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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 2017-18 members are:
Bruce Power (BP)
Ontario Power Generation (OPG)
Canadian Nuclear Laboratories (CNL)
CANDU Owners Group (COG)
Canadian Nuclear Safety Commission (CNSC)
SNC-Lavalin
AMEC Foster Wheeler
Nuclear Waste Management Organization (NWMO)
McMaster University
Queen’s University
University of Toronto
University of Ontario Institute of Technology (UOIT)
University of Waterloo
Western University
École Polytechnique Montreal (EPM)
University of New Brunswick
Royal Military College
University of Guelph
University of Regina (joined September 2018)
University of Saskatchewan
University of Windsor
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 Sciences and Engineering Research Council (NSERC) of
Canada, and elsewhere, to match investments made by the nuclear industry.
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CHAIRMAN’S MESSAGE ............................................................
Andrew Hrymak
This is my final report as Chair of the UNENE Board, and I am pleased
to have overseen a flourishing Network during my period of time in
office. The activities of the network involve a continuous balance of
continuity and renewal, and I am happy that Jatin Nathwani has agreed
to take on the role of Chair of the Board of Directors, starting in
September 2018. Our Board has maintained an active involvement in
the activities of the network, and gains insights from our Educational
Advisory Committee and our Research Advisory committee, chaired by
Mahesh Pandey (University of Waterloo) and Stephen Bushby (AECL)
respectively.
Over the 2017-18 year, UNENE’s university activities have built on the solid foundations
established in previous years. The work of our Industrial Research Chairs and their teams has
advanced knowledge in areas important to the Canadian nuclear community, and this Annual
Report provides details of many examples of this. Promising progress has started on the new
series of Cooperative Research and Development projects investigating technologies for
decommissioning nuclear facilities. We are pleased to see the financial support that our
industrial members give to these programs, along with the support and oversight provided by
government, through the Natural Science and Engineering Research Council (NSERC). As of
this writing, I note that NSERC is revising its granting models, but that support for UNENE’s
programs continues, and this bodes well for our universities’ work.
Capacity-building through research and education is at the heart of UNENE’s mandate, and it
has been encouraging to see additions to the enrollment in UNENE’s Masters of Nuclear
Engineering program. In addition, UNENE is carrying out selected training for member
organizations, using its knowledge base of university courses, and is also exploring how best to
create and deliver on-line training and education. These activities all help to strengthen the
overall nuclear education network in Canada.
The UNENE network of leading academics is able to reach out to provide input to governments
and policy developers, and to society at large. This year saw UNENE and members
participating in important government initiatives, including the Generation Energy dialogue on
Canada’s energy future, and in the start of developments towards a pan-Canadian Small
Modular Reactor Roadmap. The network can play a valuable role in establishing the future for
nuclear technology.
Looking back on an active year, I feel pleased to know that UNENE is in a good position to
carry on and build upon its work. As a final word, I wish the best of success to the UNENE
team.

Andrew Hrymak
Western University
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REPORT OF THE VICE CHAIR .................................................
Gary Newman
This year has seen continuing progress in UNENE’s education and research
programs, in good alignment with the needs and priorities of the nuclear
community and our industry members. Our Board of Directors is able to hear
detailed progress reporting, and provide feedback and guidance that
maintains the organization’s momentum and alignment. Again this year, we
continue to hold Board meetings at university sites, so that our Board
members can interact directly with the UNENE students and researchers –
always a positive experience. This year we were able to visit McMaster
University and University of Guelph. From the financial standpoint, operating
as a not-for-profit corporation, UNENE maintains a robust and balanced budget, and as this
annual report shows, puts industry funding to good effect.
I am pleased to see that the UNENE M.Eng program is steadily increasing in enrollment again,
and that industry awareness and support for the program is gaining. This, together with the
additional course offerings by UNENE, is an important part of our industry’s maintenance and
development of responsible, knowledgeable professionals. The initiatives to add to our
educational resources also help provide a richer educational portfolio, and I encourage further
alignment of education and training initiatives to industry needs.
The Canadian nuclear industry has seen greater encouragement this year, building on the longterm commitment to the Canadian CANDU nuclear fleet, and through utility and partner
initiatives in new areas such as nuclear medical isotopes. This creates greater certainty about
the future, and demonstrates a positive career path for young professionals. The UNENEfunded research programs at our member universities and beyond, provide a good knowledge
base for young engineers and scientists to enter such careers, and it was satisfying to see this
year that a very high percentage of our post-graduate researchers go on to nuclear careers.
UNENE membership also gives our university research leads and Chairs a profile to support a
valued role as independent expert advisors. This adds to the breadth and strength of our
industry.
Overall, the UNENE partnership between industry, academia, and supporting governments,
continues to provide a valuable role in building our professional talent, and our knowledge base,
as a world-class member of our nuclear community.

Gary Newman
Chief Engineer and Senior Vice President Engineering
Bruce Power
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THE UNENE NETWORK .............................................................

Royal Military College
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UNENE VISION AND STRATEGIC OBJECTIVES .................
“Vision. An effective university-industry-government partnership promoting university-based
education and research in nuclear science and 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.

General 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 industry.

