« Functional testing of the valve at ambient conditions and recording the time taken by the valve
to open and close

« Testing of the pressure drop across the shutoff valve as a function of the valve position relative
to the gas flow rate

- Testing of the cyclic operation of the valve at ambient conditions to demonstrate repeated
operation without failure of the valve

Follow-on testing will demonstrate and validate the performance of the shutoff valve to fully open and
close when the gas circulator is turned on and off without stalling the circulator or impacting the gas
flow distribution through the impeller and diffuser while operating under simulated plant conditions,
startup, normal operation, and shutdown. The tests will be conducted using air as the test medium.

If the final design requires optimization based on test results, additional testing will be required to
finalize the valve configuration. Such optimizations may include actuator assist or modified flap and
housing shapes.

Tests of the final configuration of this valve in the NGNP test reactor are required to demonstrate
reliable performance during exposure to circulating helium coolant from the operating reactor over a
prolonged time. This test should include physical and visual examination of the valve bearings and
sealing surfaces. In-service inspection methods will be demonstrated as part of those tests.

Test Conditions
There is a shutoff valve on each of the main heat transfer loops of the NGNP reactor.

Both the circulator and valve assembly will be prototypical in capacity, materials, dimensions, and
functions and will have passed acceptance testing prior to start of performance testing. It is noted
that the shutoff valve may be tested with an actuator assist if required to achieve a full open and
closed position. A decision on the actuator will come in the conceptual design and, if one is used, it
will be validated through testing.
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Functional tests will demonstrate the performance of the valve over the full range of expected process
flow conditions (0 to 100% of normal mass flow rates and pressures) during startup, normal
operation, shutdown, and transients.

Normal operating conditions of the circulator shut off valve are as follows.

Table F-1: Normal Operating Conditions

Temperature 320C
Pressure 6 MPa
Mass Flow 141 kg/sec He

Startup conditions are as follows.

Table F-2: Startup Conditions

Temperature 100C
Pressure 0.1 MPa
Mass Flow 0.0 kg/sec He

The valve must fully open in forward flow with minimal obstruction to flow. The valve resistance must
be less than the circulator pressure rise and not cause the circulator to stall at startup conditions. The
valve must close when the circulator is shut down and remain closed under reverse flow conditions.
The pressure drop across the valve will be recorded over the full range of expected flow conditions (0
to 100%).

Valve degradation will be measured via post test visual examination for deformation (of the valve
seats) and alignment (of the valve, valve seat, and housing) and during in situ monitoring of the
housing leak rate. There is no criterion for leakage through the closed valve seat. Post-test leakage
from the housing should be minimal (e.g., <1% over 24 hours). The valve seating surfaces on the
valve seat and the valve will be subjected to nondestructive examination by using either penetrating
dye or penetrating fluorescent examination. Also, if the valve has a bolted connection, the gasket
joint surface will be subjected to nondestructive examination.

Valve degradation will be measured every 50 cycles until the valve fails to meet its functional
requirements. The valve may be tested longer to measure its degraded performance. The design
baseline document specifies 660 startups, 300 of which are from normal shutdowns and 360 are from
reactor trips. Over the life of the NGNP, 120 circulator trips are expected.

Setup Requirements

The setup requirements are as follows:

- An air test loop, including gas supply (air mass flow equal to 141 Kg/s of helium at 320C and
6 MPa), the 4 MW, circulator, heaters, piping, pressure gages, thermocouples, gas flow
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instrumentation, controllers and data recorders. The test loop will include an auxiliary blower
and header to simulate reverse flow conditions when the circulator is not operating.

- Dimensional and torque measuring instruments to measure the pre- and post-test torque
required to open and close the circulator shutoff valve and the valve position (degrees) when it
is open and closed.

« Nondestructive examination capability (may be penetrating dye or penetrating fluorescent).
- Pressure gauges and transducers and data recorders.

Proposed Test Location

The initial testing of the valve, including functional testing, cyclic operation and pressure drop
measurements should be conducted at the valve vendor’s facility as part of post-fabrication
acceptance testing. It is recommended that the integrated test be performed at the circulator
vendor’s test facility and included in the contract for circulator fabrication.

Test Duration

The integrated component tests of the circulator shutoff valve assembly (with and without actuator
assist) with the gas circulator should be completed during NGNP conceptual design. The duration of
the test of the circulator shutoff valve is estimated to be 12 months. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Figure F-1 at the end of this test plan.

Measured Parameters

The following parameters are required to be measured:

- Critical valve dimensions before and after test (mm)

- Depressurization and pressurization rates when the circulator is turned on and shut down
(MPa/sec)

. Reverse flow rates when the circulator is not operating (m?/s)

- Pressure and pressure drop across valve during testing (open, shut, and incremental
positions) (MPa)

- Closing and opening cycle time (sec)

« Number of cycles

« Valve position (degrees azimuth when open and closed)

« Deformation in all directions (cm)

« Post test valve seat nondestructive examination

+ Bearing torque (open and close) (Nm)

- Performance of the circulator during startup, normal operation, and shutdown
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Data Requirements

The required accuracy of the data and performance requirements will support plant design and
operations and be established during the NGNP conceptual design phase. All data shall be collected
in a manner consistent with NQA-1.

Deliverables

The following deliverables are required to document the results of the testing:

* Raw test data recorded in a dedicated log book

* Pictures and video recordings

» Copies of certificates of calibration for instrumentation
» Test report including analysis of valve performance

» Recommendations for design optimization

» Post-optimization confirmatory testing (if required)

ID | Task Name A1 [1 [2 3 4 [5 [6 [7 8 [9 [10 [11 [12 13
' Flapper Valve (TRL 6 to 7) :

2 Design Specifications —
& Manufacture valve ...

E Install valve in test facility £

. Conduct tests L]

E Integrate valve with circulator .

i Install assembly in test facility [

8 Integrated trials with circulator e

& Final NDE .

10 Final Report 0

Fig. F-1: Test Schedule for the Circulator Shutoff Valve for TRL from 6 to 7
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APPENDIX G: HOT DUCT TEST PLANS
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G.1 Hot Duct (TRL 5 to 6)
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Introduction

The Hot Duct (HD) is located internal and coaxial to the Cross Vessel between the Reactor Pressure
Vessel and the Steam Generator Vessel. The HD is a multi-layered, insulated assembly that allows
for the separation of hot and cold primary coolant within a single vessel. Hot helium coolant
(nominally at 750C with hot streaks up to 900C) f rom the core travels internal to the HD while cooler
helium at 325 returns to the core in the annulus between the outside of the HD and the inside of
the Cross Vessel. A cross section of the HD is illustrated in Fig. G-1.

The test plan proposes the following two tests to cover key areas:

» Develop and qualify manufacturing processes
» Perform an analytical performance assessment of the HD
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Fig. G-1: Hot Duct Layout
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Technology Description and Readiness Level

Plant: NGNP

Area: Heat Transport System
System: Main Heat Transport System
Subsystem/Structure: | N/A

Component: Hot Duct

Technology Readiness Level

Current TRL:

5

Next TRL:

6

Required Tests to Achieve Next TRL

The following two tests are required for the HD to advance to a TRL of 6:

Test 1. Component Manufacturing Development

Test 2. Analytical Performance Assessment
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Test 1: Component Manufacturing Development

Test Objective

The test objective is a manufacturing development effort to qualify the manufacturing processes for
the composite ceramic liner and the assembly of the HD.

Background Information

The HD design proposed for the NGNP is based on a design manufactured and tested in Germany in
the late 1980s. The HD for the NGNP may differ in subtle ways and may be somewhat larger than
that tested previously, but it is considered to be feasible.

Test Conditions

The manufacturing processes necessary to industrially fabricate key components of the HD must be
established. The composite ceramic liner provides the largest challenge, but fabrication of the
support tube, and possibly the liner from Alloy 800H, and the assembly of the components with the
wrapped ceramic insulation must be addressed.

Test Facilities to Support Component Manufacturing Development.

A suitable industrial manufacturer needs to be selected to develop the necessary techniques
associated with the manufacture of the HD. The vendor should be capable of conducting all
necessary engineering steps required to deliver a finished product that meets NGNP design
specifications and can be inspected to ensure compliance with nondestructive examination
requirements. The selection of the preferred vendor or vendors needs further exploration due to the
highly specialized nature of the work and the limited number of vendors with such capability and
availability.

Test Duration

The development of manufacturing processes and techniques must be completed prior to
manufacturing the representative mockup. The development and manufacturing time is estimated to
be approximately 28 months. A schedule of all tests required to move from TRL 5 to TRL 6 is shown
in Fig. G-2.

Measured Parameters

Manufactured components should meet all required engineering tolerances specified in the reference
design. Nondestructive examination should be conducted in compliance with the reference design
requirements.
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Deliverables
The following deliverables are required:

» Definition of the engineering processes necessary for the manufacture of the major
components of the HD

» Delivery of at least two sections of an engineering-scale HD that can be tested as an
engineering-scale demonstration
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Test 2: Analytical Performance Assessment

Test Objective

The objective of this test is an analysis that assesses the thermal hydraulic and structural
performance of the HD.

Test Conditions

This test is an analytical activity that requires no physical test facility. The conditions at which the
analysis will be performed must be consistent with the operating conditions of the NGNP as follows:

Table G-1: Test Conditions

Parameter Normal
Thot () 750

Thot W/ hot streaks () 900

Teod (T) 325
Pressure (MPa) 6.0 (nom)

7.0 (depressurization case)
Mass Flow Rate (kg/sec) 141 (nom)
165 (max)
Proposed Test Location

This task should be performed by the design organization or a subcontractor to the design
organization.

