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1.0 INTRODUCTION

1.1 OVERVIEW

UNENE is a partnership between industry, universities, and government whose founding
objectives are:

e Supply of Highly Qualified Personnel (HQP)

e Support, fund and coordinate nuclear research and education in universities to address
industry needs.

e Help information exchange and forums for discussion to enable universities and industry
to collaborate.

e Create a respected pool of university-based expertise for independent stakeholder
consultation.

The UNENE universities develop a lively network of capabilities, facilities, and talent, available
for direct consultation and support to industry members, and advocating on behalf of the
nuclear community. Industrial Members define and direct common research, ensuring that
programs address practical needs, and develop future experts and leaders to join industry.
Together, the UNENE partners provide a valuable Collaboration Hub, bringing together
capabilities and expertise to address challenges and deliver innovation to the nuclear
community.

This first edition of our planned annual UNENE Universities Capabilities Directory represents a
foundational building block of this collaboration hub, and provides members, stakeholders and
interested collaborators with an overview of the wealth of programs, experts and facilities at
our member universities. This first edition of the directory includes key programs, but it is
recognized that not all nuclear-related programs at our member universities have been
included at this initial stage. It is intended to update and grow this directory on an annual basis,
to ensure the most up-to-date and effective compilation of university capabilities. We look
forward to yet a more comprehensive directory, including information from our recently joined
universities, next year.

UNENE has compiled a companion document that will summarize the history of UNENE-
sponsored university programs, to provide further background to our member capabilities.

1.2 UNENE R&D PROGRAMS

Table 1 presents the industry and university members of UNENE.

UNENE coordinates 8 industry- and NSERC co-funded Industrial Research Chair IRCs) programs
and individual Cooperative Research Projects (CRD’s) at member universities:
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e Industrial Research Chairs (IRCs)

Industrial Research Chairs in universities are ‘anchors’ for establishing R&D and strong
research teams, lead investigations into key nuclear industry issues, and develop as
independent authorities.

UNENE members, along with the Natural Sciences and Engineering Research Council
(NSERC), annually fund the Industrial Research Chair (IRC) programs in areas of
importance to the nuclear industry.

These areas include nuclear safety, plant and materials performance, decommissioning
and waste management, among others.

The IRCs support program-related human and capital resource costs and research
grants. All industry funding is fully leveraged by NSERC for all IRCs.

Table 2 presents the current set of eight (8) UNENE IRCs.

e Research Cooperative Projects* (RCPs)
UNENE members, along with the Natural Sciences and Engineering Research Council
(NSERC), annually fund the Research Cooperative Projects (RCPs) in areas of importance

to the nuclear industry.

These areas include nuclear safety, plant and materials performance, decommissioning
and waste management, among others.

RCPs, complementary to R&D programs industry wide, focus on technology topics of
concern to members and build specialized knowledge and insight and “fill gaps” in

fundamental knowledge and capability, while developing HQP for industry

The RCPs are dedicated only to research grants. All industry funding is fully leveraged by
NSERC for all RCPs.

This directory includes both UNENE-sponsored and other research capabilities, to
provide the most comprehensive view of university activities.

1.3 UNENE INDUSTRIAL RESEARCH COLLABORATION HUB

The UNENE Collaboration hub is intended to foster and support higher levels of university
research and collaboration with industry and government partners:
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e Industry participant s need to know where the industry is headed given its technical
challenges at hand.

e Motivate universities to plan their R&D capabilities and interests evolution that is
aligned with industry landscape.

e Enable utility and suppliers to also have a "real-time" understanding of the industry R&D
landscape. Using key words, users could access relevant information to gain an
understanding of the R&D landscape pertinent to their question at hand.

UNENE-sponsored research is a foundational part of Canada’s overall nuclear research activity.
UNENE research creates and supports university centres of excellence, which build on UNENE
programs, and ally with other funded nuclear research initiatives. Collaborative activities
include:

e Working with industrial members, such as the CANDU Owners Group, to introduce
university expertise to members and suppliers as they develop R&D projects

e Workshops and webinars such as UNENE’s Annual R&D Workshop, where industrial and
university members can share progress, insights and results

e Providing knowledge to the nuclear community regarding university programs and
capabilities, and identifying industry priorities to guide university activities.

This Directory provides a central element in this provision of knowledge, and is intended for use
by the nuclear community generally, as an aid to developing successful R&D programs and
problem-solving.

1.4 UNIVERSITY DIRECTORY OUTLINE

This document presents a directory that compiles and describes the capabilities and facilities
offered by each Canadian and non-Canadian UNENE member university, as shown in Table 1.
The directory is intended to be an evolving document, to be updated and improved on an
annual basis.

This document is the initial, 2023 edition. It has been compiled by UNENE from available
information regarding individual university programs, and then reviewed by each individual
university. UNENE fully expects that as future editions are compiled, additional valuable
information covering university capabilities will be made available, growing the coverage and
value of the directory. UNENE encourages universities to add further program information later
this year as we prepare the 2024 edition of the directory.

This first edition of the directory focusses primarily on capabilities directly involving nuclear
science and engineering. UNENE recognizes the growing linkage between nuclear-specific fields
and more general areas of science and engineering that have important relationships to the
nuclear sector (examples could include corrosion science; cyber-security; additive
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manufacturing; robotics; and others). UNENE has included in Appendix 1, a demonstration
example of nuclear-related capabilities, provided by member university Ontario Tech, which
shows the breadth and diversity of nuclear-related research capability. It is hoped that we can
add further examples of this type of capability in future directory updates.

For readers who are interested to quickly scan university engagement against their key topic of
interest, Table 1 provides an R&D topical category breakdown vis-a-vis UNENE university
interests.

Table 3 provides an R&D topical category breakdown vis-a-vis UNENE university interests.

The UNENE university description consists of the following elements:

e University faculty/department

e Research group, team leads and knowledge base
e Contact information for researchers

e UNENE Supported Research and Development

e Facilities and Applications

Part 1 —Sections 2 to 13 provide a description of the Canadian university members of UNENE.
Part 2 — Section 14 provides a description of the non-Canadian university members of UNENE.
Part 3 — Contains Related Tables

Part 4 — Contains Related Figures
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2.0 MCMASTER UNIVERSITY

e University Location: Hamilton, Ontario

2.1 UNIVERSITY AND FACULTY:

e Department of Engineering Physics
e Nuclear — Operations & Facilities

2.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at McMaster University is provided
below.

Professor John Luxat

Dr. Luxat is the NSERC/UNENE Industrial Research Chair in Nuclear Safety Analysis and a
Professor in the Department of Mechanical Engineering. His research specialties include
Nuclear Safety Analysis Methodology, Experimental Studies in Nuclear Safety Thermal-
hydraulics, Severe Accident Modelling & Analysis, Advanced Fuel Cycles, Small Modular
Reactors, Risk Analysis, Automatic Control.

Professor David Novog

Dr. David Novog is a Professor and NSERC Industrial Research Chair. His research specialties
include nuclear safety, reactor physics, thermal-hydraulics, multi-physics reactor analysis,
nuclear fuel and fuel cycles, severe accident modelling, emergency accident response and
mitigation.

Dr. Shinya Nagasaki

Dr. Shinya Nagasaki is a Professor in Engineering Physics. His research specialities include
radioactive waste management, nuclear fuel cycle, safety assessment of repository and
nuclear fuel cycle facilities, migration of actinides, fission products and heavy metals in
geosphere and biosphere, nuclear technology in society, nuclear proliferation and security.

Dr. Marilyn Lightstone

Dr. Marilyn Lightstone is the Department Chair and Professor in the Department of
Mechanical Engineering. Her research specialities include computational fluid dynamics
(CFD), heat transfer and turbulent flows.

Dr. Adriaan Buijs
Dr. Adriaan Buijs is a Professor in Engineering Physics. His research specialities include
reactor core physics, reactor modelling, reactor design, Monte Carlo methods, data analysis.
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2.3 CONTACT INFORMATION FOR RESEARCHERS:

e Nuclear — Operations & Facilities (mcmaster.ca)
e Department of Engineering Physics (mcmaster.ca)

2.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

2.4.1 UNENE SUPPORTED RESEARCH POSITION

There are two (2) UNENE supported research positions:

IRC
a) NSERC/UNENE Industrial Research Chair (IRC) in Nuclear Safety and Advanced
Thermalhydraulics (Novog/Luxat)

RCP
a) RCP: Computational Fluid Dynamics Analysis of Natural Convection Heat Transfer in
Volumetrically Heated Corium Melt for CANDU Reactors (Lightstone)

Appendix A presents a summary of completed IRC and RCP research programs.

2.4.2 |IRC - NUCLEAR SAFETY ANALYSIS AND NUCLEAR REACTOR SAFETY &
THERMAL-HYDRAULICS

2.4.2.1 IRC OVERVIEW

The research program under Drs J. Luxat/D. Novog (IRC /AIRC) at McMaster is multidisciplinary
in nature and covers a large number of projects. These projects address the following
objectives:

e Development and enhancement of analysis methodologies in the area of nuclear safety
analysis with a focus on improving nuclear safety, accident analyses and uncertainty
estimation

e Supporting the development of severe accident analysis methodologies and mitigation
strategies

e Perform fundamental and applied research and development in the areas of thermal
hydraulics under normal and accident conditions and assessing the potential for
improved reactor output

e Support assessment of Fuel and Fuel Channel Integrity under accident conditions

e Train the next generation of Highly Qualified Personnel for the nuclear industry

e Provide expertise to the university, the government and the public in the area of
nuclear safety
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A well-integrated research program between both Professors exists in all areas. Experimental
test facilities are constructed to assist in characterizing numerous phenomena and to validate
mechanistic models of key safety analysis parameters such as Pressure drop, Critical heat Flux,
Post-dryout etc. covering their behavior under various reactor conditions. The program has two
key technical focus areas:

e Enhancing Nuclear Safety and Nuclear Safety Analysis
e Support the Development of Severe Accident Analysis Methodology and Accident
Mitigation Strategies

Experimental and theoretical research is driven by these two key ones in so far as addressing
knowledge gaps and the need to quantify uncertainty in various thermal hydraulic and physics
models & calculations. All aimed at formulating a validated set of mechanistic models governing
different accident analysis scenarios.

Projects in support of the key objectives are divided into the following R&D areas:
Uncertainty Analysis

e Uncertainty propagation in reactor physics simulations

e Best estimate and uncertainty analysis of SB LOCA

e Dynamic sensitivity and uncertainty analysis of fuel transients in accidents

e EVS (Extreme Value Statistics) applied to safety and operational assessments

e Application of New Software Tools— RELAP BEAU Analysis of a 900 MW Loss of Coolant,
Loss of Flow and Station Blackout

e Application of new toolsets (TRACE/RELAPS, SCALE, PARCs, SERPENT)

e Application of dynamic PSA to Risk Informed Methods (with COG support).

Fuel and Fuel Channel Integrity

Fuel channel integrity is a paramount safety goal in CANDU reactors since integrity of these
components provides a means of mitigating accidents and halting event progression. It also
is included in the regulatory framework for operating CANDUs and hence OPG and Bruce
Power place high importance to research focused on identifying and improving the margins
associated with fuel and fuel channel integrity. Current and completed research in the areas
of Fuel and Fuel Channel integrity is aimed at improving the quantification of safety
margins, helping to regain operating margins of nuclear operating units, improving the
quality, efficiency and cost effectiveness of nuclear safety analysis and supporting the
development of advanced CANDU designs.

e Mechanistic modelling of pool boiling CHF on calandria tube surfaces following PT/CT contact
e Multiphysics investigation of PT hotspot due to localized fuel element-PT contact
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e Experimental investigation of quench heat transfer on hot cylinders: Fundamental
experimental and visualization studies of heat transfer to cold water impinging on high
temperature metal surfaces

e Steady-state and transient CHF measurements in water

Severe Accident Analysis and In Vessel Retention

Significant benefit has been derived from the chair program in the area of severe accidents.
In both the analysis ad risk areas the chairs have contributed significantly to the industry
efforts post Fukushima.

e Mechanistic model of fuel channel disassembly

e Experimental investigation of CHF limits on downward facing surfaces

e Calandria In-Vessel Retention

e End-fitting/End-Shield Heat Transfer During a Severe Accident

e Validation of the QUENCH Experiments using RELAP

e Mechanistic model of fuel channel disassembly.

e Effectiveness and timing of EME actions

e Coupling of thermal-hydraulics and fuel channel mechanical behaviour

e Explosive boiling of water and self triggering mechanisms in steam explosions

e Complementary risk analysis methods to address extreme events and accident
mitigation measures.

e  Multi-unit risk analysis

This research led to improved understanding of rapid quench phenomena and also
generated new interest violent steam-water reactions which may take place under severely
degraded condition.

Computational and Tool Development, Testing and Validation

Extensive R&D work continues under their leadership on thermal-hydraulic phenomena
modelling, experimental validation and international collaborations. Activities are aimed at
the development and validation of Canadian safety analysis codes in support of the safety
and licensing basis of CANDU reactors and/or the development of new codes for our
industry partners. Notable examples below support reactor transient conditions and severe
accident scenarios.

e OECD-NEA CFD Benchmark for Mixing Inside Tube Bundles (MATIS Experiment)

e CFD analysis of CT thermal-hydraulics following PT contact in LOCA

e Modeling multiple parallel channel two-phase natural circulation in CANDU

e Trip parameter maps for the McMaster Nuclear Reactor

e MCNP analysis of the MNR Core: Measurement and computation of gamma ray fluxes in
the McMaster Nuclear Reactor and Jules Horowitz Reactor (Cadarache)

Page 17 of 130



UNENE

University Network of
Excellence in Nuclear

P8 Engireerin g

e OECD-NEA Benchmarks on PWR and BWR Bundle Thermal-hydraulics

e Involvement with the Regulator (CNSC) on severe accident computational codes such as
MELCORE along with TRACE/RELAP PARCS and CALE(TSUNAMI) code package

e Application of the TSUNAMI code for uncertainty analysis

CANDU Applications and Advanced Reactor Methodologies

e Bruce A and Pickering A moderator subcooling experiments (COG funded)

e Reactor physics of actinide burning and fuel recycling in CANDU

e SERPENT Monte-Carlo Analysis of the CANDU Fuel Design

e Systems analysis of advanced CANDU fuel cycles

e Analysis of power maneuvering capability of thorium fuelled CANDU reactors

e Analysis of SMR concepts: molten salt reactors (Terrestrial Energy), lead cooled reactor
(Sweden) and corrosion resistance of HX tubes for molten salt service

2.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS IN 2020/2022 PERIOD

Brief summaries of current research activities in 2020/2022 period are presented below.
A. Application of Bayesian Inference to In-core Flux Measurements.

Often in-core measurements are made using flux-wire irradiations to quantify the levels
of neutron flux within reactor cores. This project aims to collect new irradiation data
within the McMaster Nuclear Reactor core and thoroughly quantify the effects and
impacts of uncertainties resulting from operational effects (power and control rod
positions), nuclear data uncertainties, and instrumentation uncertainties. The resultant
data and uncertainties, combined with MCNP simulations of the MNR core, will be
utilized in a Bayes application to produce updated/improved estimates of the neutron
flux spectrum at the irradiation sites.

Outcome & Current Progress:

The CNSC is developing several Bayes based assessment procedures for NOP
applications, fueling simulations, and uncertainty quantification. This work will develop
expertise directly related to Bayesian approaches and their use in nuclear analysis.

1. The uncertainty in irradiation site flux in medical isotope production can lead to
deviations in the expected isotope generated and or failure of some isotope
batches. This work will be presented at the March 2021 industry meeting on
validation for isotope production calculations.

This work was complete in September 2021 as planned.
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Experimental Measurement of the Effect of Buoyancy and Inertial Forces on CHF
inside a CANDU Calandria Tube Array

Fuel Channel Integrity during some beyond design basis events depends on the
capability of the moderator system to effectively remove heat from the fuel channel
assembly post contact. This requires the calandria tube not experienced sustained dry-
out. Industry utilizes measurements designed to simulate the accident conditions and
are performed in a tank of water. Such experiments are designed to provide a
conservative estimate of channel integrity. From 2019 McMaster has been performing
experiments to assess the improvements in Critical Heat Flux that occur as a result from
the buoyant flows that naturally occur within a calandria vessel.

Outcome & Current Progress:
Experimental data to support/quantify the level of conservatism used in fuel channel
integrity assessments as part of Safety Analysis.

Measurement of Interfacial Wave Transport Under Annular Flow and Near CHF
Conditions

Critical Heat Flux is an important quantity for assessing fuel temperature during safety
analysis. These CHF predictions use empirical correlations derived from full scale
experiments. Within industry the fuel channel and CFD roadmaps identify the
mechanistic modelling of CHF as an important activity to improve these predictions.
However recent literature indicates that the classical phenomena considered for annular
flow (liquid film depletion, entrainment of droplets, and deposition) may not fully explain
the dry-out phenomena involved. Specifically work from Westinghouse and ETH
Switzerland indicate that the relatively large interfacial waves may provide the bulk of
liquid transport near CHF conditions. This experiment will produce new data on liquid
film and wave behavior under high pressure water conditions near CHF using an
advanced x-ray radiography system and single-photon detector readout.

Outcome & Current Progress:
New measurements to quantify the effects on interfacial wave phenomena on CHF to
support ongoing industry efforts to develop mechanistic CHF models.

. Development of the CTF Subchannel Code

The CTF code was developed as part of the US DOE CASL program for advanced analysis
of PWR transients and has been used in several PWR challenge problems as part of that
program. McMaster has been working with NCSU to extend CTF for CANDU
applications. As part of this development, we are modifying the code to add alternative
fluids to the code (heavy water and freon properties). Because there is a wealth of
freon experimental data in open literature and within CNL, having the capability to test
CTF against a much wider thermal-hydraulics database would be beneficial.
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Outcome & Current Progress:

CTF is being used in conjunction with ASSERT by CNL to assess subchannel
capabilities. By adding Freon to the CTF fluid library (and empirical relationships) the
code can be tested against a wider database.

This work was complete in September 2021
E. Development of Integrated Uncertainty Core-Wide Tools

McMaster has been involved in the Uncertainty in Analysis and Modelling (UAM) task as
part of the OECD-NEA since 2005 and helped to prototype and implement direct Monte
Carlo methods for nuclear data uncertainty analysis that subsequently became adopted
in SAMPLER-SCALE and WIMS 11. The roll of operator actions related to fueling and the
complex interactions of the control systems make the CANDU system unique in terms of
how the uncertainties propagate through to important parameters like Maximum
Channel Power and/or operating transients. McMaster is implementing a detailed
CANDU RRS emulator into the TRACE/PARCS code system as well as a fueling operator
emulator. This system will test the role of nuclear data (and other) uncertainties in the
evolution of operational transients. OPG has agreed to supply transient data from an
adjuster transient which resulted from a trolly availability limit.

Outcome & Current Progress:
Assessment of the impact of nuclear data uncertainties on realistic physics transients
that consider the integral effects of fueling and RRS response.

F. Operational Transient Analysis

Scope:

The UAM for Light Water Reactors (LWR) benchmark study has been a critical driver in
the development of data sets and methods for uncertainty analysis in nuclear reactor
simulations. Recently, the application of the UAM methods to PWR rod ejection
accident using a coupled neutronics/thermal hydraulics model were published [22-24].
However, Dr. Novog’s remains the only Canadian university participant looking at
CANDU applications [25]. The TAC has identified several key operating scenarios where
uncertainties in modelling may ultimately affect station transients including events
involving fueling-machine unavailability. OPG may provide data of such an event
wherein nuclear data uncertainties, or operational uncertainties, may have resulted in
important differences between code predictions and the reactor transient.

Outcome:

Assessment of the impact of analysis methodologies, device worths, and uncertainties
on operational occurrences and transients (e.g., power maneuver or shim) on the final
outcome of the transients.
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2.4.3 RCP - CFD ANALYSIS OF NATURAL CONVECTION HEAT TRANSFER IN
VOLUMETRICALLY HEATED CORIUM MELT FOR CANDU REACTORS
(LIGHTSTONE)

2.4.3.1 RCP OVERVIEW

This research uses computational fluid dynamics (CFD) to obtain detailed information on
the natural convection fluid flow and local and time-varying heat transfer rates at the
vessel wall within CANDU reactors. This information will be used to assess the
appropriateness of the underlying assumptions in the simplified integral codes which
are currently used in the nuclear industry for beyond design basis analysis.

Under severe accident conditions, like what occurred at the Fukushima Daiichi nuclear
plant in 2011, melting of the nuclear fuel rods and the interior reactor core components
can occur forming a molten corium pool and leading, potentially, to a breach of the
reactor vessel. There is a need to ensure cooling on the exterior of the vessel is
sufficient to maintain vessel integrity.

Safety analysis in the nuclear industry uses simplified models based on heat transfer
correlations to predict the heat transfer to the vessel wall for this assessment. The
current UNENE/NSERC-CRD research will use computational fluid dynamics to obtain
detailed information on the natural convection fluid flow, and local and time-varying
heat transfer rates at the vessel wall. These will be used to assess the appropriateness
of the underlying assumptions in the simplified integral codes which are currently used
in the nuclear industry for beyond design basis analysis. It is expected, however, that the
results of this research will provide detailed predictions of wall heat flux and corium
fluid flow and heat transfer which can be used for assessment of in-vessel retention. The
completed research will be used to assess the validity of the underlying assumptions in
codes such as MAAP-CANDU which are used for assessment of in-vessel retention under
severe accident conditions.

2.4.3.2 DETAILS OF RCP RESEARCH PROGRAM IN 2020/2022 PERIOD

Appendix A presents a summary of completed IRC RCP research programs.
Work is proceeding using different turbulence modelling in parallel:
e Reynolds Averaged Navier-Stokes Modelling of CNL Experiment
This approach uses two-phase flow Reynolds-Averaged Navier-Stokes (RANS) model to

facilitate the study of corium flows in large three-dimensional geometries and model
crust formation at boundaries.
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We are working closely with researchers from CNL on computational modelling of their
corium convection experiments. Heat transfer within the molten salt mixture in a 1/5
scale of the bottom of CANDU 6 calandria vessel was modelled and compared with the
experimental results. Two cases of the highest and lowest heat generation rates were
simulated to identify the effects of the modified Rayleigh number (Ra') on heat transfer.

The modelling shows that three distinct regions appear in the flow:

1. Upper region: cooling at the top surface of the corium pool generates
descending plumes which act to mix the flow. This results in a nearly uniform
temperature distribution.

2. Boundary layer region on side walls: A descending boundary layer forms along
the vessel wall. Heat transfer is a blend of convection and conduction.

3. Lower region: Crust formation due to solidification of the mixture occurs. For this
high Prandtl number flow, the heat transfer in the fluid above the crust is
dominated by conduction.

e Large Eddy Simulation of the Molten Corium Pool

This approach uses scale resolving turbulence modelling (Large Eddy Simulation) to
obtain high-resolution results, but on more limited geometries due to the high
computational cost of those methods.

The Large Eddy Simulation (LES) model for a 1m thick slice of the molten corium pool was
developed using OpenFOAM (an open source CFD code) to study the unsteady three-
dimensional eddies within the pool to understand the flow patterns and heat transfer
within the pool under natural convection. The LES turbulence model was validated
against natural convection experimental results available in literature. The validated
model was used to simulate passive cooling of corium pool under the condition where a
solidified crust surrounds the pool at the vessel wall and at the top of the pool.

Outcome & Current Progress:

The experimental and numerical results show that the fluid flow is three-dimensional.
Therefore, simulation of heat transfer within CANDU corium will model the 3-D CANDU
geometry and will include solidification at boundaries. Ultimately, the spatial heat flux
distribution at the vessel wall will be determined to assess the possibility of failures in the
calandria vessel wall due to the thermal stress concentrations. Additionally, developed
correlations from lumped-parameter models will be validated by comparing them to the
numerical results.
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2.5 FACILITIES AND APPLICATIONS

McMaster University houses various high-level nuclear research facilities, including the
McMaster Nuclear Reactor. McMaster’s nuclear facilities conduct research on four themes:
environment, materials, nuclear, and health.

The CANS infrastructure, together with the McMaster Nuclear Reactor and the CCEM, provides
world class materials, thermal testing center and capability unique to North America.

The infrastructure includes the following facilities:
A. High Performance Computing Centre (HPC)

High Performance Computing Centre (HPC) was acquired by the Nuclear Safety Research
group in McMaster, enabling the coupling of safety analysis codes and code development.
Acquisitions were also made of many new safety codes (e.g., FLUENT, COMSOL, Multi
physics, MATLAB, etc) along with current CANDU safety codes from Industry Partners (OPG,
AECL) for students’ research and reengineering of legacy software.

B. McMaster Nuclear Reactor and the Canadian Center for Electron Microscopy

The McMaster Nuclear Reactor and the Canadian Centre for Electron Microscopy (CCEM)
include a 1x1010 n/s fast neutron generator for neutron imaging, a laser-induced breakdown
spectroscopy test facility, and a neutron/gamma-ray computed tomography prototype.

Complementary facilities include:

o New: 1x1010 n/s fast-neutron generator (2019) for neutron imaging
o New: laser Induced Breakdown Spectroscopy test facility

o Neutron/Gamma-ray computed tomography prototype

C. McMaster's Centre for Advanced Nuclear Systems

McMaster’s Centre for Advanced Nuclear Systems (CANS) provides a suite of post
irradiation examination capabilities and new test equipment. CANS has five main facilities:
i.  the Nuclear Materials Post-Irradiation Examination Facility,
ii.  the Nuclear Materials Characterization Facility,
iii.  the Nuclear Thermal Testing Facility,
iv.  Positron Annihilation Spectroscopy Laboratory, and
v.  the Health Physics Dose Response Facility (this facility is located at Ontario Tech University).

The Centre for Advanced Nuclear Systems (CANS) is a regional research facility that
provides:
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o At McMaster: A suite of post irradiation examination (PIE) capabilities and new test
equipment; a thermal testing laboratory
o At UOIT: a radiation dose laboratory (at UOIT).