Specific Objectives:
1. Enhance the supply of highly qualified graduates in nuclear science and technology
2. Sustain university-based research and development in nuclear science 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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PRESIDENT’S REPORT ...............................................................
Jerry Hopwood
Looking back on the 2017-18 year, I am impressed by the teamwork that is
prominent in the UNENE network, both by the UNENE staff team, and in
our collaboration with university and industry members. The UNENE Board
of directors provides effective guidance, along with the Research and
Education Advisory Committees, and we benefited this year from the
future-oriented deliberations of a Board subcommittee looking at UNENE’s
five-year directions. The Board have confirmed UNENE’s approach of
continuing to develop in breadth within its existing mandate, evolving as
the Canadian nuclear community evolves and grows.
This year saw the starting of progress in new research areas, through the series of CRD’s
addressing topics supporting nuclear decommissioning. We also saw the start of work to renew
three of our eight Industrial Research Chairs ready for renewal applications in 2018-19.
Meanwhile, our IRC programs continue to make progress in knowledge development and in
building the hands-on expertise of our young researchers.
The UNENE M.Eng program continues to be the foundation of our educational activities, and
we have also seen an increased interest in a wider range of educational delivery, from
individual programs delivered at the industry site, to wider access by university students to
portions of the M.Eng curriculum. We have also launched a pilot program to demonstrate online learning courses based on the “Essential CANDU” textbook. This initiative will create useful
training modules, while establishing valuable experience in the delivery of distance learning.
As the nuclear arena develops, UNENE is strongly engaged in the wider nuclear community
and in outreach to governments and beyond. This year, as the growing potential of Small
Modular reactors (SMRs) has emerged, UNENE mounted a well-attended workshop on the
research in this area, and also participated in the work towards a pan-Canadian SMR
Roadmap. We also strengthened our cooperation with the CANDU Owners’ Group (COG),
through a Memorandum of Understanding (MOU) covering regular coordination meetings and a
joint COG-UNENE workshop. This is a valuable way for UNENE to align its work with the
priority needs of our industry members and the nuclear community at large. Our coordinating
activities also include support to member university initiatives, such as international proposals to
work with the OECD-NEA and the IAEA. UNENE itself has worked with the IAEA to put into
practice our joint MOU (Practical Arrangement). This will help strengthen ties between UNENE
universities and nuclear universities and institutions around the globe.
Finally, I must close with a note of thanks and appreciation to Andrew Hrymak, who has led
UNENE very capably as our Board Chair, and has provided insightful and sage advice to myself
and the UNENE team. We wish him well in his next endeavours as Vice-President and Provost
at Western University.

Jerry Hopwood
UNENE President
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EDUCATIONAL ACTIVITIES .....................................................
Master of Nuclear Engineering (M.Eng.) Degree Program
Report from Education Advisory Committee and Program Director
Mahesh Pandey (Chair, EAC)
Emily Corcoran (Vice-Chair, EAC)
Nik Popov (UNENE Program Director)

Program Structure
Education and development of highly qualified
personnel (HQP) is one of the principal
objectives of UNENE. This objective is fulfilled
through graduate level education at participating
universities and industrial training by university
professors. In the previous year’s education was
offered in three parts:

i. Traditional research-oriented graduate degrees or research assistantships, in nuclear-related
disciplines; and the Master of Engineering (M. Eng.) Degree program in Nuclear
Engineering, jointly offered by member universities, with strong UNENE support and overall
coordination.
The M.Eng. program is accredited by the Ontario Universities Council on Quality Assurance
and is aimed largely at people already working within the industry who wish to upgrade their
education within the discipline of an academic environment. An approved UNENE Graduate
Diploma program offers a more focused option to students who want to specialize in certain
areas, and/or do not want to commit to a full M.Eng. It is a four-course alternative for working
students who may not have the time nor the resources to pursue the M.Eng. but who
nevertheless desire to broaden their skills and knowledge in the context of a rigorous
academic program. Since the list of courses offered by the two graduate programs is
identical, it is possible in principle to transfer credits from one program to the other, providing
additional flexibility to students.
ii. Single course graduate education program, in which students can select one specific
graduate course of their interest.
Based on feedback from the UNENE stakeholders and customers, the single-course
enrollment continued to be available through the participating universities. This flexibility
allows industry employees to take single graduate courses to broaden their skills and
knowledge in specific areas. In principle, upon approval from UNENE and the university of
enrolment, transfer of graduate credits to the M.Eng. or the Diploma programs from a single
course may be possible.
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iii. Industrial training using non-graduate courses for industry organizations in Canada, tailored
to address specific industrial and organizational needs.
Starting this year two courses were offered as training courses for industry organizations that
have certain specific needs: the project management course, and the health physics course.
The first course was offered at OPG Darlington location, and the second one was delivered
at the Bruce site. Admission for these training courses was arranged through the UNENE
office. Other training courses are being prepared to be offered as training courses (nongraduate courses) at the location and the time convenient to the industry organization that
requests such a course.
In order to deliver a full breadth of nuclear engineering courses, the M.Eng., the Diploma and
the training programs use renowned professors from participating universities and senior
specialists from UNENE industry members.
To accommodate students with a full-time job, the M.Eng. and Diploma graduate courses for
these programs are given during weekends throughout the academic year, at the Whitby
campus of Durham College (Figure 1). Also, upon request from a particular organization, and
assuming that sufficient number of attendees is registered, graduate or training courses can be
given at the specific sites close to organizations interested to host the course.
Synchronous interactive distance education is now a routine part of every course. Every course
is given in class by the instructor, and by Webex in parallel. Also, courses are recorded by
Webex to provide all students an opportunity for reviewing the material after lecturing in class.

Figure 1 – Whitby Campus of Durham College – UNENE Venue

Program Management
The education side of UNENE is managed as follows: The Education Advisory Committee
(EAC) of UNENE advises the UNENE Board of Directors on education-related issues, including
the curriculum, admission standards, accreditation, course selection and delivery effectiveness,
soliciting students for the programs, and program changes. The EAC also reviews and
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disposition proposals from the Program Director on courses, course schedule and course
delivery.
The UNENE Program Director is responsible for enrolment, logistics, educational quality and
effectiveness, instructor selection, course delivery and liaison work with universities. The
UNENE Administrator is responsible for executing the UNENE educational administration,
including course logistics, communication with students, communication with McMaster and
other universities administrations, and other administrative work as requested by the Program
Director and related to the UNENE educational programs.
During this reporting year, two EAC meetings were organized as per UNENE meetings plan, the
first one held on May 4, 2017 at COG offices Toronto, and the second one held on Dec11, 2017
at the Airport Marriott Hotel, Toronto. The next meeting was held in May 2018, but this one is
not a part of this reporting year. The focus of these meetings was on the UNENE modifications
and changes of the educational programs, covered in a separate section below.