Test Duration

The analysis is estimated to take approximately eight months. A schedule of all tests required to
move from TRL 5 to TRL 6 is shown in Fig. G-2.

Measured Parameters

The following parameters are to be either measured or calculated:

» Steady-state heat loss from the hot side of the HD to the cold side
* Maximum temperatures on liner surface considering hot streaking from the core

» Temperature profiles during transient events
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» Structural performance during depressurization events
» Steady-state and transient stress analyses of the Hot Duct components

» Lifetime predictions considering steady-state and transient conditions as well as probabilistic
risk assessment (PRA) inputs

Other parameters may be considered necessary depending on the results of detailed design
activities.

Deliverables

The following deliverables are required to document the results of the analysis:

» Steady-state and transient temperature distributions
» Steady-state and transient stress distributions
* Predicted lifetime

» Sensitivity studies for key parameters, such as temperature, pressure differentials, etc.
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Task Name
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Analytical Performance Assessment
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Base model processing
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Fig. G-2: Test Schedule for Hot Duct for TRL from 5to 6
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G.2 Hot Duct (TRL 6 to 7)
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Introduction

The Hot Duct (HD) is located internal and coaxial to the Cross Vessel between the Reactor Pressure
Vessel and the Steam Generator Vessel. The HD is a multi-layered, insulated assembly that allows
for the separation of hot and cold primary coolant within a single vessel. Hot helium coolant
(nominally at 750C with hot streaks up to 900C) f rom the core travels internal to the HD while cooler
helium at 325 returns to the core in the annulus between the outside of the HD and the inside of
the Cross Vessel. A cross section of the HD is illustrated in Fig. G-3.

This test plan proposes a single test that covers the integration of the HD as a system in an
engineering scale demonstration.

Support Pipe (800H)

Ceramic Insulation

Intermediate Foil

Ceramic Insulation
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Fig. G-3: Hot Duct Layout
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Technology Description and Readiness Level

Plant: NGNP

Area: Heat Transport System
System: Main Heat Transport System
Subsystem/Structure: | N/A

Component: Hot Duct

Technology Readiness Level

Current TRL:

6

Next TRL:

7

Required Tests to Achieve Next TRL

The following test is required for the HD to reach a TRL of 7:

Test 1. Engineering Scale Demonstration
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Test 1: Engineering Scale Demonstration

Test Objective

The objective of this test is to demonstrate the performance of the HD under typical operating
conditions and to measure the effectiveness and durability of the unit. The thermal hydraulic and
thermomechanical performance will be determined to support validation of analytical design modeling
and predictions.

Test Conditions

Functional tests will be performed over the full range of expected aerodynamic conditions (mass flow
rate, pressure, and temperature) during startup, normal operation, shutdown, and transient
conditions. Cycling tests (i.e., ramping between steady state conditions) and steady-state operation
tests are required.

A detailed design of the connections between the HD and the Steam Generator and Reactor Core
internals will need to be addressed prior to testing of the final HD. Provisions for instrumentation also
need to be considered prior to installation in the test loop.

The number of cycles or hours needed to achieve meaningful results will be determined in conceptual
design. Normal service conditions to be tested are as follows while transient conditions will be
defined later in the design process for NGNP:

Table G-2: Test Conditions

Parameter Normal Startup
Thot (T) 750 100
Tcold (OC) 325 100
Internal Pressure 6.0 0.1
(MPa)

External Pressure TBD TBD
(MPa)

Velocity (m/s) TBD TBD

Hot Duct degradation will be measured via post-test visual examination for material anomalies,
including surface wear, deformations, and corrosion. Also, if the HD has a bolted connection, any
sealing or gasket joint surface shall be subjected to nondestructive examination (pre- and post-liquid
penetrating dye or penetrating fluorescent examination).
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Setup Requirements

The following equipment is required for the test:

A helium test loop including gas supply, piping, pressure gages, thermocouples, gas flow
instrumentation, controllers, and data recorders

Dimensional and torque measuring instruments to measure the pre- and post-test torque
required to hold and seal the HD fasteners during testing

Nondestructive examination capability (may be penetrating dye or penetrating fluorescent)

Contact pyrometers or thermocouples to measure temperatures at key locations

Proposed Test Location

A facility does not exist where this testing can be conducted. It is recommended that this test be
conducted in the 30 MWy, test loop at the Component Test Facility at Idaho National Laboratory.

Test Duration

The HD test duration is estimated to be 19 months and includes fabrication, pre-test examination,
installation, testing, post-test examination, and data reporting. A schedule of all tests required to
move from TRL 6 to TRL 7 is shown in Figure G-4 at the end of this test plan.

Measured Parameters

The following parameters will be measured before, during, and after testing:

All applicable welds and connection surfaces will be inspected via nondestructive examination
using either a penetrating dye or penetrating fluorescent prior to testing and post-testing

Radial temperature profile as a function of pressure inside the duct (T)

Pressure response of the thermal insulation during depressurization events (kPa)
In-duct and exterior sound power levels and frequencies (dB vs. Hz)

Deformation in all directions (mm)

Thermal expansion in all directions (mm)

Examination of the insulation material

Temperature profile along the duct ()

Pressure drop across the duct (kPa)

Examination of the ceramic spacers

Pre- and post-test preload on all relevant fasteners

This list will expand if further data are found to be necessary during the detailed design activities or
during activities performed by the HD vendor.
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Data Requirements

The required measurement accuracy for all test parameters will be determined during conceptual

design. All data will be collected in a manner consistent with NQA-1.

Deliverables

The following deliverables are required to document the results of the testing:

All manufacturing data for the HD including Certified Material Test Reports (CMTRS), analytical

data, nondestructive examination data, and manufacturing reports

A characterization report documenting the thermal hydraulic and thermomechanical behavior

of the HD (heat resistance and acoustics), with characterization of the stresses experienced
during transient events for the various subcomponents

All thermal expansion data and all raw test data

Recommendations for design optimization

Post-optimization verification testing (if required)
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Primary Hot Gas Duct (TRL 6 to 7)

Detailed Test Plan
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Order long Lead ltems and Fabricate PHGD
Measurements at Test Facility
Installation of Hot Duct into test loop
Initial start-up and Steady State Tests
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Fig. G-4: Test Schedule for Hot Duct for TRL from 6 to 7
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APPENDIX H: STEAM GENERATOR TEST PLANS

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 178 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

H.1 Steam Generator (TRL 6 to 7)
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Introduction

The Steam Generator (SG) illustrated in Fig. H-1 is the link between the heat transport loop and the
Power Conversion System (PCS). Steam generator technology is very mature. However, due to the
higher temperature operation and large size of the NGNP Steam Generators, some testing is
recommended to confirm performance before installation into the plant. The recommended testing is
described in this test plan.
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Fig. H-1: Steam Generator Cutaway
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Technology Description and Readiness Level

Plant: NGNP
Area: Heat Transport System
System: Main Heat Transport System

Subsystem/Structure: | N/A

Component: Steam Generator

Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

The following four tests are required for the SG to achieve a TRL of 7. These tests are as follows:
Test 1. Qualification of Bimetallic Welds
Test 2. Characterization and Codification of Alloy 800H
Test 3. Component Manufacturability Development

Test 4. Testing of Engineering Scale Prototype
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Test 1. Qualification of Bimetallic Welds

Test Objective

The objective of this test is to characterize the properties of the bimetallic welds at the evaporator and
superheater tube bundle.

Background Information

Although extensive experience with welding Alloy 800H to 2.25Cr1Mo exists, qualification of the
vendor weld process for the NGNP is recommended.

Test Conditions

Testing under conditions similar to those expected in the NGNP is needed for the bimetallic (Alloy
800H to 2.25Cr1Mo steel) weld joints located at the evaporator and superheater tube bundle. The
tests will be conducted in air at temperatures up to 700 °C for 10,000 hours.

Test Facility to Support Qualification of Welds

The required tests are standard material tests in air at high temperature. No special equipment or
facility is required.

Proposed Test Location

The testing is standard material testing that can be conducted by the national laboratories at ORNL,
INL, and PNNL or at a university.

Test Duration

The materials testing must be completed over long periods (10,000 hours) but the samples are
standard material coupons to be tested in standard test apparatus. Therefore, the setup time for the
testing will be short and the testing can be completed in 18 months. A schedule of all tests required
to move from TRL 6 to TRL 7 is shown in Fig. H-2.

Measured Parameters

The measured parameters for the testing of the bimetallic welds are:

* Tensile strength
* Creep rupture

* Fatigue
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Data Requirements

The accuracy of all measurements taken during the tests will comply with the standards required to
support codification. All data collection will comply with NQA-1.

Deliverables

The primary deliverable required to document the results of this testing is the characterization data for
the bimetallic welds. The following information will be provided:

* Raw test data

* Photographic and video recordings

» Data and design rules for calculating creep fatigue damage at high temperatures
» Data defining tensile and creep properties and allowable stress limits
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Test 2: Characterization and Codification of Alloy 800H

Test Objective

The objective of this test is to expand the material data base on Alloy 800H to meet the requirements
for NGNP. The design requirements are under development.

Background Information

The temperature operating range on the shell side for conventional plant steam generators is on the
order of 750 °C. Alloy 800H is already approved for use up to 760C under ASME Boiler and
Pressure Vessel Code Section Ill, Subsection NH and efforts are in progress to extend its use to
higher temperatures. Long term material tests at higher temperatures are needed expand creep and
fatigue data for 800H up to the plant design life. The SG design life has not been established but
plant reliability, availability, and economic considerations favor setting it as close to the plant design
life of 60 years as data permits.