This infrastructure, together with the McMaster Nuclear Reactor and the Canadian Center
for Electron Microscopy, provides a world class materials and thermal testing center and
capability unique in North America. to advance research in three focus areas:

a) nuclear materials

b) nuclear safety thermal-hydaulic behavior

c) health physics.

Major points regarding CANS:

e Only such PIE capability at any university world-wide

e Provides the first 3D atom probe in Canada — the instrument of current choice for
atomistic materials characterization. ORNL and INL have such instruments.

e Provides 2 state of the art SEM/FIB microscopy instruments and a TEM instrument
(donated by Kinectrics)

e Capability to perform material tensile testing at temperatures up to 1400 C (more
than we currently need but accommodates future high temperature materials)

Funding to establish the facility was obtained as grants awarded in 2009 by the Canada
Foundation for Innovation (CFl) — New Infrastructure Fund (NIF) and the Ontario Ministry of
Research and Innovation (MRI).

CANS is comprised of four primary facilities, namely:
1. POST IRRADIATION EXAMINATION OF NUCLEAR MATERIALS:

An irradiated materials examination facility consisting of a suite of custom designed,
fabricated, and installed hot cells. There are 5 separate workstations for receiving,
machining, sample preparation, mechanical testing and optical microscopy
examination of material samples.

Each workstation has its own shielded window and pair of remote manipulators. At
the end of the hot cell suite is an instrument room containing a shielded dual beam
Scattering Electron Microscope/Focused lon Beam (SEM/FIB) and a Transmission
Electron Microscope (TEM). Two fume hoods are located in this room for handling
and etching of small active samples. This facility is located at McMaster University in
a room within the McMaster Accelerator Laboratory building and will be operated
by McMaster’s Nuclear Operations and Facilities organization.

An equipment sharing agreement has been established between CANS and the
CANMET- Materials Technology Laboratory (MTL) in the McMaster Innovation Park.
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2. NUCLEAR MATERIALS CHARACTERIZATION FACILITY:

A materials characterization and analysis facility that will be used to investigate the
mechanical behaviour of existing and newly developed materials (including
irradiated in-reactor core components, GEN IV materials and technology). The
facility includes a Three-Dimensional Atom Probe (3DAP) and Scattering Electron
microscope/Focused lon Beam (SEM/FIB) and is collocated in the Brockhouse
Institute for Materials Research (BIMR) adjacent to the Canadian Centre for Electron
Microscopy at McMaster University.

3. THERMAL TESTING FACILITY

The thermal testing facility is used to obtain experimental data to develop and test
nuclear safety thermal-hydraulic models. This facility includes a heated Flow Loop,
upgraded power supply with 265 kW capacity, cooling heat exchangers, a new heat
transfer test section and 3-D Tomography and High-Speed Video instrumentation for
state-of-the-art visualization. This facility is located in the Nuclear Research Building
(NRB) at McMaster University.

The thermal testing facility includes:

e A new water CHF facility was also constructed at McMaster University to study
steady state and transient Critical heat Flux in support of Industry efforts to
disposition outstanding regulatory action items.

e Anew low pressure flow loop for high velocity studies of turbulence and
interfacial areas in CANDU type geometries.

e A new low pressure CHF test facility for measuring CHF on downwards facing
components to support in vessel retention.

e Moderator Lattice CHF test facility

e High Pressure single-pin CHF test facility (up to 16MPa)

Other complementary facilities are also available:

e Electro-resistive Computed Tomography — 2 and 3D slice information of air-
water two phase flow phenomena.

e Time Resolved Practical Image Velocimetry (PIV) — 2D planner imaging of velocity
and turbulence.

e Laser Doppler Anemometer — 2- and 3-dimensional point velocity and turbulence
measurements

4. HEALTH PHYSICS DOSE RESPONSE FACILITY

The Health Physics Dose Response Facility contains a Neutron Generator and
Gamma Imaging devices to conduct research in mixed radiation fields (neutron +
gamma). This is located at University of Ontario Institute of Technology (UOIT).
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3.0 ONTARIO TECH UNIVERSITY

e Ontario Tech University is the operating name of the University of Ontario Institute
of Technology.
e University Location: Oshawa, Ontario

3.1 UNIVERSITY AND FACULTY:

Ontario Tech has six faculties:

e Faculty of Engineering and Applied Science with four departments:
o Energy and Nuclear Engineering, which includes Canada’s only undergraduate
nuclear engineering program, as well as graduate and post-doctoral programs
o Electrical and Computer Software
o Mechanical and Manufacturing
o Automotive and Mechatronics

About one-third of Ontario Tech research is within the energy field. Given the nexus
of energy and automotive research, Ontario Tech also has a strongly developed
electrification and clean fuels research program. Although the department most
closely aligned with UNENE is the Energy and Nuclear Engineering Department, each
of the three other departments has relevant research areas that are applied to
energy and nuclear, specifically.

In addition to Engineering, there are five other faculties within Ontario Tech, many of which
also have research study areas and experts applying their expertise within the nuclear and
broader energy industry:

e Science

e Health Sciences

e Business and Information Technology

e Social Science and Humanities

e Education

3.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

3.2.1 RESEARCH PROJECTS AND CHAIRS

NSERC-UNENE Research Chairs

Dr. Ed Waller
Health Physics and Environmental Safety UNENE Research Committee Member
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Dr. Kirk Atkinson
Health Physics and Environmental Safety

UNENE Research Collaborative Project

Dr. Glenn Harvel
Waste management and Radionuclide monitoring:

CANDU Owners Group Projects

Dr. Atef Mohany
Dynamic Characteristics of CANDU Fuel Bundle and Damping of Pressure Pulsations in
CANDU Fuel Bundles

Dr. Kirk Atkinson

Yeast-based impedance biodosimetry for retrospective assessment of low dose exposure;
Feasibility of in-vivo measurement of radiation exposures to the eye and the potential for
occupational ocular biodosimetry

Distinguished Researcher

Dr. Marc A. Rosen
Fellow, Royal Society of Canada

Other Engineering Faculty Canada Research Chairs

Dr. Horia Hangan
Canada Research Chair in Adaptive Aerodynamics (Tier 1)

Dr. Markus Piro
Canada Research Chair (Tier 1) in Nuclear Fuels and Materials

Dr. Sheldon Williamson
Canada Research Chair (Tier II) in Electric Energy Storage Systems for Transportation
Electrification

Ontario Tech Energy Research Excellence Chairs

Dr. Ibrahim Dincer
Global leader in sustainable energy solutions and hydrogen:

Dr. Jennifer McKellar
Cost and Environmental Impacts in Energy Systems
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3.2.2 TEAM OF EXPERTS

A list of research areas and expertise for the Engineering faculty researchers at Ontario Tech is
provided below by department.

3.2.2.1 FACULTY OF ENGINEERING AND APPLIED SCIENCE

Dr. Hossam Kishawy, Dean
Research Areas: Manufacturing, high-speed machining, modelling and optimization, finite
element modelling, residual stress and stress analysis

Dr. Scott Nokleby, Associate Dean

Research Areas: Robotics, mechatronics, mechanisms, automation, advanced kinematics of
robots and mechanisms, redundant manipulator systems, mobile-manipulator systems,
mechanism and robot design, optimal design

Dr. Qusay Mahmoud, Associate Dean
Research Areas: Software systems and security, mobile computing and middleware,
cybersecurity

3.2.2.2 DEPARTMENT OF ENERGY AND NUCLEAR ENGINEERING

Dr. Markus Piro, Department Chair Energy and Nuclear Engineering, Associate Professor,
Canada Research Chair (Tier Il) in Nuclear Fuels and Materials,

Research Areas: Nuclear fuel performance and safety, spent nuclear fuel, emerging nuclear
technologies (i.e., GenlV, SMRs), energy systems and manufacturing, computational
thermodynamics, experimental and computational fluid dynamics, multi-physics modeling and
simulation, applied mathematics (i.e., optimization, linear algebra)

Dr. Akira Tokuhiro, Professor

Research Areas: Technical education/learning and training, energy, nuclear energy, public and
plant safety, plant engineering and operations, program development, modeling and
simulations, research, accident analyses, SMR/MMR — small and micro-modular design and
engineering, and applications such as hydrogen, systems engineering

Dr. Brian Ikeda, Associate Professor

Research Areas: Corrosion of materials in molten fluoride salts, corrosion of nuclear waste
container materials, electrochemical and physical degradation of fluorine anodes, localized
corrosion of metals at elevated temperatures, stress-assisted corrosion cracking of metals,
long- term performance assessment of materials, radioactive waste management
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Dr. Daniel Hoornweg, Associate Professor
Research Areas: Energy and material flows in cities, greenhouse gas emissions, energy
systems, climate change, sustainability, sustainable development, hydrogen

Dr. Edward Waller, Professor, Industrial Research Chair NSERC/UNENE IRC in Health Physics
and Environmental Safety

Research Areas: Applied health physics, environmental impact of radionuclides, internal and
external dosimetry, non-intrusive investigation, emergency preparedness and

response, nuclear security and CBRN counterterrorism, radiation detection, risk analysis,
threat detection, cybersecurity

Dr. Eleodor Nichita, Associate Professor

Research Areas: Mathematical modeling and computer simulations, scientific and
engineering software development, design and analysis of power systems, neutron and
radiation transport, design and analysis of advanced nuclear reactors, non-destructive
testing, radiation detection and dosimetry

Dr. George Bereznai, Professor Emeritus
Research Areas: Computer control of nuclear power plants, educational technology, real-
time simulation

Dr. Glenn Harvel, Professor

Research Areas: Nuclear decommissioning, nuclear plant design, electrohydrodynamic and
plasma technology for particle capture, plant operations and maintenance optimization,
small modular reactor applications, diagnostic techniques such as neutron radiography,
ultrasonics, capacitance-based, and nuclear thermal hydraulics

Dr. Hossam Gaber, Professor

Research Areas: Smart energy grid engineering, nuclear-renewable hybrid energy systems,
transactive mobility, plasma systems for energy and nuclear systems, waste-to-energy, small
modular reactor simulation

Dr. Igor Pioro, Professor
Research Areas: Nuclear engineering (thermal-hydraulics of nuclear reactors and Generation

IV nuclear-reactor concepts), thermal Sciences (boiling, forced convection including
supercritical pressures, etc.), heat Engineering (heat exchangers, two-phase thermosyphons,
heat-recovery systems, etc.)

Dr. Jennifer McKellar, Associate Professor

Research Areas: Life cycle assessment, life cycle costing, real options analysis, expert
elicitation, environmental analyses of small modular reactors, energy systems analysis,
renewable electricity generation, solar, hydrogen, fuel cells
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Dr. Kirk Atkinson, Associate Professor and Associate Industrial Research Chair
Research Areas: Nuclear engineering, reactor physics, Small Modular Reactors (SMRs),
radiation science, radiation biophysics, radiation risk assessment, microfocus x-ray
spectroscopy, high-performance computing

Dr. Lixuan Lu, Professor
Research Areas: Probabilistic safety assessment and artificial intelligence

Dr. Matthew Kaye, Associate Professor
Research Areas: Applied thermodynamics, nuclear materials, high-temperature materials
chemistry, aqueous chemistry, physical metallurgy and welding issues

Dr. Rachid Machrafi, Professor

Research Areas: Applied radiation science, radiation detection for nuclear security and non-
proliferation, ADS systems for energy production and nuclear waste transmutation, Monte
Carlo simulation & modeling, space radiation, medical isotope production

Nuclear Engineer in Residence
John Froats, Nuclear Engineer in Residence, Associate Professor
Teaching Professors

Sharman Perera, Associate Teaching Professor

Dr. Filippo Genco, Associate Teaching Professor and Director of Industry Training

3.3 CONTACT INFORMATION FOR RESEARCHERS:

e Faculty of Engineering and Applied Science (ontariotechu.ca)

3.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

3.4.1 UNENE SUPPORTED RESEARCH POSITION

There is four (4) UNENE supported research positions:

IRC
a) NSERC/UNENE Industrial Research Chair (IRC) in Health Physics (Waller)
b) NSERC/UNENE Industrial Research Chair (IRC) in Environmental Safety (Waker)
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RCP

a) RCP: Investigation of the Dynamic Response of CANDU Fuel Bundle due to Acoustic Pressure
Pulsations in the HTS Piping System (Mohany/Hassan)

b) RCP: Development of Radionuclide Monitoring, Capture, and Segregation for SSSD (Harvel)

Appendix B presents a summary of completed IRC and RCP research programs.

3.4.2 |IRC - HEALTH PHYSICS AND ENVIRONMENTAL SAFETY

3.4.2.1 OVERVIEW

The UNENE Chairs in Health Physics and Environmental Safety at UOIT were established to
provide a research and educational basis to help meet the challenge of ensuring sustainable
nuclear power production in Ontario, Canada and contribute to international efforts in nuclear
safety and security.

The program provides industry with expertise and means to test and characterize advanced
real-time instruments, insight into the scientific drivers of regulatory requirements in radiation
protection and environmental safety and expertise in the potential applications of advanced
modelling and visualization technology for radiation protection training, plant nuclear security
and environmental protection.

In fulfilling our role of providing applied health physics research for the nuclear industry our
activities have evolved into a program of work integrating

e Real-time radiation detection and measurement

Technological developments for real-time detection and measurement remain at the
core of the Senior Chair research program. Mixed-field neutron-gamma dosimetry with
low pressure proportional counters with different wall-materials continues to be
studied. Other ongoing real-time instrument research projects driven by the aspiration
to improve nuclear facility dosimetry and radiation monitoring are:

o Gas Electron Multipliers (both thick and thin) for particle range discrimination

o Ball-anode hemispherical proportional counters for reduced microphonics and

manufacturing simplicity
o Wall-less proportional counter for beta particle near-field dosimetry
o Air-flow ionization chamber for sever accident monitoring

We are also engaged in an experimental and computational study for real-time
monitoring of eye-lens dose, which is in response to the immanent change in Canadian
regulations concerning exposure limits to the eye-lens of nuclear energy workers. In this
study we are building a physical detector model of the human eye using plastic
scintillators as the detection element. The detector prototype design will be refined by
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comparison with Monte-Carlo calculations of the detector and human eye-lens response
to different radiation qualities.

e Radiation computational modelling

Monte Carlo radiation transport modeling is extensively used for modeling the dose to
non-human biota for comparison with experimental data, as well as for modeling
contact dose, projects described below. Radiation dose visualization, virtual reality (VR)
and augmented reality (AR) research has been ongoing for almost 10 years within the
Associate Chair’s research program. This research goal has been to develop a novel
method to take in-situ ionizing radiation measurements and using Monte Carlo methods
in real-time, develop an approximate three-dimensional model of the field distribution
in the environment from that data and provide guidance to monitoring teams on where
radiation sources may be in the environment. This three-dimensional model will be used
for safety, mapping, virtual reality and augmented reality applications. The result is the
development and integration of a sensor package consisting of a depth sensor for
environmental scanning, a radiation sensor for monitoring radiation field intensity
combined with supporting software for mapping the environment, conducting Monte
Carlo modeling to deduce radiation field distribution and a display for communicating
the resultant calculated radiation field and provide guidance in three dimensions to the
user. Continuing research investigates virtual and augmented reality applications to
develop an optimal user interface to provide real-time feed-back to the end user.

e Environmental dosimetry for non-human biota

The main concerns in the long term are the viability and success of non-human
populations. In order to achieve this, a quantification of radiation effects for
representative species as well as analysis of effective doses absorbed by the biota are
crucial. Additionally, a methodology for dose measurement is needed to correlate
effects and causes. Experimental radiobiology is at the heart of environmental
protection. As an experimental methodology to quantify radiation damage it is
complemented by dose assessment through measurement and simulation with the goal
to better understand the effects of ionizing radiation. In that context this aspect of the
IRC research aims to develop an integrated approach to dose prediction, and
measurement and quantification of radiation effects in aquatic biota. Determining the
effects of radiation on aquatic non-human biota and as a result to aquatic environments
is best done by a mixed approach of computational modelling and experiments involving
tissues in order to quantify radiation damage as well as organisms to assess radiation
effects. This research has progressed to develop a mixed approach for radiation damage
assessment in the case of freshwater ecosystems. For this purpose, modeling
techniques, such as Monte Carlo radiation transport modeling, has been employed to
assess theoretical doses to non-human biota under a variety of exposure scenarios.
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Irradiation experiments with various gamma energies add to the knowledge base on
radiation effects on aquatic biota, as well as to experimental dosimetry techniques.

Dose visualization for training, security and ALARA purposes.

Robotic radiation field mapping

Radiological emergency situations are hard to plan for due to their evolving nature
during the event. Response protocol and emergency training does not remove people
from potentially being exposed to dangerous situations in order to recover. These
personnel rely on personal radiation detectors in order to navigate through the
radioactive area unaware of the possible danger that could be in the next room.
Reacting to sudden changes in the environment is even more difficult if the dangers
around the personnel are not fully known. Even in low dose rate radiation environments
it would be beneficial to know what the dose rates are throughout the work area and
additionally what paths should be taken to minimize total dose (to levels as low as
reasonably achievable). An autonomous robot could be very beneficial in situations
where personnel may be exposed to an unknown radiation environment. Robots have
already been used in the nuclear industry for some time. However, they are often only
used in emergency situations as a backup to personnel when radiation doses are too
high or when the area is difficult to enter. Existing systems are almost always tele-
operated as well, relying on the skills of the operator to perform the task and to be as
thorough as possible. An autonomous radiation mapping robot would be useful as a
response option. This type of robot would need to measure radiation fields,
autonomously navigate, produce informative information about the radioactive
environment, and also be easy to use. This radiation robot, being essentially a mobile
sensor and aware of its location, would be able to use its data to not only produce an
overall map of every radiation measurement but be able to process this information
further to create a mathematically valid representation of the environment. To this end,
a radiation mapping robot (RadBot) was developed to autonomously map physical and
radiation environments. The system was successfully demonstrated to be able to map
and locate radiation sources in complex environments. Further development is being
undertaken to incorporate dose visualization and airborne particulate sampling and
analysis.

Our work provides industry with expertise and means to test and characterize advanced
real-time instruments; insight into the scientific drivers of regulatory requirements in
radiation protection and environmental safety; and expertise in the potential
applications of advanced modelling and visualization technology for radiation protection
training and plant nuclear security.
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3.4.2.2 DETAILS OF RESEARCH PROGRAMS IN CY2020/2022 PERIOD

Brief summaries of current research activities in 2020/2021 period are presented below.
A. Experimental Low Dose Investigations of Non-Human Biota

The objective is to evaluate different non-human biota (currently zebra mussels and snails)
using the using electron paramagnetic resonance (EPR) spectroscopy technique and develop
a low dose modelling approach.

QOutcome & Current Progress:
This project is developing techniques for determining low chronic dose, generating results,
and examining the appropriateness as fortuitous dosimeters under accident conditions.

B. Public Exposure to Low Doses of Anthropogenic Radiation

The objective is to address public concerns about their exposure to low doses of
anthropogenic radiation.

Outcome & Current Progress:
This project will provide an estimation of lifetime doses to the public living close to NPPs
using electron paramagnetic resonance (EPR) measurements on extracted tooth enamel.

C. Radiological Environmental Assessment of Non-Human Valued Ecosystem Components
Around Indigenous Communities

The objective is to develop a radiological environmental assessment of non-human Valued
Ecosystem Components around indigenous communities.

Outcome & Current Progress:

This project will develop a Monte Carlo voxelized phantom of a moose for detailed
environmental dosimetry estimates and perform electron paramagnetic resonance (EPR)
spectroscopy dosimetry on moose tooth and bone samples.

D. Return on Investment in Nuclear Security

The objective is to determine the impact of administrative monetary penalties and
emergent technologies on efficacy of nuclear security.

Outcome & Current Progress:
This project will evaluate/develop a Return-on-Investment model for nuclear security.
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E. Geospatial Requirements for Protective Actions in the Vicinity of Canadian Nuclear
Generating Stations

The objective is to apply statistical, trend and spatial analysis techniques to understand how
protective actions in an emergency depend upon location, season, time of day,
meteorological conditions, etc.

Outcome & Current Progress:
The project will estimate the geospatial requirements for protective actions in the vicinity of
Canadian nuclear generating stations.

F. Interactive Model for Training & Visualizing Accidental Release Scenarios

The objective is to develop an atmospheric dispersion model suitable for a variety of
immersive training & visualization scenarios.

Outcome & Current Progress:
This research is complete, the student working on this research has graduated, and a tool
has been developed and offered to the utilities for testing.

G. Localization and Visualization of lonizing Radiation Fields in Virtual and Augmented Reality

The objective is to investigates the use of Virtual and Augmented Reality (VR and AR) to:
i. Improve training for radiation surveyors.
ii. Enhance situational awareness during radiation surveying.
iii. Provide a new method to localize and quantify radiation sources in situ in real-time.

Outcome & Current Progress:
This project will develop methodology for the localization and visualization of ionizing
radiation fields in virtual and augmented reality.

H. Effects of Radiation on Eye-Lenses of Rainbow Trout
The objective is to investigate the effects of radiation on the eye-lenses of rainbow trout.
Outcome & Current Progress:

This project will provide an improved understanding about the impact of changing
regulations for eye-lens dose.
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3.4.3 RCP - INVESTIGATION OF THE DYNAMIC RESPONSE OF CANDU FUEL
BUNDLE DUE TO ACOUSTIC PRESSURE PULSATIONS IN THE HTS PIPING

SYSTEM

3.4.3.1 OVERVIEW

This RCP is led by:
e Dr. Atef Mohany, Ontario Tech University
e Dr. Marwan Hassan, University of Guelph (co-applicant)

This project, in collaboration with UNENE-member, CANDU Owners Group (COG),
investigates the effectiveness of passive acoustic damping devices on the attenuation of
acoustic pressure pulsations in piping systems. As well, it seeks to numerically simulate the
dynamic response of CANDU fuel bundles due to acoustic pressure pulsations. The
numerical simulation of the CANDU fuel bundle is performed using INDAP (Incremental
Nonlinear Dynamics Analysis Program), an in-house general purpose finite element program
capable of simulating the nonlinear dynamics of nuclear and power equipment subjected to
fluid excitations.

The traditional designs of passive acoustic damping devices are typically very large, making
their implementation in existing facilities problematic, in many cases. This research focuses
on designing and testing a series of acoustic dampers aimed at use in industrial installations.

The devices are significantly smaller than traditional designs to maximize their usefulness in
industrial applications. They could be distributed throughout the piping system in order to
minimize their size and be capable of damping numerous acoustic modes to accommodate
changing operating conditions.

3.4.4 RCP - DEVELOPMENT OF RADIONUCLIDE MONITORING, CAPTURE, AND
SEGREGATION FOR SSSD

3.4.4.1 OVERVIEW

This RCP is led by Dr. Glenn Harvel.

This research focuses on three themes:
e Theme 1 - Low Energy Radionuclide Monitoring
e Theme 2 - Waste Capture and Decontamination,
e Theme 3 - Waste Segregation and Decommissioning Project Management.

3.4.4.2 DETAILS OF RCP RESEARCH PROGRAM

e Theme 1 - Low Energy Radionuclide Monitoring
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Two main techniques are being pursued for the development of detectors.

GEM-based Detectors

The approach under study is the use of a Gas-ionization type detector modified
for the detection of low energy emissions such as those associated with Tritium
and Fe-55. Different methods for converting tritiated heavy water into a vapour
form for direct injection into a GEM detector, thus reducing the need for a much
higher gain, have been studied. The results suggest either electrolysis or
atomization methods should be used to maximize the amount of tritium in the
vapour environment. This work is essentially complete.

Development of a Low Energy Proportional Counter System Design

The design concept has been completed and the detectors and amplifiers have
been purchased. The test apparatus is currently under assembly and the design
of the scintillation chamber has been completed. The scintillation chamber has
been modified to improve the gas flow and increase the residency time of the
low energy radionuclides. MCNP software has been procured and calculations
will soon be performed to confirm that the layout of the scintillator plates will
provide optimal detection efficiency.

e Theme 2 - Waste Capture and Decontamination,

The research considers the use of electrostatic or electrohydrodynamic forces
and plasma-based techniques for the ionization and capture of radioactive
species. The use of electrostatic or electrohydrodynamic forces allows for the
capture of charged aerosols and large particles in a more efficient manner than
standard filter techniques. The technique has demonstrated the proof of
principle that lodine vapour generated during decommissioning activities would
be captured by electrostatic methods. The identification of the aerosol
generating has been completed.

e Theme 3 - Waste Segregation and Decommissioning Project Management.

Identification of Source Term

A key challenge for decommissioning is identification of the hazard source terms.
One scope of work is a comparison of the FUGEN and CANDU type reactors to
improve knowledge of the source term.

To fully understand the radioisotopes of importance to decommissioning,
comparisons are being made between the quantity of isotopes stated in a report
by the Japanese Atomic Energy Agency (JAEA) and Monte Carlo modelling. This
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model will center on the neutron activation of the reactor core and containment
buildings.

The purpose of the research is to model a fuel assembly of the FUGEN reactor
and a typical fuel bundle from the Pickering reactor and perform a comparative
analysis of the isotopes produced. Burnup and neutron activation calculations
are completed in the Monte Carlo code MCNP6. A comparison of the isotopes
created in both reactors will hopefully show the potential differences required in
the decommissioning of similarly styled reactors.

Development of a Decontamination Selection Tool

A significant literature review has been completed on the decommissioning
technologies available in terms of the methods used for dismantling as well as
the methods used to decontaminate and the subsequent secondary
contamination that may occur by using such methods. This review has formed
the foundation of a decontamination data base that can be used to assist
workers in identifying optional methods for decontamination as well as the
impact of deferred decommissioning versus prompt decommissioning.

The work is still mostly in the developmental phase, and it is expected that the
database for decontamination selection could be used by Ontario Power
Generation as a preliminary tool.

Outcome & Current Progress

The work is still mostly in the development phase. Some work has progressed to the point
where industry participation needs to be increased.

A. The database for decontamination selection has been completed and could be used by
OPG as a preliminary tool at any time. It does need further development, but the
additional development can be done in a piecemeal fashion by several students.