EAC Membership
Prof. Mahesh Pandey from Waterloo University served as the EAC Chair, and Emily Corcoran
from RMC as the Vice-Chair in this reporting period. The EAC consists of at last one
representative from each UNENE member organization. EAC meetings are generally combined
with RAC meetings, and they are held before the UNENE Board meetings.
The current EAC Committee Membership is shown in Table 1 (as of Sep 2018).
Table 1 – UNENE EAC Membership
Bruce Power
Candu Energy
CNL

Tara Crawford

Ecole Polytechnique

Jean Koclas

Jason Goldberg

Guelph University

Peter Tremaine

Patrick Reid
Robert Holmes

John Luxat

McMaster University

Dave Novog

Dan Tello

Queen’s University

Mark Daymond

John McIntosh

RMC

Emily Corcoran (V. Chair)

COG

Liette Lemieux

Saskatchewan Univ.

Chary Rangacharyulu

Kinectrics-NSS

Dan Pun-Quach

Toronto Univ.

Roger Newman

NRCan

Daniel Brady

CNSC

Herminia Roman

OPG

Anthony Walker

UOIT

Saad Dahdough
Mary Duarte
Heather Tomlinson

Eleodor Nichita
Mahesh Pandey (Chair)

Waterloo Univ.
Western Univ.

Mikko Jyrkama
Ram Balachandar
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Enrolment
The past academic year UNENE management was focused on increasing the number of
enrolled students in the UNENE M.Eng. The Program Director continued to discuss with
industry members possibilities for increasing the number of students from each organization.
Meetings with staff and management were conducted with Bruce Power, Kinectrics, Candu
Energy, CNSC and OPG.
By the end of the winter semester in 2018, there was an increase of the enrolled students
compared to the previous year. Currently, the number of active enrollment (existing plus
accepted minus inactive minus graduated) is 22 students (Figure 2). The determining factor in
student enrollment is the employer funding and the available time by students to embark on the
demanding graduate program. Figure 2 summarizes the cumulative throughput of students as
of September 2018 for the life of the UNENE M.Eng. program.

Figure 2 – Cumulative Lifetime UNENE Enrollment (2018)
The UNENE Management, supported by the UNENE Board, continues to explore various ways
to attract more students in the UNENE educational programs. The UNENE Program Director
presented options to the UNENE Board during the meetings in this reporting year, to enhance
the program and to provide a higher value and flexibility to the industry. Further efforts are in
progress with the stakeholders and the industry to enhance the value of the UNENE programs
and the flexibility for the industry employees.

Course Offerings
Figure 3 shows the current multi-year schedule. In this reporting year the first line in the
schedule in Fig. 3 was conducted, and these courses were offered and completed as
scheduled.
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Figure 3 –UNENE Course Multi-year Schedule
UNENE management intends to minimize any changes to the schedule shown in Fig.3.
However, depending on the student interest, certain changes may need to be introduced in the
future years.
Course offerings shown in Fig. 3 are unchanged from previous years as they span the essential
technical aspects of nuclear power. A new course entitled “Nuclear Energy in Society:
Regulation and our Energy Future” has been approved but not yet implemented due to the
decrease in program enrolment. A new course on SMR reactors is being prepared, but not yet
approved.

Program Modifications
Fig. 4 shows the evolution of the UNENE education programs in the past 10-15 years. The
UNENE program originally started as Master of Engineering program (most left column in Fig.
4). A few years ago, to allow more flexibility to industry employees, the Diploma program was
introduced (second to the left in Fig. 4). This program is not widely used, only a few students
were admitted, and completed the program. As part of the program modifications during this
reporting year the single-course option was introduce (two columns on the right side of Fig. 4).
One single-course option is to register for a single graduate course at any of the core
universities. The other option is to register for a single training-level course in the UNENE
program, and this is one of the modifications introduced in the current reporting year.
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Figure 4 – Current UNENE Educational Programs
The other program modifications include introducing course location flexibility, so that each
course is given at the location where most of the students register and allowing for reading
courses. The reading courses are needed in situations when too small number of students
register for a course (below 4 students). This is introduced to ensure that the UNENE course
schedule is maintained, i.e., to ensure that students who need to take certain courses to
complete the program are given the chance to do that regardless of the number of registered
students for a certain course.