Test Conditions

The required testing needs to expand the materials database for Alloy 800H beyond the temperatures
that will be encountered in the NGNP. The tests will be conducted at temperatures up to 750 °C in a
representative atmosphere.

Test Facility to Support Characterization and Codification of Material

The required tests are standard material tests in air at high temperature. No special equipment or
facility is required.

Proposed Test Location

The tests are standard material tests that can be conducted by the national laboratories at ORNL,
INL, and PNNL, or at a university.

Test Duration

The required materials tests must be completed over long periods (50,000 hours) but the samples are
standard test coupons that will be tested in standard test apparatus. Therefore, the setup time for the
testing will be short and the testing can be completed in 18 months. A schedule of all tests required
to move from TRL 6 to TRL 7 is shown in Fig. H-2.
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Measured Parameters

The measured parameters for the tests of Alloy 800H are:
* Tensile strength
* Creep rupture
* Fatigue

Data Requirements

The accuracy of all measurements taken during the tests will comply with the standards required to
support codification. All data will be collected in a manner consistent with NQA-1.

Deliverables

The primary deliverable required to document the results of this testing is a code case for Alloy 800H.
The following information will be provided:

* Raw test data

* Photographic and video recordings

» Data and design rules for calculating creep fatigue damage at high temperatures
» Data defining tensile and creep properties and allowable stress limits
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Test 3: Component Manufacturability Development

Test Objective

The objective of this test is to demonstrate that the forging process for the ring-shaped hot header for
the Steam Generator is adequate.

Background Information

The ring-shaped hot header is installed in the SG at the hot end and operates at the inlet temperature
of 750 °C. While there is a high confidence in the manufacturability of the hot header, the fabrication
method has not been established for the required forging size. Therefore, fabrication testing is
required.

Test Conditions

The tests will include evaluation of the forging processes by the forging vendor, as well as alternative
manufacturing methods (e.g., bending plates, using pipe fittings). This development testing will be
performed on done at full scale header components.

Test Facilities to Support Development of Manufacturing of Components.

Forging process development will be conducted at the forging vendor’s facility. Alternate
manufacturing methods testing will be conducted by a pipe fitting vendor, or at an MHI fabrication
facility.

Test Duration

The forging process development and alternative manufacturing methods development will be
conducted in parallel over approximately 20 months. A schedule of tests required to move from TRL
6 to TRL 7 is shown in Fig. H-2.

Deliverables

The deliverable is a definition of the engineering processes for manufacturing the ring-shaped hot
header for the Helical Tube Steam Generator will be contained in a test report.
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Test 4: Engineering Scale Demonstration

Test Objective

The objective of this test is to demonstrate the performance of the Steam Generator under design
conditions and to measure it's effectiveness and durability. The following objectives will be achieved
by this test:

* Thermal hydraulic performance test of the SG
* Flow stability, and test of water and steam system control
* Analytical estimation and validation of flow induced vibration behavior of the tube bundle

* In service inspection (ISI) of tubes with trial ISI equipment (if inspection of tubes required)

Power testing at approximately one-tenth scale will be adequate to meet the test objectives. During
the test, the helium velocity, pressure, and temperature will be maintained similar to what would be
seen in the NGNP. This scale testing will produce the needed results by keeping the number of
helical tube layers at more than three and the tube size and pitch equivalent to the NGNP
configuration.

Background Information

The proposed design of the helical tube Steam Generator for the NGNP builds experience gained
from building a similar unit for the Fast Breader Reactor. Tests would be conducted to validate
complete unit manufacturing, to optimize the design, and to demonstrate the functionality under the
operating parameters. AREVA recommends making the decision to have this test after assessing the
impact of Steam Generator performance risk on the project risk.

Test Conditions

The engineering scale tests shall cover the range of temperature, pressure differential, and flow
range conditions of NGNP operation during startup, normal operation, shutdown, and transients.
Normal service conditions to be tested are as follows:

Table H-1: Test Conditions

Primary Side Thet (T) 750
Primary Side T¢oig () 320
Primary Side Pressure (MPa) 6
Primary Side Flow Rate (kg/sec) 14.1
Secondary Side Tt (T) 566
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Secondary Side T () 281
Secondary Side Pressure (MPa) 16.7
Secondary Side Feed Water Flow Rate 14.1
(kg/sec)

Power Rating (MWy,) 30

Testing should be performed with varying primary and secondary circuit flow rates to establish the
heat removal capability as a function of flow rate.

Test Facility Required To Support Functional Testing

A high temperature helium test loop and secondary water and steam loop capable of operating over
the operating conditions described above are needed. Initial calculations indicate a heat source
equivalent to 30 MWy, should be sufficient to conduct the tests. The test facility should be
instrumented with real-time monitoring to allow the measurement of temperature and flow rates on
the primary and secondary circuits during testing of the unit over the range defined in the test
operating conditions.

Proposed Test Location

A Component Test Facility with a 30 MWy, loop has been proposed for testing at the Idaho National
Laboratory.

Test Duration

The engineering scale testing should be completed prior to manufacturing the NGNP helical tube
steam generator. The test duration is estimated to be approximately 12 months. A schedule of all
the activities required as part of this development activity (design, installation, test, post test
measurements and reporting) is shown in Fig. H-2.

Measured Parameters

The following parameters are required to be measured before, during, and after testing:

» Strains in tube plate, tube bundle, and hot header
» Distribution of primary flow in tube bundle

* Flow induced vibration

* Bypass flow between tubes and outer shell

» Effectiveness (ratio of heat transferred to the maximum possible with an infinite area) of the
Steam Generator as a function of operating parameters

» Physical and nondestructive examination of all internal components following test

AREVA FEDERAL SERVICES, LLC NON-PROPRIETARY Page 188 of 218



TDR-3001031-003
NGNP Technology Development Road Mapping Report

This list will expand if further data are found to be needed during detailed design activities or as a
result work done by the heat exchanger vendor.

Data Requirements

All data shall be collected in a manner consistent with NQA-1.

Deliverables
The following deliverables are required to document, in the form of a test report, the results of the
testing:

* Raw test data

» Data characterizing the thermal hydraulic behavior of the SG

» Characterization of the stresses and strains experienced during transient events for the various
subcomponents (hot header, tube bundle, etc.)

* Report on the visual inspection and nondestructive examination of the component following
testing
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12 |15 (18 21 |24 |27 |30 |33 |36 |38 (42 |45

ID_ [Task Name -
1 |Helical Tube Steam Generator (TRL 6 to 7) -
2 | Material testing of Alloy 800H >
8 Manufacture test coupons
4 Identify and contract test laboratory(ies)
5 Test setup -
6 Test

7 Analysis of results

8 Reporting

° Component manufacture demonstration

10 Design drawings for components

" Manufacturing requirements

12 Procurement of materials

13 Manufacturing tests

14 Inspection and review

15 Reporting

18 Engineering Scale Demonstration

17 Design and manufacture of SG mockup

18 Installation SG into test loop

18 Test

20 Post test measurements

21 Reporting

Fig. H-2: Test Schedule for Steam Generator for TRL from 6 to 7
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APPENDIX I: PRIMARY LOOP INSTRUMENTATION TEST PLANS
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.1  Primary Loop Instrumentation (TRL 6 to 7)

Other Reactor Support Systems

Test Plan for
Primary Loop
Instrumentation
TRL6t0 7

A

AREVA
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Introduction

The Primary Loop Instrumentation is used with Nuclear Instrumentation to control the neutron flux
and operating pressure and temperature in the Reactor Core.

The Primary Loop Instrumentation included in this test plan is the critical PASSC required for plant
protection and Plant Control System measurements. The NGNP Preconceptual Design identified the
following sensor inputs from the primary loop: flow rate measurements, reactor cold leg temperature
sensors, reactor hot leg temperature sensors, pressure sensors, and moisture sensors. The signhals
from these instruments provide inputs to the Plant Protection System, the Plant Control System, and
the Plant Monitoring System. The flow rate, pressure, humidity, and temperature signals are part of
the safety system and are part of the reactor trip control logic. The moisture level is also monitored
by the operator and used to manually control the Helium Service System, which removes moisture
and other impurities to prevent material corrosion in the reactor and primary loop.

The NGNP conceptual design activities will determine accident scenarios, the required
measurements, the sensor environment, and the sensor requirements for each instrument. Some
preliminary values are shown in Table I-1.

Table I-1: Sensor Operating Parameters

Sensor Precision Operating Range Survival Range
< 750°C <900°C
Temp HL 2-3%
<6 MPa <7 MPa
< 350°C <400°C
Temp CL 2-3%
6 MPa 7 MPa
100°C - 300°C 200°C - 300°C
Pressure 2%
7 MPa 7 MPa
Flow Rate 1 RPM circ speed n/a n/a
Moisture 100-1000 vpm 00°C
(Reactor 10% 200°C
Protection 7 MPa
System) 7 MPa
0.0-0.1 MPa
200°C - 300°C
AP 5% 100°C - 300°C
7 MPa
7 MPa
- 2~ 100 vpm 200°C — 300°C
Moisture 10% 100°C — 300°C
(monitored) 7 MPa
7 MPa

These instruments are commercially available but have not been used at NGNP operating pressures
and temperatures. Testing is required to verify acceptable accuracy, sensitivity, and lifetime. The
tests will include testing candidate designs of the sensor-loop mechanical interface to determine if
designs or interfaces impact the accuracy of the measurements and whether the device is leak tight.
More than one type of sensor may be used for each application to improve reliability.
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Technology Description and Readiness Level

Plant: NGNP
Area: Other reactor support systems
System: NHS Plant Control and Monitoring System

Subsystem/Structure: | Primary Loop Instrumentation

Component: Sensors

Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

Tests will be performed in helium under simulated plant conditions to reach TRL 7. Tests need to be
performed at expected reactor startup, normal, shutdown, and off-normal operating conditions. Two
tests are required for each component.

