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CORPORATE PROFILE ...

University Network of Excellence in Nuclear Engineering (UNENE) is a not-for-profit
Corporation incorporated by the Government of Canada with Letters Patent issued on
July 22, 2002. The Head Office of the Corporation is located at the Department of
Engineering Physics, Faculty of Engineering, McMaster University, 1280, Main Street
West, Hamilton, ON, L8S 4L7.

UNENE is a unique industry - university alliance. Its current members are:

Atomic Energy of Canada Ltd. (AECL)

Bruce Power (BP)

Ontario Power Generation (OPG)

CANDU Owners Group (COG)

Canadian Nuclear Safety Commission (CNSC)
Nuclear Safety Solutions (NSS)

McMaster University

Queen’s University

University of Toronto

University of Ontario Institute of Technology (UOIT)
University of Waterloo

The University of Western Ontario

Ecolé Polytechnique

University of New Brunswick

Royal Military College

University of Guelph

UNENE was launched to ensure that the Canadian nuclear industry would continue to
have a dependable supply of highly qualified and skilled professionals to meet its current
obligations and emerging challenges. To this end, industry is investing significant funds
in selected universities and is contributing in-kind to enable the universities to acquire
and retain the highest quality of teaching and research professoriate. The industry is
also assisting the universities in developing relevant research programs, attracting bright
students, educating and training them to pursue safe and efficient use of nuclear
technology. The universities secure additional funds from the Natural Science and
Engineering Research Council (NSERC) of Canada, and elsewhere, to match
investments made by the nuclear industry.
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CHAIRMAN’S MESSAGE ...,

Tom Harris

activities associated with UNENE since inception. Five of six
initial industrial research chairs have been filled. In the past
several months, the Royal Military College has been finalizing
funding to establish a new UNENE chair in fuel processing. [ ]

There has been a dramatic expansion of university-based l

The research chairs have been establishing / expanding their E
research programs. As of the reporting period of this annual == -
report (fiscal 2006/07), 31 students have finished their degree E
requirements and 110 graduate students and post doctoral

fellows are engaged in nuclear research. In addition to 3"1' ,.i’ .
students completing graduate studies, undergraduate ! Py g L
students have benefited from the presence of the chair il g,
holders through supervision of senior year thesis / design

projects and delivery of undergraduate courses that are related to their research
interests.

The research activities of the UNENE program continue to expand with the near full
implementation of the Research Projects program that funds a number of grants, each
worth $30k per year for 3 years. The funds provided by UNENE corporate members are
leveraged with the Federal Government through NSERC Collaborative Research &
Development grants. In addition, UNENE funds have been used to leverage large
program funds from both the Federal and Ontario Government. The research programs
in UNENE have benefited enormously from the insight and direction of our industrial
colleagues.

To date, 17 students have graduated from the course-based Joint Master’s of
Engineering Degree program. This program was collaboratively delivered by faculty
members at several of the partner institutions. Students found the program challenging
academically and personally — integrating it in their family life. Over the past year, we
have reviewed our program of graduate education. All indications are that the program
has been a success and students have reported a direct positive impact on their
professional activities. We continue to assess whether the current format best meets the
needs of prospective students and their employers. Students at remote sites are
disadvantaged and plans are underway to augment the face to face course delivery with
distance delivery.

Over the next year, UNENE should benefit from the announcement by the Ontario
Government of their renewed interest in nuclear generation. The focus on climate
change by both federal and provincial governments should enable UNENE to expand its
research activities and increase the awareness among students and the public of the
benefits of nuclear energy.
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It has been a privilege to serve as Board Chair. | have greatly enjoyed my interactions
with our industrial and university colleagues.

Over the next year, UNENE should benefit from the announcement by the Ontario
Government of their renewed interest in nuclear generation. The focus on climate
change by both federal and provincial governments should enable UNENE to expand its
research activities and increase the awareness among students and the public of the
benefits of nuclear energy.

It has been a privilege to serve as Board Chair. | have greatly enjoyed my interactions
with our industrial and university colleagues.
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REPORT OF THE VICE CHAIR ...

Beth Medhurst

The long promised nuclear renaissance brings significant
challenges and opportunities for the nuclear industry. A
revitalized industry responds to increased demand for
service, a positive change in public perception translates to
accelerated opportunities and the change in demographics
of the workforce means new strategies are required to
support the industry wide need for talent.

Managing the talent pool in the employment cycle must be
accompanied with activities to build the pool pre- and post-
employment. Collaboration of industry to address the
systemic issues impacting the industry wide talent pool is
required. UNENE is just one such initiative — aimed at -
regenerating the academic capacity in nuclear engineering at our universities. The
partnership between industry and university members is strong — with a focus to
strengthening the talent pool. The goal - more qualified individuals ready for employment
and able to contribute to realizing the promise of the nuclear renaissance.

The placement of well-designed industry supported Chairs in nuclear research and
research projects are attracting talent at the universities to focus on nuclear research
and education — providing a valuable forum for developing new talent (both graduate and
undergraduate) and research to support industry growth.

The UNENE education program focused on graduate level learning has resulted in
Master’s of Engineering graduates from the joint program and many more were involved
in research activities.

We look forward to continued practical collaboration between the university and industry
partners to ensure that nuclear industry benefits are sustained for the future.
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CORPORATE GOVERNANCE ...,

Membership of UNENE is available to Canadian universities, corporations, associations,
government agencies or other entities. The Board of Directors and the Voting Members
of UNENE approve an application for admission. Membership of UNENE is of two
categories namely: Voting Members and Non-Voting Members. Each such Member,
that is a corporation, nominates a representative in the dealings of UNENE.

Only those entities that fulfill the Annual Membership Fee and fund a significant portion
of the overall UNENE Program and those universities that host UNENE funded Industry
Research Chairs are eligible to become Voting Members. The current Voting Members
of UNENE are Atomic Energy of Canada Ltd., Bruce Power, Ontario Power Generation,
McMaster University, Queen’s University, University of Toronto, University of Ontario
Institute of Technology, University of Waterloo and The University of Western Ontario.

Entities that are committed to UNENE objectives and as a minimum pay the Annual
Membership Fee and universities that participate in research and teaching of UNENE
programs may become Non-Voting Members if they apply and when the Board of
Directors and Voting Members of UNENE approve their applications. Currently, CANDU
Owners Group, Canadian Nuclear Safety Commission, Nuclear Safety Solutions, Ecolé
Polytechnique, University of New Brunswick, Royal Military College, and University of
Guelph are Non-Voting Members of UNENE.

The UNENE Board of Directors, with each Voting Member represented by one Director,
manages the property and business of UNENE. Each Voting Member nominates one
Director for a renewable two-year term. The Directors representing Voting Members
from universities elect the Board Chair; and the Directors representing industry Voting
Members elect the Board Vice-Chair. The term of office of both the Chair and the Vice-
Chair is two years. Effective September 2004, Dr. Tom Harris had assumed the position
of Chair and Ms. Beth Medhurst assumed the position of Vice-Chair of the UNENE
Board of Directors.

The Board of Directors sets policies and procedures not defined in the By-Laws of
UNENE. It functions through two standing committees, the membership of which are
drawn from the organizations of members of UNENE

e Education Advisory Committee (EAC)

o Research Advisory Committee (RAC)

For administrative functions, the UNENE Board of Directors appoints a President and
CEO, Secretary/Treasurer and Program Director as officers of UNENE, each for a two-
year term. Current officers of UNENE for this reporting period are:
e Dr. Bill Garland, Secretary, Executive Director, combining the roles of
President and CEO, Secretary / Treasurer and Program Director.
The financial year of UNENE is from April 1 to March 31 of the succeeding calendar
year.
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VISION AND STRATEGIC OBJECTIVES ...,

Vision:

“An outstanding and effective university-industry-government partnership promoting
university-based education and research in nuclear engineering”.

Mission:

UNENE is committed to blend the strengths of industry and university and secure
government assistance to deliver relevant nuclear engineering educational and research
programs, and train highly skilled human resources for the current and future needs of
Canada. The strengthened university-based UNENE expertise will be accessible to
public, government and industry.

Objectives:

Nuclear industry, universities and governments in Canada have elected to work together
to ensure that Canada continues to be among world leaders in peaceful and safe
application of nuclear technology. UNENE concentrates its efforts to ensure that, in
sufficient numbers, bright candidates are attracted, educated and trained as engineers
and scientists to advance the state of the art in nuclear technology and find innovative
solutions for challenges faced by the industry.

In specific terms, UNENE has three distinct objectives:

1. Enhance the supply of highly qualified graduates in nuclear engineering and
technology

2. Reinvigorate university-based research and development in nuclear engineering
and technology focusing primarily on mid- to longer-term research

3. Create a group of respected, university-based, nuclear experts for public and
industry consultation.
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EXECUTIVE DIRECTOR’S REPORT .o,
Bill Garland

For the reporting period, UNENE continued to be a successful model of university,
industry and government partnership.

UNENE was founded in 2002 to fulfill the following three objectives:

1.Reinvigorate university-based research and development in nuclear engineering and
technology focusing primarily on mid to longer term research

2.Enhance the supply of highly qualified personnel in nuclear engineering and
technology for future hiring by nuclear industry

3.Create a group of respected, university-based nuclear experts for public, government
and industry consultation.

Starting in 2002, the initial surge in growth resulted in the
establishment of five Industrial Research Chairs (IRC):
Prof. Rick Holt (Queen’s-2002), Dr. Jin Jiang (Western-
2003), Dr. John Luxat (McMaster-2004), Dr Roger
Newman (Toronto-2004) and Dr. Mahesh Pandey
(Waterloo-2004). They are joined by the Junior Chairs,
Dr. M. Daymond (Queen’s-2005), Dr. David Novog
(McMaster-2006), Dr. Sriram Narasimhan (Waterloo) and
Dr. Amirnaser Yazdani (Western).

Three NSERC Collaborative Research and Development
(CRD) projects continue excellent progress: Dr. Lynann
Clapham (Queen’s), Dr. Peter Tremaine (Guelph) and
Dr. Marilyn Lightstone (McMaster). All three have
secured NSERC- CRD grants to match the UNENE-
industry grants for their projects. UNENE approved the
conversion to an IRC of three additions CRDs awarded to Dr. Brent Lewis of RMC and a
further three CRD proposals awarded by UNENE are now in the process of submitting
their applications for NSERC- CRD grants. In all UNENE has committed $900,000 to
these projects.

UNENE has recognized new opportunities for participating with the Ontario Centre of
Excellence in Energy and has supported UNENE funded researchers who applied for
additional funds from the Ontario Research Foundation, several of which have been
successful.

The newly appointed NSERC-UNENE Chairs and CRD researchers are busy
supervising Master’s, Doctoral and Post Doctoral researchers adding to the available
pool of expertise for future hiring by the nuclear industry. | am very pleased to report
that the activities of the university researchers are very closely linked with industry.
Industry advisory committees for each researcher meet frequently to keep the UNENE
funded research relevant to industry. These committees also arrange, as and when
needed, for the provision of industry data to researchers for the validation of research.
Senior researchers maintain active contact with industry experts and have provided input
in arriving at important business decisions at various levels including to the Board of
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Directors of UNENE industry members. It is equally important to appreciate that due to
the complementary nature of the research among universities an excellent network for
frequent exchange of information among universities has emerged.

University-based nuclear research and development is, therefore, in good shape and
UNENE is largely responsible for that.

From the perspective of the members of UNENE, industry is highly interested in the
updated training of recently hired engineering staff through the part-time M. Eng. in
Nuclear Engineering program, as well as, for future hiring, enlarging the pool of qualified
personnel pursuing Masters, Doctoral or Post-Doctoral programs full time. UNENE has
indeed made impressive progress in this regard. Although specific details of these
activities will be found elsewhere in the Annual Report, it is important to observe that the
M. Eng. in Nuclear Engineering is a part-time studies program jointly offered by UNENE
member universities. Of the 29 currently active M. Eng. students 17 students have
already successfully completed all academic requirements for graduation.