International Cooperation (IAEA)
In the past reporting year two projects were in progress with the IAEA: one related to the
development of a distant education blended pilot project, and the other one is the project for
conversion of selected CANDU Textbook chapters into E-Modules.
The development of the UNENE distance-education pilot course is of key importance for future
UNENE education model adjustments. This pilot project is being developed to test the option of
course delivery on distance to students at the Polytechnic University of Bucharest in Romania.
This is not a new model at UNENE because all UNENE course are already given in a parallel
teaching format using in-class teaching and Webex distant delivery for students who are not
able to attend in person. The objective of this project is to demonstrate course delivery
efficiency, and thus become one of the future models for UNENE education programs.
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As per IAEA proposal and support, UNENE is currently involved in a project to transfer certain
chapters of the CANDU Textbook into E-Modules at the IAEA platform. The objective of this
project is to evaluate the effectiveness of using training models via electronic media. If this is
confirmed, the E-Module training format can be of interest to the Canadian nuclear industry, and
also can be used for international training delivery to CANDU countries and in general.
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RESEARCH ACTIVITIES ............................................................
Report of the Research Advisory Committee (RAC)
Stephen Bushby (RAC Chair)
UNENE CONTINUES WITH THE PRIMARY OBJECTIVE to
conduct research and train personnel in CANDU technology through
establishing and supporting Industrial Research Chairs (IRC) in
member universities and funding research through the Canadian
university community. UNENE now supports eight IRCs, UNENE
maintains a lively program of Collaborative Research and
Development (CRD) projects, awarded to a range of researchers at
Canadian universities. The established IRCs and ongoing CRD
projects are currently facilitating research on significant industry
issues, resulting in researchers being trained in specialized fields of
CANDU technology to help replenish expertise in the Canadian
nuclear industry.
The Research Advisory Committee of UNENE meets two times a year. The Committee
membership for this reporting period comprised:
Steve Bushby (Chair)
Anthony Waker
Daniel Brady
Saad Dahdouh
Mark Daymond
Robert Gaspar
Paul Gierszewski
Jason Goldberg
Robert Holmes
Esam Hussein
Jing Jiang
Thomas Krause
Sermet Kuran
Liette Lemieux
Derek Lister
John Luxat
Guy Marleau
Roger Newman
Eleodor Nichita
David Novog
Mahesh Pandey
Dan Pun Quach
Herminia Roman
Ramesh Sadhankar

AECL
UOIT
NRCan
OPG
Queen's University
University of Windsor
NWMO
Bruce Power
CNL
University of Regina
Western University
Royal Military College
COG
COG
University of New Brunswick
McMaster University
École Polytechnique
University of Toronto
UOIT
McMaster University
University of Waterloo
Kinectrics
OPG
CNL
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CNSC
University of Guelph
CNL
UOIT
Ryerson University

The committee continues as in previous years with the main work of:
1. Reviewing the progress of IRC research programs
2. Supporting grant applications for research funding that provide effective leveraging
of UNENE funding.
3. Sponsoring an R&D Workshop and Student Presentations and Poster Session
4. Implementing new Collaborative Research and Development (CRD) projects
5. Monitoring progress of existing CRD research proposals
6. Supporting the establishment and renewal of IRCs and succession planning for IRCs
7. Improved progress reporting to better communicate the benefits of UNENE R&D
8. Improved understanding of university capabilities by facilitating industry member
tours of university facilities
9. Strengthening interactions with and visibility of students (e.g. through student poster
and student presentation sessions).
The RAC has observed a flourishing year of research sponsored by UNENE, with the
results shared via our Annual R&D Workshop, and through the active participation of the
Technical Advisory Committees that are organized to collect and discuss input from the
UNENE community to the researchers for each initiative. UNENE also benefits from strong
and informed support from the Natural Sciences and Engineering Research Council of
Canada, which provides important funding and input to create effective research
programming. The Annual Report contains detailed descriptions of the work done and the
achievements of our research teams.

CHAIR PROGRAMS: The currently established UNENE/NSERC IRCs cover seven critical
areas of CANDU technology. During the period, the following existing chairs were renewed:
1) Nuclear Materials - Mark Daymond (Senior Chair), 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. The Chair was successfully renewed in 2017.
WORKSHOP ON ADVANCED TECHNOLOGIES AND SMRs: In October 2017, a successful
UNENE Workshop was convened to discuss the potential and challenges of the exciting new
technologies for nuclear power that are emerging – a strong presence by industry,
universities, research labs and government provided for positive discussion and a sense that
R&D within the university system has a valuable role to play in this area.
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LAUNCH OF DECOMMISSIONING STUDIES: This year was also notable for the launch of a
series of five CRD’s addressing innovation in the technologies for decommissioning and
eventual waste management for nuclear facilities. This series has been supported by Ontario
Power Generation, who bear particular responsibility for the eventual decommissioning of
Ontario’s nuclear power fleet. Universities are engaged in a range of fascinating investigations
covering the use of drones and robotic devices, to the study of surface treatments for
decontamination. This series of projects is an example of the steady broadening of the
needed scope for research, and for the value of capacity-building by training our young
researchers in the technologies needed for the future.
I am pleased to see that, as the detailed reports here demonstrate, the year has been one of
successful research, that has benefited our members through new insights, and through
development of the next generation of experts.
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Industrial Research Chairs
(IRC)
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University of Guelph – Peter Tremaine IRC
UNENE/NSERC IRC Program: High Temperature Aqueous Chemistry
Overview
The NSERC/UNENE Senior Industrial Research Chair in High
Temperature Aqueous Chemistry was awarded to Professor Peter
Tremaine at the University of Guelph in 2016. The purpose of the
Chair is to expand mission-oriented experimental research and
modelling expertise in areas related to the primary coolant chemistry,
moderator chemistry, steam-generator chemistry of the CANDU
reactor fleet, and the geological storage of nuclear spent fuel.
The laboratory has unique expertise in the development and use of
quantitative thermodynamic and spectroscopic techniques to
understand and model aqueous chemistry under the extreme
conditions that exist in nuclear-reactor and spent-fuel storage
systems.
The funding model is unique for a UNENE IRC, in that support is provided by three other
industrial partners, in addition to UNENE: the CANDU Owner’s Group (COG), the Nuclear
Waste Management Organization (NWMO), and the Electric Power Research Institute (EPRI).
Additional support from the University of Guelph included the recruitment of a tenure-track
professor in an area of research related to the IRC activities.