The plasma work is sufficiently complete, and efforts are now turning to the
electrostatic capture techniques. To further this topic area, we have completed design
and construction of are designing a decommissioning test rig (DTR). The DTR will be
used to conduct dismantling and decontamination tests using the techniques developed
in the laboratory.

The gel characterization is complete which means that we could do some preliminary
experiments in the field. Meetings with OPG are planned on how this could be achieved.

B.

C.
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3.5 FACILITIES AND APPLICATIONS

3.5.1 ENERGY INSTITUTES AND CENTRES

A. BRILLIANT ENERGY INSTITUTE

The Brilliant Energy Institute (BEI) builds upon the energy research and expertise at Ontario
Tech University to meaningfully contribute to Canada’s leadership in the global transition to net
zero by 2050. Together with partners in industry, government and academia, BEIl supports the
technical, policy, social and regulatory advancements necessary to achieve deep
decarbonization, sustainability and equity for prosperity, quality of life, and climate resilience

in communities across Canada and worldwide.

B. CENTRE FOR SMALL MODULAR REACTORS

The Centre for Small Modular Reactors (SMRs) is a research facility that draws upon the
expertise at Ontario Tech and collaborating institutions to help advance Canada’s SMR Action
Plan through technical solutions for design, deployment, and operation of SMR reactors for on
and off-grid electricity and other energy uses, including the decarbonization of the resource
sector and other heavy-emitting industries.

C. CLEARN ENERGY RESEARCH LAB

The Clean Energy Research Lab (CERL) is a world-class facility where clean energy research is
pioneered and can potentially uncover major breakthroughs to address climate change.

CERL is a leading hydrogen research facility, led by some of Canada’s most highly cited and
respected researchers. Its mission is to develop clean energy technologies and move them from
laboratory to commercial and industrial applications. Researchers work on several projects across
technologies, including testing of various decarbonization techniques for carbon-intense fuels.

Research areas include the world’s first lab-scale demonstration of a copper-chlorine cycle for
thermochemical water splitting and nuclear hydrogen production. Using nuclear, solar or other
heat sources (such as waste heat from industrial plant emissions), the Cu-Cl cycle promises to
achieve higher efficiencies, lower environmental impact and lower costs of hydrogen
production than any other existing technology.

D. INTERNATIONAL ATOMIC ENERGY AGENCY COLLABORATING CENTRE

The International Atomic Energy Agency Collaborating Centre at Ontario Tech provides a
Canadian satellite to the IAEA, with a particular focus on its work to integrate nuclear, and in
particular, small modular reactors, into energy systems with other clean energy sources,
including renewables and clean fuels, like hydrogen.
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3.5.2 SPECIFIC LABORATORIES

Ontario Tech University provides various high-level research laboratories in multiple fields for
research and development in mixed-field radiation measurements, environmental radioactivity,
aerosol science, electron paramagnetic resonance spectrometry, aquatic species radiation
biology, and virtual and augmented reality capability.

Ontario Tech is home to the Clean Energy Research Laboratory (see above in 3.5.1).

The dedicated research infrastructure provides:
e Mixed field irradiation facility
e Environmental radioactivity laboratory
e Aerosol laboratory
e Animal care facility
e Nuclear instrumentation development laboratory; and
e An electron paramagnetic resonance (EPR) spectrometer laboratory.

The infrastructure includes eleven (11) laboratories:
A. DETECTOR PHYSICS AND EXPERIMENTAL MICRODOSIMETRY LABORATORY (Dr. Anthony Waker)

The radiation detector development and experimental micro-dosimetry laboratory is set up
for the custom design, construction and testing of advanced gas ionization detectors such as
tissue equivalent proportional counters and gas electron multipliers and other detection
systems for mixed-field radiation protection dosimetry and micro-dosimetry. Coupled with
these detectors are the electronic and computer facilities necessary for the development of
novel data acquisition systems and control software.

e Bruker EMX-micro X-band Electron Paramagnetic Resonance (EPR) Spectrometer

The EPR spectrometer is utilized to conduct retrospective dosimetry on both human and
nonhuman biota samples. Investigations have been performed on aquatic species
(mussels), gastropods (snails) and other shelled species for low-dose environmental
research. In a related project under Candu Owners Group (COG) investigations are being
conducted on human teeth in and around nuclear facilities.

e Hopewell BX3-BR Irradiator

A cabinet irradiator has been purchased to perform high dose / high dose rate
irradiation of samples (specifically for EPR research but had broader application). The
cabinet irradiator will house a 330 Ci (12.2 TBq) Cs-137 source, capable of delivering
doserates from 1.2 — 213 Gy/hr.

Page 40 of 130



UNENE

University Network of
Excellence in Nuclear

P8 Engireerin g

B. ADVANCED PLASMA ENGINEERINGLABORATORY (Dr. Hossam Gaber)

Advanced Plasma Engineering Laboratory (UOIT) specializes in high-density, high energy
plasma research and thermal engineering research. The research has numerous applications
in nuclear fusion, aerospace, waste-to-energy, oil and gas, nanotechnology, biochemical
instruments, and manufacturing. The APEL lab emphasizes on innovations in plasma
generation, diagnostics, and experimentations, and their applications on multiple
disciplines. The plasma generation include inductive and capacitive plasma discharge.
Experimental work includes ion optics, propulsion, and energy harvesting.

CORROSIONAND ELECTROCHEMISTRY LABORATORY (Dr. Brian lkeda)

The Corrosion and Electrochemistry lab is set-up to investigate the electrochemical
processes that drive corrosion at elevated temperatures. A particular emphasis is placed on
the chemical and electrochemical processes associated with localized corrosion processes
such as localized corrosion and stress assisted corrosion cracking. Special facilities are used
to examine processes in molten salts that range from ow melting point, but noxious fluoride
salts to high temperature metal chloride salts. A variety of electrochemical methodologies
are available to interrogate localized corrosion processes.

. SIMULATION LABORATORY (Dr. George Bereznai)

The simulation lab contains a state-of-the-art computer and display system for simulation of
nuclear power plants, such as the Pickering and Darlington nuclear electric generating units,
and the School has the capability to develop software for advanced reactor designs.

NUCLEAR MATERIALS LABORATORY (Dr. Matthew Kaye)

The nuclear materials laboratory investigates and characterizes metals, alloys, and aqueous
systems that are important in nuclear reactor systems and other energy production
facilities. The lab houses an X-ray Diffractometer capable of characterizing samples at both
room temperature and elevated temperatures. Custom built vessels allow for exploration of
aqueous systems up to 250 °C. The experimental work can provide fundamental
thermochemical data that supports applied thermodynamic modelling work also performed
in this laboratory.

HIGH PERFORMANCE COMPUTING AND VISUALIZATION LABORATORY (Dr. Eleodor Nichita)

The High-Performance Computing and Visualization Lab is set up for the investigation of
computationally and output intensive problems that appear in reactor and radiation
physics. It supports research into parallel algorithms and into methods for displaying large
amounts of data in a meaningful way using three-dimensional graphic representations.

. AEROSOL AND RADIATION RESEARCH LABORATORY (Dr. Ed Waller)
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A state-of-the-art aerosol research laboratory is used to investigate potential hazards from
terrorist use of radiological dispersal devices (RDDs). The research is widely applicable to
determination of hazards from airborne radioactive contaminants.

The aerosol research laboratory has an aerosol chamber, flow-volume simulator (breathing
machine), aerosol particle sizers, a variety of radiation detection equipment including ion
chambers and an OSL dosimetry system. In addition, we have a Husky A200 Unmanned
Ground Vehicle for radiation detection and mapping of hazardous environments.

H. NUCLEAR DESIGN LABORATORY (Dr. Glenn Harvel)

The primary mission of the Nuclear Design Laboratory is to study multi-disciplinary
interfaces and integrated designs related to nuclear technology for developing new nuclear
plant concepts, design modifications to existing designs, and design modifications for
improved decommissioning activities.

ENERGY SAFETY AND CONTROL LABORATORY (Dr. Hossam Gaber)

Energy Safety and Control Laboratory (ESCL)specializes in advanced safety and control
systems and their applications in nuclear, energy and plasma systems. Research includes:
development of probabilistic risk models for accurate NPP safety verification; Improved
performance of safety and shutdown systems and recovery operation in NPP; Canada will
be a better understanding of in-reactor nuclear fuel behavior, long-term storage of spent
nuclear fuel, and greater support for emerging nuclear technologies. Improved NPP
performance with intelligent control systems; and Fault propagation modeling and real time
safety verification of NPP. Experimental work on fault diagnosis in control loops, CATHENA
simulation code, and uncertainty estimation software tools.

J.  NUCLEAR INSTRUMENTS AND APPLIED RADIATION LABORATORY (Dr. Rachid Machrafi)

The Nuclear Instruments and Applied Radiation Laboratory is a multi-disciplinary laboratory
for the development of integrated radiation detection systems, radiation measurement
methods, and modeling complex radiation fields such as space radiation filed and terrestrial
radiation mixed field. The laboratory is equipped with a computing system with different
modelling and simulation codes such as MCNPX, PHITS, OLTARIS and different detection
systems for testing and measuring.
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3.6 INTERESTS AND CAPABILITIES INCLUDING NON-UNENE FUNDED
NUCLEAR-RELATED RESEARCH
Other Research Activity

Canadian Projects

Chief Scientific Investigation (CSA) in Collaboration with Health Canada. IAEA Coordinated
Research Project (CRP) Effective use of Dose Projection Tools in the Preparedness and response
to Nuclear and Radiological Emergencies, IAEA CRP J15002. 2020

International collaborations

IAEA

Developing Assessment and Prognosis tools

Nuclear security exercise planning

Emergency Preparedness and Response Training performance indicators

Training system improvements for the Incident and Emergency Centre, IAEA
Train-the-Trainer workshops for radiation protection in a variety of countries (Lebanon,
Estonia, Jamaica, Argentina)

Subject matter expert input for the IAEA School of Radiation Emergency Management
(China, Morocco)

TU Wien (Technical University Vienna)

Collaborate on co-supervised PhD student on illicit radiological material trafficking data
analysis

Canadian Collaborations

Cytognomix: Collaborate with research on Automatic Chromosome Dicentric Analysis
Western University, McMaster University, ORF-RE (severe accident mitigation
technology)

Ontario Power Generation, NSERC CRD on Decommissioning Technologies
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4.0 POLYTECHNIQUE MONTREAL

e University Location: Montréal, Quebec

4.1 UNIVERSITY FACULTY:

e Departments of Engineering Physics and Mechanical Engineering- Energy and Nuclear
Engineering

4.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at Polytechnique Montréal is
provided below.

Cédric Béguin, PhD, Professor of Mechanical Engineering
Cédric Béguin’s research specialties are the numerical modelling and measure of two-
phase flows and instabilities on free surfaces.

Dr. Cornelia Chilian, PhD, Senior Research Scientist

Dr. Cornelia Chilian is a research scientist and Director of the SLOWPOKE Neutron
Activation Analysis Laboratory. Dr. Chilian applies her nuclear engineering expertise and
training to ensure judicious operation of research reactors. She is a collaborator on
international projects involving research reactor fuel conversion, NAA atomization as
well as evaluation of nuclear data, certified materials, and quality standards.

Stéphane Etienne, PhD, Professor of Mechanical Engineering, NSERC/GE chair in Two-
Phase Flow

Stéphane Etienne’s research specialties are high order time and space monolithic finite
element methods and numerical simulations and experimental determination of
physical phenomena and validity of numerical methods for fluid-structure interactions
and dispersed two-phase flows.

Alain Hébert, D.Ing., Professor of Mechanical Engineering

Alain Hébert’s research specialties are the application of the Boltzmann transport
equation solution to reactor physics and radiotherapy applications. He is a member of
the Polytechnique Nuclear Engineering Institute. Professor Hébert, in collaboration with
other colleagues, devised a “lattice code,” dubbed DRAGON and a core code DONJON,
and continues to develop them. DRAGON and DONJON simulate at different scales the
behaviour of neutrons in a nuclear reactor.
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Dr. Stéphane Kéna-Cohen, PhD, Professor of Engineering Physics

Stéphane Kéna-Cohen heads the Laboratory for Nanostructured and Molecular
Photonics and holds the Canada Research Chair in Hybrid and Molecular Photonics. His
research specializations are in the physics of solids, optics and advanced materials,
leading to development of optoelectronic components. Professor Kéna-Cohen is
developing optoelectronic devices with novel properties using nanostructured, hybrid
and molecular materials. The members of his group harness these materials to develop
low-cost LEDs, highly efficient solar cells, tunable lasers, and single-photon sources for
guantum computing. To study the properties of novel materials and how best to use
them within devices, his group uses advanced laser spectroscopy and electrical
characterization techniques.

Dr. Guy Marleau, Phd, Retired Adjunct Professor of Engineering Physics

Guy Marleau’s research specialties are the physics of nuclear reactors and neutron
transport. He is a member of the Polytechnique Nuclear Engineering Institute. Professor
Marleau, in collaboration with two colleagues, devised a “lattice code,” dubbed
DRAGON, and continues to develop it. DRAGON simulates the behaviour of neutrons in
a nuclear reactor.

Njuki Mureithi, PhD, Professor of Mechanical Engineering
Njuki Mureithi’s research specialization is non-linear dynamics and fluid-structure
interactions.

Dr. Clara Santato, PhD, Professor of Engineering Physics and CRC-1 Chair in Organic
Electronics

Professor Clara Santato’s research specialization is electroactive materials and devices.
Her expertise is in the fields of photo-electrochemistry (specifically, production of
hydrogen by photo-electrolysis of water, using metal--oxide photocatalysts) and
optoelectronic devices (such as organic light-emitting transistors). Building on her
experience, Professor Santato has merged these two fields to open up new avenues of
research in the area of mixed ionic-electronic conducting materials. Areas of interest
include bio-pigments (such as melanin), transistor-type devices that require only low
voltages to operate (based on a principle known as “electrolyte gating”), and energy
storage (supercapacitors and batteries).

CONTACT INFORMATION FOR RESEARCHERS:

e Energy & Nuclear Engineering | Engineering Physics (polymtl.ca)
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4.4.1

4.5

4.5.1

UNENE SUPPORTED RESEARCH AND DEVELOPMENT

UNENE SUPPORTED RESEARCH POSITION

There are no UNENE supported research positions:

IRC
e None

RCP
e None

FACILITIES AND APPLICATIONS

Polytechnique Montréal houses multiple high-level nuclear facilities, including their
SLOWPOKE lab.

Polytechnique Montréal is also the home of a thermal hydraulics laboratory that
contains various test facilities.

SLOWPOKE NAA LABORATORY

The SLOWPOKE lab houses a nuclear reactor fuelled by uranium enriched to 20% U-235.
The reactor is used by researchers to develop neutron activation analysis (NAA)
methods, including kO-NAA, a method of chemical analysis used to measure the
concentrations of elements in solids and liquids. Dr. Chilian has designed a method of
iterative correction of resonance self-shielding for samples of unknown composition
with high concentrations of neutron-absorbing elements. This is a world first in the field
of NAA, and now allows researchers at the Laboratory to analyze exotic matrices in
advanced composite materials. Research work is ongoing, with the goal of coupling all
models, including the new model of detection efficiency that involves gamma
attenuation by matrices containing heavy elements such as the rare earths.

With a keen interest in NAA applications of nuclear and atomic data and in radiation
detection instrumentation, Dr. Chilian has upgraded and automated her laboratory’s
irradiation and gamma-ray spectrometry equipment and methods. These advances have
considerably enhanced the accuracy of the NAA method used at Polytechnique
Montréal, which has had a direct impact on the volume of analysis requests. The Lab
now analyzes more than 10,000 samples per year for applications in fields of industrial,
mining, environmental, agricultural and human-health technology research. University-
industry collaborations make up an important part of its operations and revenue.
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The Laboratory produces radioactive tracers and provides technical support and training
in NAA. It also provides consulting services on regulatory and management aspects of
research reactors, along with nuclear instrumentation calibration and assistance
services. The Polytechnique SLOWPOKE NAA Laboratory is today among the world’s
leading NAA laboratories, recognized by the International Atomic Energy Agency (IAEA)
in Vienna as well as the International Committee on Activation Analysis (ICAA).

TEST FACILITIES

Polytechnique Montréal is also the home of a thermal hydraulics laboratory that
contains various test facilities, including heat transfer loops, which allow applied and
fundamental research on two-phase flows and boiling phenomena at high pressures and
temperatures to be carried out, and the interconnected subchannel test facility, which
conducts fundamental research on mass exchanges between subchannels under single
and two-phase flow conditions.

The university’s thermal hydraulics laboratory also has an air-water countercurrent rig,
an adiabatic air-water flow pattern identification rig, and an air-water rig with a quick-
closing valve QCV system.

No research activity is currently underway on the test transfer loops.

Heat Transfer Loops

The heat transfer loops allow applied and fundamental research on two-phase flows
and boiling phenomena at high pressures and temperatures to be carried out. These
loops can accommodate tubular or rod-bundle test sections of up to 3.5 min length
when installed vertically and 4.5 m in length when installed horizontally. Besides the
test sections, the loops have auxiliary equipment used to maintain the temperature and
the flow rate at the inlet, and the pressure at the outlet of the test sections constant
during the experiments. The test sections are directly heated using a DC current and
they are fully instrumented to measure detailed pressure drops, surface temperatures,
mass flow rates and void fractions.

The thermal-hydraulics laboratory contains six test facilities:
e asteam-water heat transfer loop,
e afreon test transfer loop,
e an adiabatic air-water interconnected sub-channeling,
e an air-water countercurrent rig,
e an adiabatic air-water flow pattern identification rig,
e an air-water rig with a quick-closing valve (QCV) system.
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Interconnected Subchannel Test Facility

The interconnected subchannel test facility is used to conduct fundamental research on
mass exchanges between subchannels under single- and two-phase flow conditions. The
test section simulates two interconnected subchannels of a nuclear fuel bundle and it
can be oriented vertically or horizontally. An air-water mixture is used to simulate
steam-water flow at close to atmospheric pressure.

Counter-Current Flow Rig

The counter-current flow rig has been designed to carry out experiments on two-phase
counter-current flow. This facility can accommodate vertical test sections of up to 2.6 m
in length and test sections consisting of vertical and horizontal runs in which the
horizontal run may be up to 3.3 m in length. Both test sections are equipped with
flanges to install orifices and study their influence on counter-current flows.

Flow Pattern Identification Rig

The flow pattern identification rig consists of a 2.4 m long square channel test section
machined from a transparent acrylic bloc and the hydraulic equipment required to
simulate two-phase flows. The test section is instrumented to measure signal
fluctuations produced by axial void fraction gauges as well as local pressure transducers.

Air-Water Loop with QCV's

The air-water loop with QCV's is used to develop local and global void fraction gauges
for vertical and horizontal two-phase flows. The QCV system allows the average void
fraction in the test section to be determined by weighing the trapped liquid (water)
after suddenly closing the valves.

COMPUTER CODES

DRAGON for Nuclear

The DRAGON code was actually created to unify in a single code several different
models and algorithms used to solve the neutron transport equation (a specific instance
of the Boltzman equation) for arbitrary geometries in three dimensions. The equation is
important in the study and design of nuclear reactors. This cell and assembly calculation
software is used to solve the neutron transport equation using the collision probability
or characteristics methods. This code compares favorably with other similar codes used
worldwide. It can read different nuclear cross section data libraries. Completely
developed at Polytechnique Montréal, this code possesses unique features such as 3-D
supercell transport calculation capabilities and can use sophisticated leakage models.

Page 48 of 130



UNENE

University Network of
Excellence in Nuclear

%6 > Engineerin g

Furthermore, the code allows the recovery of consistent nuclear properties for reactor
calculations with Cartesian or hexagonal lattices.

Developed with financial support form NSERC, AECL, Hydro-Québec and Polytechnique
Montréal, the DRAGON code is freely available and is used by a number of research
organizations in the world for the study of both power reactors and research reactors.
An IST version of the code is used by COG members for CANDU reactivity devices
simulations.

DONJON for Nuclear

This software is used for finite reactor analysis and relies on the solution of the neutron
diffusion equation. One of its modules, namely TRIVAC, provides solutions to the
diffusion equation using finite element or finite difference techniques. This module has
also been implemented in other reactor codes such as HQ-SIMEX (a reactor core
simulator used for fuel management calculations at Hydro-Québec).

The code DONJON also contains the NDF module that solves the diffusion equation using
a nodal approach. DONJON is a natural complement to DRAGON and allows various static
calculations for the direct and adjoint flux, for flux harmonics and generalized adjoints.
The modules included in DONJON also allow space-time reactor calculations to be
performed using the improved and generalized quasistatic approximations.
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5.0 QUEEN’S UNIVERSITY

e University Location: Kingston, Ontario
5.1 UNIVERSITY AND FACULTY:

e Faculty of Engineering and Applied Science
e Department of Mechanical and Materials Engineering (https://me.queensu.ca/)

5.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at Queen’s University is provided below:

Professor Mark Daymond — Nuclear Materials Group, RMTL Director

Nuclear materials; microstructure-property relationships; neutron and X-ray scattering
techniques for materials research; accelerator technology; irradiation effects on materials
degradation; fracture and mechanics of materials; materials characterization.

Professor Zhongwen Yao — Nuclear Characterisation Group

Nuclear materials, radiation damage in materials, characterization of radiation induced
defects; electron microscopy; nanoscale materials characterization, coating technology,
materials processing.

Professor Suraj Persaud — Corrosion Group

General focus of research group is corrosion and high temperature oxidation of metals, with
specific interest in metals and alloys used for components in nuclear power plants. This
includes corrosion research on materials relevant to the entire life cycle of nuclear plants,
from advanced reactor design to operation of current plants, to waste disposal. Research in
the group involves evaluating corrosion-susceptiblity of materials using high temperature
fracture/corrosion tests and electrochemical measurements in conditions relevant to
industrial applications (e.g. nuclear). Knowing that corrosion of metals and alloys is
generally thought to occur through nano-scale mechanisms, we apply cutting-edge
microscopy techniques to perform post-exposure examination of corrosion and degradation
from the micro-to-atomic scale. The ultimate goal is to translate our developed mechanistic
understanding of materials degradation into mitigation strategies and/or novel materials.

e Corrosion and stress corrosion cracking; high temperature oxidation;
electrochemistry; electron microscopy and surface science; hydrogen
embrittlement of steels; irradiation effects on corrosion.

Page 50 of 130


https://me.queensu.ca/

UNENE

University Network of
Excellence in Nuclear

CEERCS
H Engineerin g

Professor Laurent Béland — Computational Materials Science Group

Computational materials science; atomistic simulation on short timescales (electronic
density functional theory, molecular dynamics) and long timescales (accelerated dynamics);
mesoscale simulations; classical force-field development. Materials include metals, alloys,
semi-conductors, and cement/clays. Artificial neural networks for microscopy analysis.

Professor Levente Balogh — Microstructure Characterisation and Neutron Beam Group
Irradiation effects on the microstructure and mechanics of materials; dislocation density
measurements; quantification of irradiation defects; X-ray and neutron diffraction;
advanced synchrotron techniques for materials characterisation; neutron sources.

Professor Rick Holt — Emeritus, advisor to all research groups

Nuclear materials/zirconium alloys; crystallographic texture; anisotropy and deformation of
metals; modelling materials behaviour; theory of radiation damage and in-reactor
deformation.

Professor Malcolm Griffiths — Adjunct, advisor to all research groups|
Materials performance in nuclear reactor cores; radiation damage of materials; materials

characterization using electron microscopy and diffraction techniques; modelling irradiation
deformation of materials.

5.3 CONTACT INFORMATION FOR RESEARCHERS:

e Nuclear Engineering (UNENE) — Queen's Engineering and Applied Science (queensu.ca)

5.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

5.4.1 UNENE SUPPORTED RESEARCH POSITION

There are six (6) UNENE supported research positions:

IRC

a) NSERC/UNENE Industrial Research Chair (IRC) in Nuclear Materials (Daymond)

b) NSERC/UNENE Industrial Research Chair (IRC) in Corrosion Control and Materials
Performance in Nuclear Power Systems (University of Toronto: Newman/Queen’s
University: Persaud)

RCP

a) RCP: Investigation of Irradiated Spacer Materials (Yao)

b) RCP: Optimum membrane and membrane assembly for the filtration of heavy water
containing tritiated heavy water (Daymond)
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c) RCP: SCC of Ni-Fe Alloys and IASCC of Stainless Steels: Evaluation using Micro-
mechanical Testing Techniques (Persaud)

Appendix D presents a summary of completed IRC and RCP research programs.

IRC - NUCLEAR MATERIALS

5.4.2.1 OVERVIEW

The main goal of this program is further the fundamental understanding of nuclear
materials relevant to the industry with a specific focus on understanding the materials
of the CANDU fuel channel, and in particular, the impacts of processing choices as well
as aging mechanisms. This includes radiation-induced deformation of nuclear materials
(especially zirconium alloys), the fracture properties of such materials and the
relationship of properties to manufacturing variables, crystallographic texture and
microstructure. The fuel channel includes the pressure tube, calandria tube and spacers
which keep them separate over the lifetime of the channel.

The research currently concentrates on the effect of manufacturing variables on the
property’s microstructure and texture of pressure tubes, the anisotropic creep of Zr-
2.5Nb, the plastic anisotropy of Zr-2.5Nb, Zircaloy-2, the behaviour of hydrides in bulk
Zr-2.5Nb, delayed hydride cracking of Zr-2.5Nb, irradiation induced degradation of X-
750 spacers.

For example, the program seeks to understand the anisotropic behaviour of pressure
tube material over a wide range of crystallographic textures and microstructures and to
relate this to the elongation of pressure tubes, their increase in diameter, their sag and
their fracture characteristics.

As well, the program is broadening its research of materials to prepare for choices
relating to small modular reactors (SMRs).