Test Conditions

The test conditions will cover the range covering cold startup (ambient pressure and temperature),
normal operation (750C and 6.0 MPa on the hot side ), and off-normal conditions, identified in Table
I-1.

Setup Requirements

A small helium test loop with pressure and temperature controls, and data recording system is
required.

Proposed Test Location

The tests are proposed to be conducted in the 1 MWy, loop of the Component Test Facility at the
Idaho National Laboratory.

Test Duration

The verification and qualification tests of the Primary Loop Instrumentation should be completed
during NGNP conceptual design. The duration of the testing of flow rate, temperature, pressure, and
moisture sensors is nine months. A schedule of all tests required to move from TRL 6 to TRL 7 is
shown in Fig. I-1.
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Measured Parameters

The following parameters will be measured:

* Flow rate (kg/s)
* Moisture (%)
* Pressure (MPa)
* Temperature (°C)
* Number of thermal cycles
» Time (at test conditions) (hours)
Data Requirements
The required accuracy of the data and performance requirements needed to support plant design and

operations will be established during NGNP conceptual design phase. All data will be collected in a
manner consistent with NQA-1.

Deliverables

The following deliverables are required to document the results of the testing:
* Raw test data recorded in a dedicated log book
» Pictures and video recordings
» Copies of certificates of calibration for instrumentation

» Test report including analysis of sensor performance

« Recommendations

w| | = @ | & ow] o =3

Task Name -1 1 2 3 4 5 5] 7 ] 5 10

Primary Loop Instrumentation (TRL 6-7) y y y N g g . . .
Tests in He at NGNP conditions e ———

Test item procurement
Update of test plan

Test procedure development
Test setup and installation : : : : : :

Test E E E E:::::::.:::::::::::.::::::::::.:::::::::::.:::::::::l:

Test item removal : : : : : : : .
Test item inspection
Data analysis . . . . o EEEEEEEE T

[=]

-y

Reporting

Fig. I-1: Test Schedule for Primary Loop Instrumentation for TRL from 6 to 7
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APPENDIX J: FUEL HANDLING SYSTEM TEST PLANS
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J.1 Fuel Handling Machine (TRL 6 to 7)

Other Reactor Support Systems
Test Plan for
Fuel Handling Machine
TRL6t0 7

A

AREVA
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Introduction

This Fuel Handling System, illustrated in Fig. J-1, test plan describes actions needed to move the
Technology Readiness Level (TRL) from 6 to 7. These actions involve identification and testing of
materials for seals, bearings, and lubricants for use in the high purity helium environment of the
NGNP.

Fuel Elevator
Counterweight Tube

L

Fuelling Adapt = Fuel Elevator
MR _—in UP position

e

Fuel Elevator
in DOWN position

—  } aa9ae

Fig. J-1: Fuel Handling Machine
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Technology Description and Readiness Level
Plant: NGNP
Area: Other reactor support systems
System: Reactor Support Systems

Subsystem/Structure: | Fuel Handling Machine

Component: N/A
Technology Readiness Level

Current TRL: 6

Next TRL: 7

Required Tests to Achieve Next TRL

The following tests are required:

Test 1.
Test 2.
Test 3.

Test 4.

Seal selection tests
Bearing selection tests
Lubricant selection tests

Component functional and endurance tests

In addition, each major Fuel Handling System subcomponent (Fueling Adaptor, Fuel Elevator, Fuel
Handling Machine, Fuel Server) must be tested for function and endurance to ensure compliance with
design and operational requirements before being assembled at the NGNP site. This testing includes
the physical operation of the subcomponent and all controlling electronics and computer coding.
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Test 1: Seal Selection Test

Test Objective

The objective of the first test is to identify a suitable material, or set of materials, for use in the various
soft seals within the Fuel Handling Machine and to perform tests that verify the expected
performance. As currently configured, the Fuel Handling System contains the following soft seals:

* Fueling Adaptor-to-Control Rod/ Instrumentation Penetrations
* Fuel Elevator-to-Fueling Adaptor

* Fuel Handling Machine-to-Fueling Adaptor

* Fuel Server-to-Fuel Handling Machine

* Near Module Spent Fuel Storage-to-Fuel Server

The exact configuration of these seals, including initial material selections and resulting key
performance parameters, will be known only after completion of later design activities. The test
parameters provided in this plan are general and will need to be updated in more detail as information
becomes available.

Test Conditions

It is assumed all of these seals will be exposed to helium at refueling temperature (assumed at this
time to be 100, which must be verified once the a ppropriate calculations are conducted) on one
side and at ambient atmosphere on the other side. The pressure difference across the seal is
expected to be small. The side that will be higher will depend on analysis of the tradeoff between
potential release of radionuclides against the potential for contamination of the primary coolant loop.

It is also assumed there will be testing of the seals under accident conditions, which are undefined at
this point. Test temperatures, durations, and seal performance requirements can be established after
detailed safety analyses of the appropriate refueling accidents are conducted.

Test Configuration

The configuration of the individual tests can be determined once the seal geometries are known.

Test Duration

Individual test durations need to be sufficient to evaluate the measured parameters described below.
The seal components testing is estimated to take from six months to one year. The testing can begin
after the design of the Fuel Handling Machine hardware is completed and after appropriate accident
analyses have been performed. This will provide definition of the required test geometries and
conditions. Testing multiple seal types, to cover the seal needs of the different components, should
be conducted in parallel to minimize overall test time. The anticipated schedule for seal testing is
based on testing a single seal type. The preliminary schedule for all of the activities required to
perform this test (seals design, procurement, test plan update, test plan development, test loop
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identification and contacting, setup and installation, testing, seals removal, data analysis, and
reporting) is presented in Fig. J-2.

Proposed Test Location

The tests can be performed at many qualified material testing facilities.

Measured Parameters

The following parameters will be measured:

* Resistance of the seal surface to mechanical abrasion by mating components, both during
assembly/disassembly (sliding wear) and during system operation (wear due to vibration)

» Loss of seal elasticity as a function of time at design compression (seal material “creep”)
» Loss of seal elasticity as a function of compression cycles (seal material fatigue)

» Seal vendor data will also be used to provide an assessment of uncompressed seal elasticity
degradation in ambient air as a function of time

Data Requirements

The requirements for collection and evaluation of the data produced by these tests are based on the
safety significance of the Fuel Handling Machine seals. Once these determinations have been made,
the data requirements can be established. All data shall be collected in a manner consistent and
compliant with NQA-1.

Test Evaluation Criteria
The results of these tests will be used to provide an evaluation of the expected lifetime of the soft

seals as a function of both number of refueling cycles and overall seal age. The acceptability of the
results will be based on the cost and ease of replacement of each individual seal.

Deliverables

These tests will provide an evaluation of the expected useful lifetime of each soft seal within the Fuel
Handling Machine. The testing and results will be documented in a test report.
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Test 2: Bearing Selection Tests

Test Objective

The objective of this activity is to identify a suitable material for use in the various bearings within the
Fuel Handling Machine and to perform appropriate tests to verify expected performance. A second
objective is to identify bearings that require lubrication.

The bearings considered in this activity are those within the helium boundary of the Fuel Handling
Machine. Bearings outside of this boundary are considered to be normal industrial components that
do not require specialized development or testing. Specific bearing requirements, locations, and
operating environments will be determined based on the detailed design of the Fuel Handling
Machine equipment and the calculations of core conditions during normal refueling activities and
accident conditions.

Test Conditions

It is assumed all bearings are within the helium boundary and will operate at a minimum temperature
of 100°C, based on the helium temperature conditions described for Test 1. Increases in temperature
and the impacts of the local radiation field for bearings in close proximity to the fuel blocks, or in those
that must remain operational under accident conditions will also be considered in the test program,
based on calculated decay heat production and accident temperatures. The bearing performance
tests will be conducted in a helium environment.

Test Configuration

The configuration of the individual tests can be determined once the applicable seal geometries are
known.

Test Duration

Individual tests must last long enough to evaluate the measured parameters described below. It is
estimated the testing of the bearings may take from six months to one year. The testing can begin
after the design of the Fuel Handling Machine hardware is complete and after appropriate accident
analyses have been performed. This will provide definition of the required test geometries and
conditions. Testing of multiple bearing types, to cover the needs of the different components, should
be conducted in parallel to minimize test time. The anticipated schedule for bearing tests is based on
testing a single bearing type. The preliminary schedule for this test series, including bearing design,
procurement, test plan revision, procedure development, test facility identification and contracting,
test setup and installation, testing, test item removal, data analysis, and reporting, is presented in Fig.
J-2.

Proposed Test Location

The tests can be performed at many qualified material testing facilities.
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Measured Parameters

The following parameters will be measured during the performance tests:

» Bearing performance in excess of the design requirements for the Fuel Handling Machine

» ldentification of performance limiting conditions associated with elevated refueling accident
temperatures

Data Requirements

The requirements for collection and evaluation of the data produced by these tests are based on the
safety significance of the Fuel Handling Machine bearing. Once these determinations have been
made, the data requirements can be established. All data shall be collected in a manner consistent
and compliant with NQA-1.

Test Evaluation Criteria

The performance tests must be sufficient to demonstrate acceptable bearing performance within the
system design requirements in a statistically significant manner.