Program Highlights









Professor Khashayar Ghandi was recruited from Mt. Allison University to fill the vacancy
created by appointing Prof. Tremaine to the IRC. He is an expert in radiation chemistry and
high temperature muonium studies, who will seek to establish a CANDU-related research
program to complement the IRC.
Co-op Ph.D. student Jacy Conrad completed her 1-year work term at Chalk River, with a
project in radiation chemistry at CNL. Co-op M.Sc. student Jason Sylvester begins his work
term at CNL in September 2018.
Research Associate Dr. Hugues Arcis won two international “early-career” scientist awards
for research on UNENE and EPRI programs. Graduate students won CNS and UNENE best
paper awards and scholarships.
Prof. Tremaine and project staff participated in advisory committees and research projects
to develop recommendations for hot conditioning chemistry, and to assess the
consequences of carbon diode uptake by morpholine on CANDU secondary coolant
chemistry.
A major 4-year EPRI-funded project which measured thermodynamic constants needed to
model polyborate species under PWR coolant conditions was completed.
The Tremaine Group published or submitted 8 journal articles, 5 refereed conference
proceedings, and 2 EPRI Technical Reports.

UNENE ANNUAL REPORT 2017-2018


Page 22

An additional $80,000 in support was received from COG and NSERC for the deuterium
isotope research project and Jacy Conrad’s Co-op PhD work term at CNL.

Co-op PhD Student Jacy Conrad job-shadowing at the Point Lepreau Nuclear Generating
Station during her 1-year work term an Chalk River Laboratories. CNL was honoured with the
Co-op Employer of the Year Award by the University of Guelph for the experience provided to
Ms. Conrad at a presentation attended by CNL staff Dr. Ian Muir and Dr. Craig Stuart, April 5,
2018.

Graduations, Employment, and Awards:










Co-op Ph.D. student Jacy Conrad completed her 1-year work term at Chalk River, with a
project in radiation chemistry at CNL. The Co-op Chemistry Ph.D. is a novel graduate
program at Guelph for exceptionally qualified students, and Ms. Conrad is the first student to
enroll in a nuclear-related area.
Research Associate Dr. Hugues Arcis won two international awards for scientists under 40
years of age. The Stig Sunner Memorial Award is given by the North American
Calorimetry Conference to recognize research contributions to thermodynamics and
thermochemistry. The IAPWS Helmholtz Award is given by the International Association
for the Properties of Water and Steam (IAPWS) for research contributions to the
development of formulations for steam and water properties and power-cycle chemistry.
Senior Research Associate and Lab Manager Dr. Jenny Cox was nominated for a
President’s Award for Exemplary Staff Service in the category of Innovative Leadership.
Ph.D. student Jane Ferguson won "Best Ph.D. Student Contribution” at the 42nd Annual
CNS/CNA Student Conference and at the UNENE annual workshop. Co-op Ph.D. student
Jacy Conrad received an “NSERC Alexander Graham Bell Canada Graduate Scholarship –
Doctoral”.
Christine McGregor graduated with her M.Sc. in June 2017, then worked in our group as
research assistant until March 30, 2018. She was recruited by CNL and started in April
2018.
Ph.D. Student Chris Alcorn defended his Thesis on Mar. 7, 2018 (Topic: Uranyl Sulfate
Chemistry under SCWR Coolant Conditions) and has now graduated.
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Program Research Results
D2O Isotope Effects: CANDU nuclear reactors are a uniquely Canadian technology in that their
design is based on the use of heavy water in the primary heat transport system. Despite their
long operating history, there is an almost total lack of fundamental data on the differences in
chemistry between light and heavy water at temperatures above 100 oC. A fundamental
understanding of the differences between light-water and heavy-water chemistry will allow
reactor operators to further optimize reactor chemistry to reduce feeder tube thinning and
activity transport.

A unique AC conductivity flow cell is used to measure accurate limiting conductivities and
ionization constants of model systems at CANDU primary coolant temperatures and pressures.
Together with conductivity and Raman measurements, density functional theory is being used
to predict deuterium isotope effects on aqueous iron species that determine magnetite solubility.

During the past year, we have reanalyzed the data from our first conductivity study on acetic
acid in D2O up to 275 °C, and applied improved methods to analyze experimental values of
ΔpKa,1 for phosphoric acid (H3PO4 and D3PO4) in H2O and D2O up to 300 °C. Complementary
studies using Raman spectroscopy have successfully determined the deuterium isotope effect
on the ionization constants of carbonate ion DCO3- from 150 to 200 oC, and the phosphate ion
DPO4- from 100 to 325 oC. These are the first accurate experimental values for ΔpKa above
100 °C to be reported since the classic work at Oak Ridge and Whiteshell in the 1980s. The
experimental results are being used to test the accuracy of quantum mechanical computational
techniques for calculating the deuterium isotope effects on model systems. The extension to
estimate D2O isotope effects on the hydrolysis reactions of Zn2+, Fe2+ and Fe3+ that control zinc
oxide and magnetite solubility will begin next summer.
Organic Solutes in Water up to Near Critical Conditions
Organic compounds are added to the secondary coolant as chemical control agents, and are
also present as contaminants from condenser leaks and ion-exchange resins. Industry trends
towards higher operating temperatures require better models to assess new additives and fate
of organic thermal decomposition products. The project will begin with studies on amines,
including proposed hydrazine replacements and their decomposition products, using the new
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nanocalorimeters acquired from our CFI JELF grant. M.Sc. student Samantha Binkley has been
recruited to work on the project and will join the Group in September.
Thermodynamic Properties of Model Actinides and Fission Products
Recent studies by NWMO have identified gaps in thermodynamic data for radionuclides in
highly saline solutions and above ambient temperatures (50 to 125 oC). Data for actinide and
fission product species at CANDU reactor primary coolant temperatures (250 to 325 oC) are
even more sparse.
Scoping studies to determine La3+ ion pairing with OH- and Cl- up to 335 oC by Raman
spectroscopy and conductivity have begun. The hydroxide results will be used to develop
parameters for the equations of state in order to model M3+ actinide transport in primary coolant
systems. The chloride results will be used to test competing activity coefficient models in the
thermodynamic databases used to model radionuclide transport from geological spent fuel in
repositories at very high brine concentrations up to 150 oC.
Over the past three years, quantitative first and second formation constants of aqueous uranyl
sulfate complexes have been measured from 25 – 375 °C by Raman spectroscopy using high
pressure quartz capillary cells. These are the first values reported above 60 oC. M.Sc. student
Jason Sylvester has begun similar measurements on uranyl chloride to determine data needed
to model supercritical water reactor and near-field conditions in geological spent-fuel
repositories (250 to 375 oC, and 25 to 150 oC, respectively), at chloride concentrations up to 20
mol kg-1.