Similarly, the enroliments in and the number of qualified personnel from the full time
Masters, Doctoral and Post-Doctoral programs strong. It is encouraging to note that
nearly 60 new students and post doctoral researchers are currently in the UNENE
supported programs who would not be there without the UNENE initiative. This equals
the number of nuclear graduate students finded by other sources. It is expected that the
Phase 1 operation of UNENE will produce nearly 200 additional highly qualified
personnel (HQP) for future employment in the nuclear industry. The Phase 1 planned
output of HQP is shown in Figures 1 and 2. It is anticipated that the drooping nature of
the curves will indeed be compensated with the start of phase 2.
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Figure 1 Phase 1 data to date
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Figure 2 Phase 1 data to date
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EXTERNAL RELATIONSHIPS

Bill Garland

UNENE represents Canada as a founding member and actively participates in World
Nuclear University (WNU) affairs. The World Nuclear University (WNU) was established
on September 4, 2003, to promote nuclear education and training, safeguard quality
standards internationally and enhance the mobility of nuclear professionals worldwide.
World Nuclear Association (WNA), World Association of Nuclear Operators (WANO),
International Atomic Energy Agency (IAEA) and OECD Nuclear Energy Agency (NEA)
are founding supporters of WNU. Dr. Hans Blix is its Chancellor and Mr. Zack Pate
chairs its Governing Board. Currently, 23 countries are members of WNU. UNENE’s
role in WNU is significant as its officers and members are active in WNU activities and
meetings and in particular serve on the WNU Academic Council.

UNENE also maintains an active liaison with the Canadian Nuclear Association (CNA),
the Canadian Nuclear Society (CNS) and several governmental offices.
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EDUCATIONALACTIVITIES. ...

Joint Master’s of Nuclear Engineering Degree Program

Program Director’s Report
Bill Garland

Education and training of highly qualified personnel
(HQP) is one of the principal objectives of UNENE.
This objective is fulfilled through graduate level
education and training at participating universities.
While prospective employees for nuclear industry
pursue full-time studies or research assistantships at
UNENE funded universities, the Master’s of
Engineering (M. Eng.) Degree program in Nuclear
Engineering, jointly offered by member universities has
been established. This program is for the professional
development and qualification upgrading of the current
and newly recruited employees of nuclear industry.
Therefore, it employs a flexible delivery format for
educational courses that is suitable for part-time
studies. In order to deliver a full breadth of nuclear
engineering courses, the program exploits professorial expertise residing at participating
universities and draws specialist guest lecturers from UNENE industry members. The
Education Advisory Committee (EAC) of UNENE controls curriculum matters, whereas
the Program Director appointed by UNENE is responsible for enroliment, logistics,
instructor selection, accounting and liaison work with universities.
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Report of the Education Advisory Committee (EAC)
Roger Newman, Chair

The Education Advisory Committee (EAC) of UNENE met quarterly in
this reporting period. The Mandate of EAC is to advise the UNENE
Board on education related issues, including setting up and offering a
new M. Eng. Degree in Nuclear Engineering, admission standards,
accreditation, course selection and delivery effectiveness and soliciting
students for the program.

The Committee consists of one representative from each UNENE
member. The Program Director, Bill Garland, is also a member of the
committee.

The Committee membership for this reporting period comprised:

AECL Basma Shalaby

Bruce Power Kevin Champion

Ontario Power Generation Syed Rizvi

McMaster University John Luxat

Queen’s University Mark Daymond
University of Toronto Roger Newman (Chair)
uoIT George Bereznai_(Vice Chair)
University of Waterloo Mahesh Pandey
University of Western Ontario Jin Jiang

University of New Brunswick Derek Lister

Ecolé Polytechnique Jean Koclas

Royal Military College Brent Lewis

Guelph University Paul Rowntree

CNSC Magda Rizk / Bev Ecroyd
COG Malcolm Lightfoot
Program Director Bill Garland

The committee oversees the Master’s level degree program that is course-based and
suitable for part-time studies to upgrade the nuclear knowledge of current employees
and those recruited afresh by the nuclear industry. The joint Master’s of Engineering (M.
Eng.) Degree Program in Nuclear Engineering is jointly offered by McMaster, Waterloo
and Western. Queen’s and Toronto are in the process of obtaining program approval.
Candidates eligible for admission into the graduate program of a participant university
enroll in the M.Eng. Degree Program and complete 10 half-term courses of which two
may be replaced by a major engineering project to earn their Degree. The Education
Advisory Committee recommends curriculum, course content and potential instructors.
In addition, it assists the Program Director in making arrangements for technical visits
and selection of course delivery sites at member organizations.
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Since almost all targeted students are current employees from Canadian nuclear
industries, course delivery uses a flexible format to suit the students and the instructors
without jeopardizing quality. The courses are invariably in concentrated modular format
including several extended weekends. The Durham College Power Centre, Whitby,
offers smart classroom and is easily accessible from Highway 401, therefore, it is the
preferred location for course delivery.

Current offerings include the following courses:
e UN 0601 / Control, Instrumentation and Electrical Systems in CANDU based
Nuclear Power Plants
UN 0603 / Project Management for Nuclear Engineers
UN 0701 / Engineering Risk and Reliability
UN 0702 / Power Plant Thermodynamics
UN 0801 Nuclear Power Plant Systems and Operations
UN 0802 Reactor Physics
UN 0803 Nuclear Reactor Safety Design
UN 0804 Reactor Thermal-hydraulics
UN 0805 Radiation Health Risks and Benefits
UN 0901 / Nuclear Materials
UN 1001 / Reactor Chemistry and Corrosion / D. Lister

In addition to the technical courses, a number of soft skill and management courses form
the curriculum. Compulsory core are identified in bold above. Typically, core and
elective courses are offered in alternate years. Students may elect to take a research
project in lieu of two courses.

Detailed teaching evaluations, conducted at the end of each course, provide
opportunities for quality control. Examination of evaluation feedback assists the
Committee in assessing the quality of teaching, and the teaching faculty in incorporating
changes for improving the next offering and enhancing the students’ learning
experience. The committee also recommends adoption of the latest computer and web-
based course delivery tools to facilitate interaction between students and instructors. All
course material is made available over the web. Where practicable, lectures are
recorded and made available on the web for review purposes.

There are currently 29 active M.Eng. students and 17 graduands.
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RESEARCHACTIVITIES.......co e

Report of the Research Advisory Committee (RAC)
John Luxat, RAC Chair

THE PRIMARY OBJECTIVES OF UNENE are to
conduct research and train personnel in CANDU
technology through establishing Industrial Research
Chairs (IRC) in Ontario universities and funding
research at other Canadian universities. Since the
creation of UNENE, seven IRCs and associate IRCs
have been established, and three are pending. Several
Collaborative Research and Development (CRD)
projects have also been awarded to other researchers
at Canadian universities. The established IRCs and
ongoing CRD projects are currently facilitating research
on many industry issues, and researchers are being
trained in specialized fields of CANDU technology to
help replenish the eroding CANDU expertise in the
industry.

The Research Advisory Committee of UNENE meet several times a year. John Luxat
chaired the committee in this reporting period. Charles Kittmer (AECL) was the Vice-
Chair. The Committee membership for this reporting period comprised:

AECL (Vice-Chair) Charles Kittmer
Bruce Power Robert Chun
OPG Kazem Rassouli
COG Frank Doyle
CNSC Bev Ecroyd

NSS John MacKinnon
McMaster University (Chair) John Luxat
Queen’s University Rick Holt
Toronto Roger Newman
uoIT George Bereznai
University of Waterloo Mahesh Pandey
Western Ontario Jin Jiang

Ecolé Polytechnique Jean Koclas
UNB Derek Lister
Royal Military College Brent Lewis
Guelph University Peter Tremaine
UNENE Bill Garland

The main work of the committee has been:

1. Overseeing the establishment of the IRCs

2. Devising a protocol to identify research requirements, and to solicit,

evaluate, select and manage non-chair UNENE funded research projects.
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Developing a list of industry approved research topics.
Recommendations of funding research projects to the Board of Directors.

CHAIR PROGRAMS: The currently established UNENE/NSERC IRCs cover five
critical areas of CANDU technology as described below.

1)

2)

4)

Nuclear Materials (Rick Holt, Queen’s University). This chair program focuses
on CANDU Fuel Channels (FC) and primarily on improving the understanding of
the basic mechanisms of Pressure Tube (PT) deformation and the effects of
manufacturing variables, microstructure, and irradiation. The other focus of the
Queen’s chair program is the understanding of hydrogen effects on PT integrity
and the behavior of hydrides in zirconium to support research in Delayed Hydride
Cracking and Fracture. Such degradation mechanisms threaten the structural
integrity and end-of-life of the PTs in CANDU Nuclear Power Plants (NPP). Rick
Holt was the 24th recipient of the Kroll Medal, for his outstanding work in the
area of deformation of zirconium alloys in an irradiation environment.

Nuclear Safety (John Luxat, McMaster University). This chair program focuses
on Nuclear Safety Analysis Methodology, primarily on “best estimate” models of
physical processes, plant conditions and failure events. These models are the
most realistic representation of plant behavior during accidents. The program
objective is to define the ranges of key plant parameters that ensure safety limits
are met at a prescribed confidence level. The other focus of the program is
theoretical modeling and experimental studies in Thermalhydraulics. The
objective in this area is to improve understanding of heat transfer during
transitions in boiling regimes and vapor formation following rapid
depressurization of hot fluids. Such postulated events influence both the
operational safety margins and the integrity of components during accidents.

Nano-Engineering of Alloys (Roger Newman, University of Toronto — U of T).
The primary focus of research in this chair program is corrosion and protection of
alloys used in CANDU systems. Model alloys are also used, along with atomistic
simulation, to interpret the more complex behaviour of industrial alloys. A
fundamental understanding of corrosion mechanisms is vital for plant life
prediction, guidance for remedial measures, and materials selection for new and
refurbished plants. The U of T chair has a particular focus on Steam Generator
(SG) materials, and also covers some aspects of nuclear waste management
such as dry storage. Research activities include mechanisms of stress corrosion
cracking in high-temperature aqueous environments, intergranular corrosion of
Monel, lead effects in nickel-alloy corrosion, theory of alloy corrosion and stress
corrosion, properties of nanoporous metals formed during corrosion, and
electrochemical monitoring in concrete.

NPP Instrumentation and Control (Jin Jiang, University of Western Ontario -
UWO). The objectives of this chair are to: (1) investigate new control concepts
and systems in refurbishing the existing plants; (2) develop new techniques to
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increase the reliability of neutron flux detectors; and (3) develop new techniques
to relate probabilistic based risk analysis techniques to plant maintenance and
outage planning. Methodologies being developed include: (1) establishing
software and hardware experimental test procedures and environment for
evaluating Distributed Control Systems; (2) using statistical and time-frequency
based advanced signal processing techniques to detect abnormal conditions
in the neutron flux signals; and (3) examining risk — based approaches to
safety system analysis and relating risk to maintenance optimization using
mathematical modeling and aging models.

Risk-Based Life Cycle Management (Mahesh Pandey, University of Waterloo).
The primary objective of this chair is to advance the life-cycle management of
critical components of CANDU reactors, namely, FCs, SGs and feeders. In the
FC area, the program will provide methodologies for risk assessment of PT-
Calandria Tube contact, determination of optimum sample size for SLAR (Spacer
Location and Repositioning) revisits, and a probabilistic model of Do-uptake rate.
In the area of SGs, the program is developing a risk-based model for optimizing
SG inspection, maintenance, and repair activities. In the area of feeders, a
probabilistic model of Flow Accelerated Corrosion (FAC) and wall thinning is
under development, in order to optimize the aging management of feeders.

The sixth UNENE-NSERC IRC is planned to be established in Radiation and
Environmental Safety (microdosimetry, real-time detection devices, radiation field
modeling...) at the University of Ontario Institute of Technology in 2007. A seventh
UNENE-NSERC IRC, in Nuclear Fuel (fuel behavior modeling and monitoring
techniques and advanced fuel designs...), has been approved by UNENE and
NSERC to be established at the Royal Military College (RMC) in 2007.

NON-CHAIR RESEARCH PROJECTS: A number of CRD projects have been
awarded to other university researchers, as listed below.

1.

2.

s

Measurement of near-surface residual stress in CANDU feeders using magnetic
non-destructive evaluation techniques (L. Clapham, Queen’s University).

D,0O isotope effects on hydrolysis & ionization equilibria in high-temperature
water (P. Tremaine, U of Guelph)

Improved understanding of intersubchannel thermal mixing (M.F. Lightstone,
McMaster University).