Deliverables

The deliverables for this activity are:

» Identification of bearing materials for all Fuel Handling Machine applications that meet the
appropriate design requirements

» Performance verification test results for bearings under normal operation and accident
conditions

* ldentification of bearing locations and applications that require lubrication

» Test report documenting the above data.
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Test 3: Lubricant Selection Tests

Test Objective

The objective of this test is to verify the expected performance of the lubricants selected for use in the
Fuel Handling Machine bearings. Performance parameters include the lubricating function, and the
potential for contamination of the primary coolant loop with lubricant.

The lubricants considered in this activity are those required for bearings within the helium boundary of
the Fuel Handling Machine. Lubricated bearings outside of this boundary are considered to be
normal industrial components that do not require specialized development or testing. Specific
lubrication requirements will be established upon completion of the final design of the Fuel Handling
Machine equipment and completion of core environment calculations for both normal refueling
conditions and applicable accidents.

Test Conditions

It is assumed all lubricated bearings within the helium boundary will operate at a minimum
temperature of 100C, based on the helium temperatu re conditions described for Test 1. Additionally,
increases in temperature and impacts of the local radiation field for those lubricated bearings in close
proximity to the fuel blocks, or in those that must remain operational under accident conditions, will be
considered in the test program, based on calculated decay heat production and accident
temperatures. These performance tests will be conducted in a helium environment.

Test Configuration

The configuration of the individual tests can be determined once the applicable lubricated bearing
geometries are known.

Test Duration

Individual test durations must be sufficient to evaluate the measured parameters described below. It
is estimated that the testing of the lubricants may take from six months to one year. The testing can
begin after the design of the Fuel Handling Machine hardware is complete and after appropriate
accident analyses have been performed. This will provide definition of the required test geometries
and conditions. Testing of multiple lubricant types, of different components, should be conducted in
parallel to minimize overall test time. The anticipated schedule for lubricant testing is based on the
testing of a single lubricant type. The preliminary schedule for this test series, including identification
of candidate lubricants, procurement, test plan revision, procedure development, identification and
contracting a test facility, test setup and installation, testing, test fixture disassembly, data analysis,
and reporting, is presented in Fig. J-2.

Proposed Test Location

The tests can be performed at many qualified material testing facilities.
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Measured Parameters

The parameters to be measured include:

» Lubrication performance in excess of the design requirements for the Fuel Handling Machine

» ldentification of performance limiting conditions associated with elevated refueling accident
temperatures

+ Determination of the material loss rate, and characteristics of the lost material, as a function of
temperature

Data Requirements

The requirements for collection and evaluation of the data produced by these tests are based on the
safety significance of the Fuel Handling Machine bearings. Once these determinations have been
made, the data requirements can be established. All data shall be collected in a manner consistent
with NQA-1.

Test Evaluation Criteria

The performance tests must be sufficient to demonstrate acceptable bearing lubrication performance
within the system design requirements in a statistically significant manner. Additionally, the material
released from the bearings shall not introduce the potential for unacceptable contamination of the
primary coolant loop.

Deliverables

The deliverables for this activity are:

» ldentification of lubricants for all appropriate Fuel Handling Machine applications that meet the
specified performance requirements

» Performance verification test results for those lubricants under normal operation and accident
conditions

» Material loss characteristics data under normal operation and accident conditions with an
assessment of these loss rates on primary coolant loop contamination

» Test reports documenting the above data.
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Test 4: Component Functional and Endurance Tests

Test Objective

The objective of these tests is to ensure each Fuel Handling System subcomponent operates as
designed prior to shipment to the NGNP site and assembly into an integrated system. Specific
design requirements for each portion of the Fuel Handling Machine will be developed during the initial
phase of the detailed design activities for this system. Operational test plans will be developed based
on these design requirements.

Test Conditions

General functional tests can be conducted in air at room temperature. Specific functionality of those
parts of the Fuel Handling Machine exposed to significantly elevated temperatures within the core
region will be tested at appropriate temperatures. The test atmosphere requirements for the
endurance tests will be designed to mimic the elevated temperatures and helium atmosphere of the
expected operating environment.

Test Configuration

Each subsystem will be tested by using jigs and test fixtures to mimic key aspects of interfacing
subcomponents.

Test Duration

All functional tests are envisioned as short-duration operability checks. The long-term endurance
testing is planned to mimic a refueling outage where the fuel is being handled 24 hours a day for at
least 25 days. The cost and schedule of these tests will be included within the work scope for the
supply of the Fuel Handling System subcomponents. The testing of each subcomponent may have to
be conducted in series, with the potential for some limited overlap, should all of the subcomponents
be fabricated by the same vendor. The preliminary schedule for this test series is presented in Fig.
J-2.

Proposed Test Location

These tests will be conducted at qualified subcomponent vendor’s facilities prior to shipment to the
NGNP site.

Measured Parameters

For each subcomponent, parameters that impact operational performance and interface
considerations will be assessed. These parameters may include operability under expected loads,
repeatability of movements in space, system stability, and etc. The subcomponent’s operation and
stability of the electronics and software associated with operation will be assessed as part of the
testing process.
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Data Requirements

These tests are envisioned as pass-fail. Therefore, no data will be generated beyond that needed to
make this assessment.

Test Evaluation Criteria

The success of these tests will be based on the ability of the subcomponents to meet their operational
requirements, including continuous operation during a mock refueling outage.

Deliverables

The deliverable will be a report identifying the tests conducted and certifying that the subsystem
successfully passed the tests.
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Fig. J-2: Test Schedule for Fuel Handling Machine for TRL from 6 to 7
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APPENDIX K: TECHNOLOGY DEVELOPMENT ROAD MAPS
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Reactor Internals Technology Development Road Map

Candidate
Technologies

Decision Discriminators

Material Properties

Product Consistency

Final product exhibits acceptable
material properties as defined by
stress limits, strength and
toughness requirements,
irradiation performance.

Final material exhibits consistent,
well defined and repeatable
properties as verified by statistical
testing

Ease of Fabrication

Mechanical Properties

Final product exhibits acceptable
mechanical properties for
from

material (stress limits, strength
and toughness requirements)

Composite requires ly few,
well-defined and readily executed

fabrication steps

Cost

Thermal Properties
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material pared to

Final product exhibits p
thermal properties (thermal
ductivity, high temp

, ing lifetime
costs
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o
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Top Plenum Shroud Structure
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TRL=5
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Down
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« Produce final, or near-to-final, designs of all reactor
internals components

« Select materials (composite/ceramic) for upper core
restraint based on cost and performance

Validated

Tasks to Achieve TRL =7

TRL=6

Qualification of Composite Materials

o Test upper core restraint blocks
o Conditions
o Environment: Helium
o Maximum Operating Temperature: 350°C
o Maximum Accident Temperature: 1100°C
o Limited irradiation testing
o Statistically significant number of samples to
qualify material properties (may be 1000's)
o Test lower floor blocks
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o
o
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Figure K-1: Reactor Internals Technology Development Road Map
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Reactor Core Technology Development Road Map

Tasks to Achieve TRL =5

Qualification of nuclear grade graphite

* Being conducted under a dedicated program

* Determine physical, thermal, and mechanical properties
as a function of temperature and neutron fluence over
the ranges expected in the NGNP

A

Decision Discriminators
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Total heat capacity of core design
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Procurement cost in [$]. Design
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Development Schedule
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Bypass Flow Testing
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o Duration:

o Testing must cover the ranges of temperature
and flow at fine enough resolution to properly
characterize the hydraulic performance as a
function of temperature and flow

Al Bins ins cannot shear
Shear P

Facet Corner Bevel | there can be no chipping from loading or
Damage unloading

Thermo-mechanical Testing

e Ci ize thermo-i ical per of core
blocks
* Validate yti ing and p

* Conditions:

o Environment: air

* Temperature Range: 20 °C — 1200 °C
o Duration:

o Testing must cover the range of temperature at
fine enough resolution to properly characterize
the thermo-mechanical performance as a function
of temperature

Structural Integrity Testing

Y
Tasks to Achieve TRL = 6

Design components

* Produce near-final design of fuel blocks for design and
performance acceptability evaluation

Technology

Down Select Tasks

Experience from GT-MHR design experience

Down

Selection

Y
Validated
TRL=6

e Ch ize loading and
blocks
o limit travel speeds to avoid damage to block
o travel speed must be fast enough to support
refueling times
Ch ize seismic per
Assess impact on alignment pins
Determine performance of integrated system of core
and core internals
* Assess shifting of components
* Assess possible blockage of coolant or reactivity
control channels
Validate yti ing and p
Conditions:
* ambient conditions
o Seismic load range of 0.0 - 0.3 G's

impact on core

of core blocks

Performance Acceptability Criteria

Maximum Stress in
core block

< TBD MPa

Structural
Design and
Performance
Acceptable

no

Redesign alignment

pins or facet corner
bevels

Conducted proprietary design studies

Performance Acceptability Criteria

Bypass Flow

< TBD % of system flow

Thermo-
mechanical
Stresses
Acceptable

yes

Adijust radial and
axial peaking to limit
stresses in
acceptable range

Bypass Flow
Acceptable

yes
Adjust steady-state
and transient
analyses
A

A 4

Date

April 2009

AREVA

Revision
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Control Rod Drive Technology Development Road Map