Custom Raman spectrometer, which detects the characteristic vibrations of each aqueous
species using polarized light. The Raman spectra of uranyl sulfate under in-core “hideout
conditions provide thermodynamic data for modelling “hideout” of uranium from failed fuel,
including formation of two liquid phases, under supercritical water reactor coolant conditions.

Cases with Realized Outcomes to Industry
PWR Chemistry (EPRI Funded)
Thermodynamic and transport property data for boric acid, borates and polyborates are needed
to model the chemistry in fuel deposit crevices of pressurized water reactors (PWRs) under the
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“hideout” conditions that lead to crud-induced power shifts. Boric acid is also used in CANDU
moderator systems. EPRI has funded a comprehensive study at Guelph using the laboratory’s
unique high-precision flow-through AC conductance instrument and Raman spectroscopic
techniques to identify the major borate and polyborate species, and to measure their limiting
conductivities and thermodynamic formation constants from 25 oC up to ~350 oC. In the coming
year, the results will form the basis for a new database for borate chemistry in the EPRI
chemical modelling software MULTEQ, ChemWorks and BOA.
Modelling CANDU Coolant Chemistry
Over the past three years, we have contributed to the development of new databases for the
solubility of magnetite, nickel and cobalt ferrites in the EPRI chemical equilibrium modelling
code MULTEQ.

Research Facilities and Equipment
The IRC research makes use of a wide range of both custom-built and commercial
instrumentation for high-precision measurements on hydrothermal solutions. These instruments
all employ inert cells fabricated from platinum, zirconium, titanium or Hastelloy C in order to
measure the thermodynamic properties of solutions of interest to up to 350 oC and 20 MPa in
situ.

Current Highly Qualified Personnel




Current HQP 2018: 4 RA, 1 PD, 3 Ph.D.’s, 3 M.Sc.’s, 1 UG Student.
Co-op M.Sc. student Jason Sylvester will begin his 8-month co-op work term at CNL Chalk
River in beginning September 2018 (supervised by Craig Stuart and Ming Huang).
New M.Sc. student Samantha Binkley will be starting in September 2018 to work on
calorimetry and amine compounds.

Publications / Journal Papers
Refereed Publications







McGregor, C., Al-Abdul-Wahid, S., Robertson, V., Cox, J. S., & Tremaine, P. R. (2018).
"Formation Constants and Conformational Analysis of Carbamate in Aqueous Solutions of
2-Methylpiperidine and CO2 from 283 K to 313 K by NMR Spectroscopy," J. Phys. Chem.
B, 122:9178-9190.
Fandiño, O., Sasidharanpillai, S., Soldatov, D. V., & Tremaine, P. (2018). "Carbamate
Formation in the System (2-Methylpiperidine + Carbon Dioxide) by Raman Spectroscopy
and X-Ray Diffraction," J. Phys. Chem. B, Accepted.
Applegarth, L., Pye, C., Cox, J. S., & Tremaine, P. R. (2017). “A Raman Spectroscopic
and Ab Initio Investigation of Aqueous Boric Acid, Borate and Polyborate Speciation from
25 to 80 °C,” Ind. Eng. Chem. Res., 56:13983-13996.
McGregor, C., Fandino, O., Cox, J. S., Ballerat-Busserolles, K., & Tremaine, P. R. (2017).
“Standard Partial Molar Heat Capacities and Volumes of Aqueous N-Methylpiperidine and
N-Methylpiperidinium Chloride from 283 K to 393 K,” J. Chem. Thermodyn., 113:377-387.
Ferguson, J. P., Arcis, H., Zimmerman, G. H., & Tremaine, P. R. (2017). “Ion-Pair
Formation Constants of Lithium Borate and Lithium Hydroxide under Pressurized Water
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Nuclear Reactor Coolant Conditions,” J. Chem. Thermo., 56:8121-8132.
Nieto Roca, D. E., Romero, C. M., & Tremaine, P. R. (2017). Ionization constants of DL-2aminobutyric acid and DL-norvaline under hydrothermal conditions by UV-visible
spectroscopy. J. Soln. Chem., 46:388-423.
Lowe, A. R., Cox, J. S., & Tremaine, P. R. (2017). Thermodynamics of Aqueous Adenine:
Standard Partial Molar Volumes and Heat Capacities of Adenine, Adeninium Chloride and
Sodium Adeninate from T = 283.15 K to 363.15 K. J. Chem. Thermodyn.,112:129-145.
Arcis, H., Ferguson, J. P., Applegarth, L. M., Zimmerman, G. H., & Tremaine, P. R. (2017).
Ionization of Boric Acid in Water from 298 K to 623 K by AC Conductivity and Raman
Spectroscopy. J. Chem. Thermodyn., 106:187-198.

Technical Reports



P. Tremaine, H. Arcis, J. Cox, J. Ferguson, S. Sasidharanpillai; EPRI Project Manager D.
Hussey. Metal-Borate Complexes in PWR Coolant – Feasibility Study EPRI Technical
Report 10006439, Submitted.
P. Tremaine, H. Arcis, J. Cox, J. Ferguson, C. Pye, S. Sasidharanpillai; EPRI Project
Manager D. Wells. Lithium Polyborate Species under PWR Primary Coolant Conditions
EPRI Technical Report 10006135, In preparation.