Intelligent fuel-failure monitoring system for on-line analysis (B. Lewis, RMC).
Development of a single fuel performance code using the Femlab software
platform (B. Lewis, RMC).

Spectroscopy analysis of Dy-containing fuel (B. Lewis & W.T Thompson, RMC).
Development of a free surface simulation model to analyze liquid film dryout in
Critical Heat Flux (CHF) and intermittent buoyancy induced flow in CANDU FCs
(M. Kawaiji, U of T).

A novel integrated real-time simulator for NPPs and the electrical power system
(R. Varma, UWO).
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9.

10.

Delayed Hydride Cracking (M. Daymond, Queen’s University).
Indentation studies of the local ductility of unirradiated Zr-Nb pressure tube, (R.
Klassen, UWO)

UNENE NETWORK OF NUCLEAR EXPERTS: UNENE chair and non-chair
programs have created a wide network of nuclear experts in Canada. The industry
has already started benefiting from this network of expertise through various
advisory and consultative exchanges. Examples of these consultations include:

10.

11.

The third party review of the cause of the intergranular attack of P2/P3 Monel
400 boiler tube material in support of the decision on P2/P3 return to service;

Independent review panel with Canadian and international experts to assess the
adequacy of current knowledge and models for fuel cooling during a large break
LOCA. This avoided two new CNSC Generic Action ltems (GAI);

Third party review of the technical basis for Terminal Solid Solubility (TSS)
methodology in PT inspection;

On-going technical support of the COG-Technical Committee on strategic direction
and the content of COG-FC R&D program

Consultation on FC crevice corrosion;

Third party review on the aluminum corrosion issue related to the Candu strainer
GAl.

Technical review of new methodologies for dispositioning crevice corrosion
indications and pressure tube to calandria tube contact.

Development of LCM strategies for FC and sample size for SLAR revisits
inspections.

Consultations on probabilistic approach to PT-CT gap analysis and a probabilistic
model for feeder thinning.

Consultations on LCM strategies for SGs and Turbine Generator, analysis of
associated maintenance data and development of a software for life-cycle cost
analysis (WATLCM).

Consultation on SG inspections and analysis of eddy current inspection database,
as well as development of a probabilistic model of corrosion and estimated risk
associated with aging SGs.
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Queen’s University — Rick Holt IRC

Report on the NSERC-OPG-COG-Nu-Tech Industry Research
Chair program in Nuclear Materials

Introduction

The chair was renewed for its second term on February 1,
2007 with Prof. R.A. Holt as the chair and Prof. M.R. Daymond
as associate chair. OPG and COG funding are now funneled
through UNENE. The main objectives are to understand
fracture and deformation behaviour of Zirconium alloy
pressure tubes in reactors to help plan their life management
and to develop improved components for future reactors.

Research Program

The specific goals are to understand the anisotropic behaviour of pressure tube material,
over a wide range of crystallographic textures and to relate this to the elongation of
pressure tubes, their increase in diameter and their fracture characteristics. The
research currently concentrates on the effect of manufacturing variables on the
properties of pressure tubes, the anisotropic creep of Zr-2.5Nb, the plastic anisotropy of
Zr-2.5Nb, Zircaloy-2 and Excel alloy (Zr-3.5%Sn,1%Nb, 1%Mo), the behaviour of
hydrides in bulk Zr-2.5Nb, delayed hydride cracking of Zr-2.5Nb and the mechanical
behaviour of Ni alloy steam generator tubing.

Research Team

During 2006/07 the research team comprised senior research associates S.A. Aldridge
and |. Yakobtsov, postdoctoral fellow, R. Zhang, Ph.D students W. Li, F.Xu (successful
dissertation November 2007), S. Cai, M. Kerr, R. Sandaramoorthy and M. Sattari, M.Sc.
students J. Fredette (graduated June 2007), C. Judge and R. Toda and summer
students P. Mosbrucker and Jon Boulanger.

Recent graduates now working in the industry are S. Stafford, M.Sc. July 2006
(Kinectrics Inc.), D. Durrance, M.Sc. September 2006 (Bruce Power) and J. Fredette,
M.Sc. February 2007 (AECL CRL). C. Nam a part time Ph.D student at McGill, co-
supervised by Holt is working at NSS.

Research Facilities

In addition to the new creep laboratory established at Queen’s, neutron scattering
facilities and synchrotron radiation facilities in the UK and the USA as well as Canada
have proven very effective in pursuing the research goals, and profitable collaborations
are continuing at these facilities. In addition, facilities for strain measurement using
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either image correlation or laser speckle interferometry have been obtained via non-
Chair research grants; these will be used for Chair research e.g. mapping of strain fields
around crack tips.

Interaction with Industry, Universities and Other Organizations

Prof. Holt continues a strong interaction with the industry sponsors as an external
consultant for AECL, Bruce Power and OPG (through Kinectrics Inc), as a reviewer and
a member of the COG Fuel Channels Technical Committee and the COG Fuel Channel
Deformation Working Group. Prof. Daymond will now be attending the regular meetings
of the COG Fuel Channel Working Group on Crack Initiation and Fracture. Both Profs.
Holt and Daymond collaborate with AECL, Kinectrics and Nu-Tech precision metals on a
number of research topics.

The Chair-holders collaborated within Queen’s University, and with McGill University
(where Holt co-supervises a Ph.D student), the Royal Military College of Canada, the
National Research Council of Canada (NRC), Pennsylvania State University, Los
Alamos National Laboratories (USA), the Open University (where Daymond co-
supervises a Ph.D student) and the University of Manchester (UK). Experiments were
been carried out in collaboration with NRC scientists at Chalk River Laboratories, and at
Rutherford Laboratories (UK), the Los Alamos National Laboratory and Argonne
National Laboratory (USA) with several student visits to these laboratories.

Research Results

Research results were published in eight papers, three conference presentations and
one COG report as follows.

1. Effect of Texture on Anisotropic Creep of Zr-2.5 Nb Tubes, W. Li and R.A. Holt,
Mater. Sci. Forum, Vols. 39-543 (2007) pp 3353-3358.

2. Evolution of Inter-phase Stress in Zr-2.5%Nb During Deformation, S. Cai, M.R.
Daymond, R.A. Holt and E.C. Oliver, Advanced Materials Research, Vols. 15-17
(2007) pp 615-620.

3. Evidence of variation in slip mode in a polycrystalline nickel-base superalloy with
change in temperature from neutron diffraction strain measurements, Daymond,
M.R., Preuss, M., Clausen, B., Acta Mater. 55(9), p3089-3102 (2007).

4. Evolution of Lattice Strains in Three Dimensions during In-situ Compression of
Textured Zircaloy-2, Xu, F., Holt, R.A., Oliver, E.C., Daymond, M.R. , J. Neutron
Research, v15, p121-130. (2007).

5. Investigation of residual stress in bent Ti-clad Cu bus-bar by neutron diffraction and
finite element modeling, Xu, F., Holt, R.A., Oliver, E.C., Daymond, M.R., , J.
Neutron Research, v15, p259-266. (2007).

6. Determination and Interpretation of texture evolution during deformation of a
zirconium alloy, Allen, V.M., Quinta da Fonseca, J., Preuss, M., Robson, J.D.,
Daymond, M.R., Comstock, R.J., J. ASTM Int., 5(1), JAI101255 (2007).

7. Load partitioning between ferrite and cementite during elastic-plastic deformation of
an ultrahigh-carbon steel, Young, M.L., Almer J.D., Daymond, M.R., Haeffner, D.R.
and Dunand, D.C., Acta Mater., 55(6) p1999-2011, (2007)


http://dx.doi.org/10.1016/j.actamat.2007.01.013
http://me.queensu.ca/research/nuclear/members/documents/Xu_JNR_Zirc2.pdf
http://me.queensu.ca/research/nuclear/members/documents/Xu_JNR_Zirc2.pdf
http://me.queensu.ca/research/nuclear/members/documents/Xu_bent_bar.pdf
http://me.queensu.ca/research/nuclear/members/documents/Xu_bent_bar.pdf
http://www.astm.org/DIGITAL_LIBRARY/JOURNALS/JAI/PAGES/1032.htm
http://dx.doi.org/10.1016/j.actamat.2006.11.004
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8. Strain and texture evolution during mechanical loading of a crack tip in martensitic
shape-memory NiTi, Daymond, M.R., Young, M.L., Almer J.D., and Dunand, D.C., ,
Acta Mater., 55(11) 3929-3942, (2007)

Conference Papers

1. Orientation of Hydrides in Zr-2.5Nb Tubes under Biaxial Stress, J.C. Fredette, V.
Perovic and R.A. Holt, 14" ASTM International Symposium on Zirconium in the
Nuclear Industry, Sunriver Oregon, June 2007.

2. In-Reactor Deformation of Zirconium Alloy Components, R.A. Holt, Invited talk at 14t
ASTM International Symposium on Zirconium in the Nuclear Industry, Sunriver
Oregon, June 2007.

3. Inter-granular and Inter-phase Constraints in Zirconium Alloys, R.A. Holt, M.R.
Daymond, F. Xu, S. Cai, 14" ASTM International Symposium on Zirconium in the
Nuclear Industry, Sunriver Oregon, June 2007.

4. Insights into the deformation mechanisms of hexagonal metals, M.R. Daymond,
Invited talk at the Denver X-ray Conference, Denver Colorado, July 2007.

5. Influence of internal stresses on texture inheritance through the alpha-beta phase
transformation in zirconium, M.R. Daymond, P. Mosbrucker, S. Cai, R.A. Holt, Meca-
Sens |V, Vienna Austria, September 2007.

Reports

In-service Deformation of Pressure Tubes, R.A. Holt, CANDU Owners Group Report OP
07-132 (March 2007)

Teaching

The senior/graduate level course in Nuclear Materials course was taught in spring 2007
by Profs.Holt and Daymond to the UNENE M.Eng program at Durham College, and by
Holt to fourth year undergraduates and graduate students at Queen’s in the fall
semesters of 2006 and 2007.

Other

At the 14" International Symposium on Zirconium in the Nuclear Industry in June 2007,
Prof. Holt was awarded the 24™ W.J. Kroll Medal by the American Society for Testing
and Materials for “unique and lasting contributions to the technology of zirconium”. The
medal recognized his work identifying and describing in-reactor deformation
mechanisms of materials and structures used in nuclear reactors.



http://dx.doi.org/10.1016/j.actamat.2007.03.013
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University of Western Ontario - Jin Jiang IRC

NSERC/UNENE Senior Industry Research Chair in Control,
Instrumentation and Electrical Systems

Introduction

Dr. Jin Jiang has been an NSERC/UNENE Senior Industrial
Research Chair since September 1, 2003. Under this program, he
has established a strong research team and has made significant
progress in the area of 1&C for nuclear power plant applications.
The main goals of this IRC program are:

o to assist Canadian nuclear industries to find solutions to ‘
pressing issues relating to nuclear power plant control and instrumentation
through fundamental and applied research,

¢ to train highly qualified personnel in the field of instrumentation and control in
nuclear power plants to meet the future needs of Canada’s nuclear industry, and

o toinvestigate the potential applications of latest control and computer
technologies to refurbish an existing plant and to develop new ones. Three major
issues facing nuclear industries have formed the core for this research program:
safety, availability, and competitiveness.

Fig. In front of CANDU reactor in Bruce Power Unit A 1 on a site trip.
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Research Program

To achieve the foregoing objectives, the research program has been focusing on the
following originally proposed research topics:

Smart condition monitor for fault detection and diagnosis

Probabilistic based maintenance decisions for safety systems

Distributed control systems and smart field-devices for nuclear plants

Modeling and control system design for advanced CANDU plants; and

Hardware in the loop simulation using nuclear power plant simulator and state-of-
the-art distributed control systems.

Recently, the program has been expanded to include the following new topics:

o Power upgrading of existing CANDU plants by improving shutdown system
response using FPGA (Field Programmable Gate Array) implementation

o Design and analysis of safety systems based on IEC standards for nuclear power
plants

o Improvement of the performance of the steam generator level control at low
power levels

¢ Smart transducers and application of Fieldbus networks in nuclear power plants
Application of wireless technologies in nuclear power plants; and

e Control and instrumentation issues in GEN IV nuclear power plants.