There are five major research themes:
1. Experimental studies of the deformation of Zr alloys (plasticity, creep, fatigue)
2. Effect of irradiation on:

a. The deformation and microstructure of Zr and Ni alloys, and

b. Fracture (fatigue, hydride properties, DHC)

Effects of hydrides on the properties of Zr alloys

Modelling: a) of deformation, and b) of effect of hydrides on Zr alloys

5. Control of microstructure and texture of alpha-beta zirconium alloys

b w
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5.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS IN CY2020/2022 PERIOD

Brief summaries of current research activities in 2020/2021 period are presented below.
A. Effect of Irradiation and Metallurgical Conditions on Irradiation Creep

Diametral wall expansion of pressure tubes (PT) occurs mainly by irradiation creep. The
design of the fuel channels considers stress increases due to diametral expansion and
wall thinning, stress rupture/creep ductility and flow bypass. Increased stresses due to
diametral expansion and wall thinning are offset by radiation hardening during service,
however, one effect of the tube expansion is flow bypass which degrades fuel cooling
and may necessitate derating of the reactor. The “worst case” tube dictates when this
will happen, hence R&D is needed to quantify variability in expansion to allow more
accurate assessments of flow bypass on fuel cooling. We are commissioning a facility to
carry out in-proton beam irradiation creep experiments; this will allow a comprehensive
study of the influence of microstructure, temperature, stress, and flux on resultant
irradiation creep.

Outcome & Current Progress:

Detailed understanding of influence of microstructure (e.g., PT Front End vs Back End)
influence on irradiation creep as function of stress, temperature, and flux. This will
result in more accurate assessment of potential for flow bypass on fuel cooling.

Commissioning of experimental facilities was delayed due to Covid access/manpower
problems. In addition, some technical challenges are associated with cooling were
encountered. We now expect to complete commissioning in early summer 2022
(delayed from fall 2021), with experimental program then starting and expecting to run
~3 years.

B. Interaction Between Hydride Precipitation / Dissolution and Microstructure

Examination of removed PT has shown that different types of damage can potentially
initiate Delayed Hydride Cracking (DHC) under various reactor operating conditions,
depending upon the hydrogen concentration in the tubes. Management of in-service
damage comprises inspections to characterize the flaws and an extensive R&D program
to understand the threshold conditions for DHC to occur. DHC involves the precipitation
of hydrides in zirconium under the influence of stress and subsequent cracking of those
hydrides. The basic physical concepts of this process are known, but most of the details
of the process on a micromechanical scale have not been characterized, for example,
the strain energy associated with the precipitation and dissolution of hydrides, the
mechanical interaction of the hydrides with the Zr matrix, influence of PT microstructure
on hydride contiguity and hence the conditions under which a hydride will crack, and
the influence of a sometimes-observed hydride phase transformation at about 470 K.
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We are carrying out in situ and post-mortem studies of hydrides, including the impact of
irradiation. This will reduce the uncertainty associated with DHC predictions.

Outcome & Current Progress:
1. Remove uncertainties / ambiguities associated with hydride phase stability reported
in literature.

2. Determine contributions of local PT microstructure on hydride contiguity, and
hydride dissolution / precipitation behaviour.

Several uncertainties/ambiguities associated with hydride phase stability were resolved
by Fall 2021 (as scheduled), with conclusions presently being written up for
presentation/ publication (slightly delayed). Initial findings will be presented at the
ASTM Zirconium in the Nuclear Industry Conference (June 2022).

Work in 2022 will be focused on understanding the origin of ‘layered’ hydride
microstructures sometimes reported in the literature. We expect this to be completed
by early 2023.

Embrittlement of X750 Spacers

Inconel X-750 spacers removed from CANDU plants after extended neutron exposure
have a degraded fracture resistance. In the irradiation flux of the reactor, several basic
irradiation damage mechanisms are occurring in this nickel-based alloy. Firstly,
irradiation damage leads to development of dislocation loop structures, with
subsequent increase in hardness and decrease in ductility. Secondly, dissolution of the
gamma-prime coherent precipitates results in a softening of the matrix. Thirdly,
transmutation of the spacer material occurs due to neutron absorption (nickel having a
relatively high neutron absorption cross-section for thermal neutrons), leading to
changes in material condition. Decay products for this alloy include both protons and
alpha particles; these collect as H and He which cause additional irradiation damage and
eventually form cavities in the material. The CANDU industry has been assessing the
potential impact of this material degradation on load-bearing capability (required to
prevent PT — Calandria tube contact) via accelerated neutron irradiations at ORNL as
well as investigation of removed leading in-service spacers. We are carrying out
complementary accelerator-based studies to separate out relative contributions of the
above aging phenomenon to behaviour.

Outcome & Current Progress:

Understanding of relative contributions of microstructural aging to mechanical
performance of aged X750 spacers. Will improve capability to predict mechanical
performance of neutron irradiated spacers still in-service.
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Work has progressed well despite Covid, with studies to separate the contributions from
He cavities and irradiation damage concluded. Academic publications are in preparation
for completion by Fall 2022.

D. Impact of Irradiation on Hydride Properties

The predictive models used in DHC calculations require an understanding of material
properties, in particular the fracture behaviour of hydrides. To understand potential
contributions and influences, we are carrying out studies of irradiation on pre-formed
hydrides. Mechanical properties will be assessed via indentation testing, and via
fracture-overload (i.e., when notch-tip hydrides are fractured at a stress higher than
that under which they formed). This will be complemented by studies of
microstructural contributions (i.e., impact of PT Front end vs Back end), as well as
impact of irradiation flux and temperature.

Outcome & Current Progress:
A relationship between flux and temperature and hydride mechanical properties, which
can be used in predictive DHC models.

The effect of irradiation and temperature on hardness has been determined (end of
2021 as expected). A key conclusion of 2021 work is that the ductile-brittle transition
observed in hydrided zirconium alloy (at around 150-175°C) is not associated with any
intrinsic / abrupt change of properties of the hydride. Rather it is to do with the relative
properties of the zirconium and the matrix, i.e., how the matrix constrains the hydride
to induce hydride fracture. Results are being written up, with preliminary results to be
presented at the ASTM Zirconium in the Nuclear Industry conference (June 2022).

Fracture-overload tests are now underway and are expected to be complete by
September 2023.

E. Impact of Prior Irradiation Damage on Subsequent Thermal Creep

While in-reactor component deformation is primarily driven by irradiation growth and
creep, there are scenarios where conventional thermal creep can be significant, firstly
under accident conditions and secondly at stress concentrations at normal operating
conditions. The second is significant for reactor operations because stress relaxation by
creep at a notch-tip flaw could potentially lower the stress at a flaw, and hence lower
the propensity for DHC, and is our focus. We are carrying out a range of proton
accelerator irradiations, under different conditions of flux, temperature and
microstructure followed by thermal creep testing.
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Outcome & Current Progress:
Determination of impact of irradiation on subsequent thermal creep. Guide any future
calculations as to flaw-tip stress reductions.

The experiments are mostly complete, though somewhat delayed by Covid. We anticipate
a delay in completion from the originally anticipated August 2022 to early 2023.

5.4.3 IRC - CORROSION CONTROL AND MATERIALS PERFORMANCE IN NUCLEAR
POWER SYSTEMS

5.4.3.1 OVERVIEW

The program focuses on deepening the understanding of corrosion processes in steels and
other metal alloys applicable to nuclear facilities. Behaviour associated with trace impurities,
water chemistry and the effects of radiation are considered. Advanced characterization
methods are applied regularly to better understand corrosion mechanisms. Most recently,
long-term corrosion impacts for waste container behaviour are under study.

As well, the program assists Ontario Power Generation (OPG) with ongoing corrosion
issues, especially related to Monel. Developing close links with Canadian Nuclear
Laboratories (CNL) on current and future activities. Advice is also provided to OPG on
electrochemical monitoring of a dry storage container for used fuel at the Darlington
Waste Management Facility.

The IRC research takes place alongside studies of copper corrosion relevant to nuclear
waste disposal, funded by NWMO and recently augmented by a new ORF program
based at Western University, and an NSERC Alliance program. Other programs have
initiated related to corrosion in SMR environments (a New Frontiers in Research Fund,
w/ Daymond) and an NSERC CREATE program led by Western.

This program focuses on academic and applied research on corrosion control and
materials performance in environments relevant to nuclear power systems.

Topics include:

e Corrosion and stress corrosion cracking (SCC) of Ni alloys and stainless steels;

e The dynamic effect of irradiation and corrosion on degradation of stainless steels;

e The oxidation resistance of candidate accident tolerant fuel cladding materials
and coatings;

e Hydrogen effects on feeder cracking (carbon steel);

e Evaluation of materials for proposed advanced reactor and SMR environments
(e.g., molten salt); and

e Development of advanced experimental and microscopy methods for studying
corrosion phenomena.
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5.4.3.2 DETAILS OF IRC RESEARCH PROGRAMS IN CY2020/2022 PERIOD

A. Stress Corrosion Cracking (SCC) of Ni-based and Fe-based Alloys in Boiling Caustic
Solutions

Secondary side crevice environments in steam generators can have a pH ranging from acidic
to alkaline with the presence of potentially aggressive impurities, including Pb, Cl, and S
species. This research examines the dealloying of Ni-based and Fe-based alloys in boiling
caustic environments, particularly evaluating the effect of alloy composition (Ni content) and
susceptibility to SCC. In addition, in-situ micro-mechanical testing of the micro/ nanoporous
films formed due to dealloying is studied to evaluate the proposed SCC precursor. The SCC
mechanism is further studied using advanced electron microscopy methods.

Outcome & Current Progress:

COG has been doing significant work on this topic on engineering alloys, and this project
provides complementary mechanistic insight from the electrochemical and mechanical
perspectives. This will further develop expertise in corrosion, electrochemistry, and
advanced microscopy for the industry. In addition, this research is often presented at
UNENE nuclear industry meetings and will be presented at several national and international
nuclear meetings as COVID restrictions relax in the next year (including the ICG-EAC meeting
and the 20" International Conference on Environmental Degradation of Materials in Nuclear
Power Systems — Water Reactors). A manuscript has recently been submitted to the Journal
of the Electrochemical Society (ECS) examining electrochemistry in boiling caustic solutions,
the effect of alloy composition, and nanoscale characterization of dealloyed layers.

B. The Effect of Pb on Extending the Dealloying and SCC Susceptibility pH Regime for Ni Alloys

Pb is an impurity present in steam generator crevice environments and has been shown to
lead to SCC, historically in Alloy 600, but also in other Ni-Fe-Cr alloys in the laboratory. The
role of Pb on instigating SCC or facilitating a dealloying process is not understood, but there
is speculation that the element extends degradation regimes under borderline passive (pH)
conditions. This project seeks to understand the role of Pb in alkaline environments,
beginning with benchtop boiling Pb-caustic tests and eventually 300 °C testing in Pb-alkaline
solutions. The primary alloy of interest is Alloy 800, but other Ni-Fe-Cr alloys are used for
comparisons.

Outcome & Current Progress:

There is high interest in the role of impurities in secondary side water on potential material
degradation in steam generator heat transfer crevices and this project helps to address this
knowledge gap, albeit in a relatively simple model environment. Identifying precursors to
SCC is a key initiative right now, particularly in COG and including ex-service materials. This
project will further develop expertise in corrosion, electrochemistry, and advanced
microscopy for the industry. Experiments thus far by a recently graduated MASc student,
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Bander Alsekhan, suggest some effect of Pb on partially passivating a surface when a true
passive film (Cr oxide) is not stable; higher temperature tests on the same topic will
commence later this year. The work received the 1 place presentation prize at the 2021
NACE student symposium.

Intergranular Oxidation Embrittlement of Alloy X-750

Alloy X-750 is a precipitation hardened variant of Alloy 600 used for spacers which maintain
the gap between calandria and pressure tubes. Embrittlement has been reported in X-750
spacers, attributed mostly to radiation damage, in particular the segregation of He to sinks.
The annular gas environment is not normally reducing (a few percent 02), but transients in
gas purging/addition or other operational transients could introduce a range of reducing
environments. Alloy 600 is well known to undergo intergranular oxidation in reducing
gaseous environments, which suggests X-750 may share a similar susceptibility. Thus,
proactive testing of X-750 in the transient reducing gaseous environments is necessary. This
project explores the oxidation behavior of Alloy X-750 in annulus gas conditions and in
transient conditions.

Outcome & Current Progress:

The mixed gas reactor has enabled testing in simulated annulus gas environments and in
future will likely be used for testing in VHTR environments. Results suggests that internal
and intergranular oxidation occurs in X-750, but only at conditions about 1000 times more
reducing than the annulus gas (in terms of oxygen partial pressure). In addition,
complementary model alloy experiments have shown that Ni-12Cr and Ni-16Cr are
relatively resistant to intergranular oxidation compared with Ni-Al and Ni-Cr-Al binary
alloys. This project will aid with providing complementary mechanistic insight into
embrittlement of Alloy X-750 spacers, particularly the possible contribution of the
environment; this is a key topic currently for the industry with several large ongoing priority
COG projects. Furthermore, the international community remains interested in primary
water SCC and our testing provides new insight on the role of minor elements, Al and Ti. We
expect 2-3 publications submitted by the end of 2022.

. In-situ Evaluation of Irradiation Effects on Oxide Chemistry on Stainless Steels and Zr Alloys

A novel facility has been commissioned at Queen’s to perform in-situ Raman spectroscopy
on metals and alloys in high temperature water. In addition, this system can mount directly
on the proton beamline to evaluate the effect of radiolysis and radiation damage on oxide
chemistry and growth kinetics. The current interest is the behavior of materials used for in-
core components, in particular Zr-2.5Nb pressure tube material and 304L stainless steel
used for the Calandria vessel. The project is in collaboration with the UNENE IRC in Nuclear
Materials which has a complementary focus on irradiation effects on material properties.
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Outcome & Current Progress:

The project will evaluate the effects of radiation damage and radiolysis on the performance
of materials used for in-core components. This will include the effect of dissolved oxygen,
electrochemical measurements, the effect of temperature, and the possible role of
impurities. This corrosion loop facility is one-of-a-kind and was commissioned as a part of
this program in 2020. Current testing has involved off-beamline in-situ Raman analysis on
304L stainless steel and Zr alloys exposed to oxidizing water at up to 200 °C. Having
confirmed the safety and viability of the system for the proton accelerator, similar in-situ
proton irradiation testing is scheduled to begin by the end of the year. The fundamental
research complements industry research on fuel channels and long-term strategic R&D on
nuclear materials. A manuscript describing the one-of-a-kind corrosion loop facility is
currently in preparation.

Corrosion of Zr Alloys - Irradiation Effects and Mechanical Properties of Oxide(s)

Oxidation of Zr alloys is known to eventually breakdown after step-growth kinetics. The
reason for the transient behavior in oxidation kinetics of Zr alloys is not well understood, in
addition to the effect on hydrogen pickup. This project is a part of a wider mechanistic
understanding of zirconium corrosion (MUZIC) community and aims to specifically elucidate
the effect of proton versus neutron irradiation on long-term oxidation of Zr alloys in primary
water-type conditions (up to 1700 days). In addition, the mechanical properties of the film
after different durations of exposure and irradiation dose are explored using micro-
mechanical testing techniques. The project is in collaboration with the UNENE IRC in
Nuclear Materials which has a focus on irradiation effects on material properties.

Outcome & Current Progress:

Variations in beta phase breakdown (oxidation) was observed with change in exposure time
and radiation source, in addition to the morphology of oxide fracture. Research is underway
to apply micro-mechanical testing methods to evaluate the latter in more detail. A paper
has been submitted to the upcoming 20t International Conference on Environmental
Degradation of Materials in Nuclear Power Systems — Water Reactors. This research will
allow for better understanding Zr corrosion in reactor environments, including the integrity
of the relatively passive oxide film formed over the lifetime of pressure tubes.

Cl-induced SCC of Stainless Steel — Crack Initiation Testing

304L stainless steel is the material used for the Calandria vessel and is exposed to radiation
fields as well as ~80 °C water with impurities such as Cl and SO4 species. The material is
expected to reach approximately 3-6 dpa and up to 500 appm He with life extension to 100-
years. COG strategic R&D programs are currently evaluating the effect of this low
temperature irradiation on mechanical and material properties. This program seeks to
complement that scope of industry research by examining the behavior of 304L stainless
steel in Cl environments, with particular interest on applying advanced characterization
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methods to study the SCC mechanism. Crack initiation testing using DCPD is applied to grow
controlled cracks and is currently being developed. Radiation damage effects may be
included as part of a separate project in later years.

Outcome & Current Progress:

Installation of the SSRT-DCPD system at Queen’s was completed in Mar. 2022, with initial
testing and commissioning activities currently underway. This system will allow for crack
initiation studies, which, when combined with advanced characterization methods, will
allow for evaluating specific SCC mechanisms in nuclear-relevant environments.
Complementary testing in humid environments on proton irradiated samples will allow for
quicker evaluation of the effect of irradiation, but in more uncontrolled stress conditions.
CI-SCC of stainless steel has been an issue in some plants in recent years and it is important
to evaluate the long-term performance of the 304L stainless steel Calandria vessel.
Irradiation effects on CI-SCC of stainless steels has not been studied previously.

. SCC of Alloy 800 in 300 °C Acidic, Sulfate-Containing Solutions

In addition to Pb and caustic environments, discussed above, the presence of sulfate species
and acidic pH may be relevant to potential SCC in heat transfer crevices on the secondary
side of steam generators. This project evaluates the effect of the environment on the
passivity of Ni-Fe-Cr alloys, particularly with varying Cr content. An initial comparison
between common steam generator alloys will be performed (Alloys 600, 690, 800). The
passivity of these materials and the importance in SCC (and pitting) will be studied at the
nanoscale using advanced microscopy techniques. Testing of model alloys is likely to follow.

Outcome & Current Progress:

There is an interest in the role of impurities in secondary side water on potential material
degradation in steam generator heat transfer crevices and this project helps to address this
knowledge gap. In particular, there have been issues with Alloy 800 used in European
plants, suspected to be due to acid sulfate SCC. By better understanding the mechanism,
environment susceptibility regimes can be better defined, and potential inhibitors could be
developed. Furthermore, precursors to passive film impairment and subsequent SCC will be
evaluated at the nanoscale, providing important information to the industry.

. Reaction Transport Model for Pitting Corrosion

Aggressive anions (e.g., chloride, sulfate, and sulfur species with intermediate oxidation
state) can accumulate inside nuclear steam generators, leading to localized corrosion and
potential leakage between the radioactive and non-radioactive sections in the nuclear
power plant. The pitting mechanism of stainless materials under the presence of aggressive
anions is not fully understood due to the complexity of the pit chemistry and the kinetics at
the corroding surface. Thus, this research aims to develop a reaction transport model to
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illustrate the pitting mechanism, particularly the propagation stage, under the effect of
multiple aggressive anions.

Outcome & Current Progress:

The project consists of three stages:

1. Develop a 1D reaction-transport model to study the critical pitting conditions for pit
stability and propagation.

2. Construct an experimental study to investigate the effect of aggressive anions on the
diffusion-controlled dissolution rate of metal and justify the proposed 1D pit model.

3. Incorporate the results and knowledge obtained from stage 1 and stage 2 to extend the
modeling work to a 2D pit model to investigate the propagation and the interaction
mechanism of multiple pits.

All 1D work has been completed. 2D modelling is ongoing.
I. Corrosion of Model Ni-Based Alloys in Molten Cl Salts

Materials performance in Molten Salt Reactors (MSRs) is evaluated using model Ni-based
alloys; MSRs are one type of Small Modular Reactor (SMR). New alloys or claddings must be
developed, and their corrosion behavior merits special attention at a fundamental level. The
project aims to develop a strategic expertise in molten salt corrosion, with the ultimate
intention of contributing to the implementation of SMR technology in Canada. An
experimental program was developed, using electrochemical techniques to study the
fundamentals of corrosion kinetics and mechanisms in metals and model alloys exposed to
molten chloride salts.

Outcome & Current Progress:

Construction of a novel electrochemical facility is complete, and it is now operating at
temperatures up to 700 °C. Fe-(Cr)-Ni model alloys were prepared using the Cold Crucible
Induction Levitation Melter. A eutectic mixture of LiCl, KCl and MgCl; salts was used for
most experiments, with various additions including nickel ions. Some higher temperature
experiments omitted the Mg component. A novel method was developed to validate the
stability of a Mg/Mg?* reference electrode during long experiments by comparison with
dynamic Mg or K/Li reference electrodes, synthesized periodically in situ. Porosity and
parting limits were observed, just as in aqueous dealloying, except that the parting limit
(minimum content of less-noble element(s) for dealloying) was higher than seen in aqueous
solutions. This is due to the very fast surface diffusion of more-noble metal in the molten
chloride salt. Correspondingly, the porosity is very coarse, and shows new features such as
secondary corrosion through the ligament cores. At temperatures in the 500 to 700 °C
range, a transitional behaviour was observed, with evidence for the involvement of lattice
diffusion of the alloying elements. Given that corrosion in MSR environments is poorly
understood, these results will inform SMR design and ultimately aid with successful
deployment.
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J. Dealloying of Monel 400 — the Effect of Organic Acids

Dealloying of Monel 400, a Cu-Ni alloy, is an important topic currently for OPG, specifically
related to Pickering NGS. In this research, the dealloying of Monel in organic acid
environments is evaluated with the addition of cuprous ions playing an important role in a
dissolution-reprecipitation process. The objective is to determine the kinetics of dealloying,
the morphology of the porous layer, and the mechanism of the transient dealloying.

Outcome & Current Progress:

Dealloying has been simulated in the lab using organic acid solutions containing cuprous
and/or cupric ions, building on previous research using inorganic solutions. It is not clear, at
this stage, whether dealloying can be reproduced at the low acid concentrations thought to
be present in plant, and various additional factors are being investigated.

5.4.4 RCP - INVESTIGATION OF IRRADIATED SPACER MATERIALS

5.4.4.1 OVERVIEW

The CRD research is to assist the ongoing work in Kinectrics: ‘Fuel Channel Life Management of
Inconel X-750’.

The purpose of this project is to develop an improved understanding of the fracture mechanism
of the Inconel X-750 spacers which are located between the calandria and pressure tubes in
CANDU nuclear reactors.

The focus is four-fold:

1. Building up an analysis benchmark to examine the size and morphology of cavities in
materials irradiated from low dose to high dose, using energetic protons (as an analogue
to fast neutron irradiation), combined with the implantation of helium (using tandem
accelerators, simulating the effect of helium produced by n-a reactions from Ni) on the
properties of Inconel X-750, in particular, the fracture behaviour; and

2. Establishing an accurate method to measure the percentage cavity coverage of grain
boundary area, in order to evaluate remaining margin for operating load of in-service
spacer components; and

3. Examining the hydrogen effects on fracture behaviour through measuring hydrogen
distribution and morphology in neutron irradiated samples,

4. Examining the irradiation induced microstructures of alternative spacer material Zr-Nb-
Cu, and the creep behavior under irradiation with different textures and pre-existing
microstructures.
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5.4.4.2 DETAILS OF RCP RESEARCH PROGRAM IN CY2020/2022 PERIOD

The investigation was mainly carried out at RMTL facility of Queen’s University. Uniaxial
tensile tests were conducted on both non-irradiated and helium-implanted materials.
The fracture surfaces of the non-irradiated and helium implanted samples were
examined after tensile testing using a FEI Nova Nano-SEM 450 at RMTLQueen’s
University. After the mechanical testing the fracture surfaces were examined in order to
assess the fracture mechanisms and correlate specific microstructural features with the
stress-strain response. Advanced TEM analysis was conducted on deformed materials to
explore the root causes of trans-granular fracture mechanism.

Overall, our progress on the project well followed the steps of original proposal. In the near
future we will carry out more testing on mechanical properties of irradiated materials.

5.4.5 RCP - OPTIMUM MEMBRANE AND MEMBRANE ASSEMBLY FOR THE
FILTRATION OF HEAVY WATER CONTAINING TRITIATED HEAVY WATER

5.4.5.1 OVERVIEW

The proposed research will develop experimental expertise at Queen’s for testing of
graphene oxide membranes as a water filtration system. The long-term goal is to
develop a system capable of reliably filtering tritium from heavy water. Initial
experiments will demonstrate the use of the membranes for filtering of light and heavy
water solutions. A computational modelling study will support the research, with the
goal of determining the underlying mechanism for the filtration. This modelling effort
will guide a process of optimisation of the membrane through functional additions.

5.4.5.2 DETAILS OF RCP RESEARCH PROGRAM IN CY2020/2022 PERIOD
To be addressed in next version

5.4.6 RCP - SCC OF NI-FE ALLOYS AND IASCC OF STAINLESS STEELS: EVALUATION
USING MICRO-MECHANICAL TESTING TECHNIQUES

5.4.6.1 OVERVIEW

This RCP is led by Dr. Suraj Persaud.

This project applies state-of-the-art micro-mechanical testing techniques to evaluate the
mechanical properties of localized brittle regions that may be formed in Ni-Fe alloys due
to irradiation and/or exposure to primary or secondary side water environments (e.g.,
Pb, S). Research provides mechanistic insight into SCC by evaluating localized plastic
deformation in irradiated materials and assessing the mechanics of known micro-to-

Page 63 of 130



coc,
AWpyee
S
o 250% 0
o ®
Ry
%00t

UNENE

University Network of
Excellence in Nuclear
Engineerin g

nanoscale precursor sites, such as intergranular oxide(s), nano-porous layers (from
dealloying), and pitting corrosion.

5.4.6.2 DETAILS OF CRD RESEARCH PROGRAM IN CY2020/2022 PERIOD

5.5

The program was affected by the COVID-19 pandemic and will be extended an additional
year. Since restrictions have lifted, significant progress has been made on two fronts: SCC
initiation from brittle de-alloyed layers from on Fe-based alloys. Experiments have
confirmed that a brittle film can initiate a crack which is propagated into the pristine base
metal. This work has been presented at several international forums. Advanced
characterization and micro-mechanical testing were used in combination to provide
convincing evidence. The second area of research thus far has examined the mechanical
properties of Zr oxide, which may influence the lifetime of in-core components and
hydrogen pickup. Micro-mechanical testing of Zr oxide regions are underway, with special
attention paid to the effect of texture within the oxide and the underlying base metal. A
third stream of research is scheduled to initiate in the coming year on the mechanical
properties of intergranular oxides formed in Ni-based alloys.