Published Proceedings from Conferences and Workshops







Ferguson, J. P., Sasidharanpillai, S., Arcis, H., Cox, J. S., Wells, D., P. Tremaine (2018).
Speciation and Thermodynamic Properties of Aqueous Triborate under PWR Primary
Coolant Conditions by AC Conductivity and Raman Spectroscopy.
21st International
Conference on Water in Nuclear Reactor Systems.
Dickinson, S., Wells, D., Bachet, M., Banks, A., Tremaine, P., J. Henshaw, NNL, UK; C.
Marks, Dominion Engineerin, USA (2018). Borate-silicate complex formation in PWR
coolant. 21st International Conference on Water in Nuclear Reactor Systems.
Alcorn, C. D., Cox, J. S., Applegarth, L. M., & Tremaine, P. R. (2018). Uranyl Sulfate
Complexation under Hydrothermal Conditions by Quantitative Raman Spectroscopy and
Density Functional Theory Calculations. 17th ICPWS.
Ferguson, J., Arcis, H., Hussey, D., Wells, D., & Tremaine, P. R. (2017). Boric Acid
Ionization Constants and Triborate Formation Constants under PWR Primary Coolant
Conditions by AC Conductivity. Proc. 37rd CNS Student Conf.
Alcorn, C., Cox, J., Applegarth, L., & Tremaine, P. R. (2017). Quantitative Raman
Investigation of Uranyl Sulfate Complexation under Hydrothermal Conditions. Proc. 37rd
CNS Student Conf..

Interactions With Industry
Committees and Boards


Prof. Tremaine serves on three industrial advisory committees for the nuclear industry: the
EPRI MULTEQ Database Advisory Committee; the Canadian National Committee of the
International Association for the Properties of Water and Steam; and is an Associate
Member of the COG Chemistry Working Group.

Project-related Interactions with Industry


The UNENE Technical Advisory Committee has visited Guelph on an annual basis since
Prof. Tremaine’s first CRD grant in 2006. The Committee also provides technical advice for
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the Strategic and CRD grant funded projects for his group. The UNENE Project Advisory
Committee met on March 8, 2018. Guelph hosted the UNENE Board Meeting and the
Research Advisory Committee Meeting on May 10 - 11, 2018.
Prof. Tremaine is a member of the EPRI Database Committee, which develops the chemical
equilibrium modeling code MULTEQ. MULTEQ is used by the nuclear industry in Canada
and elsewhere to model secondary coolant chemistry. As part of the IRC program, he
provides input on Canadian nuclear industry R&D needs, and contributes to database
development. He took part in monthly conference calls and the annual 3-day meeting in
Charlotte, NC (July 18 - 20, 2017).
Prof. Tremaine made presentations on IRC progress to the UNENE Annual Chemistry
Workshop, December 11 - 12, 2017, and the COG Chemistry Working Group Meetings in
Toronto on April 27, 2017 and April 24, 2018.
Prof. Tremaine and Dr. Arcis attended EPRI Pressurized Water Reactor Technical Advisory
Committee (P-TAC) meetings in July 2017 and February 2018 to report progress on
contract-funded research to understand and model polyborate fuel deposit chemistry.
Several discussions and a short scoping study were carried out with Dr. Dave Evans and
Dr. Kristine Liao (OPG) to determine the conditions under which CO2 could contaminate
morpholine and the effects on secondary coolant chemistry when it is present.
Dr. Tremaine is serving on a contract-funded panel (Paul Spekkens, Kinectrics, Panel Chair)
to provide input on hot-conditioning chemistry procedures for the Darlington nuclear reactors
when they are returned to service after their refurbishment outages.
Dr. Jenny Cox served as an independent reviewer on the COG report “COG-17-4035: pH
Measurements in CANDU Primary and Secondary Systems” in 2018.
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McMaster University – John Luxat IRC
– David Novog IRC
UNENE/NSERC IRC Program: Nuclear Safety Analysis and
Nuclear Reactor Safety and Thermalhydraulics
Overview
From 2006-2015 Dr. Novog was the NSERCUNENE Associate Research Chair in Nuclear
Safety, and since 2016 has been a Senior IRC.
Dr. Novog’s Chair focuses on design and
beyond design basis accident phenomena,
experiments, modelling and computational
tools. He is frequently called on by the public,
media and industry to provide expert opinions
on nuclear safety, including international
collaborations with the International Atomic
Energy Agency (IAEA) and activities within the
Organisation for Economic Co-Operation and
Development(OECD). Most recently, Dr. Novog was appointed to the Ontario Minister’s
Advisory Group on the update to the Provincial Nuclear Emergency Response Plan (PNERP)
and to participate on a joint CNSC-COG review team for the application of Bayesian methods.
His HQP have received several prestigious awards, and his students have won best paper and
scholarship competitions at both the national and international level.

Program Results /Highlights
Since 2016, Dr. Novog’s students have contributed in the following areas:
-

Winner of the OPG Ignite award for innovative fuel channel inspection methods.
Completion of the McMaster scaled moderator tests for closure of CNSC regulatory
issues on Pickering A and Bruce A.
First-of-a-kind publication of beta-voltaic batteries using Nanowire technology fabricated
at McMaster University.
Hosting the Nuclear Energy Agency (NEA) and COG sponsored CANDU fuel channel
thermalhydraulics benchmark (part of the Working Party on Reactor Safety).
Development of a new fast-neutron CT system for non-destructive testing.
Additional non-UNENE leveraged funding of ~$1M in new funding to support equipment
and students.