Research Team

Since the establishment of this Chair program, the research group has grown
significantly. The team includes several highly qualified and experienced industry
advisors for this program, and also university-based researchers. Six graduate students
and one undergraduate research assistant have successfully been trained under this
Chair program so far. Currently, the research personnel consist of a research engineer,
one post-doctoral fellow, ten doctoral students, and one masters student. More students
with matching interests and skills are being recruited to carry out research on the
expanded research topics.

Research Facilities

In addition to the desktop version of Darlington and Pickering Nuclear Power Plant
Simulators provided by Ontario Power Generation, we have acquired several major
state-of-the-art distributed control systems (DCSs), and also constructed a test bench in
house for evaluation of smart field devices. The major equipment includes:

Redundant DeltaV MD+ Distributed Control Systems with Fieldbus interfaces
e Triconex triple redundant nuclear grade safety Programmable Logic Controller
(PLC)
o Honeywell C300 Distributed Control Systems with Fieldbus interfaces
¢ DOOSAN HF Control safety PLC and DCS; and
o Siemens PCS7 DCS systems with wireless capabilities.
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The lab also has basic instrumentation, real-time measurement hardware and software
devices, and simulation environments for modeling, control system design, simulation,
and prototyping.

Fig. Dr. Jiang and a graduate student is conducting an experiment with wireless sensor
experiments.

Interaction with Industry, University and Other Organizations

The research program has received tremendous support and assistance from Canadian
nuclear industries, in particular, from our industrial partners, Ontario Power Generation
(OPG), Atomic Energy of Canada Limited (AECL), and BrucePower. Four annual one-
day research workshops were successfully held. Active liaison exists with other
Canadian nuclear organizations, such as the Canadian Nuclear Safety Commission
(CNSC), Nuclear Safety Solutions (NSS), and the CANDU Owners Group (COG).
Educational site visits for graduate students were conducted at Darlington Nuclear
Power Plant, Babcock & Wilcox Company (B&W), and Imaging & Sensing Technology
(IST). The Chairholder has also participated in a technical review committee for the
replacement of an existing analog control system by a digital control system for
Pickering Nuclear Power Plant.

Research collaborations have been established with other NSERC/UNENE IRCs, in
particular, Prof. Mahesh Pandey of Waterloo and Prof. John Luxat of McMaster to work
on research projects of common interest. Research collaborations have also been made
at an international level, such as with Prof. Jianmin Zhang from Xi’an Jiaotong
University, China; Prof. Don Miller from Ohio State University, USA; and Prof. Poong H.
Seong from KAIST, Korea. In 2008, the Chairholder has been working with Prof. Jianmin
Zhang of Xi'an Jiaotong University to complete a textbook on Modern I&C for Nuclear
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Power Plants. Now the book is to be published. Dr. Jiang has also been involved with a
group of 1&C experts from USA to develop an I&C road map for next generation nuclear
power plants.

Research Results

The results of the research program have been disseminated in the form of seven
refereed journal papers and 24 conference publications. Several papers have also been
submitted. Dr. Jiang has been invited to serve on the technical program committee of the
American Nuclear Society (ANS) Nuclear Power Instrumentation, Controls, and Human
Machine Interface Technology 2006 (NPIC/HMIT 2006). He is also a member of a
Canadian delegation serving on an IEC subcommittee to develop standards for I&C in
nuclear power plants.

Teaching

Dr. Jiang taught a Nuclear I&C course as a part of UNENE M. Eng program with 16
students. He has also developed and offered a graduate level course at the University
of Western Ontario on the same subject. He also gave seminars to general public about
nuclear energy and nuclear power plant

Fig. A research group field trip to Bruce Power on a snowy day.
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McMaster University -John Luxat IRC

NSERC/UNENE Industrial Research Chair in Nuclear
Safety Analysis

Overview

The topic of the NSERC/UNENE Industrial Research Chair
in Nuclear Safety Analysis at McMaster University is
nuclear safety analysis methods and nuclear safety
thermalhydraulics. The scope of the research covers
many disciplines reflecting the multi-disciplinary nature of
nuclear safety analysis. This requires academic knowledge
and skills that can be found in the Faculty of Engineering at McMaster University. The
Chair program enhances and extends this knowledge and skills base while providing an
active link that supports the Canadian nuclear industry. The Chair program enables
McMaster University to establish a robust, innovative and sustainable faculty research
network that will continue beyond the five year term of the Chair and will make significant
long term contributions to the Canadian nuclear industry and the international nuclear
academic community.

The resulting knowledge, skills and innovation are applied to nuclear safety issues of
critical importance to industry in improving safe operation and competitiveness of
nuclear power generation. Novel research is aimed at improving the quantification of
safety margins, helping to regain operating margins of nuclear generating units,
improving the quality, efficiency and cost effectiveness of nuclear safety analysis and
supporting the development of advanced CANDU reactor designs. This research
contributes to improving the safety, reliability and competitiveness of nuclear power as
an environmentally beneficial contributor to Canada’s energy supply and enhancing the
competitiveness of Canadian nuclear technology in global markets.

Development of the Research Chair

The NSERC/UNENE Industrial Research Chair in Nuclear Safety Analysis at McMaster
University was established in May, 2004 with the appointment of Dr. John C. Luxat as
the chair holder. In 2005 a search was initiated for an Associate Chair and by the end of
the year a decision was made and a position was offered to the successful candidate,
Dr. D. Novog. Dr. Novog joined the faculty as an Associate Professor in the Department
of Engineering Physics in February 2006. He prepared his research proposal, which
was approved by NSERC and the UNENE partners, and was appointed the Associate
IRC in Nuclear Safety Analysis. He established his research program, taking on his first
doctoral student in 2006 and has rapidly expanded his program.

Research Facilities

A Linux-based Beowulf high performance computer cluster was acquired for the
research group and is located in the Nuclear Safety Research laboratory in the John
Hodgins Engineering building. The cluster was expanded in 2006 as planned and now
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consists of consists of a total of six nodes, providing a total of 24 processors. Each node
contains four high performance AMD 64-bit Opteron processors, associated memory
and local hard drives. The server node proides a RAID disc storage system.

In addition to the hardware, a COMSOL Multiphysics, Matlab and FlexPDE software
packages have been purchased and installed. Other development software includes
Fortran and C compliers. The source code software for nine legacy safety analysis
computer codes, obtained under an agreement between Ontario Power Generation and
McMaster University, have been used to introduce both graduate and summer
undergraduate students to safety analysis methodology and reengineering of legacy
software.

Space for a quench heat transfer experimental research facility has been established in
collaboration with Dr. M. Hamed of the Department of Mechanical Engineering and
construction is proceeding well. Construction of a water CHF test facility has been
initiated.

Research Program

Rapid growth of the research group has been achieved with the number of graduate
students increasing from to six (6) students at the end of 2005 to twenty-one (21)
working on research projects in the areas of best estimate and uncertainty methods in
nuclear safety analysis and heat transfer modeling by the end of 2007. The first two
Masters students successfully completed their studies at the end of 2006, defended their
theses and are employed in the industry.

Difficulty persists in recruiting a post-doctoral fellow due to the strong employment
opportunities in the nuclear industry. To compensate, a large number of undergraduate
summer research students have been recruited into the research program which has
proved to be of significant benefit in attracting more undergraduate students into the
Nuclear Engineering option.

The students and their research topics are listed below.

lan Hill — M.Sc. Student, started September, 2004, Supervisor: J.C. Luxat

Research Topic: Application of BEAU Methods for CANDU Channel Powers.
Completed September 2006 and employed as a Reactor Physicist at AECL, Sheridan
Park.

Omar Shaikh — M.Sc. Student, started September, 2004, Supervisor: J.C. Luxat
Research Topic: Best-Estimate and Uncertainty Analysis of Reactor Space-time Kinetic
Transients in large LOCA.

Completed December 2006 and employed as a Reactor Physicist at Nuclear Safety
Solutions, Toronto.

Daryoosh Vashaee — Ph.D. Student, started November, 2004, Supervisor: J.C. Luxat
Research Topic: Parameter Identification of Space-time Dependent Reactivity in
CANDU Reactors
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This student withdrew from the program and has taken a junior faculty position at a US
university

Juliana Fetenau — M.Sc. Student, started September, 2005, Supervisor: J.C. Luxat
Research Topic: Modelling the Onset of Critical Heat Flux on Horizontal Cylinders

Jintao Jiang — M.Sc. Student, started September, 2005, Supervisor: J.C. Luxat
Research Topic: Modelling the Quench Heat Transfer on Horizontal Cylinders

Jun Xue — M.Sc. Student, started September, 2005, Supervisor: J.C. Luxat
Research Topic: Dynamic Sensitivity Analysis and Uncertainty Propagation of Fuel
Element Heat Transfer

Fang Bao - Ph.D. Student, started September, 2006, Supervisor: D.R. Novog
Research Topic: Best Estimate and Uncertainty Analysis of Small LOCA in CANDU
Reactors

Kifah Takrouri — Ph.D. Student, started September, 2006, Supervisor: J.C. Luxat
Research Topic: Experimental Study of Quenching of High Temperature Cylinders

Farshad Talebi — Ph.D. Student, started September, 2006, Supervisor: J.C. Luxat
Research Topic: Analysis of Fuel Channel integrity with Localized Hot Spots

Kurt Stoll — M.Sc. Student, started September, 2007, Supervisor: J.C. Luxat
Research Topic: Development of Trip Parameter Maps for the McMaster Nuclear
Reactor

Daniel Pohl — M.Sc. Student, started September, 2007, Supervisor: J.C. Luxat
Research Topic: Parallel Channel two-phase natural circulation in CANDU reactors.

Ricardo Perez-Concepcion — M.Sc. Student, started September, 2007, Supervisor:

J.C. Luxat

Research Topic: Mechanistic model of fuel channel disassembly in CANDU
reactors.

Greg Gerle — M.Sc. Student, started September, 2007, Supervisor: J.C. Luxat
Research Topic: Analysis of lattice cell physics of CANDU with fuel recycle.

Adam Cziraky — M.Sc. Student, started September, 2007, Supervisor: J.C. Luxat
Research Topic: Modeling the contact conductance between two contacting tubes.

Azin Behdadi — M.Sc. Student, started September, 2007, Supervisor: J.C. Luxat
Research Topic: Analysis of the thermalhydraulics around a calandria tube
following pressure tube contact.

Ala Muhana — M.Sc. Student, started September, 2007, Supervisor: D.R. Novog
Research Topic: Coupled CFD and System Thermalhydraulics.

Brad Statham — M.Sc. Student, started September, 2007, Supervisor: D.R. Novog
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Research Topic: Critical heat Flux Measurements in Medium Pressure Water.

Ken Leung — M.Sc. Student, started September, 2007, Supervisor: D.R. Novog
Research Topic: CFD of Advanced passive Moderator Systems.

Ming Hu — M.Sc. Student, started September, 2007, Supervisor: D.R. Novog
Research Topic: On-line Compliance methodologies for Best Estimate.

Justin Spencer — M.Sc. Student, started September, 2007, Supervisor: D.R. Novog
Research Topic: intermittent Buoyancy Induced Flow in CANDU channels.

Matt Ball — Doctoral Student, started September, 2007, Supervisors: D.R. Novog & J.C.
Luxat
Research Topic: Propagation of uncertainty in Reactor Physics Simulations.

A total of thirteen undergraduate summer research students successfully completed
research projects over the period May 2006 to August 2007. Eight of these students
worked on projects supervised by the IRC and five worked on projects supervised by the
Associate IRC.

Interactions with Industrial Sponsors and Collaborations

Both the Chair and Associate Chair have maintained strong interactions with industrial
sponsor organizations and UNENE Associate Member organizations, acting as an
external consultant and technical reviewer to Ontario Power Generation, Bruce Power,
AECL, CANDU Owners Group (COG), Nuclear Safety Solutions Ltd.(NSS), the CNSC
and the International Atomic Energy Agency (IAEA). These interactions include the
following.