Now TRL = 4 Tasks to Achieve TRL =5 Tasks to Achieve TRL =6
Performance Acceptability Criteria
DeCISIOI'l DISCI’ImInatOFS Control Rod Equipment 4 (i RS Control Red Equipment (Composites only) Specification Materials and assemblies demonstrated to
/ iitions Compliance meet specifications (TBD
; Control Rods - Alloy 800H 8 & Modeling to define envelope operating COHCMIOI’?: « Control rod development p! P! ( )
Candidate Material Properties. Reliability Operating Costs mneluding maximum:normatand ot nomal control rod & Canister and connector fabrication and testing
Technolo ies Control Rods - C/C 4 ;fg:z?’;:?fgm?g;nﬁ& ;ﬁz‘i\‘!‘eﬂ?mw anvalops..and o Assembly and testing of control red components
g The physical, thermal and The mean time to failure in [hours] Costs for maintenance, inspection o DGeibn ahaltos to dutarmine Allov SUDH antelrod (Temp., He, irradiation)
‘“90’7?”"05\‘ PFODe;UE’S of the Design with longest time is more and repair over lifetime of Control Rods — SIiC/SiC 4 perfs:mwncgen;elope - Y # Guide tube development
. material compared to desirable. component in [Siyear]. Design S . o Interface with stand pipe testing
CR Cladding requirements established during with lowest [$/year] value is more Guide Tubes - Alloy 800H 7 4 Limited sEsting, (nelliding iREditionand He 2 o Fabrication and Eemlyng of full-length tubes
design. The material providing the environment) for C/C and SiC/SiC composites to obtain =
S @ desirable (mechanical, thermal and environment)
greatest design margins is Availability Guide Tubes - CIC 4 duia lariarielyses 4 =
Al S00H preferred & Design analyses for C/C and SiC/SiC composite control Validated
. 9 - ds Performance
Availability factor is calculated as Development Risk CRDM Cable 4 o E— Yes—— _
Envitonmiental Staniliy 1.0 minus the ratio of time the: = Acoeptbla? TRL=6
component is available to the total Current TRL and effort required to CRDM Drum Drive 6 Guide Tubes /
'CIC Compaosite . . design life of the component reach TRL = 7. Design with the e
Long-term stability in hot helium in Design with value closest to 1.0 is lowest cost and least risk is CRDM Position Indicator 6 + Modeling to define maximum off-normal temperatures
the event of water or air ingress more desirable preferred for guide tubes
. . The material showing superior CRDM Force Sensor 6 * Assess Alloy 800H guide tube performance and high-
SiC/siC stability is preferred — temperature exposure impact
Composite 7 ility Licensing Risk + Development and limited testing for C/C composites to No
define cost and performance of guide tubes
Material Compatibility Likelihood that material can be .
Mean time for inspection and codified for use in the intended ‘/' \‘
CRDM Cable A material showing no chemical repair (e.g. inspect casings, etc.) application. The material/design CRDM Cable
reactivity with the B4C or graphite in [hours]. Design with shortest having the lowest risk is desired « Establish design criteria and select candidate materials Reduce Tou to 750°C or
is desired time is more desirable.
Alloy 800H s Perform tests for candidate materials at reactor modify bypass flow
oy Risk operating conditions design to cool control
rod channels and use
Manufacturing Maturity Installed Equipment Costs What is the probability of Alloy 800H
PE-16 N ; component failure and the ( |
Fabricablity of components with Procurement cost in [}LB CRI B resultant impact? The material/ AN S/
Design with lowest [$/CR] value is - -
consistent, reproducible material component with the lowest risk is
more desirable.
properties. Greater maturity in desired
PM2000 (ODS) fabrication and property
consistency is desired
./ 0

Validated
TRL=5

h. )

Performance Acceptability Criteria

Average entry time for control into core <
osites Control Rod TBD sec
Drop Entry of control rod inte care during
— seismic acceleration < TBD sec
Down Select Tasks CRDM Demonstration of integrated system
operation without sticking

Obtain properties from suppliers and perform limited testing (if necessary)
Perform analyses to ascertain maximum normal and off-normal temperatures
Compare properties to estimated design requirements

Technology
Down
Selection

Material Properties

Perform analyses and limited testing to quantify interactions with high-temp He
Assess impact of interactions on predicted lifetime

Environmental Stability

Tasks to Achieve TRL=7

Material Compatibility Perform limited testing for control rod materials to quantify compatibility with absorber material

Control Red Equipment (Composites only)

Evaluate capability of manufacturers to produce reqguired components
Assess reproducibility of material properties for manufactured compenents

Manufacturing Maturity

Validated
TRL=7

Performance
Acceptable?

Final design and analysis for control rods, guide tubes,
and CRDM for performance prediction

Reliability Perform thermo-mechanical analyses and limited testing of materials/components

Define the failure modes and estimate the mean time to failure OH « Fabricate, test and qualify ¢ontrol rod equipment (full-
scale control rod & CRDM))|
Availability Evaluate the impact of material/component failure on reactor operations
Estimate the time required to effect the necessary repairs and restart the reactor
P L Define the inspection and maintenance criteria
sl Assess the time and costs to meet criteria No
i i i S s ™
Installed Equipment Costs Obtain quotations, including non-recurring engineering costs, for key components \
Estimate the total cost for each design option
I Estimate the operating and maintenance costs for each design option Reduce Tou to 750°C or
[= g Include the costs for replacing components in the event of failure modify bypass flow
design to cool control  ———
Development Risk Develop a detail plan for achieving TFEL =7 for each design option rod channels and use
Assess the risks for achieving a TRL=7 Alloy 800H
N " - Determine the NRC licensing requirements for each component
Licensing Risk \ )
Identify potential licensing risks for each design \ J
Investment Risk Assess failure probability of each material/design option for selected components
Determine the risks associated with component failure on the NGNP

Date April 2009

Revision 002

AREVA

Figure K-3: Control Rod Drive Technology Development Road Map
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Reactor Cavity Cooling System Technology Development Road Map

Decision Discriminators

RPV Temperature

Maintainability

RPV temperature during accident
scenarios [°C]. A lower value is
more desirable.

Mean time for inspection and
repair (e.g. detect leaks, replace
heat exchanger cores, etc.) in
[hours]. Design with shortest time
is more desi

Normal Operation Heat Loss

The amount of heat loss through

Installed Equipment Costs

the RCCS during normal op:
in [MW]. A lower value is more
desirable.

Procurement cost in [$]. Design
with lowest [$] value is more
desirable.

Thermo-mechanical Stress

The amount of stress imparted by
partially constrained thermal
expansion in [MPa]. Design with
the greatest margin between
maximum design stress and
material limits is more desirable

o] i Costs

Now TRL =5

Costs for maintenance, inspection
and repair over lifetime of
component in [$/year]. Design
with lowest [$/year] value is more
desirable.

Cavity Cooler Panels

Coolant Piping

Selected
Technology

Tasks to Achieve TRL = 6

Emissivity Behavior of RPV and RCCS Materials

Water Storage Tanks

Active vs. Passive System

Development Risk

Water-to-Water Heat Exchanger

Are there any active components
whose failure would preclude
effective operation [yes/no]? Itis
more desirable to have no active
components

Current TRL level and tasks
required to achieve a TRL of 7

Water Pump

Cavity Cooler
Panels with Natural
Circulation Cooling

« Characterize emissivity of RPV and Cavity Cooler Panel

materials at conditions covering normal and accident
conditions

Effect of Particulates on Radiation Heat Transport

Water-to-Air Heat Exchanger

Development Schedule

Air Blower

Reliability

Schedule for completing all tasks
to achieve a TRL of 7

The mean time to failure in [hours].
Design with longest time is more
desirable.

Licensing

Licensing risks with current NRC
requirements

Down Select Tasks

Performed proprietary R&D on RCCS

Technology
Down
Selection

A confirmatory trade study is recommended during

conceptual design

« Characterize effects of particulate and plate-out on

radiation heat transfer and emissivity of cold surface

Performance Acceptability Criteria

RPV Temperature <TBD°C

Normal Operating

Tasks to Achieve TRL =7

Validated
TRL=6

Reactor Cavity Heat Transfer Analytical Calculations

« Analytical heat transport model of reactor cavity
¢ include RPV & RCCS panels
 include effects of:
« natural convection
« conduction
« radiation
« Perform sensitivity studies to define emissivity ranges
for RPV & RCCS panels

RCCS Natural Ci ion Analytical C

o Analytical thermal model of RCCS system:
o cooler panels
 coolant piping
« water storage tank
o Determine CHF of tubes in RCCS panels
« Determine natural circulation behavior of RCCS
o Asses two-phase flow in cooler panels and piping

Heat Loss < TBD Mw
Thermo-mechanical
Stress <TBD MPa
%
Performance
Acceptable?

RCCS Analytical Th ical C:

no

o Analytical thermo-mechanical model of RCCS
components
o Determine stresses in panels

Integrated Test

 Validate overall integrated performance of RCCS
« Assure that piecewise analysis of design is adequate

yes

Reduce Operating
Temperatures

Validated
TRL=7

Date

April 2009

AREVA | Revision

002

Figure K-4: Reactor Cavity Cooling System Technology Development Road Map
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Helium Circulator Technology Development Road Map

Decision Discriminators

Aerodynamic Efficiency

Reliability

Ratio of actual gas flow to nominal
predicted value. Design with
higher values is perferable.

The mean time to failure in [hours].
Design with longest time is more
desirable.

Mechanical Efficiency

Availability

Ratio of circulator power to motor
power. Design with higher values
is preferable.

Compactness

Availability factor is calculated as
1.0 minus the ratio of time the
component is available to the total
design life of the component.
Design with value closest to 1.0 is
more desirable.

Configuration and volume [mﬁ of
circulator taking into account
arrangements of motor, inverter,
impeller, rotor, magnetic bearings,
housing, cooling system, and
electrical connections. Design
with smaller volume and footprint
is preferable.