FACILITIES AND APPLICATIONS

Queen’s Reactor Materials Testing Laboratory (RTML) is a state-of-the-art, fully
equipped facility with a suite of equipment for testing mechanical and corrosion
properties, as well as a range of characterization equipment, including in situ
capabilities. RTML also provides facilities to simulate irradiation damage in materials,
characterize materials at the nanoscale, and perform mechanical testing.

Other complementary facilities are also available for corrosion testing, coating
materials, additive manufacturing of metals, and X-ray diffraction.

a) Proton & helium accelerator:
The RMTL is equipped with a proton and helium accelerator to introduce
radiation damage and transmutation products into materials, mimicking the
changes to materials occurring in a nuclear reactor.

A proton and He tandem accelerator dedicated to materials studies, and capable
of producing either 8 MeV H or 12 MeV He to simulate irradiation damage and
facilitate implantation studies, respectively. Studies have investigated the effect
of proton irradiation on the mechanical properties and microstructural evolution
of in-core materials (stainless steels, Zr alloys), and the effect of irradiation
damage and He implantation on embrittlement of Ni-based alloys.
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b) Electron microscopy:

Two microscopes available in-house:
e A FEI FEG-Nova NanoSEM provides surface imaging, EBSD, EDX, and in-
situ heating and straining capabilities.
e AFEI Osiris FEG-TEM provides near atomic scale imaging, STEM, EDS,
EELS, tomography, and in-situ heating & straining.

In combination, researchers can characterize the microstructure and chemistry
of materials from the micro-to-atomic scale. Some general nuclear-relevant
applications include:

e Analysis of nanoscale radiation-induced defects

e Crystallographic texture effects on hydride distribution and precipitation

in Zr alloys
e In-situ hydride dissolution and precipitation, and
e Nanoscale chemistry and plastic deformation at crack tips

c) Nanoindentation and micro-mechanical testing:
Nano- and micro-indentation from ambient to elevated temperatures. In-SEM
tensile, compression, and indentation tests on site-specific microscale regions of
materials. Texture effects and the mechanics of localized brittle regions are
studied, such as hydrides, radiation damage, intergranular oxides, and
nanoporous layers.

d) High temperature water loop with in-situ Raman Spectroscopy:
A water loop with attached autoclave cell capable of mounting on the
accelerator beamline for studying in-situ irradiation effects on corrosion in high
temperature water (up to 360 °C). A sapphire window allows for simultaneous
chemical analysis using Raman spectroscopy. Changes in oxide chemistry on
metals and alloys due to irradiation are the main focus.

e) High temperature corrosion laboratory:
Static autoclave facilities and a slow strain rate testing (SSRT) system with DCPD
for crack initiation testing. High temperature aqueous environments simulating
primary and secondary side water are the focus (i.e., pure water, or Pb and S as
impurities).

The high temperature oxidation and corrosion laboratory currently has or is
developing the following facilities:
e High temperature and pressure static autoclaves and flow loops
(aqueous)
e A SSRT system with DCPD for crack initiation testing
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e Small modular reactor (SMR) corrosion facilities - molten salt and/or
liquid Pb corrosion

e High temperature oxidation atmospheric pressure reactor and a high
temperature steam exposure gas system.

e Necessary wet laboratory equipment (e.g. glassware, electrochemical
cells, metallography, etc.).

f) X-ray diffraction and X-ray micro-CT:
X-ray micro-computed tomography for non-destructive evaluation of density
differences inside materials (e.g., porosity; precipitates). Resolution of 0.728m
achievable, and in situ loading device available. X-ray diffraction for phase and
texture determination.

g) Physical Vapour Deposition (PVD) Coating Machine

h) Additive manufacturing:
In-house developed laser-based state of the art system, designed for technique
development purposes includes controlled atmosphere, very low oxygen. Also,
laser surface modification capabilities.

INTERESTS AND CAPABILITIES INCLUDING NON-UNENE FUNDED
NUCLEAR-RELATED RESEARCH

Béland, Daymond (with CNL) — Developing artificial neural networks to assist in
characterisation of defects in irradiated materials. This includes He induced cavities;
hydrides; dislocations.

Persaud, Béland, Daymond (with NWMO) - Mechanisms of nuclear waste canister
corrosion and degradation. Studies on the Cu coating, with a focus on the corrosion,
mechanical properties and the interaction between clay and Cu.

Daymond, Persaud (NSERC CREATE grant) - Materials degradation in SMR and
advanced reactor environments. Looking at impact of alternative coolants,
focussing on molten salts.

. Daymond, Yao, Persaud (NSERC Discovery)- In-TEM irradiation and environmental

exposure for mechanistic studies of nuclear relevant alloys.

Persaud (NSERC Discovery) — High temperature oxidation of metals and alloys
Béland (NSERC Discovery) — Force-field fitting for metals and alloys; simulation of
irradiation-induced hardening using accelerated dynamics.

. Daymond (NSERC Discovery) — Microstructural influences on fracture, and the

impact of radiation damage

. Yao (NSERC Discovery, CFl supported) — Advanced nano-sized/high strength nuclear

materials, fabrication and characterization.
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I. Yao, Persaud, Daymond (NSERC Discovery) — Accident Tolerant Fuel (ATF) and
alternative cladding materials for SMR applications

J.  Balogh (Arthur B McDonald Institute) — Development of a quasi-monoenergetic
neutron source

K. Balogh (NSERC Discovery) — Defect structure characterisation by advanced X-ray
scattering techniques in Additively Manufactured and irradiated materials
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6.0 ROYAL MILITARY COLLEGE

e University Location: Kingston, Ontario

6.1 UNIVERSITY AND FACULTY:

e Department of Physics and Space Science

6.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at Royal Military College is
provided below:

Dr. Thomas Krause

Dr. Krause is an expert in non-destructive testing (NDT) of materials using eddy current
and ultrasonic techniques. He has 24 years of research and development experience on
advanced NDT technology including pulsed eddy current, eddy current, magnetic
Barkhausen noise, and ultrasonic testing of materials and structures.

6.3 CONTACT INFORMATION FOR RESEARCHERS:

e Graduate Programmes in Chemistry and Chemical Engineering (rmc-cmr.ca)

6.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

6.4.1 UNENE SUPPORTED RESEARCH POSITION

There is one (1) UNENE supported research positions:

RCP
a) RCP: Comprehensive Model of Eddy Current Based on Pressure Tube to Calandria
Tube Gap Measurement (Krause)

Appendix E presents a summary of completed RCP research programs.
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6.4.2

RCP - COMPREHENSIVE MODEL OF EDDY CURRENT BASED ON PRESSURE
TUBE TO CALANDRIA TUBE GAP MEASUREMENT

6.4.2.1 OVERVIEW

This RCP is led by Dr. Thomas Krause.

The program investigates CANDU pressure tube (PT) hydride blister formation that can
lead to cracking. In-reactor gap monitoring is performed from within the PT by an eddy
current (EC) probe. EC based gap measurement is used in predictions of time-to-contact
between PT and calandria tube (CT) and is important for safety and licensing of CANDU
reactors.

The project seeks to generate a comprehensive model of EC measurement of PT to CT
gap beginning with a two-dimensional analytical model followed by three-dimensional
FEM (COMSOL) modelling to quantify the effects of essential parameters on gap
measurement accuracy.

As well, the project team will assemble an experimental set-up for laboratory PT to CT
gap measurement using actual transmit-receive eddy current probe technology.

Ultimately, this research aims to improve gap measurement accuracy and make
recommendations for achieving improvements in accuracy within existing gap
measurement systems, with the goal of providing support for inspection qualification
programs.

6.5.2.2 DETAILS OF RCP RESEARCH PROGRAMS IN CY2020/2022 PERIOD

6.5

To be addressed, if applicable, in next version

FACILITIES AND APPLICATIONS

The Royal Military College of Canada (RMC) includes many high-level research
laboratories, equipment and instrumentation such as the scanning electron microscope,
the nuclear magnetic resonance instrument, the x-ray diffractometer, the Chemical
Storeroom, and the Mechanical Shop.

In addition to these facilities, the RMC also includes:

Non-Destructive Test Laboratory

R&D in NDT includes laboratory experimentation and computer modeling in the area of:
e Eddy current testing
e Multi-frequency eddy current testing
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e Pulsed eddy current

e Remote field eddy current
e Probability of detection

e Ultrasonic testing
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7.0 UNIVERSITY OF GUELPH

e University Location: Guelph, Ontario

7.1 UNIVERSITY AND FACULTY:

e Department of Chemistry

7.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at Guelph University is
provided below:

Dr. Peter Tremaine

Dr. Tremaine’s research is centered on high-precision measurements of aqueous
chemistry at extreme temperatures. He currently teaches physical chemistry and is
engaged in pure and applied studies on the physical chemistry and geochemistry of
solutes and materials in high-temperature water under conditions encountered in nuclear
reactor primary and secondary coolant circuits and geological spent fuel repositories. His
work has had an impact on the fundamental science of hydrothermal systems; thermal
and nuclear power generation; heavy oil recovery; geochemistry; and materials science.

7.3 CONTACT INFORMATION FOR RESEARCHERS:

e Chemistry | (uoguelph.ca)

7.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

7.4.1 UNENE SUPPORTED RESEARCH POSITION

There are one (1) UNENE supported research positions:

IRC
a) NSERC/UNENE Industrial Research Chair (IRC) in High Temperature Aqueous Chemistry
(Tremaine)

Appendix F presents a summary of completed IRC and RCP research programs.
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7.4.2 IRC-HIGH TEMPERATURE AQUEOUS CHEMISTRY

7.4.2.1 OVERVIEW

This IRC is led by Dr. Peter Tremaine.
e Dr. Peter Tremaine, UNENE Chair Holder
e Dr. Jenny Cox, Research Scientist & Program Manager

The main goal of this chair is to expand mission-oriented experimental research and modelling
expertise in areas related to the primary coolant of chemistry, moderator chemistry, and steam-
generator chemistry of the CANDU reactor fleet, and the geological storage of nuclear spent fuel.

The laboratory has unique expertise in the development and use of quantitative thermodynamic
and spectroscopic techniques in order to understand and model aqueous chemistry un the
extreme conditions that exist in nuclear reactor and spent-fuel storage systems.

Some program highlights include the study of D20 isotope effects, the study of organic
solutes in water up to near critical conditions, and the study of thermodynamic properties of
model actinides and fission products.

The funding model is unique for a UNENE IRC, in that, support is provided by three other
industrial partners, in addition to UNENE: the CANDU Owner’s Group (COG), the Nuclear
Waste Management Organization (NWMO), and the Electric Power Research Institute (EPRI).

7.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS IN CY2020/2022 PERIOD

A. D20 Isotope Effects on lonization, Metal Hydrolysis and Oxide Solubility

This project is a definitive laboratory study to quantify D20 isotope effects on ionization
and hydrolysis over the temperature range 100 to 300 °C. There are two goals:

1. To provide fundamental data and understanding of the difference in
equilibrium constants between H20 and D20, ApK = pKD20 - pKH20, for
acids and bases at hydrothermal conditions

2. To provide a model for estimating the magnitude of D20 isotope effects on
metal hydrolysis and metal oxide solubility, including magnetite.

Both goals are relevant to the efficient operation and lifetime extension of the current
fleet of CANDU reactors, and to the development of new heavy-water-reactor design
concepts. A fundamental understanding of the differences between light-water and
heavy-water chemistry will allow reactor operators to further optimize reactor
chemistry. The IRC project includes development of a heavy-water chemical equilibrium
model for CANDU primary coolant and moderator circuits that will provide a practical
tool for applying this understanding to operating reactors.
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Outcome & Current Progress:

1. Experiments to measure the difference in equilibrium constants between H20 and
D20 for acids and bases at reactor coolant conditions are complete and papers
submitted or in draft.

2. Gaussian predictions of zinc oxide and magnetite solubilities at 25 and 250 C are
complete. These model systems will be used in collaboration with EPRI to develop a
heavy water database for predicting CANDU primary coolant chemistry using the
EPRI codes MULTEQ and Chem Works. Modelling studies contributed to the hot
conditioning chemistry strategies used in the Darlington 2 start-up.

. Thermodynamics of Metal lon Pairs and Complexes in Concentrated Solutions

Secondary-side boiler-tube corrosion is linked to the concentration of contaminants from
condenser leaks in cracks and under deposits, which can cause very high levels of acidity
or alkalinity, and the formation of reactive precipitates. These are called “hideout”
reactions because the contaminants disappear from bulk coolant at full power, then
reappear in solution when the reactor power is reduced or shut down. Current concerns
are focused on concentrated solutions of mixed sulfate, chloride and lead which are
thought to concentrate under deposits and in crevices at crack tips. At the present time,
the models used to predict boiler chemistry do not correlate well with laboratory tests
and reactor experience. Core Project 2 will measure thermodynamic data needed to
model the speciation and solubility for transition metal complexes and their reaction
products under secondary coolant crevice corrosion conditions. The results will
contribute to understanding corrosion mechanisms, and will be incorporated into
MULTEQ, ChemSolve and/or other codes used to manage secondary coolant chemistry.

Outcome & Current Progress:

This project was delayed because of difficulties recruiting a qualified postdoc and safety
issues associated with the group managing our high-pressure hydrogen lab. A parallel
project using Raman spectroscopy to measure antimony chloro-hydroxyl complexes for
supercritical water reactor chemistry has been completed and is being written up.

Equilibria and Thermal Stability of Aqueous Organic Solutes

Organic compounds are added to the secondary coolant as chemical control agents and
are also present as contaminants from condenser leaks and ion-exchange resins. All
these solutes undergo thermal decomposition. Industry trends towards higher operating
temperatures require better models to assess new additives and fate of organic
decomposition products. Core Project 3 has two purposes. First, we will use our newly
developed Raman method [Applegarth et al. (2015)] to examine the equilibrium
speciation and thermal decomposition chemistry of chemical additives in situ at reactor
operating temperatures. Second, we will measure the thermodynamic properties of the
amines of interest to the industry, and their major thermal decomposition products at
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temperatures up to their thermal stability limits. This program was to start in Year 4,
after Core Project 1 is largely complete, but was accelerated with additional funding
from COG to start in Year 3 and to include calorimetry studies.

QOutcome & Current Progress:

Calorimetry measurements on two alkalizing amines, DMEA and 3-MPA are complete
These will yield ionization constants and volatilities for the amine database in MULTEQ.
A Raman/modelling study examined the effects of CO2 contamination of morpholine
and effects on secondary coolant chemistry. Raman and NMR methods were developed
for studying the thermal decomposition of amines using morpholine as a test system.

The project will be expanded in the new UNENE Research Chair 5-year program which
started in July 2021. Measurements on zinc glycolate complexes and carbohydrazide
decomposition under secondary coolant conditions are underway.

. Thermodynamic and Transport Properties of Model Actinides and Fission Products.

Duro et al. (2010) have identified inconsistencies and data-base gaps in models for the
thermodynamics of radionuclides and potentially toxic elements from nuclear waste
repositories in carbonate rocks at high chloride concentrations. Data for actinides and
fission product species at primary coolant temperatures are even more sparse. Project 4
will measure the equilibrium constants and transport properties for U022+, La3+ and
Th4+ with halides, hydroxide, sulfate, and carbonate from 25 to 125 °C, with a few key
species up to 325 °C.

We will start with a conductivity study of La3+ ion pairs with OH- and ClI- to 335 °C,
similar to our recent study on Sr2+. These are expected to yield the first stepwise ion-
pair formation constants for any 1:3 electrolyte above 60 °C. The La (OH)3 results will be
used to develop parameters for the HKF and other equations of state to model M3+
actinide transport in primary coolant systems. The LaCl3 results will be used to test
competing activity coefficient models in the thermodynamic databases used to model
nuclear waste management repositories up to 150 °C. A scoping study will explore how
to extend these studies to concentrated metal-chloride systems.

Raman spectroscopy will be used to determine quantitative speciation in uranyl
carbonate and uranyl chloride solutions, from 25 to 125 °C. These will be used to derive
ion-pair formation constants and to test the Pitzer and SIT activity coefficient
treatments used in the THEREDA and NEA PHREEQC databases, respectively. The
temperature-dependent speciation in mixed uranyl carbonate-chloride solutions will
then be measured by Raman spectroscopy up to their solubility limits. The results will
provide an independent measure of the concentration of each species at each
composition that can be used to test the success of the Pitzer and SIT activity coefficient
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parameters in each database for modelling the thermodynamics of MO22+ species at
high brine concentrations.

Outcome & Current Progress:

The experimental conductivity and Raman studies on lanthanum chlorides and uranyl
chlorides to 300 °C are complete.

FACILITIES AND APPLICATIONS

The IRC research makes use of a wide range of both custom-built and commercial
instrumentation for high-precision measurements on hydrothermal solutions. These
instruments all employ inert cells fabricated from platinum, zirconium, titanium or

Hastelloy C in order to measure the thermodynamic properties of solutions of interest to
up to 350 °C and 20 MPa in situ.
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8.0 UNIVERSITY OF NEW BRUNSWICK

8.1

8.2

e University Location: Fredericton, New Brunswick

UNIVERSITY AND FACULTY:

e Center for Nuclear Energy

RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

UNB maintains a full-time research staff along with university student researchers.
Traditionally they would be divided into two primary teams: the Chemistry Team and
the Instrumentation and Controls Team.

The Chemistry Team focuses on corrosion processes, electrochemistry, materials
science, and development of online sensors.

The Instrumentation and Controls Team has experience with databases and
comprehensive control systems — having developed and implemented, in collaboration
with Atomic Energy of Canada Limited (AECL), the Advanced Control Centre Information
System (ACCIS) for CANDU® reactors located in both Canada and China.

A list of research areas and expertise for each researcher at University of New Brunswick
is provided below:

Dr. William Cook, P. Eng — Director

Dr. Cook honed the skills and knowledge required to conduct research in high
temperature and pressure systems at UNB and is recognized nationally and
internationally as a leading expert in chemistry and corrosion control in nuclear
power plants and steam raising systems.

Mr. Chester Morris (BSc ME) - Quality Assurance Lead

Mr. Morris has several years of experience in quality assurance, process monitoring
and maintenance in manufacturing and industrial processing environments. Some of
his responsibilities included troubleshooting and root cause analysis to solve process
related problems, laboratory testing, auditing of quality assurance procedures and
implementing controls to improve quality.

Mr. Kody Belliveau (BSc. ChE), P.Eng - Systems Engineer
Mr. Belliveau has previously worked in the engineering consulting industry (mining,
energy, oil and gas) as a process design engineer responsible for the supervision,
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execution and analysis of bench, mini-pilot, and pilot test programs. Additionally, he
has carried out process simulations, designed equipment, created discounted cash
flow models, written reports, created flow sheets, Piping and Instrumentation
Diagrams (P&IDs) and General Arrangements (GAs), commissioned new plants and
has been responsible for operational troubleshooting.

Mr. Brad McCann, (BSc. ChE, MSc. Eng), P.Eng - Systems Engineer

Mr. McCann has many years of experience in industrial R&D. Previously, he has
been involved in the design and construction of pilot scale systems focused on
commercialization of a proprietary plasma technology and was responsible for
environmental management programs and permitting. Additionally, he has
implemented test plans for solids characterization and is familiar with many
laboratory techniques (TGA, electron microscopy, XRD, EDAX, Raman spectroscopy,
GC/MS, etc.).

8.3 CONTACT INFORMATION FOR RESEARCHERS:

e Faculty of Engineering | UNB

e Chemical Engineering | Departments | Faculty of Engineering | UNB
e UNB Nuclear

e Centre for Nuclear Energy Research

8.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

8.4.1 UNENE SUPPORTED RESEARCH POSITION

There is one (1) UNENE supported research positions:

RCP

a) RCP: Evaluation of the Effect of lon Exchange Resin on Feeder Integrity (Cook)

Appendix G presents a summary of completed IRC and RCP research programs.

8.4.2 RCP - EVALUATION OF THE EFFECT OF ION EXCHANGE RESIN ON FEEDER
INTEGRITY

8.4.2.1 OVERVIEW

This RCP is led by Dr. William Cook
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8.4.2.2 DETAILS OF RCP RESEARCH PROGRAM

To be addressed in next version

8.5.2 DETAILS OF RESEARCH PROGRAMS IN CY2020/2022 PERIOD

To be addressed in next version
8.5 FACILITIES AND APPLICATIONS

The Centre for Nuclear Energy Research (CNER) is a research and development institute
within the University of New Brunswick (UNB) located in Fredericton, NB, Canada. Due
to the proximity between UNB and CNER, we have access to a variety of mechanical and
chemistry labs in-house and across the university campus. The University of New
Brunswick’s (UNB) Centre for Nuclear Energy Research (CNER) provides state-of-the-art
interdisciplinary applied research services to organizations and industry leaders
worldwide. The centre also specializes in water chemistry control and corrosion
prevention, detection and monitoring, and has various in-house mechanical and
chemistry labs. UNB and CNER have a formal relationship with Canadian Nuclear
Laboratories, which ensures CNER can perform activities compliant with nuclear
regulatory standards.

In addition to our labs, CNER has four fully automated high-temperature and high-
pressure test loops, constructed to industry standards, which simulate the primary heat
transport system of a CANDU® reactor, the secondary heat transport system of nuclear
power stations as well as steam-raising circuits in thermal power generation plants.

We operate eight registered high-pressure, high-temperature test loops which enable
the simulation of various industrial processes. Our loops are fully automated with our
latest display, data management, and control systems. Process parameters such as
chemistry, flow, temperature, and pressure are monitored, stored and alarmed using a
customized Supervisory Control and Data Acquisition (SCADA) system.

e Loop 1is asteam cycle chemistry test loop for corrosion evaluation.

e Loop 2 is are-circulating loop designed to simulate the primary heat transport
system of a CANDU® nuclear reactor and can also be utilized for steam cycle
testing.

e The Supercritical water test loop is designed to monitor the chemistry and
general corrosion of a fluid transport system under supercritical conditions.

e Additional loops/systems include refreshed autoclaves, two-phase FAC loop, and
high-temperature electrochemistry.
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9.0 UNIVERSITY OF REGINA

9.1

9.2

9.3

9.4

9.4.1

9.5

e University Location: Regina, Saskatchewan

UNIVERSITY AND FACULTY:

e Department of Physics

RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Regina is
provided below:
tbd

CONTACT INFORMATION FOR RESEARCHERS:

e Department of Physics | Physics, University of Regina (uregina.ca)
e Nuclear Imaging | Physics, University of Regina (uregina.ca)

UNENE SUPPORTED RESEARCH AND DEVELOPMENT

UNENE SUPPORTED RESEARCH POSITION

There are no UNENE supported research positions.

Appendix H presents a summary of completed IRC and RCP research programs.

FACILITIES AND APPLICATIONS

The University of Regina is home to multiple high-tech facilities including the Nuclear
Imaging and Detector Development Lab (NIDDL), the Hyper-K Lab, the Hall-C Detector
Lab, the Nuclear-Astro Lab and the GlueX Development Lab.

The NIDDL is fully equipped to develop imaging technologies such as positron emission
tomography and single-photon emission computed tomography.
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10.0 UNIVERSITY OF SASKATCHEWAN

e University Location: Saskatoon, Saskatchewan

10.1 UNIVERSITY AND FACULTY:

e Department of Physics and Engineering Physics

10.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Saskatchewan
is provided below:
To be addressed, if applicable, in next version

10.3 CONTACT INFORMATION FOR RESEARCHERS:

e Fedoruk Centre - Medicine, Materials, Energy and Environment

e Centre for the Study of Science and Innovation Policy (schoolofpublicpolicy.sk.ca)

e Physics and Engineering Physics - Department of Physics and Engineering Physics -
Arts and Science - University of Saskatchewan (usask.ca)

10.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

10.4.1 UNENE SUPPORTED RESEARCH POSITION

There are no UNENE supported research positions.

Appendix | presents a summary of completed IRC and RCP research programs.

10.5 FACILITIES AND APPLICATIONS

The University of Saskatchewan houses many high-level nuclear facilities, including the
Sylvia Fedoruk Canadian Centre for Nuclear Innovation. The Fedoruk Centre is the home
to the Saskatchewan Centre for Cyclotron Sciences.

The Fedoruk Centre is named after Dr. Sylvia Fedoruk, who helped develop cobalt-60
radiation therapy for cancer treatments. Dr. Fedoruk was also the first female
Lieutenant-Governor of Saskatchewan, the first female member of the Atomic Energy
Control Board and the first female chancellor of the University of Saskatchewan.
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Saskatchewan Centre for Cyclotron Sciences

Materials Science with Synchotron Radiation supports innovation in nuclear imaging and
therapy in living specimens, including animals, plants and humans.

e X-ray Emission Spectroscopy

e X-ray Absorption Spectroscopy

e Thermodynamics of Materials

e Theoretical & Computational Physics

e Superconductivity

e Spintronics

e Two-dimensional materials (Graphene, Silicene)
e High Pressure

e Synchrotron and Neutron spectroscopy
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11.0 UNIVERSITY OF TORONTO

e University Location: Toronto, Ontario

11.1 UNIVERSITY AND FACULTY:

e Faculty of Applied Science and Engineering
e Department of Chemical Engineering and Applied Chemistry

11.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Toronto is
provided below:

Dr. Roger Newmann

Dr. Newman'’s expertise includes corrosion and protection of metals, stress corrosion
cracking, metallic nanomaterials, sensors, coatings, membranes, nuclear power systems
and waste management, oil and gas production and refining, pulp and paper.

Dr. Schoellig
Angela Schoellig leads the Dynamic Systems Lab.

11.3 CONTACT INFORMATION FOR RESEARCHERS:

e Home - Chemical Engineering & Applied Chemistry (utoronto.ca)
e Home - Faculty of Applied Science & Engineering - Faculty of Applied Science &
Engineering (utoronto.ca)

11.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

11.4.1 UNENE SUPPORTED RESEARCH POSITION

There are two (2) UNENE supported research positions:

IRC
a) NSERC/UNENE Industrial Research Chair (IRC) in Corrosion Control and Materials
Performance in Nuclear Power Systems (Newman/Persaud)
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RCP
b) RCP: Networked Drones for Concrete Structure, Environmental and Radiation
Surveys (Schoellig)

Appendix J presents a summary of completed IRC and RCP research programs.