Chair (J. Luxat)

o Member of the COG Safety & Licensing Technical Committee, acting as an
advisory resource.

e Completed term as 25" President of the Canadian Nuclear Society (CNS) for the
2005/2006 year and assumed position of Past-president of the Society.

o Undertook a ten-day Expert Mission for the IAEA to review the state of safety
analysis technology for the Atucha-2 plant in Argentina.

o Acted as Technical Advisor to NSS for the KANUPP FSAR Update Project.

o Performed analysis of moderator temperature fluctuations and assessed impact
on fuel channel integrity for COG.

o Reviewed a number of NSERC grant research proposals and research proposals
seeking funding for projects under Canada’s GPX program. GPX is a Canadian
program, which is part of an international program, is administered by the
Department of Foreign Affairs and International Trade and is intended to fund
research to re-deploy scientists and engineers formerly engaged in Russian
weapons programs.

¢ Assumed the chair of the UNENE Research Advisory Committee (RAC) for a two
year term.
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Chaired an International Expert Panel, established by the Canadian nuclear
industry, that conducted a PIRT process for Best Estimate and Uncertainty
Analysis of an RD-14M Loss of Coolant Experiment.

Appointed to the Advisory Board of the International Association for Structural
mechanics in Reactor Technology (IASMiRT)

Served as a member of the Organizing Committee for the 27" Annual
Conference of the Canadian Nuclear Society.

Presented a lecture on Severe Accidents in the CNS Nuclear Safety course
Participated in a Generation IV Nuclear Research Program Planning Workshop
organized by NRCan and held in Ottawa.

Participated in a UK/Canada Skills Workshop held in Toronto and made a
presentation on nuclear research in Canada.

Reviewed & commented on report COG- 06- 2078: Validation Of New Moderator
Subcooling Methodology

Participated in Best Estimate and Analysis of Uncertainty exercise for an RD-
14M experiment for COG

Reviewed ACR-1000 Severe Accident program and system design for AECL
Member of External Licensing Advisory group review OF ACR-1000 licensability
for AECL

Performed analysis of factors influencing heat transfer in contact boiling
experiments FOR COG

Associate Chair (D. Novog)

Pickering B Refurbishment - Assessment Against Modern Codes and Standards
(G144 and S310) for OPG

Bruce A Refurbishment - Assessment Against Modern Codes and Standards
(G144 and S310) for Bruce Power

Bruce Low Void Fuel - Reviewed and Commented on Safety Analysis Plan for
Bruce Power

Reviewed Pickering A and B NOP Analysis Project Plans for OPG

Reviewed DNGS Submission on NOP Analysis with HTS Aging for OPG
Reviewed Loss of Flow Technical Basis Document for OPG and Bruce Power
Reviewed Pickering A CNSC Submission on HTS Aging for OPG

Developed and Delivered Training Course on New NOP Methodology for CNSC
Provided Technical Input - Darlington Business Planning - Impact of HTS Aging
for OPG

Strategic Plan for Industry Thermalhydraulic Codes for COG

Nuclear Safety analysis support for OPG/BP projects for NSS

Developed Plan for, and Participated in, Industry NOP Methodology for COG
Reviewed Safety Analysis Compliance Strategy Document for OPG & Bruce
Power

Reviewed Pickering B HTS Aging Submission for OPG

Participated in Bruce Refurbishment Trip Coverage Review and Design Option
Changes for Bruce Power
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Publications

1.

10.

11.

12.

D. Vashaee and L. Tayebi, “Optimal Estimation of Space-Time Kinetics
Reactivity Components Using a Reference Model Approach”, Proc. 30th
Canadian Nuclear Society and Canadian Nuclear Association Student
Conference, Toronto, Ontario, June 12-15 2006.

I. Hill and J.C. Luxat, "The Development of Best Estimate and Uncertainty
Analysis Methods for Calculation of Steady State Channel powers in CANDU
Reactors”, Proceedings International Youth Nuclear Congress (IYNC),
Stockholm, Sweden — Olkiluoto, Finland, 18-23 June 2006.

J.C.Luxat, “Reactivity Initiated Accidents and Loss of Shutdown — 20 Years
Later”, Proc. 28th CNS Annual Conf., Saint John, New Brunswick, June
2007.

D.R. Novog, F. Bao, J. Luxat, “Best Estimate Analysis Of Loss Of Flow
Events At CANDU Nuclear Power Plants”, Proc. 28th CNS Annual Conf.,
Saint John, New Brunswick, June 2007.

D. Luxat and J.C.Luxat, “Parametric Analysis of Fuel Cooling in LOCA with
ECCS Impairments in CANDU Reactors”, Trans. 2007 American Nuclear
Society Annual Meeting, Boston, Massachussets, June 2007.

J.C.Luxat and D. Novog, “A Generalized Failure Map for Fuel Elements
Subject to a Power Pulse”, Proc. 19th SMiRT Conf., Toronto, Ontario,
August 2007

D. Luxat and J.C.Luxat, “Evaluation of Failure Modes of CANDU Calandria
Vessels Under Severe Accident Conditions”, Proc. 19th SMIRT Conf.,
Toronto, Ontario, August 2007

J.C.Luxat, “Thermalhydraulic Aspects of Progression to Severe Accidents in
CANDU Reactors”, Keynote Paper (Invited) 12th International Meeting on
Nuclear Reactor Thermalhydraulics (NURETH-12), Pittsburgh, Pennsylvania,
September/October 2007

D.R. Novog and F. Bao, "Thermalhydraulic Parameter Ranking and Best
Estimate Analysis of Loss of Forced Circulation Accidents in a CANDU
Reactor”, 12th International Meeting on Nuclear Reactor Thermalhydraulics,
2007.

D.R. Novog, F. Bao, “Best Estimate Analysis of Loss of Flow Events at
CANDU Nuclear Power Plants”, Procs. 28th Annual Canadian Nuclear
Society Conference, June 2007.

D.R. Novog and J. Luxat, “Thermalhydraulic and Reactor Physics Analysis of
a Loss of Coolant Accident in Conceptual Supercritical Water Reactor”, 3rd
International Supercritical Water Reactor Symposium, March 2007,
Shanghai, China.

D.R. Novog, J.C. Luxat and L.K.H. Leung, “Estimation of Conceptual
Supercritical Water Reactor Resonse to a Small Loss of Coolant Accident”,
Proc. 3rd Int. Symposium on SCWR — Design and Technology, Shanghai,
China, March, 2007.
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Other Presentations

Chair (J. Luxat)

“‘Nuclear Safety Analysis Research at McMaster University”, Presentation to Small Scale
Centre of Excellence in Reactor Core Analysis, Atomic Energy of Canada Ltd, Sheridan
Park, 2006

“‘Energy Challenges and Nuclear Opportunity”, Presentation to the Chalk River Branch of
the Canadian Nuclear Society, 2006.

“Energy Challenges and Nuclear Opportunity”, Presentation to the Ottawa Branch of the
Canadian Nuclear Society, 2006.

“Nuclear Energy: The Green Option”, 2" Annual Green Energy Conference, University
of Waterloo, October 2006

“Thermalhydraulic Aspects of Progression to Severe Accidents in CANDU Reactors”,
Invited Keynote Lecture, _12th International Meeting on Nuclear Reactor
Thermalhydraulics (NURETH-12), Pittsburgh, Pennsylvania, September/October 2007
(Invited)

“CANDU Severe Accidents”, University of Pisa Seminar and Training on Sensitivity,
Uncertainty and 3-D Coupled Calculations in Nuclear Technology (3-D S.UN.COP),
Hamilton and Niagara Falls, 8-26 October, 2007 (Invited).
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University of Toronto - Roger C. Newman

NSERC-UNENE Senior Industrial Research Chair in
Nano-Engineering of Alloys for Nuclear Power Systems

Introduction

Prof. Roger Newman joined the Department of Chemical
Engineering and Applied Chemistry in June, 2004, after
spending 20 years in the Corrosion and Protection Centre,
UMIST, Manchester, UK. He has pursued research in
corrosion and nanostructuring of metals, and has interacted
extensively with the UNENE partners through contract
research and review as well as through the main UNENE research program.

Corrosion prediction and control are ever-present concerns in nuclear power generation,
and cannot be achieved reliably and cheaply without a deeper scientific understanding of
the mechanisms involved. Accordingly, the research program addresses corrosion
mechanisms from the atomistic to the component level. The materials involved are
mainly nickel base alloys used in steam generators, with some work on carbon steel in
the context of CANDU feeder degradation, and stainless steel as a possible future
feeder material. Model alloys are also being used, to idealize or simulate particular
processes that occur on small length scales in engineering alloys. The chair-holder’s
extensive experience of corrosion mechanisms in a wide range of metallic materials,
from aluminum alloys to stainless steels to noble metal alloys, is providing novel and
useful insights into the behavior of nuclear-industry materials. Such insights will lead
naturally to improvements in corrosion prediction and control. Alongside these main
themes of the research, smaller projects are being conducted, such as a study of
electrochemical monitoring in concrete relevant to dry storage of used fuel, and a project
on electroplating of exotic metals from ionic liquids.

Research Team

The following PhD holders worked in the group during 2006-7:

Dr. Anatolie Carcea — Research Associate, electrochemist, joined 6/04

Dr. David He — Postdoctoral Fellow, solid state chemist, joined 6/05

Dr. Dorota Artymowicz — Postdoctoral Fellow, later Research Associate, materials
scientist, joined 6/06

As of September 2007, the research group comprised these three senior people, 5
MASCc students, and 3 PhD students.

A grant from the US Department of Energy (DOE Corrosion Co-op) supported one PDF
(Dr. He) and one PhD student. An NSERC Discovery Grant supported one MASc
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student. Near the end of the reporting period, a multi-university project on stress
corrosion cracking began with COG and OCE-EMK funding.

Projects under way during this reporting period included:

PhD

Stress corrosion cracking mechanisms in reducing hot water

Intergranular corrosion of steam generator tubing alloys

Localized corrosion in thin particulate layers (DOE funding)

Internal oxidation of alloys and its relationship with stress corrosion cracking

MASc

Mechanism of lead effect on corrosion and stress corrosion of nickel base alloys
Properties and applications of nanoporous metals (Discovery funding)

Electroplating of exotic metals from ionic liquids

Small stress corrosion cracks and the effect of surface mechanical treatment (COG-
EMK-OCE funding)

Modification of oxide films for improved corrosion resistance

Postdoctoral

Atomistic simulation of alloy corrosion

Stability of localized corrosion in nickel-base alloys (DOE funding)

Drs Carcea,, Artymowicz and Newman were active in other research involving summer
students, MEng students, and local and international collaborators.

Research Facilities

The group has excellent electrochemical instrumentation, autoclaves for corrosion and
stress corrosion studies, slow strain rate testing, and a state-of-the-art atomic force
microscope system. The department, together with Materials and Chemistry, has state-
of-the-art surface analysis and microscopy facilities.

Interaction with Industry and Other Collaborations

Interaction with industry is based around a Technical Advisory Group with representation
from OPG, AECL and Bruce Power that meets several times annually.

The Chairholder carried out a number of short-term contract projects for industry, some
of which are mentioned in the section UNENE NETWORK OF NUCLEAR EXPERTS.

Collaboration is extensive worldwide. The most active collaborations during this period
were with Johns Hopkins University and the University of Manchester.

The Chairholder served as Jerome Kruger Fellow for 2006-7, University of Virginia, Dept of
Materials Science and Engineering, and was appointed to the Scientific Advisory Board of
the Max Planck Institute for Iron and Steel Research.
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Research Results

Conferences, workshops and seminars

The Chairholder gave invited lectures at the ISE Annual Meeting, Edinburgh, 2006, the
Masuko Symposium, 16" Iketani Conference, Tokyo, 2006 (plenary lecture), the
Electrochemical Society Fall Meeting, Cancun, 2006, the inaugural Ringberg
Symposium, Ringberg Castle, Germany, 2006, Corrosion/2007 in Nashville, and the
EPRI Cold Work Workshop, Meadowville, Ontario, 2007. The group was well
represented by graduate students at conferences, with Zoe Coull, PhD student, winning
the Marcel Pourbaix award for best student poster at Corrosion/2007, and also a
prestigious NACE Foundation Fellowship.

Publications

The following list gives all papers published by the Chairholder in the 2006-2007 period,
to bring the list up to date from the last Annual Report. This list includes both UNENE
and non-UNENE-funded research, as only a two or three of the papers are on topics
remote from the UNENE program

1. A. Barnes, J. Deakin and R.C. Newman, Stress corrosion cracking of Monel
400 in copper sulfate solution. Corrosion, 63, 416-418 (2007).