Maintainability

Mean time for inspection and
repair (e.g. detect leaks, bearings,
etc.) in [hours]. Design with
shortest time is more desirable.

Now TRL =6

Selected
Housing 8 Technology
Impeller 8

- He Encapsulated

Electric Motor 7 Centrifugal
Bearings 8 Circulator
Rotor 6
Invertor 8
Diffuser 8

Design Life

Installed Equipment Costs

The design life and maintenance
requirements for this unit are
limited by the predicted life of the
impeller, which is currently limited
by stress fatigue

Procurement cost in [$/MW].
Design with lowest [$/MW] value is
more desirable.

[o) ing Costs

Design Margin

The difference between the
maximum design temperature in
[°C] and stress in [MPa] and the
material limits. Design with
greatest margins is more
desirable.

Costs for maintenance, inspection
and repair over lifetime of
component in [$/year]. Design
with lowest [$/year] value is more
desirable.

Nuclear Safety

Development Risk

Risk of radi ive
release to public

Current TRL level and tasks
required to achieve a TRL of 7

Licensing

Development Schedule

Licensing risks with current NRC
requirements

Schedule for completing all tasks
to achieve a TRL of 7

Down Select Tasks

Performed proprietary R&D on circulator

Technology
Down

Selection

Cond dap

p y trade study of ci
technology and integration into reactor system

Ci a proprietary jion of
materials and selected Alloy 718
lected design p and sp

Tasks to Achieve TRL =7

Vendor tests of Bearing, Rotor Dynamics, and

ility Criteria

Electrical

« Confirm motor, bearing and rotor functionality Rotor Dy i No p

« Characterize rotor dynamics
« Demonstrate functionality of motor and bearing
insulation
o Conditions
o Environment: Helium
o Temperature: 100°C
o Pressure: Ambient
o Scale: Prototypical
o Duration: 1 — 3 months

Motor/Rotor/
Bearing
Performance
Acceptable?

Vendor Performance Tests yes

Characterize acoustic harmonics of the housing and
determine if acoustic treatment is required

Characterize aerodynamic efficiency of the impeller/

diffuser design Performance Acceptability Criteria
o Conditions
o Environment: Air Per Per curve > 90% design curve

o Temperature: Ambient -
o Pressure: Ambient
o Flowrate: 141 kg/sec

Casing breakout noise frequency and

Acolisiicliolse power levels < fatigue exciting energy

o Duration: 2 - 3 months
Pressure Test
o Conditions

Pressure test Leak rate < design specification

o Pressure 6.0 Mpa
o Duration: 24 Hours

Overall /
~No———

7]

System Demonstration Tests e

o Characterize impeller & diffuser aerodynamic
performance
« Characterize blower acoustic frequency response
« Integrated System tests at HTS design pressures and
temperatures
o Same machine as used in performance tests

with necessary modifications

o C i i > Per A ility Criteria
flapper valve;
° cﬂzmons; ) Startup Motor does not stall under load (flapper

o Environment: Air valve) at 0.1 Mpa, 100 C, no flow.

o Temperature: 100 & 325 °C
o Pressure: 0.1 & 6.0 MPa i

Per curve > 90% design curve

o Flow Rate: 0 — 141 kg/sec
o Duration: 6 — 12 months

Modify rotor/bearing
design and retest

Modify diffuser/
impeller design and
retest

Add acoustic design
treatment (e.g.,

Performanc;e lagging, silencers,
Acceptable? enclosure) and retest

Modify seal design

and retest
. Overall v Validated
Acceptable? TRE=7

Date April 2009
AREVA | Revision 002

Figure K-5: Helium Circulator Technology Development Road Map
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Decision Discriminators e
Performance Acceptability Criteria
Operational Efficiency Reliability Development Risk Function Valve Opens Fully
Parasitic pressure loss [MPa] The mean time to failure in [hours]. Current TRL level and tasks R .
when valve is open. Design with Design with longest time is more required to achieve a TRL of 7 Actuation Valve opens passively
lower value is preferable. desirable.
= T k t A h TRL 7 Flow Impedence Circulator able to start with valve in place
asks to Achieve =
Sealing Efficiency Availability
hedule for ing all tasks Pressure Drop TBD
Amount of flow bypassing fully Availability factor is calculated as to achieve a TRL of 7 I\ ing Test & Insp
closed valve [kg/sec]. Design with 1.0 minus the ratio of time the Houing leak rate TBD
lower value is preferable. component is available to the total ¢ Characterize materials, surface finish and
design life of the component. Nuclear Safety dimensional tolerances
Design with value closest to 1.0 is e D P I functionali
Compactness more desirable. Risk of radioactive contamination o Mechanical Test
release to public o Open/Close time
Configuration and volume [ma] of NOW TRL = 6 SeIeCted ° Nﬁmber of Cycles
valve body. Design with smaller Maintainability TecthlOgy
volume and footprint is Li . F
P . Mean time for inspection and Valve Mechanism - Performance Yes Validated
repair (e.g. detect leaks, replace Licensing risks with current NRC Housi Full Scale Demonstration Acceptable TRL=7
Design Features heat exchanger cores, etc.) in requirements lousing "
[hours]. Design with shortest time ¢ Startup CO':'d'“ons
Passive operation (open and is more desirable. Valve Seat © gca!e. Ful & Al
close) preferred. Actuator assist is g inronme_n N ."‘ d with i
an alternative. No lubrication Installed Equipment Costs o Actuation: Passive
allowed for bearings. Interfaces o Temperature: Ambient
with circulator. Procurement cost in [$/MW]. o Flow rate: 0 Kg/s
Design with lowest [$MW] value is o Pressure drop < TBD circulator pressure rise
Design Margin more desirable. o Pressure: 0.1 MPa
The _dlﬂeredn;::igb:tween the o Operating Costs « Normal Operating Conditions
[°C] and stress in [Mpra] and the Costs for maintenance, inspection o 303!91 Full .
material limits. Design with and repair over lifetime of o Environment: Air -
greatest margins is more component in [$/year]. Design o Configt n with
desirable. with lowest [$/year] value is more o Actuation: Passive
i o Temperature: 320 °C
Technology o Flow rate: 141 Kg/s
o Pressure drop < TBD circulator pressure rise o
Down
Selection o Pressure: 6.0 MPa
Down Select Tasks T
. . Add mechanical
Preliminary design study J actuation to valve
Date April 2009
AREVA | Revision 2009

Figure K-6: Circulator Shutoff Valve Technology Development Road Map
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Hot Duct Technology Development Road Map

Design Decision Discriminators

Insulation Efficiency Installed Equipment Costs
Amount of heat energy [kW] lost Procurement cost in [$]. Design
from hot side (900 °C) to the cold with lowest [$] value is more - .
side (500 °C). The design with the | | desirable. Tasks to Achieve TRL = 6 Tasks to Achieve TRL =7
lowest value is preferable.

@) )

Ceb Develop and Qualify Manufacturing Processes Engi ing Scale D

Temperature Capability Costs f int d

osts fr main el.';at':'ce ar; * Define manufacturing processes for the components of the « Determine heat transfer through duct wall
Maximum temperature material inspection 3ver$| etime g . coaxial hot duct system. * Determine stress levels from dissimilar materials with
can withstand for prolonged c?tr’v]wl)onent 'g I /year].l esign o Define assembly processes for the coaxial hot duct system varied coefficients of thermal expansion
exposure in [C]. Design with gl " oges [$hyear] value is more Now TRL = 5 o Define insp and mai iques for the « Determine acoustic performance in helium
higher value is preferable esirable. Selected coaxial hot duct system e D i ili todep izati

Liner (Ceramic Composite) 5 * Quantify predicted lifetime of duct

e P Technology « Review detailed design of connections

Design Lifetime P! Support Tube 7 Analytical Per A * Review detailed design of instrumentation provisions
* Conditions:
Time [years] that inner tube can E;url:ierzgs:;r:\ll:;d;;ikos” Insulation 7 Coaxial Duct with o Determine thermal-hydraulic performance of the coaxial o Environment: He with impurities
survive operating at 900 °C design q Insulated Liner hot duct system using analytical calculations o Thot Range: 20 °C - 750 °C
temperature. Design with highest Intermediate Foil 7 o Heat transfer through hot duct wall o Tcold Range: 20 °C - 325 °C
value is preferable. Li o Temperature profiles in hot duct during transient o Primary Pressure Range: 0.1 MPa - 6.0 MPa
. o events o Flow Rate Range: 0 kg/sec — 10 kg/sec
— Licensing risks with current NRC Ceramic Spacers (Ceramic Liner) s . Determing structural performam':e of the coaxial hot duct « Duration
Maintainability requirements system using analytical calculations o Minimum of 5000 hrs at NGNP conditions:
o Performance during depressurization o Thot=750°C
Mean time for inspection (e.g. o stress analysis o Tcold =325 °C
detect leaks) in [hours]. Design o lifetime predictions o Primary Pressure = 6.0 MPa
with shortest time is more o Primary Flow Rate = 10 kg/sec
desirable.
Technology
Down
Selection Performance Acceptability Criteria
Maximum Stress < Section 8 limits for Alloy 800H
Metallic Liner
Acceptable?
yes
x

Thermal

Down Select Tasks

Validated
TRL=6

¥

Performance

Performed proprietary R&D on Hot Duct Acceptable? Performance o Validated

? ©S 5
Performed trade study of materials options (ceramics/ @cceptablol TRL=7
metallic liner and spacers) and limitations

S

no

no

Reduce op
temperatures

Change to ceramic liner
and address
ility of the ¢
liner and assembly of
the hot gas duct.