11.4.2 IRC - CORROSION CONTROL AND MATERIALS PERFORMANCE IN NUCLEAR
POWER SYSTEMS

11.4.2.1 OVERVIEW

The program focuses on deepening the understanding of corrosion processes in steels
and other metal alloys applicable to nuclear facilities. Behaviour associated with trace
impurities, water chemistry and the effects of radiation are considered. Most recently,
long-term corrosion impacts for waste container behaviour are under study.

As well, the program assists Ontario Power Generation (OPG) with ongoing corrosion
issues, especially related to Monel. Developing close links with Canadian Nuclear
Laboratories (CNL) on current and future activities. Advice is also provided to OPG on
electrochemical monitoring of a dry storage container for used fuel at the Darlington
Waste Management Facility.

The IRC research takes place alongside studies of copper corrosion relevant to nuclear
waste disposal, funded by NWMO and recently augmented by a new ORF program
based at Western University.

11.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS IN CY2020/2022 PERIOD

A. Stress Corrosion Cracking (SCC) of Ni-based and Fe-based Alloys in Boiling Caustic
Solutions

Secondary side crevice environments in steam generators can have a pH ranging from
acidic to alkaline with the presence of potentially aggressive impurities, including Pb, Cl,
and S species. This research examines the dealloying of Ni-based and Fe-based alloys in
boiling caustic environments, particularly evaluating the effect of alloy composition (Ni
content) and susceptibility to SCC. In addition, in-situ micro-mechanical testing of the
micro/nano-porous films formed due to dealloying is studied to evaluate the proposed
SCC precursor. The SCC mechanism is further studied using advanced electron
microscopy methods.

Outcome & Current Progress:
COG has been doing significant work on this topic on engineering alloys, and this project
provides complementary mechanistic insight from the electrochemical and mechanical
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perspectives. This will further develop expertise in corrosion, electrochemistry, and
advanced microscopy for the industry. In addition, this research is often presented at
UNENE nuclear industry meetings and will be presented at several national and
international nuclear meetings as COVID restrictions relax in the next year (including the
ICG-EAC meeting and the 20" International Conference on Environmental Degradation
of Materials in Nuclear Power Systems — Water Reactors). A manuscript has recently
been submitted to the Journal of the Electrochemical Society (ECS) examining
electrochemistry in boiling caustic solutions, the effect of alloy composition, and
nanoscale characterization of dealloyed layers.

. The Effect of Pb on Extending the Dealloying and SCC Susceptibility pH Regime for Ni
Alloys

Pb is an impurity present in steam generator crevice environments and has been shown
to lead to SCC, historically in Alloy 600, but also in other Ni-Fe-Cr alloys in the
laboratory. The role of Pb on instigating SCC or facilitating a dealloying process is not
understood, but there is speculation that the element extends degradation regimes
under borderline passive (pH) conditions. This project seeks to understand the role of Pb
in alkaline environments, initiating with benchtop boiling Pb-caustic tests and eventually
300 °C testing in Pb-alkaline solutions. The primary alloy of interest is Alloy 800, but
other Ni-Fe-Cr alloys are used for comparisons.

Outcome & Current Progress:

There is high interest in the role of impurities in secondary side water on potential
material degradation in steam generator heat transfer crevices and this project helps to
address this knowledge gap, albeit in a relatively simple model environment. Identifying
precursors to SCC is a key initiative right now, particularly in COG and including ex-
service materials. This project will further develop expertise in corrosion,
electrochemistry, and advanced microscopy for the industry. Experiments thus far by a
recently graduated MASc student, Bander Alsekhan, suggest some effect of Pb on
partially passivating a surface when a true passive film (Cr oxide) is not stable; higher
temperature tests on the same topic will commence later this year. The work received
the 1 place presentation prize at the 2021 NACE student symposium.

. Intergranular Oxidation Embrittlement of Alloy X-750

Alloy X-750 is a precipitation hardened variant of Alloy 600 used for spacers which
maintain the gap between calandria and pressure tubes. Embrittlement has been
reported in X-750 spacers, attributed mostly to radiation damage, in particular the
segregation of He to sinks. The annular gas environment is not normally reducing (a few
percent 02), but transients in gas purging/addition or other operational transients could
introduce a range of reducing environments. Alloy 600 is well known to undergo
intergranular oxidation in reducing gaseous environments, which suggests X-750 may
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share a similar susceptibility. Thus, proactive testing of X-750 in the transient reducing
gaseous environments is necessary. This project explores the oxidation behavior of Alloy
X-750 in annulus gas conditions and in transient conditions.

Outcome & Current Progress:

The mixed gas reactor has enabled testing in simulated annulus gas environments and in
future will likely be used for testing in VHTR environments. Results suggests that
internal and intergranular oxidation occurs in X-750, but only at conditions about 1000
times more reducing than the annulus gas (in terms of oxygen partial pressure). In
addition, complementary model alloy experiments have shown that Ni-12Cr and Ni-16Cr
are relatively resistant to intergranular oxidation compared with Ni-Al and Ni-Cr-Al
binary alloys. This project will aid with providing complementary mechanistic insight
into embrittlement of Alloy X-750 spacers, particularly the possible contribution of the
environment; this is a key topic currently for the industry with several large ongoing
priority COG projects. Furthermore, the international community remains interested in
primary water SCC and our testing provides new insight on the role of minor elements,
Al and Ti. We expect 2-3 publications submitted by the end of 2022.

In-situ Evaluation of Irradiation Effects on Oxide Chemistry on Stainless Steels and Zr
Alloys

A novel facility has been commissioned at Queen’s to perform in-situ Raman
spectroscopy on metals and alloys in high temperature water. In addition, this system
can mount directly on the proton beamline to evaluate the effect of radiolysis and
radiation damage on oxide chemistry and growth kinetics. The current interest is the
behavior of materials used for in-core components, in particular Zr-2.5Nb pressure tube
material and 304L stainless steel used for the Calandria vessel. The project is in
collaboration with the UNENE IRC in Nuclear Materials which has a complementary
focus on irradiation effects on material properties.

Outcome & Current Progress:

The project will evaluate the effects of radiation damage and radiolysis on the
performance of materials used for in-core components. This will include the effect of
dissolved oxygen, electrochemical measurements, the effect of temperature, and the
possible role of impurities. This corrosion loop facility is one-of-a-kind and was
commissioned as a part of this program in 2020. Current testing has involved off-
beamline in-situ Raman analysis on 304L stainless steel and Zr alloys exposed to
oxidizing water at up to 200 °C. Having confirmed the safety and viability of the system
for the proton accelerator, similar in-situ proton irradiation testing is scheduled to begin
by the end of the year. The fundamental research complements industry research on
fuel channels and long-term strategic R&D on nuclear materials. A manuscript
describing the one-of-a-kind corrosion loop facility is currently in preparation.
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Corrosion of Zr Alloys — Irradiation Effects and Mechanical Properties of Oxide(s)

Oxidation of Zr alloys is known to eventually breakdown after step-growth kinetics. The
reason for the transient behavior in oxidation kinetics of Zr alloys is not well understood,
in addition to the effect on hydrogen pickup. This project is a part of a wider mechanistic
understanding of zirconium corrosion (MUZIC) community and aims to specifically
elucidate the effect of proton versus neutron irradiation on long-term oxidation of Zr
alloys in primary water-type conditions (up to 1700 days). In addition, the mechanical
properties of the film after different durations of exposure and irradiation dose are
explored using micro-mechanical testing techniques. The project is in collaboration with
the UNENE IRC in Nuclear Materials which has a focus on irradiation effects on material
properties.

Outcome & Current Progress:

Variations in beta phase breakdown (oxidation) was observed with change in exposure
time and radiation source, in addition to the morphology of oxide fracture. Research is
underway to apply micro-mechanical testing methods to evaluate the latter in more
detail. A paper has been submitted to the upcoming 20t International Conference on
Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors.
This research will allow for better understanding Zr corrosion in reactor environments,
including the integrity of the relatively passive oxide film formed over the lifetime of
pressure tubes.

Cl-induced SCC of Stainless Steel — Crack Initiation Testing

304L stainless steel is the material used for the Calandria vessel and is exposed to
radiation fields as well as ~80 °C water with impurities such as Cl and SO4 species. The
material is expected to reach approximately 3-6 dpa and up to 500 appm He with life
extension to 100-years. COG strategic R&D programs are currently evaluating the effect
of this low temperature irradiation on mechanical and material properties. This program
seeks to complement that scope of industry research by examining the behavior of 304L
stainless steel in Cl environments, with particular interest on applying advanced
characterization methods to study the SCC mechanism. Crack initiation testing using
DCPD is applied to grow controlled cracks and is currently being developed. Radiation
damage effects may be included as part of a separate project in later years.

Outcome & Current Progress:

Installation of the SSRT-DCPD system at Queen’s was completed in Mar. 2022, with
initial testing and commissioning activities currently underway. This system will allow for
crack initiation studies, which, when combined with advanced characterization
methods, will allow for evaluating specific SCC mechanisms in nuclear-relevant
environments. Complementary testing in humid environments on proton irradiated
samples will allow for quicker evaluation of the effect of irradiation, but in more
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uncontrolled stress conditions. CI-SCC of stainless steel has been an issue in some plants
in recent years and it is important to evaluate the long-term performance of the 304L
stainless steel Calandria vessel. Irradiation effects on CI-SCC of stainless steels has not
been studied previously.

SCC of Alloy 800 in 300 °C Acidic, Sulfate-Containing Solutions

In addition to Pb and caustic environments, discussed above, the presence of sulfate
species and acidic pH may be relevant to potential SCC in heat transfer crevices on the
secondary side of steam generators. This project evaluates the effect of the
environment on the passivity of Ni-Fe-Cr alloys, particularly with varying Cr content. An
initial comparison between common steam generator alloys will be performed (Alloys
600, 690, 800). The passivity of these materials and the importance in SCC (and pitting)
will be studied at the nanoscale using advanced microscopy techniques. Testing of
model alloys is likely to follow.

Outcome & Current Progress:

There is an interest in the role of impurities in secondary side water on potential
material degradation in steam generator heat transfer crevices and this project helps to
address this knowledge gap. In particular, there have been issues with Alloy 800 used in
European plants, suspected to be due to acid sulfate SCC. By better understanding the
mechanism, environment susceptibility regimes can be better defined, and potential
inhibitors could be developed. Furthermore, precursors to passive film impairment and
subsequent SCC will be evaluated at the nanoscale, providing important information to
the industry.

. Reaction Transport Model for Pitting Corrosion

Aggressive anions (e.g., chloride, sulfate, and sulfur species with intermediate oxidation
state) can accumulate inside nuclear steam generators, leading to localized corrosion
and potential leakage between the radioactive and non-radioactive sections in the
nuclear power plant. The pitting mechanism of stainless materials under the presence of
aggressive anions is not fully understood due to the complexity of the pit chemistry and
the kinetics at the corroding surface. Thus, this research aims to develop a reaction
transport model to illustrate the pitting mechanism, particularly the propagation stage,
under the effect of multiple aggressive anions.

Outcome & Current Progress:
The project consists of three stages:
1. Develop a 1D reaction-transport model to study the critical pitting conditions for
pit stability and propagation.
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2. Construct an experimental study to investigate the effect of aggressive anions on
the diffusion-controlled dissolution rate of metal and justify the proposed 1D pit
model.

3. Incorporate the results and knowledge obtained from stage 1 and stage 2 to
extend the modeling work to a 2D pit model to investigate the propagation and
the interaction mechanism of multiple pits.

All 1D work has been completed. 2D modelling is ongoing.
N. Corrosion of Model Ni-Based Alloys in Molten Cl Salts

Materials performance in Molten Salt Reactors (MSRs) is evaluated using model Ni-
based alloys; MSRs are one type of Small Modular Reactor (SMR). New alloys or
claddings must be developed, and their corrosion behavior merits special attention at a
fundamental level. The project aims to develop a strategic expertise in molten salt
corrosion, with the ultimate intention of contributing to the implementation of SMR
technology in Canada. An experimental program was developed, using electrochemical
techniques to study the fundamentals of corrosion kinetics and mechanisms in metals
and model alloys exposed to molten chloride salts.

Outcome & Current Progress:

Construction of a novel electrochemical facility is complete, and it is now operating at
temperatures up to 700 °C. Fe-(Cr)-Ni model alloys were prepared using the Cold
Crucible Induction Levitation Melter. A eutectic mixture of LiCl, KCl and MgCl; salts was
used for most experiments, with various additions including nickel ions. Some higher
temperature experiments omitted the Mg component. A novel method was developed
to validate the stability of a Mg/Mg?* reference electrode during long experiments by
comparison with dynamic Mg or K/Li reference electrodes, synthesized periodically in
situ. Porosity and parting limits were observed, just as in aqueous dealloying, except
that the parting limit (minimum content of less-noble element(s) for dealloying) was
higher than seen in aqueous solutions. This is due to the very fast surface diffusion of
more-noble metal in the molten chloride salt. Correspondingly, the porosity is very
coarse, and shows new features such as secondary corrosion through the ligament
cores. At temperatures in the 500 to 700 °C range, a transitional behaviour was
observed, with evidence for the involvement of lattice diffusion of the alloying
elements. Given that corrosion in MSR environments is poorly understood, these results
will inform SMR design and ultimately aid with successful deployment.

K. Dealloying of Monel 400 — the Effect of Organic Acids
Dealloying of Monel 400, a Cu-Ni alloy, is an important topic currently for OPG,

specifically related to Pickering NGS. In this research, the dealloying of Monel in organic
acid environments is evaluated with the addition of cuprous ions playing an important
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role in a dissolution-reprecipitation process. The objective is to determine the kinetics of
dealloying, the morphology of the porous layer, and the mechanism of the transient
dealloying.

QOutcome & Current Progress:

Dealloying has been simulated in the lab using organic acid solutions containing cuprous
and/or cupric ions, building on previous research using inorganic solutions. It is not
clear, at this stage, whether dealloying can be reproduced at the low acid
concentrations thought to be present in plant, and various additional factors are being
investigated.

11.4.3 RCP - NETWORKED DRONES FOR CONCRETE STRUCTURE, ENVIRONMENTAL

AND RADIATION SURVEYS

11.4.3.1 OVERVIEW

This RCP is led by Dr. Angela Schoellig.

To be addressed in next version

11.4.3.2 DETAILS OF RCP RESEARCH PROGRAM IN CY2020/2022 PERIOD

To be addressed in next version

11.5 FACILITIES AND APPLICATIONS

The University of Toronto provides various high-tech facilities, including the Ontario
Centre for the Characterisation of Advanced Materials (OCCAM) and the Dynamic
Systems Lab.

Ontario Centre for the Characterisation of Advanced Materials (OCCAM)

The Ontario Centre for the Characterisation of Advanced Materials provides researchers
access to state-of-the-art surface analytical equipment, electron microscopic techniques
and related expertise.

The group is well equipped for electrochemistry and microscopy, including atomic force
microscopy, and has a growing facility for high-temperature, high-pressure testing in
water, steam, or aqueous solutions. An Arcast cold-crucible induction melter is now in
regular use for preparation of model alloys. We increasingly exploit the local OCCAM
facility for electron microscopy and surface science.
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Dynamic Systems Lab

We develop learning and adaptation capabilities for mobile robots to facilitate reliable,
long-term robot applications. In particular, our research interests are centered around
the challenges associated with robots — such as self-driving and self-flying vehicles —
operating in increasingly unstructured, uncertain and changing environments, and over
long periods of time. These situations challenge current robot designs, which rely on
knowing the specifics of the environment and task ahead of time in order to operate
safely and efficiently.

We address this problem by drawing ideas from controls, machine learning and
optimization. We believe that the next generation of robot algorithms will combine a-
priori information about the robot and its environment with data collected during
operation. To this end, our contributions are two-fold:

1. Develop novel robot control and learning algorithms that enable single and
multi-robot systems to operate safely and effectively in real-world
environments, and

2. Work on novel robot applications— often in interdisciplinary teams and together
with industrial partners — to enable technology transfer and to understand
critical technology gaps.
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12.0 UNIVERSITY OF WATERLOO

e University Location: Waterloo, Ontario

12.1 UNIVERSITY AND FACULTY:

e Department of Civil and Environmental Engineering
12.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Waterloo is
provided below:

Dr. Carl Haas

Department Chair and Professor at the University of Waterloo's Civil and Environmental
Engineering department. Dr. Haas’s Carl's focus is on unique projects with lasting impact
on the construction industry. For example, he uses 3D imaging and other automated
sensing algorithms to create digital twins of constructed facilities such as buildings.
Construction companies use the tool to automate their progress tracking and locate
where each object has been placed during construction of a new building. He developed
radio-frequency identification tags and algorithms to locate items on the construction
site quickly and easily reducing the number of hours wasted on sites trying to locate
construction materials.

Dr. Mahesh D. Pandey

Mahesh Pandey is a Civil and Environmental Engineering Professor at the University of
Waterloo. He is an internationally recognized research professor in the field of risk
management and life cycle methods.

Dr. Pandey has extensive research experience in the areas of mechanics and reliability of
engineering structures. His research interests include the reliability of engineering
systems, structural dynamics and passive control, estimation of the life-time distribution
of an asset using inspection and surveillance data, optimum asset replacement/
retirement scheduling, and the modelling of deterioration as a random process to predict
failure probability over time. Other interests of Dr. Pandey’s include the derivation of
information from a small sample of data, maintenance scheduling given the life-time
distribution of an asset, and cost-benefit analysis of risk management programs.

The specific goals of his research program are to advance the probabilistic analysis
techniques for estimating reliability and remaining life of critical systems, structures and
components. Dr. Pandey is also developing models and tools for optimizing inspection,
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maintenance and life-cycle management strategies, and a general, plant-level risk
management model to integrate both engineering and business risks.

CONTACT INFORMATION FOR RESEARCHERS:

e Home | Civil and Environmental Engineering | University of Waterloo (uwaterloo.ca)
e Civil Engineering - MEng (Nuclear Engineering) at Waterloo | Graduate Studies and
Postdoctoral Affairs | University of Waterloo (uwaterloo.ca)

e Home | Engineering | University of Waterloo (uwaterloo.ca)

UNENE SUPPORTED RESEARCH AND DEVELOPMENT

12.4.1 UNENE SUPPORTED RESEARCH POSITION

There are two (2) UNENE supported research positions:

IRC

a) NSERC/UNENE Industrial Research Chair (IRC) in Risk-Based Life Cycle Management
of Engineering Systems (Pandey)

RCP
b) RCP: Robotics and Automation for Optimal Characterization for Nuclear Power Plant
Decommissioning (Haas)

12.4.2 IRC - RISK-BASED LIFE CYCLE MANAGEMENT OF ENGINEERING SYSTEMS

12.4.2.1 OVERVIEW

The program focuses on the development of probabilistic models and uncertainty
analysis methods to improve aging management and life cycle performance of nuclear
plant systems.

The scope of the research is driven by practical applications to critical nuclear plant
systems, such as fuel handling, fuel channels, safety valves and fire protection systems.
In addition to supplying highly qualified personnel (HQP) to the industry, the program
also provides valuable training to plant engineers in the areas of risk and reliability
analysis.

It has developed aging management optimization tools, machine learning algorithms for
modeling plant data and data analytics methods to extract fuel handling (FH)
performance data. As well, the program supports industry’s needs for safe and cost-
effective power generation and life cycle management of nuclear plant systems.
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12.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS

A. Reliability-Based Inspection Interval for Water Valves in the Fire Protection System.

DNGS fire protection system has hundreds of water valves, and they all must be
inspected annually as per the fire code requirements. Since many of these valves
are located in inaccessible parts of plant buildings, the inspection and testing of
valves tend to be a time consuming and costly task. Specially, erecting scaffolds to
access the valve and isolating them for annual testing takes up considerable
inspection time and resources of the Station. Further, benefits of such frequent
inspection and testing are not quantified at present. The objective is to optimize the
inspection frequency for water valve inspection.

Outcome & Current Progress:

This project developed a reliability-based approach to optimize the inspection
frequency for water valve inspection using past operating experience and data
collected at DNGS. The developed approach is also applicable to life cycle
management of other classes of valves a station’s heat transport system.

B. Equipment Reliability Models for Fuel Handling Systems: Service Area Bridge (SAB)
Brake Reliability

Service area bridges (SAB) are used in to load the new fuel bundles in the FM head and
discharge the irradiated bundles into the fueling bay. Any functional failure or unavailability
of SAB impedes the operation at the station and adversely affects the generation. The
objective is to improve the predictive maintenance approach of SAB brakes.

Outcome & Current Progress:

In this project, the Weibull distribution model for the brake lifetime was estimated
using the operating history and computer logfiles of the fuel handling system. This
model is an essential input to support the predictive maintenance of SAB brakes.

C. Fueling Machine Head: Health Monitoring Tools

The fueling machine (FM) head is an essential part of the handling system (FHS) at a
nuclear station. The performance of various drives of the FM head degrades over
time due to ingress of corrosion products, called Crud, circulating in the primary
coolant system. The objective is to develop a predictive performance degradation
model that can be used to guide the preventive maintenance of FM head.

Outcome & Current Progress:
This project developed a statistical degradation model using data about the
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performance of various drives and motors collected via periodic testing of the FM
head at the calibration port.

D. Finite Element Model (FEM) of Fuel Channel Creep Deformation

Currently industry uses a one-dimensional FEM code to analyze creep deformation
in fuel channels, which is useful in predicting the time of PT-CT contact and planning
appropriate mitigating actions. The objective is to develop a more accurate 3-
dimensional FEM of creep deformation.

Outcome & Current Progress:

This project developed a more accurate 3-dimensional FEM of creep deformation
using a more refined creep constitutive law for zirconium alloy. This model would be
useful for PT-CT contact assessment.

E. Probabilistic Approach to PT-CT Contact Assessment

The nuclear industry has adopted a probabilistic approach for PT-CT contact
assessment with the purpose of demonstrating the fitness for service of fuel
channels in the reactor core. The probabilistic approach evaluates the probability of
contact and the remaining PT-CT gap in an operating interval. This project would
develop an improved assessment method based on the 3D FEM developed in project
(D). Since a 3D FEM code is computationally intensive, it is not practical to use this
method for the assessment of an entire reactor core with 380 or 480 fuel channels.

Outcome & Current Progress:
Therefore, a new surrogate model of a much simpler analytical form is under
development to replace the 3D FEM and reduce the computation time.

F. Bayesian Probability Model for Feeder Piping Degradation

Outlet feeders in a CANDU reactor experience varying degree of flow acceleration
corrosion (FAC), which adversely affects the integrity of piping system. The objective
is to develop an improved FAC degradation model.

Outcome & Current Progress:

This project is developing a Bayesian approach to model FAC degradation in the
piping bends using the wall thickness measurements available from a CANDU
station. This model is applicable to predict the feeder end of life with due
consideration of epistemic and aleatory uncertainties.
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G. Equipment Reliability Models for Fuel Handling Systems: Encoder Reliability

Encoders are critical to guiding the position of the various equipment in the fuel
handling system. Therefore, an abrupt failure of an encoder results in the equipment
unavailability affecting adversely the performance of entire system. The objective is
to develop an improved predictive maintenance approach for the encoders.

Outcome & Current Progress:

This project is analyzing past OPEX and computer logfiles of FHS to develop a
reliability model, which will be used to support the predictive maintenance of
encoders.

H. Uncertainty Assessment of Radiation Field at a Nuclear Waste Disposal Site

The objective is to quantify probability bounds on the total inventory of radiation at
a nuclear waste disposal site.

Outcome & Current Progress:

This project is developing geospatial statistical methods to assess uncertainty
associated with total radiation inventory at a nuclear waste disposal site. This
project is developing a method of conditional simulation for uncertainty assessment.

12.4.3 RCP - ROBOTICS AND AUTOMATION FOR OPTIMAL CHARACTERIZATION
FOR NUCLEAR POWER PLANT DECOMMISSIONING

12.4.3.1 OVERVIEW

This RCP is led by Dr. Carl Haas.

The focus of this research project is on developing automation and robotic methods,
specifically, environment characterization to aid in the deconstruction of nuclear power
plants. The ultimate goal of this work is to reduce exposure to humans from
decommissioning activities, which includes demolition, packaging and removal of debris
and safe storage activities.

It is anticipated that the results of this study will significantly enhance the tools and the
process of providing semantic model inputs regarding the facility environment to
decommissioning robots, automated waste selection and packing optimization for low
to intermediate waste disposal.

Nearly a third of the world’s nuclear plants are over 30 years old and a large number of
these will be decommissioned in the coming decades, including the Ontario Power
Generation’s (OPG) Pickering Nuclear. The project aims to develop efficient methods to
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create as-built building information models, populate those models and advance
concepts and tools used to address decommissioning-related inventory assessment and
selective disassembly for optimization of demolition, disassembly and packing.

Phase | of this project has been successfully concluded, where the following key
research objectives have been met:

i.  With respect to automating the process of data collection, data collection
platform prototypes equipped with various visual and inertial sensors have been
built to enable rapid digital scans of nuclear facilities, both indoor and outdoor.

ii.  For optimization of disassembly and packing, proof of concept of several
methods (e.g., heuristics, meta-heuristics, and interact packing platform) have
been evaluated for functionality, fit-for-purpose for simple geometric shapes.

iii.  Preliminary laboratory phased array ultrasonic studies were completed to
demonstrate the feasibility of obtaining material properties from acoustic data.
(th Cloud-based building information modeling (BIM) platform for data fusion
and model sharing were created with all the functions needed for
decommissioning management: scans visualization, models viewer, live sensor
data graph, schedule, and link to the documents of the project.

Phase I laid the groundwork for the design and development of robotic tools and
equipment to assist with decontamination and dismantling activities in the subsequent
phases of this research.