2. T.J.R. Leclere, A.J. Davenport and R.C. Newman, Enhancement of localized
corrosion in aluminum alloys by weak acids. Corrosion, 63, 338-345 (2007).

3. LL. Liakos, R.C. Newman, E. McAlpine and M.R. Alexander, A study into the
resistance of SAMs on aluminium to acidic and basic solutions using dynamic
contact angle measurement, Langmuir, 23, 995-999 (2007).

4. P. Emnst and R.C. Newman, Explanation of the effect of high chloride
concentration on the Critical Pitting Temperature of stainless steel, Corros.
Sci., 49, 3705-3715 (2007).

5. R.C. Newman and C. Healey, Stability, validity, and sensitivity to input
parameters of the slip-dissolution model for stress corrosion cracking, Corros.
Sci., 49, 4040-4050 (2007).

6. R.C. Newman, Dependence of stress corrosion crack velocity on strain rate
for a binary noble-metal alloy, Corrosion, 63, 1048-1050 (2007).

7. L.W. Lee, D.X. He, A.G. Carcea and R.C. Newman, Exploring the reactivity and
nanoscale morphology of de-alloyed layers. Corros. Sci., 49, 72-80 (2007).

8. M.H. Moayed and R.C. Newman, Analysis of current transients and
morphology of metastable and stable pitting on stainless steel near the critical
pitting temperature. Corros. Sci., 48, 1004-1018 (2006).

9. M.A. Dominguez Aguilar and R.C. Newman, Detection of deleterious phases
in duplex stainless steel by weak galvanostatic polarization in alkaline
solution. Corros. Sci., 49, 2560-2576 (2006).

10. M.A. Dominguez Aguilar and R.C. Newman, Detection of deleterious phases
in duplex stainless steel by weak galvanostatic polarization in halide
solutions. Corros. Sci., 49, 2577-2591 (2006).

11. L.W. Lee, D.X. He, A.G. Carcea and R.C. Newman, Exploring the reactivity and
nanoscale morphology of de-alloyed layers. Corros. Sci., 49, 72-80 (2007).

12. T.J. Marrow, L. Babout, A.P. Jivkov, P. Wood, D. Engelberg, N. Stevens, P.J.
Withers and R.C. Newman, Three dimensional observations and modeling of
intergranular stress corrosion cracking in austenitic stainless steel, J. Nuclear
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Materials, 352, 62-74 (2006).

13. M.H. Moayed and R.C. Newman, Deterioration in critical pitting temperature of
904L stainless steel by addition of sulfate ions. Corros. Sci., 48, 3513-3530
(2006).

14. N.A. Senior and R.C. Newman, Synthesis of tough nanoporous metals by
controlled electrolytic de-alloying. Nanotechnology, 17, 2311-2316 (2006).
15.J. Yan, X. Peng, F. Wang, T.J. Marrow, L. Babout, A.P. Jivkov, P. Wood, D.
Engelberg, N. Stevens, P.J. Withers and R.C. Newman, Oxidation of a novel
CeO,-dispersion-strengthened chromium coating in simulated coal-

combustion gases, Journal of Nuclear Materials, 352, 62-74 (2006).

16. M.H. Moayed and R.C. Newman, The relationship between pit chemistry and
pit geometry near the critical pitting temperature. J. Electrochem. Soc., 153,
B330-B336 (2006).

17. R.C. Newman, J. Lau, R. Trueman and A.G. Carcea, Thermodynamics and
kinetics of electrode processes within nanoporous metals, Proc. Masuko
Symposium, “Electrochemistry and Thermodynamics on Materials Processing
for Sustainable Production”, 16™ Iketani Conference, Tokyo, 2006, pp 13-20.

18.Z. L. Coull and R.C. Newman, Selective dissolution and oxidation zones in
Ni-Cr-Fe space and their relationship to SCC, Corrosion/2007, paper #487,
NACE, Houston (2007).

19. F. Scenini, R.C. Newman, R.A. Cottis and R.J. Jacko, Dependence of
PWSCC of Ni base alloys on their oxidation behaviour, Corrosion/2007,
paper #611, NACE, Houston (2007).

20. D.M. Artymowicz, R.C. Newman and J. Erlebacher, Insights into the parting
limit for de-alloying from revision of atomistic considerations, ECS
Transactions Volume, Vol 3, issue 31, Critical Factors in Localized Corrosion,
a Symposium in Honor of Hugh S. Isaacs, pp 499-506 (2007).

21.Zoe L. Coull, Roger C. Newman, Anatolie G. Carcea and Dorota M.
Artymowicz, Fundamental reasons for the good performance of Alloy 800 in
nuclear steam generators, Proc CNS Annual Conference, St John, New
Brunswick (2007).

22. G. Kwong, A.G. Carcea and R.C. Newman, Apparent inversion of the effect
of alloyed molybdenum for corrosion of ordinary and enhanced 316L
stainless steel in sulfuric acid, Proc. of E-MRS Spring Meeting, Strasbourg,
2007.

Teaching

The chair holder taught introductory nuclear physics and basic reactor concepts in one
half of the Nuclear Engineering 4" year Chemical Engineering elective course. He taught
the second half of a 3" year Materials course for Chemical Engineers, and a graduate
course in Corrosion, both of which used many nuclear examples. This period was
marked by a noticeable upsurge of interest among undergraduates in nuclear matters,
and UofT began plans for new nuclear courses based in Mechanical and Industrial
Engineering as well as Chemical Engineering and Applied Chemistry. It can be expected
that by 2010 there will be 3-4 times the current number of nuclear offerings in UofT.
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University of Waterloo - Mahesh D. Pandey IRC

NSERC-UNENE Industrial Research Chair in Risk-Based Life Cycle
Management of Engineering Systems

Introduction

A number of key research projects have been fully engaged by the
Chair in 2006/2007 in close collaboration with the industry partners.
Major accomplishments have included the development of new
models, invigoration of new research ideas within the nuclear
industry, and application of research to specific practical problems
related to the maintenance optimization and refurbishment of
nuclear plants. The Chair has established very good working
relationships with a number of scientists, decision makers, industry experts and fleld
engineers through numerous meetings and participation in various conferences and
workshops. One of the highlights during the past year included the 5th Canadian Nuclear
Society (CNS) International Steam Generator Conference held in Toronto, Ontario
where the Chair not only presented the results of one of the main research projects, but
also received an award for the best poster.

The application of the risk-based life cycle management (LCM) models to critical plant
systems, such as fuel channels, steam generators, and feeders is continuing and are
expected to result in considerable benefits to the operation and maintenance of nuclear
power plants in Canada. The centre piece of the program for the past year has been the
steam generator LCM project, which has contributed directly to steam generator
management at a CANDU station, and resulted in a number of research publications that
clearly illustrate the benefits of the risk-based LCM approach. The program is currently
training 5 Ph.D., 2 M.A.Sc and 2 postdoctoral fellows in the areas of risk analysis,
mechanics and maintenance optimization. The research program is currently moving
ahead with full rigour in basic research and clear focus on practical applications to
industry’s problems.

Research Program

Fuel Channels LCM: The Chair has been participating in a working group involving
industry experts for a comprehensive investigation of wide ranging issues related to the
LCM of fuel channels. Specific projects have included the probabilistic evaluation of PT-
CT contact, probabilistic models for end of life (EOL), and probabilistic modelling of
fracture toughness of in-service pressure tubes. The results of these studies have
provided methods for effective fithess-for-service assessment of the reactor core in
aging nuclear plants and also helped to mitigate risks associated with degradation.

Steam Generators LCM: The primary goal of this project has been the development of a
risk-based LCM model for optimizing steam generator inspection, maintenance, and
repair activities and replacement decisions. The Chair and his team have developed a
stochastic model of the initiation and growth of pitting corrosion in SG tubing. The model
was calibrated using 15 years of in-service inspection data collected from a CANDU



UNENE ANNUAL REPORT 2006/07 41

station, and was used to evaluate the overall life cycle risk and cost associated with
operation until the end of life of the reactor unit.

Feeders LCM: The wall thinning of feeder pipes due to flow accelerated corrosion (FAC)
is a pervasive form of degradation. Accurate prediction of the thinning rate and
remaining life of feeder pipes is necessary for their life cycle management. The Chair
has developed probabilistic methods for predicting the corrosion rate in nuclear plant
piping and approaches for life cycle management.

Risk-Informed Asset Management: Aging components generally experience higher
failure rates which will have a direct influence on expected costs, and hence on overall
system risk. The Chair has develop an advanced life cycle cost analysis tool that
accounts for aging effects and incorporates uncertainty in all of the input parameters.
The model may also be used for comparing various maintenance and replacement
strategies. The results of the project have demonstrated how age-based failure rates
can have a significant influence on the net present value of decision making alternatives,
and should therefore not be ignored, particularly for operational planning and asset
management decisions related to end-of-life and refurbishment.

Research Team

The research team consisted of 15 graduate students (11 Ph.D., 4 M.A.Sc.) supervised
or co-supervised by the Chair in 2006/2007. A total of five graduate students finished
their degrees in the last year:

- Y. An — PhD, Extreme value modelling

- 8.V. Datla — PhD, Probabilistic life cycle management

- X.X. Yuan — PhD, Stochastic deterioration modelling

- D. Mao — MASc, Steam generator risk analysis

- G. Prakash — MASc, Statistical modeling of fracture toughness data

Most of the graduated students have been employed by the nuclear industry. Other
personnel involved in the research program over the past year included one research
associate, five postdoctoral fellows, and two visiting professors.

Interaction with Industry, University and Other Organizations

The research program has established active collaboration and consultation with
UNENE’s member industries. The Chair meets regularly with experts from these
companies to exchange information, discuss research applications, develop new
projects and provide them up to date research results. On average, the Chair holds 1-2
meetings every month with industry experts. The industry has shown enthusiastic
commitment to the IRC program and keen interest in practical applications of the
research findings. The partners have been generously providing inspection data and
technical details of CANDU systems that are essential for building risk and probabilistic
analysis models.

The Chair and his team have been actively involved in many conferences, workshops,
and industry working groups, by presenting key research findings through papers,
presentations, and technical reports. The Chair has also been involved with the review
of technical submissions to the CNSC by the nuclear utilities.
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The Chair has initiated collaborations not only with the other UNENE Chairs, but also
with respected university researches in Canada and abroad. Most notably in March
2007, the Chair was awarded a $1.4 million Ontario Research Fund award jointly with
Dr. J. Jiang, the NSERC-UNENE Chair at Western, for the development of risk and
probability-based tools for managing Ontario's energy systems.

Research Results

The dissemination of research results and knowledge transfer has taken place through
numerous presentations at conference venues, workshops, and meetings with industry
partners. The research results have also been communicated to peers, academics, and
industry representatives over the past year through the publication of technical
memoranda and research papers as illustrated in the following:

Selected Articles

1. van Noortwijk, J.M., van der Weide, J.A.M., Kallen, M.J. and Pandey, M.D.
(2007). Gamma Processes and Peaks-Over-Threshold Distributions for Time-
Dependent Reliability. Reliability Engineering and Systems Safety, 92(12), 1651-
1658.

2. Pandey, M.D. and Nathwani, J.S. (2007). Foundational Principles of Welfare
Economics Underlying the Life Quality Index for Efficient Risk Management. Int.
J. Risk Assessment and Management, 7(6-7), 862-883.

3. Datla, S.V. and Pandey, M.D. (2006). Estimation of Life Expectancy of Wood
Poles in Electrical Distribution Networks. J. Structural Safety, 28(3), 304-319.

4. Yuan, X. and Pandey, M.D. (2006). Analysis of Approximations for Multinormal
Integration in System Reliability Computation. J. Structural Safety, 28(4), 361-
377.

5. Pandey, M.D., Radford, D. and Deng, J. (2007). Prediction of Pressure Tube
Fracture Toughness using a Multivariate Regression Model. pp.1-10. Proc. of the
28th Annual Canadian Nuclear Society Conference, Saint John, NB, Canada,
June 4-7.