Performance Acceptability Criteria

¥’”"“‘“'“ < Liner Material Limit Value [°C]
‘emperature

Thermo-mechanical | total strain < TBD

Stresses total stresses < TBD
Insulation o

Efficiency > TBD [%]

Predicted Design

Lifetime > TBD [years]

Date April 2009

AREVA Revision 002

Figure K-7: Hot Duct Technology Development Road Map
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Decision Discriminators
Effectiveness Reliability
Ratio of the actual amount of heat The mean time to failure in [hours].
transferred to the maximum Design with longest time is more
possible with an infinite area. desirable.
Design with value closest to 1.0 is
more desirable.
Now TRL = 6 Selected
TeChnOIOQy Performance Acceptability Criteria
Compactness Availability factor is calculated as Hot Header 6 5 mE o
N 1.0 minus the ratio of time the - ":nltil.' alI:ia‘a. ‘l- Weld strength equivalent to base metal
Power density of the steam component is available to the total Superheater Tube Bundle 7 Helical Tube Tasks to Achieve TRL = 7 metallic weld joints
gir;eraton; |nt[M\1\//m‘3]. Design ges'gn I'f?t:f thle colmpontetmﬁ 0i Steam Generator Long term strength | Meet plant requirements (RAMI, installed
with greatest value is more esign with value closest to 1.0 s Reheater Tube Bundle 7 ; data of Alloy 800H | equipment costs, and operating costs;
desirable. more desirable. with Re-heater i i D Ll s J )
Hot Gas Duct 7 Weld Qualification
Thermo-mechanical Stress Maintainability Support Plate 7 * Vendor qualification of bi-metallic weld joints
o Material Alloy 800H To 2-1/4Cr-1Mo steal
The amount of stress imparted by " . "
. . Mean time for inspection and
partially constrained thermal repair (e.g. detect leaks, plu
expansion in [MPa]. Design with P 9. ¢ P PUg Characterize and Codify Alloy 800H Material (for plant . Reduce Tpot and use
. tubes, etc.) in [hours]. Design with a g N Material . N
the greatest margin between - N life extension from 40 to 60 years) 7 no alternative material
maximum design stress and shortest time is more desirable. Acceptable? (e.g. SUS316)
e X * Expand creep and fatigue data for Alloy 800H (up to 60 e
material limits is more year plant design life)
Costs Technology
Pressure Drop Down Comp f: ility D -
Procurement cost in [$/MW]. Selection
The pressure drop across the Design with lowest [$/MW] value is * Verify Manufacturing techniques of Alloy 800H Hot
steam generator in [kPa]. Design more desirable. Header
with the lowest pressure drop is o Forging or bending plates of pipe fitting
more desirable.
Operating Costs yes
Design Margin Costs for maintenance, inspection
and repair over lifetime of
The difference between the component in [$/year]. Design
maximum design temperature in with lowest [$/year] value is more
[°C] and stress in [MPa] and the desirable.
material limits. Design with Performance Acceptability Criteria 4
greatest margins is more
desirable. Ty Sy . " Meet project risk requirements (cost,
Project Risk N H
schedule, technical risk)
Development Risk Risk of radioactive contamination N Perf;rir:kance es
P! release to public Meet 4 Acceptable? y
Current TRL level and tasks Technology Meet minimum steam delivery P :
N . Demonstration requirements
required to achieve a TRL of 7 Goal
m oal
Development Schedule Licensing risks with current NRC
requirements f
Schedule for completing all tasks ing Scale D no \4&£Eaje7d
to achieve a TRL of 7 o Confirm thermal hydraulic performance
* Confirm flow stability and controllability of water and steam
system B
* Estimate Flow Induced Vibration via analytical model
* Validate ISI Equipment on tubes (if necessary)
* Evaluate effect of water quality on scale buildup on the
superheater tube ID
« Engineering Scale Test Conditions: N Performance
Down Select Tasks o Helium Inlet Thot = 750 °C Acceptable? yes—»
: Helium Inlet Pressure = 6.0 MPa
Performed proprietary R&D on SG 2 Helium Flow Rate = 14.1 kg/sec
Conducted a proprietary trade study on SG options Z 2:2:2 -Pn:s;s:ursje16c7 MPa
o Steam Generator Feedwater Flow Rate = 14.1 kg/sec
Produced a trade study on SG options at the NGNP o Duration
configuration in the CDS o Minimum of 5000 hrs at NGNP conditions
A confirmatory trade study is recommended during no Increase the heating
. surface area
conceptual design
Date April 2009
AREVA | Revision 002

Figure K-8: Steam Generator Technology Development Road Map
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Primary Loop Instrumentation Technology Development Road Map

Decision Discriminators

Costs

Detector A itivity

Determine the sensor accuracy
and sensitivity required during plant
normal, off-normal events and safe
shutdown.

Procurement cost in [$]. Design
with lowest [$] value is more
desirable.

Licensing

Licensing risks with current NRC
requirements

Down Select Tasks

specifications.

manufacturers data and NGNP conceptual design

1

Technology
Down
Selection

Select commercially available sensor based on

Performance Acceptability Criteria

Measurement range

Select and test another
manufacturers

commercially available
sensor

Active vs. Passive System Operating Costs and sensitivity TBD
. Costs for maintenance, inspection
Are there any active components ) e f = Operating Life TBD
whose faure woud preclude and ropai over feimo of Tasks to Achieve TRL =7 perating
effective operation [yes/no]? Itis ° | oC - -
more desirable to have no active with lowest [$/year] value is more Housing assembly | Gas tight
components desirable. Scale D
Now TRL = 6 Selected BRI .
el I « Demonstration testing in He during startup,
iabili i ecnnolo shutdown and normal operation
Reliability Development Risk Flow Rate Sensors gy o Conditions
The mean time to failure in [hours]. Current TRL level and tasks Reactor Cold Leg Temperature o Environment: Helium (meets NGNP spec.)
Design with longest time is more required to achieve a TRL of 7 Sensor Commercially o Temp : varies by (see .
desirable. Reactor Hot Leg Temperature s G test plan) o Performance ae Validated
Sensor % o Pressure: 5.0 MPa > Acceptable? es TRL=7
technologies o Moisture TBD
Maintainability Development Schedule Pressure Sensor . Demons;rate testing in He during Off-normal
conditions
Mzan u:ne for mtspecuodn,lleftmg Schedule for completing all tasks Moisture Sensor o Condions
and replacement (.g. detect 1o achieve a TRL of 7 o Environment: Helium (meets NGNP spec.)
leaks, in-service testing, replace o Temperature: TBD
and calibrate detectores, etc.) in o Pressure: TBD
[hours]. Design with shortest time o Moisture TBD no
is more desirable.

Date

April 2009

AREVA Revision 002

Figure K-9: Primary Loop Instrumentation Technology Development Road Map
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Fuel Handling Machine Technology Development Road Map

Performance Acceptability Criteria

Component meets range-of-
motion and positional
accuracy requirements with
mock fuel element
Component successfully
operates without

Endurance Test | breakdown or significant

Functional Test

— _ S— Tasks to Achieve TRL=7 damage to non-replaceable
Decision Discriminators pars
Identify and Test Materials
Helium Performance Expected Lifetime . . .
o Identify the seal, bearing, and lubricant types and
Seals and bearings provide Expected operational lifetime of materials used in other gas reactor applications.
acceptable containment of primary the seals and bearings in hours. o Identify the seal, bearing, and lubricant types and
system helium All components must have a S | t d ials used in other industries that use i
lifetime longer than one refueling electe i i in a high e helium
N outage duration but longer lifetime environment.
Past Experience is desirable. NOW TRL = 6 TeChn°|°gy o Identify NGNP fuel handling system seal, bearing, and
U - lubricant requirements for both normal operation and
se of seals, bearings, and - e accident conditions.
i i eplacemel st " g
:‘:;:ﬁ::;:'s" gra:;"%iz;:rreactor e Fueling Adapter 6 « Identify candidate seal, bearing and lubricants for use in b
f . . . Time, cost and impact to other the NGNP Fuel Handling System. ) & e
environments in other industries. plant operations for replacing the Fuel Elevator 6 « Conduct specified tests of candidat 4 Acceptable? y
Long service history is ings and seals or i o Tests and conditions to be speci i i
pply N N pecified during design
the Iubri M din$/ Fuel Handling Machine 6 of system
i pl or hours/
Gl W - Fuel Storage Server 6
Acceptable performance of seals, e rcomroperts no
bearings, and lubricants at high Primary System Contamination o Functional test to confirm compliance with design and
L dUl’""Q. - - operational requirements
accidents. Depending on the Risk that primary coolant system « Tests of control electronics and computer coding
safety case, some performance will be contaminated with « Endurance test to confirm long-term operability
d may be s and of o Operation mode: Continuous
o Environment: helium (ambient)

o Duration: >21 days

Technology
Down
Selection

Redesign that portion of
the system which failed to
meet applicable criteria

Down Select Tasks

Verify acceptable performance over the range of

- expected operation

(R (HE e D ine the p ial for d ion in a helium
environment

Determine performance as a function of

High Temperature temperature
Performance o D ine the impact of ti 13 perature on
performance

Determine the mean time to failure (mean
application interval for lubricants)

Expected Lifetime

Cost o Determine the cost of item or material replacement
Ease of Repl e D ine the required time to replace items
o Determine the expected release rates of lubricant
components (e.g. volatiles, base material) as a
function of time and operational cycles
Primary System e D ine the i ination issues
Contamination associated with each material constituent including

potential material interactions with primary system
P its and potential for i d
radiological contamination
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