The BIM development for data fusion and data sharing as proposed in Phase | is
completed. The mobile robotic platform and mapping process, optimization for
disassembly and packing, and non-destructive evaluation tasks are ongoing and will
continue in Phase Il.

As a continuation, Phase Il of the project aims to build upon the progress achieved and
knowledge gained and address the following objectives:

i.  For rapid digital scanning, enhance map quality and enriching maps with
additional decommissioning relevant information such as radiation; and improve
map processing, including automated object classification, segmentation, and
guantification using the maps produced

ii.  Develop non-destructive methods to profile the activation depth in concrete to
augment BIMs with condition data objects

iii.  Develop algorithms and work processes for optimal packing of waste produced
during decommissioning and develop visualization tools to aid in the packing
process
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12.4.3.2 DETAILS OF RCP RESEARCH PROGRAM

During the course of this project, we have developed tools, models, processes, and algorithms
built on Clearpath Robotics, Robot Operating System (ROS), Unity, Revit, and BIM 360 to assist
with decontamination and dismantling activities.

In the past two years, the research activities have been grouped into the following three areas:
1. Data Acquisition System Development and Rapid Scan-to-BIM

The main activity in this task is the development of a mobile unmanned ground vehicle
(UGV) hardware and software platform to carry a range of sensors to enable scan-to-BIM,
non-destructive evaluation (NDE), and supporting inspection tasks. Scan-to-BIM is the
process of taking laser point clouds and processing them into semantically meaningful
building information models (BIM). The current focus of this task is to upgrade the data
collection platform prototypes by enhancing map quality, enriching maps with additional
decommissioning relevant information such as radiation, as well as improving map
processing by enabling automated object classification, segmentation, and quantification.

The following tasks have been completed:

e A pilot demonstration was successfully conducted at the Darlington mock-up facility to
show that digital scans can be acquired and semantically enriched in a fraction of time
taken by conventional methods such as terrestrial laser scanners, while reducing the
overall exposure to humans

e A state-of-the-art algorithm has been implemented for re-localizing the camera's pose
during the mapping process as the first mapping improvement.

e A new factor graph-based SLAM framework is under development as another measure
to improve the mapping quality. This framework will feature swappable optimization
constraints allowing for tightly coupled Lidar/Visual odometry, which is a state-of-the-
art research topic

e Implementation of radiation visualization on the 3d maps collected by the UGV is underway

e Literature review on 3D point cloud semantic segmentation using point-voxel
convolution neural network (CNN) has been completed. Several deep learning packages
have been evaluated for functionality, fit-for-purpose.

e Installation and implementation of PVCNN using Torchsparse python library have begun
for automated object segmentation and classification.

2. Material Characterization using Non-contact Sensors

The central objective of this task is to estimate global material properties of materials from
data collected using non-contact sensors in an automated fashion, potentially using the
UGV. Such information can be used to enrich the semantic models to be developed for the
purposes of decommissioning.
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Significant progress has been achieved in the following tasks:

. The prototype of the ultrasonic transducer holder for the surface measurements
based on 3D-printed elements and polymer wedges (improved impedance matching)
has been developed

. The calibration of transducers for attenuation measurements was done.

° Tests to detect damage were performed in different materials: distributed damage
in a concrete beam, localized damage in cemented sand, and progressive damage in
Glass fiber reinforced polymer (GFRP) bars. These tests have shown promising
results for the wave attenuation NDE methods.

. Compared to the intact material condition, significant amplitude reduction with
deterioration (contrary to wave velocity) was observed for the concrete beam tests.

° The calculation of the relative attenuation index based on the whole spectral range
was improved by analyzing the sensitive part of the spectra (by 29%) on the
cemented sand experiments. Additional improvement (of 36%) was obtained by
applying the Synchro-squeezed Wavelet Transform technique to the assessment.

° Ultrasonic material condition correlation was conducted by comparing the results
with shear tests on GFRP bars. Low strain measurements (e.g., wave dispersion,
wave amplitude) can be used to estimate the effect of progressive damage on large
strain properties in GFRP bars

° Literature review of the effects of radiation in concrete, generation of microcracks in
concrete, laser vibrometry, and fiber optics has been conducted.

. Ultrasonic pulse tests on 3D printed polylactic acid (PLA) cubes with different infill
percentages as a representation of different microcracking conditions in concrete
(distributed damage) are being conducted

. Ultrasonic pulse tests on a 3D printed PLA beam with a crack near the surface as a
representation of localized damage in concrete are being conducted.

° Testing of a concrete slab with a crack with the multi-sensors device is being
conducted.

3. Disassembly and Packing Optimization

This task aims to develop algorithms and processes to reduce radiation exposure for
humans and optimize the disassembly and packing plans to minimize the waste volume
generated during the D&D. In this regard, the main activities concerning the task include:
i. Developing automated packing algorithms and compare their potential performance
as a fully customizable bespoke packing engine.
ii. ldentifying new workflow or processes to achieve a reduction in radiation exposure.

Significant progress has been achieved in the following tasks:
° Automated packing algorithm based on metaheuristics developed using off-the-shelf
physics and solution engines — the genetic algorithms plug-ins for the Rhino
computer-aided design environment.
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. A virtual reality (VR) gaming environment is developed for L&ILW packing
optimization to replace conventional manual packing. The interactive virtual packing
platform with a multi-objective scoring system and underlying physics engine
enables object cutting and packing optimization, visualization, communication, and
collaboration and reduces radiation exposure to humans

° Human-robot collaborative workflow for remote D&D of NPPs using the VR platform
is identified and demonstrated

° Different packing optimization processes have been evaluated and compared by
simulation in VR environments

12.5 FACILITIES AND APPLICATIONS

The University of Waterloo’s Nuclear Magnetic Resonance Facility offers a variety of
spectrometers including two Bruker 300 MHz high resolution, a Bruker 500 MHz high
resolution with solid capabilities, and a Bruker 600 MHz high resolution.

In addition to this, Waterloo also houses the Mass Spectrometry Facility, specializing in
mass spectrometers capable of analyzing various (bio)chemical species and complex
mixtures, and the Mike & Ophelia Lazaridis Quantum-Nano Centre, which is capable of
nuclear magnetic resonance and spin-based quantum information processing.
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13.0 UNIVERSITY OF WESTERN ONTARIO

e University Location: London, Ontario

13.1 UNIVERSITY AND FACULTY:

e Department of Electrical and Computer Engineering
e Department of Chemistry

13.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Western
Ontario is provided below:

Professor Jing Jiang - Control Instrumentation and Electrical Systems

Current research interests include fault-tolerant control of safety-critical systems,
advanced control of power plants containing non-traditional energy resources, and
instrumentation and control for nuclear power plants. Dr. Jiang Jiang has established a
world-class research program on instrumentation and control systems for nuclear
power plants.

Professor Clara Wren — Chemical Kinetics and Transport Phenomena in Radiation-
Induced Processes

Primary research aim is the application of chemical kinetics analysis and modelling to
complex chemical systems of practical interest. The field of applied chemical kinetics has
a wide range of practical applications, from environmental studies to industrial
problems, such as the rate of ozone depletion in the atmosphere, containment
transport in ground waters, chemical evolution of mine tailings, the rate of pipeline
corrosion, etc. The solution to such problems lies in an integrated approach, combining
experimental and modelling studies.

A primary focus is the study of the chemical reactions and transport phenomena
occurring in ionizing radiation environments for nuclear safety and material integrity
issues. High radiation fields create a dynamic chemical environment, particularly in
systems where water is present.

Particular interests are:
a) The chemistry and transport phenomena in nuclear reactor containment buildings
under postulated accident conditions, especially the volatility of radioiodine and
the production of potentially explosive hydrogen, and

Page 100 of 130



bZeeo

AG%an
ﬁ
000

00088900

00000950
og

UNENE

University Network of
Excellence in Nuclear
Engineering

b) The influence of redox conditions on materials in high temperature/pressure
reactor coolant systems. These systems are kinetically complex because the
radiolysis products are highly reactive and interact with a large number of chemical
species and surfaces in a multiphase, geometrically complex engineered system.

Research topics to address these issues include:

a) The impact of dissolved trace metals and nitrogen-containing compounds on
the radiolysis behaviour of water,

b) The effects of metal/metal oxide surfaces on radiolysis and redox chemistry,

c) Radiation-induced reactions of iodine and organic compounds in aqueous
solutions,

d) The interaction of gaseous iodine with, and accompanying iodine-assisted
corrosion of, metals/metal oxides, and

e) Mass and heat transport of iodine and water vapour through a charcoal bed
under flow conditions.

Some current research areas regarding radiation-induced chemistry processes and
their impact on the corrosion rates of industrial alloys include:
e Corrosion kinetics of alloys used in nuclear power plants. Determining
mechanisms and developing predictive models.
e Radiolytic corrosion of copper.
e Radiation-induced metal oxide nanoparticle formation: detailed kinetic and
mechanistic studies.
e Modelling of water radiolysis kinetics at a range of temperatures and
pressures, and in supercritical water.
e Encapsulation technologies for radioactive waste materials.
e Laser ablation for stripping radioactive oxides from metal surfaces.

The development of solutions to such complex problems requires a combination of
experimental and modelling approaches. Our experimental approach includes
irradiation of samples in a g-irradiation cell, the use of a radioactive iodine tracer
accompanied by analysis using gamma spectrometry, and the use of standard
chemical analytical techniques such as Gas Chromatography — Mass Spectrometer
(GC-MS), High Performance Liquid Chromatography (HPLC), Fourier Transform
Infrared (FTIR) Spectroscopy, UV-Vis. Spectroscopy, etc. For the study of surface
reactions, these methods are supplemented by various electrochemical techniques
(e.g., Electrochemical Impedance Spectroscopy) and surface analysis methods (e.g.,
Scanning Electron Microscopy, Energy Dispersive X-ray Spectroscopy).

Modelling approaches include the simulation of the chemical kinetics and transport
processes occurring in laboratory-scale experiments and their expansion to the
modelling of full-scale systems. The coupled rate equations of the processes are
solved using commercially available numerical integration software such as
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FACSIMILE and FEMLAB. For a given system, comprehensive mechanistic models are
first developed. Parametric and sensitivity analyses of the comprehensive models

are then used to develop simpler models for practical applications. The creation and
validation of practical models is a sophisticated exercise in chemical kinetic analysis.

Professor David Shoesmith — Electrochemistry and Corrosion Studies

My primary research aim is to solve various industrial corrosion and environmental
contamination problems. A recent focus has been the study of waste containers and
waste forms for the disposal of high level nuclear wastes. The solution to such problems
requires a combination of experimental and modelling approaches. Our experimental
approach involves the application of a wide range of electrochemical techniques often
under hostile conditions, such as high temperatures in the presence of aggressive
environments. These methods are supplemented by various surface and near-surface
analytical techniques, such as X-ray photoelectron (XPS) and Auger (AES) spectroscopies,
scanning electron microscopy (SEM) and neutron reflectometry (NR). A judicious
mixture of fundamental and applied experimentation is inevitably required. The nature
of models varies from detailed deterministic process models to statistical/probabilistic
and environmental performance assessment models.

Our studies have encompassed the range of detailed reactions (electrochemical,
chemical, metallurgical, transport) which are embodied in complex localized corrosion
processes such as crevice corrosion, pitting and hydrogen-induced cracking. The
initiation of localized corrosion involves stochastic events determined by the
combination of the exposure environment, the metallurgical properties of the specific
material and the chemical and physical properties of the oxide films on the material's
surface. The extent of corrosion damage subsequently sustained by the material can be
described by a damage function, i.e., the relationship between the depth of corrosion
penetration and the time of exposure to the environment. The cessation of localized
corrosion involves repassivation events associated with fluctuations in local chemistry
which allow the regrowth of protective oxides on the metal surface.

We are studying many of these processes on titanium and nickel alloys by monitoring
and analyzing the current and potential signals generated during the onset of corrosion.
A preliminary damage function has been developed for the crevice corrosion of titanium
in the saline groundwaters anticipated in a Canadian nuclear waste disposal vault, and
failure criteria developed for the hydrogen induced cracking (HIC) of titanium alloys. For
nickel alloys, the effects of metallurgical and chemical features of the materials (e.g., the
concentration and distribution of molybdenum) will be a major focus of future research
efforts.

The long-term corrosion resistance of many materials is determined by the
protectiveness of the oxide films, which form on their surface. We are probing the
nature of these films, and how they change with exposure to various environments,
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using techniques such as electrochemical impedance spectroscopy (EIS), neutron
reflectometry and noise (signal) analysis. Future plans include the application of
techniques such as atomic force microscopy and photo-electrochemistry, and the study
of a wider range of industrially important materials applications.

On-going studies in modelling include a mixed potential model for nuclear fuel
behaviour under waste disposal conditions and a performance assessment model for a
carbon steel/nickel alloy dual wall container for disposal of nuclear waste in the United
States. Future plans include models for HIC of titanium alloys and deterministic models
for crevice corrosion.

Prof. T.K. Sham (Chemistry UWO) — synchrotron radiation spectroscopy
characterization of metal-oxide nanoparticles.

A world-class materials chemist, Tsun-Kong Sham is the authority when it comes to the
application of synchrotron radiation to materials science.

13.3 CONTACT INFORMATION FOR RESEARCHERS:

e Electrical and Computer Engineering - Faculty of Engineering - Western University
(uwo.ca)

e University Network of Excellence in Nuclear Engineering - Graduate Studies - Faculty
of Engineering - Western University (uwo.ca)

13.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

13.4.1 UNENE SUPPORTED RESEARCH POSITION

There are three (3) UNENE supported research positions:

IRC
a) NSERC/UNENE Industrial Research Chair (IRC) in Control Instrumentation and
Electrical Systems (Jiang)
b) NSERC/UNENE Industrial Research Chair (IRC) in Radiation-Induced Corrosion (of
Used Nuclear Fuel Containers and Reactor Structural Components) (Wren)
o Radiolysis-induced Corrosion of Dissimilar Metal Welds (2015.04.01 —
2020.03.31)

RCP

c¢) RCP: Methodology Development for Volume Reduction and Safe Storage and
Disposal of Low and Intermediate Level Radioactive Wastes (Wren/Shoesmith)
(2018.04.01 — 2021.03.31)
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13.4.2 IRC - CONTROL INSTRUMENTATION AND ELECTRICAL SYSTEMS

13.4.2.1 IRC OVERVIEW

The research activities in this program focus on two main themes: advanced control
systems and performance and status monitoring, for nuclear power plants. Research
topics include predictive safety systems, passive safety systems, intelligent autonomous
control and modelling, control for SCWR (Super Critical Water Reactor) and adoption of
advanced technologies (fieldbus, wireless, FPGA) in plant control systems.

As well, the program team investigates techniques for both pre-accident and post-
accident condition monitoring systems such as wireless technologies for equipment
health monitoring, smart sensors, plant environment monitoring during normal
operation and under severe nuclear accident conditions.

The overall research program is summarized in Figure 1. The research activities have
been divided into two main themes:

1. Advanced Control Systems

The research under the first theme is further divided into safety systems and process

control systems. Research topics include:

e Predictive safety systems

e Passive safety systems

e Intelligent autonomous control

e Control for SCWR (Super Critical Water Reactor), and

e Adoption of advanced technologies (fieldbus, wireless, FPGA) in plant control
systems

2. Performance and Status Monitoring for Nuclear Power Plants.

Under the second theme, techniques for both pre-accident and post-accident

condition monitoring systems are examined. Topics include:

e Wireless technologies for equipment health monitoring within a nuclear power
plant

e Smart sensors for plant condition monitoring

e Plant environment monitoring during normal operation

e Plant and environment monitoring under severe nuclear accident conditions,
where radiation hardened wireless sensor technologies are parts of the
investigation.
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13.4.2.2 DETAILS OF IRC RESEARCH PROGRAMS

A. Dynamic modeling of NPP systems

Dynamic models of major components in nuclear power plants are extremely
valuable for monitoring system behaviors, diagnosing malfunctions, managing
equipment aging, and improving performance, to name a few. In this modern digital
age, developed models can be assembled to form digital twins for a particular plant
or a part of the plant of interest. In this research, efforts have been devoted to
developing methodologies and tools that allow for modelling key components in
nuclear power plants.

Outcome & Current Progress:

1. Work has led to develop a comprehensive comparison between UTSG (U-tube
Steam Generator) and HCSG (Helical Coil Steam Generator) under different
operating conditions, and

2. Areal-time digital twin has been developed using a real-time simulation
platform, dSpace.

B. Autonomous control of Small Modular Reactors (SMRs)

Since one potential application of SMRs is for deployment in remote locations where
there is little human supervision involved. This calls for autonomous control of such
systems. In this line of research, advanced models, innovative sensing technologies,
and smart devices are being used to automate some of the operator-in-the-loop
functions of existing NPPs. As there are several drastically different SMR
technologies being developed by various vendors, the current focus has been on
passive control and passive safety systems which may be applicable to different SMR
configurations. This is particularly important for SMR applications, because the
gravity-driving force for natural circulation loops is smaller in SMRs than larger units
due to its vertical size.

Outcome & Current Progress:

An approach to increase the operational efficiency of passive safety systems is to use
thermoelectric components to boost the rate of passive heat removal system. A
demonstration system has been built and tested with satisfactory results.

C. Monitoring Key Plant Components Using Wireless Sensor Technologies, and
Distributed Optic Fiber Sensors

Wireless technologies have been considered for data transmission throughout a
nuclear power plant, this is because such technologies offer more flexibility and
lower cost associated with setting-up, modifying, and temporary deployment in the

Page 105 of 130



313
bZeeo

AG%an
&
05608850
Sog8ee
oa
000

UNENE

University Network of
Excellence in Nuclear
Engineering

plant environment. In the current research, the radiation tolerance of such wireless
devices is being investigated through innovative design and radiation tests.
Furthermore, new antenna technologies, such as distributed antenna systems (DAS),
have been explored for reliable indoor (within plant) communications.

Considering tight space, high-temperature, and high-radiation environment,
associated with SMRs, investigation of potential applications of fiber optic sensors in
temperature and strain measurements has been conducted for monitoring
operating status of different system components in a plant.

Outcome & Current Progress:

1. A new design methodology for wireless sensor systems for used in high-level
radiation environments has been developed. Prototype systems have been
constructed and their performance has been evaluated under radiation
conditions; and

2. Preliminary studies have been conducted on applications of optic fiber sensors in
nuclear power plants for performance monitoring and on-line inspection.

D. Control and Power Management of SMRs Integrated with Other Energy Resources
in an Off-Grid Microgrid Environment

When SMRs are deployed in remote communities or other off-grid sites (e.g., mining
sites), they often have to be integrated with other types of energy resources, such as
renewables to form a stand-alone microgrid. Control of such a stand-alone system
requires effective energy management. In this research project, the complementary
nature of different energy resources has been investigated. Owing to the fact that,
within these applications, both electricity and district heat are in demand, the
current research involves not only load-following control, but also optimization of
different resources for a given load-profile. In particular, the impact of thermal
storage in such systems is being examined through simulation studies. Effective
optimization tools are developed for such unique applications.

Outcome & Current Progress:

1. Preliminary simulation studies have been carried out, which include three SMRs
and several PV facilities in a stand-alone system; and

2. The work is on-going to include thermal storages in this framework to test
different optimization strategies in component-sizing and real-time operation.

E. Reliable Data Communication Systems for Monitoring Key Variables in the
Presence of Severe Accidents and/or for Decommissioning Applications

The importance of acquiring key system parameters in the presence of an
emergency, such as a severe nuclear accident, could not be understated. Taking for
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example, hours after Fukushima accident, all communication systems were down.
Emergency responders had to deal with the situation in complete ‘darkness’. In this
research, a reliable communication system that can withstand harsh environments,
such as those immediately after the Fukushima accident, has been designed. It can
withstand high levels of radiation, high temperature, and high moisture (such as
those during a LOCA). The system has its own power sources and redundant
communication channels. Of course, the system can also be deployed in less severe
environments, such as those encountered in the decommissioning process.

Outcome & Current Progress:

1. Several versions of prototype systems have been designed, built and tested. We
are actively seeking industrial partners to further this prototype system into
commercial products.

13.4.3 IRC - RADIATION-INDUCED CORROSION (OF USED NUCLEAR FUEL
CONTAINERS AND REACTOR STRUCTURAL COMPONENTS)

13.4.3.1 IRC OVERVIEW

The overall goal of the proposed IRC research program is to develop reliable radiation-
induced CS corrosion dynamic models that can be used for assessment of the integrity
and longevity of the UFC and reactor structural materials with confidence. It will provide
the scientific and technical basis for:
1) Assessment of the integrity and longevity of the weld design of the proposed
NWMO Mark Il container for long-term disposal of used nuclear fuel, and
2) Assessment of the corrosion performance of CANDU nuclear reactor structural
components, in particular End Shield Cooling (ECS) systems.

The overall objectives of the proposed research program are:

1) To develop a mechanistic understanding of the separate effects of aqueous
chemistry and mass transport parameters on uniform and localized corrosion,

2) To determine the mechanism by which B-irradiation influences corrosion
kinetics, and

3) To determine how the mechanism for radiation-induced corrosion in a confined
volume of water, such as those encountered in weld cracks, crevices or in water
droplets, differs from uniform aqueous corrosion.

The combination of the instruments and experimental techniques (see Section 13.4.2)
has enabled productive research and development of a fundamental mechanistic
understanding of:
1) Steady-state water radiolysis kinetics,
2) The effects of radiolysis on uniform corrosion of reactor core structural materials
under CANDU reactor coolant chemistry conditions, and
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3) The radiolytic conversion of soluble corrosion products (metals ions) to solid
oxide/oxyhydroxide particulates.

The reactor materials studied were carbon steel (CS), stainless steel Type 316L (SS 316L)
and a Co-Cr alloy, Stellite-6.

In the 3rd term of the IRC program, the research will extend beyond the study of
radiolysis kinetics and uniform corrosion of metals in liquid water, to studies on y-
radiolysis kinetics in water droplets and humid air, and their effects on localized
corrosion in confined volumes, such as those encountered in weld cracks or crevices, or
the corrosion of dissimilar metal welds. These environments are particularly applicable
to the integrity of future used fuel containers and the lifetimes of structural materials of
nuclear power reactors.

Used Fuel Containers

Understanding the effect of y-radiation on corrosion is particularly important for the
assessment of the integrity and longevity of a container design for the disposal of
used nuclear fuel. Canada’s long-term plan for used fuel includes permanent
disposal in a deep geological repository using a multiple-barrier system. A key
barrier is the used fuel container (UFC). A new UFC design for the Nuclear Waste
Management Organization (NWMO), referred to as the Mark Il design, consists of an
inner vessel of carbon-steel (SA516 Gr.70), which provides the structural strength to
withstand repository loads, and an outer layer of copper, which functions as an
external corrosion barrier. One concern regarding the structural integrity of the new
UFC design is the potential for internal localized corrosion of the CS vessel. Moisture
trapped inside a UFC could condense within the gap between the hemispherical
head and the cylindrical body of the vessel. Our current understanding of the effects
of B-radiolysis of humid air and water on the rates of crevice corrosion of CS is not
sufficient to assess the integrity of the container under such postulated conditions,
particularly taking into account the required lifetime of the container.

Reactor Structural Components

Understanding the effect of y-radiation on corrosion is also important for the
assessment of the integrity and longevity of the shield tanks of nuclear reactor
cores. A corrosion issue concerning OPG reactor structural components arose from a
recent inspection of Pickering Unit 6 that found a leak in the end shield cooling (ESC)
tank. Moisture from the ESC system leak could possibly reach the annular air gap
which exists around the periphery of the calandria tank assembly and its supporting
structures in the reactor. Carbon steel (SA36) components of the embedment ring
(which forms part of the support for the calandria assembly) could then be exposed
to corrosion by any nitric acid produced by radiolysis of this water. Of particular
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concern is the potential for accelerated (galvanic) corrosion attack on carbon steel
adjacent to the dissimilar metal weld between CS (SA36) and stainless steel (SA240,
Type 304L) at the periphery of the annular gap. Since the accessibility to the weld
zone is very limited (for inspection only) and performing repair work is impossible, it
is particularly important to understand the potential consequences of the leak. In
assessing the consequences, the effect of y-radiolysis on the corrosion process here
is the least known factor.

The safety assessments for these steel structures require prediction of the corrosion
rate in environments, and over long service lifetimes, that are well beyond those
that can be easily tested in a laboratory. Corrosion is a complex process involving
many electrochemical and chemical reactions that are coupled with interfacial
transfer and solution transport of metal cations. Because of this complexity, existing
corrosion rate models were often formulated based on overall phenomenological
behaviours. However, the complexity also makes the extrapolation of these models
to conditions beyond the studied ranges problematic.

The UFC and the reactor structures will be exposed to significantly different
environments from those commonly employed in tests for determining corrosion rates.
The water volume per unit surface area (of water droplets and gaps) would be small and
the water would be stagnant. The initial pH of the water would be neutral or higher and
the ionic strength of the water would be very low. More importantly the corrosion
system is exposed to a continuous flux of y-radiation in both cases. Under these
conditions there is the potential for strong feedback between different elementary
processes. To determine the overall corrosion rate, it is critical to identify and decouple
the key elementary processes controlling the overall rate of corrosion and to formulate
the rate and flux equations for the elementary processes as a function of solution
conditions. The rate equations can then be coupled and solved numerically. The effects
of solution parameters on the overall corrosion rate can then be quantified through
their effects on individual elementary processes.

The final goal of the IRC research is to develop corrosion dynamics models that can be
used to assess the integrities of the newly proposed UFC and the reactor structures with
confidence. Towards this goal the 3rd term of the IRC focuses on four research projects:
1. Steady-state water and humid-air radiolysis kinetics to determine the
concentrations of radiolytically produced oxidants,
2. Radiolysis-induced independent general corrosion of CS and SS,
3. Radiolysis-induced water-droplet and crevice/gap corrosion of CS in the
environments anticipated inside the NWMO UFC, and
4. Radiolysis-induced galvanic corrosion of coupled CS and SS in the environments
anticipated in the annular air gaps of the OPG reactor supporting structure.
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The immediate aim of the research is to provide the experimental data necessary to:

1) Assess the long-term integrity of the proposed NWMO container (CS SA516 Gr.70)
weld design and to determine whether any measures (such as inerting of the
container atmosphere or coating of the inner container surface) are required to
meet design targets for container longevity and integrity, and

2) Assess the integrity and longevity of the shielding tank assembly, in particular, the
potential for accelerated (galvanic) corrosion attack on carbon steel adjacent to the
dissimilar metal weld between CS (SA36) and stainless steel (SA240, Type 304L) at
the periphery of the annular gap.