6. Yuan, X.X. and Pandey, M.D. (2007). Modeling of Uncertainties Associated with
Structural Deterioration. pp.1-8. Proc. 10th Int. Conf. Applications of Statistics
and Probability in Civil Engineering, Kanda, Takada & Furuta (eds), Taylor &
Francis Group, Tokyo, Japan, July 31-August 3.

7. Sahoo, A.K., Dubey, R.N. and Pandey, M.D., Crack Induced Stress and
Deformation Field. Paper # B02/2, pp.1-8. Proc. 19th Int. Conf. Structural
Mechanics in Reactor Technology (SMiRT), Toronto, ON, Canada, August 12-17.

8. Mishra, A. and Pandey, M.D. (2007). Regulation of Nuclear Power Plants: A Multi
Objective Approach. Paper # M02/2, pp.1-8. Proc. 19th Int. Conf. Structural
Mechanics in Reactor Technology, Toronto, ON, Canada, August 12-17.

9. Tapping, R.L., Lu Y.C. and Pandey, M.D. (2007). Alloy 800 SG Tubing: Current
Status and Future Challenges. pp 1-19. Proc. 13th Int. Conf. Environmental
Degradation of Materials in Nuclear Power System, Whistler, BC, August 19 to
23.

10. Jyrkama, M., Pandey, M.D., Maruska, C. and Bruce, G. (2006). Probabilistic
Modelling of Pitting Corrosion in Steam Generators, pp.1-10. 5th CNS
International Steam Generator Conference, November 26-29, Toronto, ON.
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11. Pandey, M.D. and Yuan, X.X. (2006). A Comparison of Probabilistic Models of
Deterioration for Life Cycle Management. Advances in Engineering Structures,
Mechanics and Construction, pp. 735-746. Proc. of an Int. Conf. Advances in
Engineering Structures, Mechanics and Construction, held in Waterloo, ON
Canada, May 14-17.

12. Yuan, X.X., Pandey, M.D. and Bickel, G.A. (2006). A Probabilistic Degradation
Model for the Estimation of the Remaining Life Distribution of Feeders, pp.1-10.
Proc. of the 27th Annual Canadian Nuclear Society Conference, 11-14 June,
2006, Toronto, Canada.

13. Jyrkama, M. and Pandey, M.D. (2006). The impact of Aging on Life-Cycle Cost:
Techniques for Analysis and Optimization, pp.1-10. Proc. of the 27th Annual
Canadian Nuclear Society Conference, 11-14 June, 2006, Toronto, Canada.

14. Pandey, M.D. and M.I. Jyrkama. (2006). Risk-Based Life Cycle Management of
Systems, Structures and Components in Nuclear Power Plants, pp.1-18.
Proceedings of the IV International Youth Nuclear Congress, Stockholm, Sweden
and Olkiluoto, Finland, June 18-23, 2006.

Technical Reports

1. Williams, B.W., Radford, D.D. and Pandey, M.D. (2007). Predictive Model for
Pressure Tube Fracture Toughness. CANDU Owners Group Report, COG-07-
1062.

2. Radford, D.D. and Pandey, M. (2007). Variability of Zr-2.5Nb Pressure Tube
Burst Test Fracture Toughness. CANDU Owners Group Report, COG-06-1086,
2007.

3. Jyrkama, M.1., M.D. Pandey and G.A. Bickel (2006). Analysis of Uncertainties in
CDEPTH Pressure Tube to Calandria Tube Gap Predictions Using In-Service
AFCIS Measurements for Three CANDU 6 Reactors. CANDU Owners Group
Report OP-06-1058.

Posters

1. Datla, S.V., Jyrkama, M.I., Pandey, M.D. and Maruska, C.C. (2006). Probabilistic
Analysis and Interpretation of Steam Generator Tube Pitting Data. Best Poster
Award Winner at the 5th Canadian Nuclear Society (CNS) International Steam
Generator Conference, November 26-29, 2006, Toronto, Ontario.

2. Pandey, M.D. (2006). Risk-Based Life Cycle Management of Engineering
Systems in the Canadian Nuclear Industry. Presented at the IV International
Youth Nuclear Congress, Stockholm, Sweden and Olkiluoto, Finland, June 18-
23, 2006.

Teaching

The Chair is actively involved with teaching related to Civil Engineering and the UNENE
Nuclear Engineering programs. The Chair continues to teach annually the Civ E 601
graduate course in “Engineering Risk and Reliability” at the University of Waterloo.

The nuclear industry has expressed a great deal of interest in the area of risk and
reliability analysis for the continued education and training of its high quality workforce.
As a result, the Chair has developed a comprehensive training workshop on the
“Fundamentals of Risk and Reliability” that has been offered to OPG staff. Itis
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anticipated that this workshop will become an important educational initiative within the
nuclear industry over the coming years.
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University of Guelph — Peter Tremaine CRD

NSERC/UNENE Collaborative Research and Development Grant on D20 Isotope
Effects on Hydrolysis and lonization Equilibria in High
Temperature Water

Introduction

Since its establishment with Dr. Tremaine’s appointment
in 2001, the University of Guelph has sought to develop a
state-of-the-art research program to develop high-precision
instruments and theoretical tools for determining the
thermochemical properties of aqueous systems at extremes
of temperature and pressure. Areas of particular
importance to the nuclear industry are (i) the development of
the Generation IV Supercritical Water CANDU reactor
concept and hydrogen co-generation technology; (ii) lifetime extension of the current
CANDU 6 and Advanced CANDU reactors; and (iv) the need for basic research under
extreme conditions. The UNENE CRD grant to Guelph was the first funding to the
center from the nuclear industry. The grant, and UNENE’s network of contacts, have
proved to be a key element establishing the center. In addition to the targeted research
projects funded by UNENE and other government/industry partnerships, the
Hydrothermal Chemistry Laboratory has made significant progress towards its long-term
goal to create a state-of-the-art research center for high-temperature water chemistry in
Ontario, with quantitative measurement capabilities for dealing with reactor chemistry
problems at temperatures and pressures in excess of 450C and 30 MPa..

Research Program

In addition to Dr. Tremaine’s UNENE CRD grant, the nuclear-related research at Guelph
is supported by three other grants.

(i)"D20 Isotope Effects on Hydrolysis and lonization Equilibria in High-Temperature
Water" NSERC/UNENE CRD Grant: (Started, Sept. 2006).(ii) “Chemistry in Near-Critical
and Supercritical Water for the CANDU Generation |V Reactor Concept” NSERC/AECL
Strategic Research Grant: (Started, Jan., 2007)

(iii) "Thermomechanical Design of Nuclear-Based Hydrogen Production:
Thermochemical Measurements on the Copper Chloride Cycle" UOIT/AECL Ontario
Research Fund Grant: (Started Jan., 2007).

(iv)“Aqueous Electrolytes and Non-Electrolytes Under Hydrothermal Conditions” NSERC
Discovery Grant: (2006-2011).

Research Facilities

The Hydrothermal Chemistry Laboratory's suite of high-precision instruments include
several with unique capabilities. The high-temperature platinum vibrating tube
densimeter, constructed in 1997, is one of fewer than six worldwide that provide the
precision ( 1010 glicm™) needed to measure standard partial molar properties up to
35001C. The UV-visible flow system constructed in 1999, has the stability needed for
quantitative spectroscopic studies up to 27501C, and is being upgraded for operation up
to 400CC. The AC flow conductance instrument, constructed at the University of
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Delaware, is one of only two such instruments in North America, with the capability to
operate under supercritical conditions. These instruments all make use of inert cells
fabricated from platinum, zirconium, titanium or Hastelloy C, and high-pressure liquid
chromatography pumps with precise external pressure-control and sample injection
systems. A diamond anvil cell and a flow system with sapphire windows, suitable for use
with our Renishaw Raman microprobe, are being developed.

Research Team

In 2006/07, the hydrothermal chemistry group consisted of four PhD students, two MSc
students, one postdoctoral fellow and our Research Associate, Dr. Liliana Trevani.
Postdoctoral fellow Dr. Diego Raffa (PhD Univ. Buenos Aires), PhD student Kristy
Erikson (MSc Lethbridge) and summer student Sarah Moore joined the group this year,
specifically to work on our UNENE D,0O project. PhD students Ephraim Bulemela and
Melerin Madekufamba, will work on projects related to the supercritical water reactor. A
new MSc student Vanessa Mann will work on underlying research, as will MSc student
Erik Balodis and visiting PhD student Jana Ehlerova (Univ. Liberec, Czech Republic).

Research Results

Highlights include the first experimental determination and model of deuterium isotope
effects on acid/base ionization constants and apparent molar volumes under CANDU
coolant operating temperatures (250 - 315 °C), and a new functional group additivity
model for thermochemical properties of organics in water under boiler conditions.
Nuclear-related research was published in the following papers:

Published Research Papers

1. Apparent and Standard Partial Molar Volumes of NaCl, NaOH, and HCI in Water
and Heavy Water at 523 K and 573 K at p = 14 MPa L.N. Trevani, E. Balodis, and P.R.
Tremaine, J. Phys. Chem. B 111, 2015-2024 (2007).

2. Standard Partial Molar Volumes of Aqueous 2- and 3-Hydroxypropionic Acid from
100 to 325 °C: Functional Group Additivity in Isomers with Closely Spaced Polar Groups,
E. Bulemela and P.R. Tremaine, J. Solution Chem. 36, 1525-1546 (2007).

3. Standard Enthalpy of Formation of Aqueous Titanyl Chloride, TiOCl, (aq) at T =
298.15 K, M. Madekafumba, L. Trevani and P. R. Tremaine, J. Chem. Thermodyn. 38,
1563-1567 (2006).

4. Volumetric Behavior of Water-Methanol Mixtures in the Vicinity of the Critical
Region, E. Bulemela, P.R. Tremaine and Shun-ichi Ikawa, Fluid Phase Equil. 245, 125-
133 (2006).

5. Thermodynamics of Aqueous Nitrilotriacetic Acid (NTA) Systems: Apparent and
Partial Molar Heat Capacities and Volumes of Aqueous HNTA%, NTA*, MgNTA’,
CoNTA', NiINTA’, and CuNTA" at 25°C, D. Malevich, Z. Wang and P.R. Tremaine, J.
Solution Chem. 35, 1303 - 1313 (2006).

6. Thermodynamics of Aqueous Methyldiethanolamine (MDEA) and
Methyldiethanolammonium Chloride (MDEAH"CI') over a Wide Range of Temperature
and Pressure: Apparent Molar Volumes, Heat Capacities, and Isothermal
Compressibilities, B. Hawrylak, R. Palepu and P.R. Tremaine, J. Chem.
Thermodynamics 38, 988-1007 (2006).

Teaching
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Dr. Tremaine completed his 5-year term as Dean of the College of Physical Science and
Engineering in August 2006. This year, he developed and taught a graduate course
“Aqueous Solutions and Interfaces”.

Interactions With Industry

Dr. Tremaine was appointed to two industrial advisory committees:

(i) Member, R&D Advisory Panel Atomic Energy of Canada Ltd. The Panel reports to
teh Board of Directors through its Science & Technology Sub-Committee.

(i) Member, MULTEQ Database Advisory Committee, Electric Power Research Institute
(EPRI).

In addition, he attended workshops sponsored by NRCan and IAPWS, at which he
presented invited talks on Gen IV Supercritical Water-cooled Reactor chemistry.

Since 2001, he has served as Chair of the Canadian National Committee, International
Association for the Properties of Water and Steam (IAPWS). The CANDU Owners
Group and the National Research Council provide funding and liaison, the University fo
Guelph provides the secretariat.

In July, the group visited Chalk River Laboratories (with Prof Clara Wren’s Group at the
University of Western Ontario) to present papers and a progress report, and tour the lab
facilities. The UNENE Project Advisory Committee visited Guelph in December 2006.
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McMaster University — Marilyn Lightstone CRD

NSERC/UNENE Collaborative Research and Development Grant
on Mathematical Modelling of Inter-Subchannel Thermal Mixing

Overview

For the period Fall 2006 to Fall 2007 two graduate students
(George Arvanitis and Deep Home) worked on UNENE supported
research concerned with modelling intersubchannel mixing.

George Arvanitis started his masters in September 2006 on
numerical modelling of subchannel flow pulsations using unsteady
Reynolds Averaged Navier-Stokes (RANS). During the period
September 2006-April 2007, his efforts focused on completing his
graduate courses and reading the literature pertaining to this project. During the
summer, he worked on learning to use the commercial computational fluid dynamics
code ANSYS-CFX and validating predictions for benchmark test cases. The goal of his
research was to determine if unsteady RANS modelling was capable of capturing the
flow pulsations seen in subchannel geometries.

Deep Home began his Ph.D. in September 2004, thus the period September 2006-Aug
2007 was his third year in the Ph.D. program. During that time interval, much of his
research effort focused on validation of the detached eddy simulation (DES) for
simulation of channel flows. DES is a hybrid RANS modelling approach that uses large
eddy simulation in the flow regions away from walls, while unsteady RANS is used in the
near wall region. Careful modelling is required at the interface between the two regions.
The long term goal of Deep’s research is to use DES to predict the fine details of flow
pulsations in subchannel geometries in order to develop an enhanced understanding of
the underlying physics of these flows. However, before using DES to predict this
complex flow, we wanted to validate the model for simpler flows. As such, efforts were
spent on simulating flows in channel geometries. DES predictions were compared to
direct numerical simulations for these geometries at various Reynods numbers. Good
predictions were obtained. We presented two conference papers on this topic:

Publications and Meetings

1. Home, D., Lightstone, M.F., and Hamed, M.S, ‘Applicability of DES-SST based
Turbulence Model for Turbulent Channel Flow Problem’, Proceedings of 15th Annual
Conference of the CFD Society of Canada, Toronto, May 27-31, 2007.

2. Home, D., Lightstone, M.F., and Hamed, M.S., ‘Detached Eddy Simulation based
turbulence modeling approach for inter sub-channel thermal mixing’, Proceedings of
International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-12),
Pittsburgh, Pennsylvania, U.S.A., Sept 30-Oct 4, 2007.

A journal paper was also being prepared during this period. Note that both George and
Deep attended the NURETH meeting in Pittsburgh in the fall of 2007. Meetings were
held with the UNENE research advisory committee as the work progressed. These
meetings were held at the Bruce Power offices in Toronto in June 2006 and March
2007. Positive feedback and constructive comments from the RAC were obtained.
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Queen’s University — Lynann Clapham CRD

NSERC/UNENE Collaborative Research and Development
Grant: Measurement of near-surface residual stress in
CANDU feeder pipes using magnetic non-destructive
evaluation techniques

The objective of the proposed work is to develop a
magnetic non-destructive evaluation (NDE) probe for
measuring residual stresses in CANDU feeder pipes.
These feeder pipes, which are typically mild steel with a
60mm diameter OD with a 7mm wall thickness, transport
heavy water coolant into and out of fuel channels in
CANDU nuclear reactors. Residual stresses (strain) in
these feeders has become a concern after cracks were
discovered in some bend regions. A tool for non-
destructively evaluating residual stresses in these feeders is needed and is the focus of
this project.

The work plan for the first year (July 2005 — June 2006) was to investigate both MFL
(Magnetic Flux Leakage) and MBN (Magnetic Barkhausen Noise) techniques to
determine which would prove to be the best candidate technique for further
development. This work was mainly the task of Steven White, a PhD student on this
project, with additional assistance provided by a summer student (Ben Lucht) and a 4"
year Engineering Physics undergraduate thesis student (Paul Webster). After a year of
investigating MBN and MFL, it was clear that BOTH have strong potential for this
application. As a result, from year 2 (July 2006-June2007) onwards the project was
continued as two complementary projects:

1) Development of an MBN probe for residual strain measurement in CANDU
feeder tubes. This aspect of the project forms the basis for the PhD thesis work
of Steven White. Steven is now approximately 2.5 years into his PhD thesis with
an expected target completion date of August 2008. In addition to Steven,
undergraduate research assistants (Kris Marble and Tom Mak) were involved in
this aspect of the project in summer 2006.

2) Development of an MFL probe for residual strain measurement in CANDU feeder
tubes
During the summer of 2006 an undergraduate summer RA (Tom Mak) laid much
of the groundwork for the experimental aspects of this project. Tom Mak is
returning to continue with the project for a couple of months this summer, and he
will be starting an MSc working on this in Sept 07.

Refereed Publications:
- Steven White, Thomas Krause and Lynann Clapham, “Control of Flux in
Magnetic Circuits for Barkhausen Noise Measurements”, Measurement Science
and Technology, 2007, V18, p3501-3510.
- S.White, T. Krause and L. Clapham, “Quantitative Analysis of Surface
Barkhausen Effect Measurements, Review of Progress in Quantitative Non-
Destructive Evaluation, AIP Conference proceedings, Denver, Colorado, Volume
27, 2007.
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AUDITOR’S REPORT ...

Grant Thornton %

Grant Thormton LLP
Chartered Accountants
Management Consullans

Auditors' Report

To the Directors of the
University Network of Excellence in Nuclear Engineering

We have audited the balance sheet of the University Network of Excellence in Nuclear
Engineering as at March 31, 2007 and the statements of operations and cash flows for the
year then ended. These financial statements are the responsibiiity of the corporation’s
management. Our responsibility is to express an opinion on these financial statements based
on our audit.

We conducted our audit in accordance with Canadian generally accepted auditing standards.
Those standards require that we plan and perform an audit to obtain reasonable assurance
whether the financial statements are free of material misstatement. An audit includes
examining, on a test basis, evidence supporting the amounts and disclosures in the financial
statements. An audit also includes assessing the accounting principles used and significant
estimates made by management, as well as evaluating the overall financial statement
presentation.

In our opinion, these financial statements present fairly, in all material respects, the financial
position of the corporation as at March 31, 2007 and the results of its operations and the
changes in its financial position for the year then ended in accordance with Canadian generally
accepted accounting principles.

9:,.,;—74.7.:, LLP

Hamilton, Ontario Grant Thornton LLP
August 15, 2007 Chartered Accountants
Licensed Public Accountants

Standard Life Centre

120 King Street West

Suite 1040

Hamilton, Ontario LEP 42

T (905)-525-1830

F (905)-627-4413

E Hamilton@GrantThomton ca
W www.GrantThomnton.ca

Canadian Member of Grant Thornton International
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University Network of Excellence in Nuclear Engineering

Statement of Operations

Year ended March 31 2007 2006
Revenue
Grants $ 1,386,236 $ 1,308,825
Education revenue 36,093 59,001
Interest income 47.435 15.852
Total revenue 1,469,764 1.383.728
Expenditures
Administration fees 148,250 99,920
Bank charges 82 68
Depreciation 3,237 4875
Insurance 4,944 4944
Office 26,584 23,217
Professional fees 7,685 8036
Program preparation 9,083 20,000
Research expense 868,700 840.650
Total expenditures 1,068,565 1.001.710
Excess of revenue over expenditures $ 401,199 $ 382016
Operating surplus
Beginning of year $ 799536 $ 417518
Excess of revenue over expenditures 401,199 382,018
End of year $ 1,200,735 $ 799,536

See accompanying notes to the financial statements.

Grant Thornton %
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University Network of Excellence in Nuclear Engineering

Balance Sheet

March 31 2007 2006
Assets
Current
Cash $ 53,379 § 1022397
Temporary investments 1,316,819 -
Receivables 10,126 10,507
Prepaid expenses - 749
1,380,324 1,033,653
Property and equipment (Note 3) 8.140 9125
$ 1,388,464 § 1042778
Liabilities
Current
Accruals $ 11,453 $ 44063
Deferred grants (Note 4) 176,276 199.179
187,729 243,242
Equity
Surplus 1,200,735 799 536
$ 1,388,464 $ 1,042778
On behalf of the Board
Director Directer

See accompanying notes to the financial statements.

Grant Thornton %
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University Network of Excellence in Nuclear Engineering

Statement of Cash Flows

Year ended March 31 2007 2006
Increase (decrease) in cash and cash equivalents
Operating activities
Excess of revenue over expenditures $ 401,199 $ 382018
Depreciation 3,237 4875
404,436 386,893
Change in non-cash operating working capital
Receivables 381 D.ITH
Prepaid expenses 749 s
Accruals (32,610) (40.851)
372,956 351,819
Financing activities
Decrease in deferred grants (22,903} (18,825)
Investing activities
Purchase of temporary investments (1,416,819) -
Redemption of temporary investments 100,000 -
Purchase of capital assets (2,252) (7,207)
(1.319,071) (7.207)
Net increase (decrease) in cash and cash equivalents (969,018) 326,787
Cash and cash equivalents
Beginning of year 1,022,397 696.610
End of year $ 53,379 $ 1,022,397
See accompanying notes to the financial statements.
Grant Thornton %
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University Network of Excellence in Nuclear Engineering

Notes to the Financial Statements
March 31, 2007

1. Nature of operations

The organization is an alliance of universities, nuclear industry corporations, research and
regulatory agencies for the support and development of nuclear education, research and
development capability in Canadian universities.

2. Summary of significant accounting policies

The organization follows generally accepted accounting principles accepted in Canada in
preparing its financial statements. The preparation of financial statements necessarily involves
the use of estimates and approximations. Should the underlying assumptions change, the
actual amounts could differ from those estimates. The significant accounting policies used in
the preparation of the financial statements are as follows:

Grants

Grant revenue is recognized in accordance with the periodic amounts invoiced to the grantors.
Any excess funds received have been deferred and will be recognized in accordance with the
company's invoicing to the grantors.

Educational revenues

Educational revenues are recorded using the net method of revenue recognition.

Depreciation

Rates of depreciation applied to write-off the cost of equipment over their estimated lives on a
straight-line basis are as follows:

Computer equipment 3 years
Furniture and equipment Syears
Website 3 years

One-half of the annual rates are used in the year of acquisition.
Cash and cash equivalents

Cash and cash equivalents consists of balances with chartered banks, funds held by a Canadian
University on behalf of the organization, and money market funds, treasury bills and other short
term deposits with original maturities of three months or less from the date of the acquisition. All
other liguid money market securities with a term to maturity that is greater than three months and
less than one year from the financial statement date are recorded as temporary investments.

Grant Thornton %
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University Network of Excellence in Nuclear Engineering

Notes to the Financial Statements
March 31, 2007

2. Summary of significant accounting policies (continued)

Temporary investments

Tempoerary investments consist of cashable guaranteed investment certificates with banks, and
are carried at the lower of cost and market value. The weighted average interest rate of the
guaranteed investment certificates is 3.85%.

Financial instruments

For cash and cash equivalents, temporary investments, receivables, accruals and deferred
grants, the carrying amounts of these financial instruments approximate their fair value due to

their short term maturity or capacity of prompt liquidation.

Unless otherwise noted, it is management’s opinion that the company is not exposed to
significant interest, currency, or credit risks arising from these financial instruments.

3. Property and equipment 2007 2006
Accumulated Net Net

Cost Depreciation Book Value Book Value

Computer equipment $ 4932 $ 3,369 $ 1,563 $ 2276
Furniture and equipment 9,369 2,782 6,577 6,849
Website 16.079 16.079 - -
$ 30,370 $ 22,230 $ 8,140 $ 9125

4. Deferred grants 2007 006
Bruce Power $ 155,550 $ 155,550
McMaster University 20,726 43.629

$ 176,276 $ 199,179

Grant Thornton %
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BOARD OF DIRECTORS AND OFFICERS. .........cccooiiii

Voting Members and Directors

Tom Harris Beth Medhurst, Paul Spekkens Peter Mascher, )
Chair, Vice Chair, OPG McMaster Brent Lewis,
Queen’s AECL RMC

Dwight Willett .

.. Michael Bruce Power George Tarlochan Sldhu
Chrl_?tlna Amon Worswick Bereznai Western

oronto Waterloo uoIT
Non-Voting Members
Jean Koclas John Froats Peter Gilmour Derek Lister John Peter
Ecolé COG CNSC UNB McKinnon Tremaine
Polytechnique NSS University of

Guelph
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Committee Chairs and Vice-Chairs

P

h
Roger Syed Rizvi John Luxat
Newman Vice Chair, Chair, RAC
Chair, EAC OPG McMaster
Toronto

Officers and Staff

Bill Garland
S/T & PD Jim Findlater
2004-2006. Accountant
Exec. Dir.
2006-

McMaster
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Charles Kittmer
Vice Chair, RAC
AECL

Lori Cole
Administration
McMaster
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