13.4.3.2 DETAILS OF IRC RESEARCH PROGRAMS

A. Chemical kinetics of y-radiolysis of Liquid Water and Humid Air

The UFC and the reactor structural alloys and their environments will be exposed to a
continuous flux of ionizing radiation.

The technical objective of this project is to develop and refine chemical kinetics
models for:

1. vy-radiolysis of liquid water and

2. vy-radiolysis of humid air

that can predict the production rates of chemical species that must be considered in
evaluating the long-term corrosion of the steels used in the UFC and the reactor
supporting structural materials.

Outcome & Current Progress:

The y-radiolysis models developed can provide the production rates of key chemical
species important for determining corrosion rate. The integrated humid-air and water
radiolysis model can be used to calculate the concentrations of radiolysis products (e.g.,
H.0,, 0,) as a function of pH, temperature, and initial concentrations of dissolved O, and
at the radiation dose rates anticipated in the UFC and the reactor structures.

B. Radiolysis-Induced Independent General Corrosion of CS and SS

This project investigates the effects of solution parameters (solution depth, pH, ionic
strength, dissolved O,, concentrations of key radiolysis products (nitric acid and
H20,), and with or without presence of y-radiation) on steel corrosion dynamics.
Corrosion dynamics are investigated by performing various electrochemical analyses
and coupon exposure studies as a function of corrosion time augmented with post-
test surface and solution analyses.
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Outcome & Current Progress:

For corrosion of steels many elementary reactions and transport processes need to
be considered in determining the overall corrosion rate as a function of solution
parameters. Corrosion of steels progress through different kinetic stages, and strong
systemic feedback between different elementary processes can be established at
later times and induce catalytic cycles and chemical waves. These key findings and
improved understanding are applied to develop a robust mechanistic model for
corrosion dynamics of steels in their service environments for the internal corrosion
of UFC and the galvanic corrosion of CS-SS welds.

C. Radiation-Induced CS Corrosion Dynamic Model

The technical objectives of this project are to provide experimental data and model
analyses that can be used to assess the long-term integrity of the proposed NWMO
UFC container weld design, and to determine the effect of y-radiation on crevice
corrosion in confined volumes, such as those encountered in weld cracks or crevices, or
in water droplets.

Outcome & Current Progress:

The studies to-date shows that galvanic coupling between the bold and crevice
surfaces accelerates the corrosion on the bold rather than the crevice surface, an
observation opposite to the normal crevice corrosion phenomenon observed for
more passive alloys. Hence, we have coined the term ‘inverse crevice corrosion’ for
this phenomenon. Our study indicates that inverse crevice corrosion occurs because
the overall oxidation of CS progresses from production of mainly soluble ferrous
species to production of mainly insoluble ferric species.

D. Radiolysis-Induced Galvanic Corrosion of CS and SS

The technical objectives of this project are to provide experimental data and model
analysis that can be used to assess the integrity and longevity of the ESC supporting
structure, in particular the potential for accelerated (galvanic) corrosion attack on CS-
SS welds, and to determine the effects of radiolysis on the galvanic corrosion.

In particular, the potential for accelerated (galvanic) corrosion attack on carbon steel
adjacent to the dissimilar metal weld between CS (SA36) and stainless steel (SA240,
Type 304L) at the periphery of the annular gap will be investigated.

The objectives of the proposed research project are:

1. To provide experimental data and model analysis that can be used to assess the
integrity and longevity of the shield tank assembly, with a focus on the potential
for accelerated (galvanic) corrosion attack on dissimilar metal welds, and
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2. To determine the effects of radiolysis on galvanic corrosion of a dissimilar metal
weld in confined volumes such as those encountered in the annular gaps of the
shield tank assembly, or in water droplets.

These corrosion studies will be conducted using CS (SA36) and SS (SA240, Type 304L)
as well as weld samples of these materials supplied by Ontario Power Generation
(OPG). Galvanic corrosion between the two metals in the absence and presence of -
radiation will be investigated using a combination of experiments with computational
model analyses. The experimental approach will include both electrochemical
analyses and coupon corrosion tests, followed by a suit of surface, gas and solution
analyses. For the coupon corrosion tests, the surfaces may be fully submerged or
partially covered with water droplets in humid air or in an inert cover gas. The coupon
corrosion tests will be extended to general corrosion of CS (SA36) and SS (SA240, Type
304L) exposed to vapour and water droplets to assist in the interpretation of the
galvanic corrosion results.

Outcome & Current Progress:

The studies to-date shows that increasing temperature or y-irradiation increases the
corrosion rates of the alloys initially, but it also accelerates the formation and growth
of protective oxides on CS, suppressing subsequent metal oxidation. As a result, the
acceleration of CS corrosion due to galvanic coupling diminishes with increasing
temperature and with radiation present.

13.4.4 CRD - METHODOLOGY DEVELOPMENT FOR VOLUME REDUCTION AND SAFE
STORAGE AND DISPOSAL OF LOW AND INTERMEDIATE LEVEL RADIOACTIVE
WASTES (WREN)

13.4.4.1 OVERVIEW

This CRD project is in support of the Ontario Power Generation’s (OPG’s) R&D initiative
on development of safe and economically viable technologies for interim storage and
permeant disposal of low and intermediate level (L&ILW) wastes.

The research objective of the proposed work is the advancement of our knowledge and
understanding of radiation-induced chemistry and materials degradation processes that
underlie, particularly:

e Process optimization of waste separation and packaging.

e Chemical/electrochemical cleaning and decontamination of metal surfaces.

e Selection of waste containers and assessment of their integrity and lifetime.

This CRD project addresses two important aspects of the initiative:
e Reduction of the volumes of metallic wastes
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One part of the research project proposed will investigate decontamination
technologies for surface-contaminated metallic wastes, which represent a large
volume of the waste to be disposed of in the L&ILW DGR. Disposal of metallic
wastes in the L&ILW DGR is of particular concern as the eventual corrosion of
these materials (after repository closure) would generate hydrogen gas which
can pressurize the sealed repository. The design of the L&ILW DGR must
accommodate the potential hydrogen gas generation from corrosion of metallic
wastes; therefore, excess excavation may be required, unnecessarily increasing
the cost of construction of the repository. Additionally, it is not an efficient use
of space in the repository to dispose of materials which are mainly surface-
contaminated, and, after decontamination, could be shown to be clean and
recyclable. Dr. Wren's understanding of radiation induced corrosion and the
effect of radiation on oxide formation will ensure that any proposed
decontamination technique will be effective for components removed from the
unique environment of a CANDU reactor.

e |Immobilization of dispersive wastes: the safe storage and disposal of solid and
liquid radioactive wastes.

The area of investigation is the immobilization of ILW ion exchange resins using
geopolymer materials. The stability of the geopolymer waste when exposed to a
radiation field will be investigated by Dr. Wren. This technology, when
developed, would improve the safety of workers when handling wastes for
disposal (by lowering exposure to radiation fields from the wastes and
dispersion of radionuclides in the case of an accident) and will inhibit release of
radionuclides for the long term. It can be envisioned that this technology would
be applicable globally, enabling effective, safe encapsulation of wastes and
allowing lower-cost disposal for certain forms of radioactive waste.

To address reduction of the volumes of metallic wastes and immobilization of dispersive
wastes, this project explores the potentials of
1. Alaser ablation technology for the removal of radioactive surface
contaminants (oxide deposits) from metallic wastes, and
2. An encapsulation technology for radioactive ion exchange (IX) resin wastes
using geopolymers.

13.4.4.2 DETAILS OF CRD RESEARCH PROGRAMS
A. Removal of oxide deposits from metallic wastes by laser ablation
To reduce the volumes of metallic wastes we identified that the contamination of out-of-

core reactor alloys (such as feeder pipes and heat exchanger tubes) are limited to the
surface oxide layers. For free release of metallic wastes after decontamination, it is better
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to use physical methods and we opted for oxide removal by a near-IR laser because it
offers better control and flexibility.

Outcome & Current Progress:

These studies were conducted using inactive surrogates that were prepared by corroding
carbon steel in various solutions to simulate the oxides found on spent feeder pipes
removed from the OPG nuclear power plants. Carbon steel surface with different oxide
composition, morphology and thickness were prepared. We identified and optimised the
key laser parameters affecting oxide removal efficiency for different oxide type and
thickness. We have initiated these studies for mixed Co-Fe oxides on CS and oxides on
Alloy 800 (Fe-Ni-Cr). Work on developing an oxide collection system is underway.

Immobilization of lon-Exchange Resin Wastes Using Geopolymers

This CRD also explores an innovative technology for encapsulating radioactive ion
exchange resins (IXR) that can improve the safety and cost of processing, transportation,
storage & disposal of the IXR wastes. lon exchange resins are used to remove corrosion
products or other impurities from reactor water systems.

A common material used for immobilization of L&ILW wastes is ordinary Portland cement
(OPC). This project explores the suitability of geopolymers in encapsulating radioactive
IXR wastes. Geopolymers are produced by mixing solid aluminosilicate materials with
strong alkaline solutions often containing soluble silicate.

Outcome & Current Progress:

Geopolymer-IXR matrices with different IXR loadings were fabricated and compared with
the OPC-IXR matrices. The geopolymer-IXR matrices have superior properties over the
cement matrices: smoother and more compact with smaller size pores, higher IX-resin
encapsulation capacity, better compressive strength for high IXR loading matrices, stable
under gamma radiation and significantly lower leaching of Sr?*. The studies on the effects
of radiation on degradation and shrinkage of IXR and its consequences on long-term
mechanical strength and leaching properties of the geopolymer-IXR matrices are
continuing.

FACILITIES AND APPLICATIONS

Western’s nuclear facilities include state-of-the-art simulators, an electrochemistry
laboratory, and a suite of instruments for radiation-induced chemistry corrosion
research.
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13.5.1 CONTROL INSTRUMENTATION AND ELECTRICAL SYSTEMS

Western’s Nuclear Power Plant Process Control Test Facility (NPCTF) is a physical simulator for
the control system of a typical CANDU based nuclear power plant. The NPCTF uses real media
(water, air) and industry-grade sensors and actuators.

e Nuclear Power Plant Process Control Test Facility (NPCTF)

NPCTF is a physical simulator for the control system of a typical CANDU based nuclear

power plant (NPP). The NPCTF uses real media (water, air) and industry-grade sensors and

actuators. The NPCTF simulates the following major systems and components of an NPP:
o Reactor

Steam generator (SG)

Pressurizer

Turbine and generator

Feed water

Inventory feed and bleed

Shutdown systems

Passive safety system: natural flow-ECCS (Emergency Core Cooling System)

O O O 0O O O O

e AnISA100.11a standard based Industrial Wireless Sensor Network (IWSN) Testbed

The main objective of the testbed is to facilitate investigation on potential issues of
designing and deploying industrial wireless systems in nuclear power plant environments
for real-time plant status monitoring. The testbed can support various research areas, such
as advanced control, wireless sensor networks, fault diagnostics, smart sensors, and passive
safety.

This IWSN testbed includes the following devices and components:
o ISA100.11a Field Router and 10 Device
o ISA100.11a Backbone Router/Gateway
o Analog Input Port Connections
o Software development kit with licenses available for purchase by other
researchers
User interface to the wireless sensor nodes installed on the NPCTF
o Remote access and database software

©)

This testbed has been deployed at Western University on the Nuclear Power Plant Process
Control Test Facility (NPCTF).
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13.5.2 RAMPS RESEARCH GROUP (WREN LAB)

Western is also home to Wren Lab, the research group of Dr. Clara Wren with several
well-equipped laboratories.

The facilities include:
e An electrochemistry laboratory
Our electrochemistry laboratory allows us to study the kinetics of corrosion
under a range of conditions of temperature, pressure and solution environment.
e A high-powered IR laser
We are using the high-powered IR laser to develop an efficient method for
stripping radioactive oxides from metal surfaces.

Our other laboratories house analytical instruments such as a high magnification optical
microscope, gas chromatograph, and an inductively coupled plasma optical emission
spectrometer (ICP-OES) for measuring the concentrations of dissolved metal species.

In addition to this, we have access to instruments at Surface Science Western, allowing
us analyze surfaces using techniques such as scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), Auger electron spectrosocopy (AES) and surface
Raman.

Under the previous IRC agreement, the Chair and her group have established a
laboratory for radiation-assisted materials performance studies under power reactor
coolant conditions. This laboratory is centred on a high flux 60Co y-cell and includes a
substantial number of electrochemical and chemical analysis instruments. In
collaboration with other materials research groups at Western and other institutes, we
have established surface analysis methodologies for corrosion studies using a number of
sophisticated spectroscopy and microscopy tools in combination with electrochemical
and chemical analyses.

The laboratories are equipped with a suite of instruments for performing leading-edge
research in the field of radiation-induced chemistry and corrosion:
e A Co-60 gamma radiation chamber that provides a high dose rate (1.9 kGy/h in
May 2018),
e A suite of electrochemical equipment including potentiostats and frequency
response analyzers, ultra-low current and voltage measuring systems,
e Several pressure vessels for high temperature/pressure water and supercritical
water corrosion studies,
e A gas chromatograph with mass selective, thermal conductivity, electron
capture detectors,
e A UV-Vis absorbance and fluorescence spectrometer, a photoemission
spectrometer,
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e An attenuated reflectance Fourier transfer infrared (AR-FTIR) spectrometer,
e A scanning optical microscope with a very high resolution,

e Aninductively coupled plasma-optical emission spectrometer (ICP-OES),

e A 20W Q-switched pulsed ytterbium-doped fiber laser operating at 1064 nm,
e A 3-point flexural test machine.

In addition, the Chair’s research group members have access to, and receive training on,
a suite of sophisticated surface analysis instruments through Surface Science Western,
Western Nanofabrication Facility, and the Tandetron Accelerator Facility for heavy ion-
beam irradiation.

13.6 INTERESTS AND CAPABILITIES INCLUDING NON-UNENE FUNDED
NUCLEAR-RELATED RESEARCH

To be addressed in a later revision
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14.0 POLYTECHNICA UNIVERSITY OF BUCHAREST

e University Location: Bucharest, Romania

14.1 UNIVERSITY AND FACULTY:

e Faculty of Applied Science

The Faculty of Applied Sciences was set up in 2005 following the proposal put
forward by the Department of Mathematics and the Department of Physics. The
Faculty of Applied Sciences also provides:

o Master programs in: Dynamic Systems, Geometry and Optimization; Forecasting,
Risk and Decision Models; School Management and Education; The Theory of
Encoding and Storing Information; Modelling, Simulation and Numerical
Computation; Monitoring and Control of Complex Systems; Mathematical Logic
and Applications; Optical Technologies; The Physics of Micro and Nanostructured
Matter; Measurement and Use of lonizing Radiation; Photonics and Advanced
Materials.

o Doctoral Studies in Science — Mathematics, Physics; in Engineering Science —
Optoelectronics, Technical Physics.

e Faculty of Power Engineering
Faculty of Power Engineering provides education in all fields of Power Engineering:
competences in the field of design, development, operation, maintenance,
management and planning of the activity in the classical power stations (thermo,
hydro, nuclear power stations), in the power plants based on renewable sources of

energy (photoelectric, wind, small hydroelectric power plants, wave power plants),
and in the energy distribution and transport systems, respectively.

14.2 RESEARCH GROUPS, TEAM LEADS AND KNOWLEDGE BASE

A list of research areas and expertise for each researcher at University of Bucharest is
provided below:

14.3 CONTACT INFORMATION FOR RESEARCHERS:

e Faculty of Power Engineering - Universitatea Politehnica din Bucuresti (upb.ro)
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e Faculty of Applied Sciences - Universitatea Politehnica din Bucuresti (upb.ro)

14.4 UNENE SUPPORTED RESEARCH AND DEVELOPMENT

14.4.1 UNENE SUPPORTED RESEARCH POSITION

To-date there are no UNENE supported research positions.

14.4.2 DETAILS OF RESEARCH PROGRAMS

14.5 FACILITIES AND APPLICATIONS

The Faculty of Applied Sciences has 3 Research Centres and 19 Laboratories (lasers;
optoelectronics; microscopy; holography; optical processing of information; liquid
crystals; materials; nonlinear chaos and dynamics; plasma; computational physics;
nuclear physics; computer architecture and databases; computer programming and
operating systems; computer networks; artificial intelligence; numerical analysis;
computer-assisted design; computer graphics; image processing).

The Faculty of Power Engineering includes a variety of modern laboratories equipped
with state-of-the-art technology. These facilities include the Laboratory of
Hydropneumatic Drives, the Laboratory of Hydraulic Machines, the Laboratory of
Electrical Equipment, the Co-Generation Thermal Power Plant, the Laboratory of High
Voltage Technique with the outdoor experimental platform, and the Electroenergetic
system model.

14.6 INTERESTS AND CAPABILITIES INCLUDING NON-UNENE FUNDED
NUCLEAR-RELATED RESEARCH

To be addressed in a later revision
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TABLE 1 UNENE INDUSTRIAL AND UNIVERSITY MEMBERS

University Members

Industry Members

Canadian Universities

Non-Canadian Universities

CANDU Owners Group (COG)

Utility - Bruce Power (BP)

Utility - Ontario Power Generation (OPG)
Regulator - Canadian Nuclear Safety
Commission (CNSC)

Nuclear Waste Management Org. (NWMO)
Supplier - Kinectrics

Supplier - SNC-Lavalin-Nuclear (formerly
Candu Energy Inc / part of AECL)
Supplier - Canadian Nuclear Labs (CNL)
(formerly part of AECL-CRL)

McMaster University

Queen's University

Ontario Tech (University of Ontario Institute of Technology)
University of Saskatchewan

University of Toronto

University of Waterloo

University of Western Ontario

Ecole Polytechnique

University of New Brunswick

Royal Military College

University of Guelph

University of Windsor

University of Regina

University of Manitoba (joined 2022); [R&D information will
be provided in the next edition of the directory]

Polytehnica University of Bucharest (Romania)
University of Cordoba (Argentina) (joined 2022)
[R&D information will be provided in the next
edition of the directory]
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TABLE 2 UNENE UNIVERSITIES DIRECTORY:

R&D TOPICAL CATEGORY BREAKDOWN

R&D Topical R&D Subcategory University Details
Category
Advanced SMR Design Assessment McMaster Novog
Technologies and Ontario Tech Atkinson; Harvel
SMRs SMR Safety Assessment McMaster Novog
Ontario Tech Atkinson
Plasma Engineering Ontario Tech Gaber:4.5D
SMR Materials studies Queen’s Daymond et al 5.6
Ontario Tech Harvel
UNB Cook
Chemistry and Properties of water isotopes Guelph Tremaineetal 7.4
Corrosion Corrosion chemistry Guelph Tremaineetal 7.4
Corrosion control and SCC UofT Newman et al. 11.4
University Facility
Electrochemistry lab Ontario Tech 45C
Water Chemistry test lab UNB CNER Cook et al (Sections 8.4 & 8.5)
Water Chemistry lab U of Toronto Newman et al (Section 11.5)
OCCAM
Computing, Al and Hi-Performance Computing Ontario Tech 45E
Computer Modelling Al Networks Queen’s Beland 5.6

Robotics

University Facility

Robotics facility

U of Toronto

(Section 11.5)

OCCAM
Waterloo Haas, Cascante
Decommissioning Decommissioning health and Ontario Tech Harvel RCP 4.4.4

and Waste
Management

safety

Decommissioning facility

observation and measurement

U of Toronto

Schoelligetal 11.4

Waste container performance Western Wren
Queen’s Daymond et al 5.6
Radwaste isotope transport Guelph Tremaine et al 7.4.2
Western Wren 13.2
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R&D Topical R&D Subcategory University Details
Category
Energy Systems Energy Systems Assessment Ontario Tech D. Hoornewg, McKellar; see BEI
Health Physics and Dosimetry Ontario Tech Waller
Environmental Measurement Technology Ontario Tech Waller
Assessment Radiation modelling and Ontario tech Waller
mapping
Radiation Protection McMaster J.Zic
Ontario Tech
University Facility
Aerosol research Ontario Tech (Section 4.5 F)
Environmental contamination Western Shoesmith 13.2
studies
Instrumentation/ Instrumentation and control Western Jiang 13.4
Control system modelling
I&C System hardware Western Jiang 13.4
performance
Advanced control centre UNB Cook et al 8.4
information systems Western Jiang et al 13.4
Autonomous control systems Western Jiang et al 13.4
University Facility
Nuclear Instrumentation Ontario Tech (Section 4.5 ))
Western Jiang
Nuclear operations 1&C Lab Western Jiang et al
Hybrid energy systems Western Jiang et al 13.4
simulation lab
Materials Opto-Electronics Ecole-Polytech. Mena-Cohen; Santato

Materials Chemistry Western Shoesmith

Materials Corrosion Queen’s Persaud; 5.2
Toronto Newman

Vibration Analysis Ontario Tech

In core materials performance Queen’s Daymond: 5.4.

In-core materials Queen’s Daymond

microstructure
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R&D Topical
Category

R&D Subcategory

University

Details

University Facility

Accelerators

Queen’s RTML

(Section 5.5)

Microscopy McMaster CCEM Section 3.5
Nuclear Materials Post- McMaster CANS Section 3.5
Irradiation Examination &
Characterization
Materials Laboratory Ontario Tech (Section 4.5 D)
U of Toronto (Section 11.5)
OCCAM
High Temperature Corrosion Queen’s RTML (Section 5.5)
Laboratory
Non-Destructive Test RMC (Section 6.5)
Laboratory
Nuclear Operations Simulators Ontario Tech
Reliability Analysis
Eddy current testing RMC Krause 6.3
University Facility
Simulator Lab Ontario Tech Bereznai et al (Section 4.5 C)
Research Reactor McMaster
Eddy current test lab RMC Krause 6.3
Nuclear Fuel and Advanced fuels Queen’s Yaoetal 5.6
Fuel Cycles
Nuclear Safety Severe Accidents McMaster Lightstone
Risk Assessment Waterloo Pandey
Operating Margins / McMaster Novog
Uncertainties
Safety Analysis Models and McMaster Novog, Luxat,
Codes
University Facility
Energy Safety and Control Ontario Tech (Section 4.5. H)

Laboratory
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R&D Topical R&D Subcategory University Details
Category
Reactor Physics Neutron Activation Ecole-Polytech. Chilian
Neutron Kinetics Ecole-Polytech. Koclas
Reactor Physics Models and Ecole-Polytech. Koclas
Codes McMaster Buijs
Ontario Tech Nichita

University Facility

Reactors Ecole-Polytech. SLOWPOKE: Neutron activation
McMaster 5 MW multi-purpose research
reacotr
RMC SLOWPOKE
High performance computing Ontario Tech (Section 4.5 E)
Plasma Engineering Ontario Tech (Section 4.5B)
Thermal-Hydraulics Fluid Dynamics Ontario Tech
Thermal-Hydraulic Models and McMaster Novog, Lightstone

Codes

University Facility

Thermal Hydraulic Loops

Ecole-Polytech.

See 2.5.2

McMaster

Novog, Lightstone

Ontario Tech

(Section 4.5 1)

Page 126 of 130



% University Network of
Excellence in Nuclear
Engineering

TABLE 3 LIST OF UNENE INDUSTRIAL RESEARCH CHAIRS

Nuclear Materials

Nuclear Safety Analysis and Nuclear Reactor
Safety & Thermal-hydraulics

Control Instrumentation and Electrical Systems

Corrosion Control and Materials Performance in
Nuclear Power Systems

Risk-Based Life Cycle Management of
Engineering Systems

Radiation Physics and Environmental Safety

Queen’s University

McMaster University

University of Western
Ontario

University of Toronto
/Queen’s

University of Waterloo

Ontario Tech University

M. Daymond

J. Luxat

D.Novog

J. Jiang

R. Newman

S. Persaud

M. Pandey

E. Waller
K. Atkinson

The main goal of this program is to understand the materials of the CANDU
fuel channel, and in particular, the impacts of processing choices as well as
aging mechanisms: understand impact of radiation, manufacturing, reactor
conditions on fuel channel component properties including PT creep &
Delayed Hydrogen Cracking

This program uncertainty analysis, fuel and fuel channel integrity, severe
accident analysis, in-vessel retention, and risk analysis, computational and
tool development, testing and validation, and CANDU applications and
advanced reactor methodologies.

The research activities in this program focus on two main themes: advanced
control systems and performance and status monitoring, for nuclear power
plants. Research topics include predictive safety systems, passive safety
systems, intelligent autonomous control and modelling, control for SCWR
(Super Critical Water Reactor) and adoption of advanced technologies
(fieldbus, wireless, FPGA) in plant control systems.

The program focuses on deepening the understanding of corrosion
processes in steels and other metal alloys applicable to nuclear facilities.
Behaviour associated with trace impurities, water chemistry and the effects
of radiation are considered. Most recently, long-term corrosion impacts for
waste container behaviour are under study.

The program focuses on the development of probabilistic models and
uncertainty analysis methods to improve aging management and life cycle
performance of nuclear plant systems.

The program provides industry with expertise and means to test and
characterize advanced real-time instruments, insight into the scientific
drivers of regulatory requirements in radiation protection and
environmental safety and expertise in the potential applications of advanced
modelling and visualization technology for radiation protection training,
plant nuclear security and environmental protection.
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High Temperature Aqueous Solutions University of Guelph

P. Tremaine The development and use of quantitative thermodynamic and spectroscopic
techniques in order to understand and model aqueous chemistry (e.g.
hydrolysis behaviour, D20 effects) under the extreme conditions that exist in
nuclear reactor and spent-fuel storage systems.
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