Cases with Realized outcomes to Industry
-

Co-author of the Ontario Government Advisory Group Report on Provincial Nuclear
Emergency Response Plan (PNERP), 2017.
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Co-author (with CNSC staff) CNSC-COG Joint Project Scope Document for review of
CNSC NOP-E Bayesian framework.
Author of 2016 and 2018 independent technical assessments of Ontario Power
Generation NOP methodology.
Principal investigator: Experimental data reports on 1/16-scale moderator testing for
closure of Bruce A and Pickering station specific regulator issues.
Co-author on COG report on Roadmap for CHF and PDO in fuel channels,
(CG553/RP/001 R00), 2018.
Author for COG Independent Technical Review of the IST Strategic Direction ISTO-167003 Revision 0, 2016.

Research Facilities and Equipment
-

New: 1x1010 n/s fast-neutron generator (2019) for neutron imaging (pending NSERC
matching funds from COG).
New: laser Induced Breakdown Spectroscopy test facility
New: Moderator Lattice CHF test facility
High Pressure single-pin CHF test facility (up to 16MPa)
Neutron/Gamma-ray computed tomography prototype
Electro-resistive Computed Tomography – 2 and 3D slice information of air-water twophase flow phenomena.
Time Resolved Practical Image Velocimetry (PIV) – 2D planner imaging of velocity and
turbulence
Laser Doppler Anemometer – 2 and 3 dimensional point velocity and turbulence
measurements

Current HQP
-

5 full time PhD, 2 part time PhD
4 full time MASc
3 undergraduate student projects.

HQP that Graduated
-

4 PhD in last 24 months (1 PDF, 1 to BP, 1 to OPG, 1 other).
7 MASc in last 24 months (1 MDS, 2 BP, 2 OPG, 1 CNL, 1 NBP)
7 undergraduate student projects.
1 PDF (1 more starting April 2019).

Publications /Journal Papers (last 2 years)
1. S. McNamee, D. Wagner, E.M. Fiordaliso, D. Novog, R.R. LaPierre, “GaP Nanowire
Betavoltaic Device”, Nanotechnology, 2018.
2. C. Hollingshead, J. Strack, A. Rashkovan, D.R. Novog, “Experimental and CFD Analysis of
Scaling in Mixed Convective Flows in a CANDU Moderator System” submitted to Science
and Technology of Nuclear Installations, 2018.
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3. E. MacConnagie, D.R. Novog, “Assessment of Uncertainties Relevant to Measurement of
Neutron Flux in a Nuclear Reactor”, submitted to Nuclear Technology, 2018.
4. P. Wu and D.R. Novog, “Assessment of COBRA-TF Performance for CANDU Type
conditions”, accepted to J. on Nuclear Science and Engineering, 2018.
5. B. Statham and D.R. Novog, “Transient Blowdown Critical Heat Flux Experiments”, Nuclear
Engineering and Design, April 2017.
6. S. Younan, D.R. Novog, “Assessment of accident tolerant fuels and claddings in a CANDU
reactor”, Science and Technology of Nuclear Installations, 2017.
7. F. Zhou, D.R. Novog, “Modelling and Sensitivity Analysis of the Core Disassembly Phase of
a Severe Accident in a CANDU Reactor Nuclear Engineering and Design, 2018.
8. A. Moharabi, D.R. Novog, “Optimal Energy Group Structure of Thorium-Plutonium Fuels in
the Canadian SCWR”, Annals of Nuclear Engineering, 2017.
9. F. Zhou, C. Allison, B. Wagner, D.R. Novog, “Mechanistic Modelling and Validation of Core
Deformation Phenomena within the RELAP/SCDAP”. Annals of Nuclear Engineering, 2017.
10. F. Salaun, D.R. Novog, “Coupled Neutronic and Thermalhydraulic Simulations of Rod Drop
Accidents in the Canadian SCWR”, Science and Technology of Nuclear Installations, 2017.
11. F. Salaun, D.R. Novog, “Optimization of the Canadian SCWR Core Design and Reactivity
Mechanisms”, Journal of Nuclear Engineering and Radiation Science, 2017.
12. A. Moharabi and D.R. Novog, “Effect of Fuel Depletion on Reactor Physics Phenomena in
SCWR and Standard CANDU Designs”, Journal of Nuclear Engineering and Radiation
Science, 2017.
13. F. Zhou and D.R. Novog, “Simulation of Active and Passive Cooling Systems of a CANDU
Reactor During a Station Blackout Using RELAP5”, Nuclear Engineering and Design 2017.
14. M. Rohde, J. W. R. Peeters, A. Pucciarelli, A. Kiss, Y. F. Rao, E. N. Onder, P. Mühlbauer, A.
Batta, M. Hartig, V. Chatoorgoon, R. Thiele, D. Chang, S. Tavoularis, D. Novog, D. McClure,
M. Gradecka and K. Takase, A Blind, Numerical Benchmark Study on Supercritical Water
Heat Transfer Experiments in a 7-Rod Bundle”, Journal of Nuclear Engineering and
Radiation Science, Vol. 2, Iss. 2, 2016.
15. M. Tucker, D.R. Novog, “The Impact Of Fueling Operations On Full Core Uncertainty
Analysis In CANDU Reactors”, CNS Simulation Symposium, Ottawa, 2018.
16. G. Patterson, D.R. Novog, “Progress in the Development of a Fast-Neutron Computed
Tomography System”, NUTHOS 2018, China.
17. K. Leung and D.R. Novog, “Measurement of Single-bubble Fragmentation Phenomena Near
a Flow Restriction”, NUTHOS 2018, China.
18. M. Tucker and D.R. Novog, “Effect of Nuclear Data Uncertainties on CANDU Reactor
Fueling Transients”, BEPU-2018, Italy.
19. F. Zhou, D.R. Novog, “Simulation of Core Disassembly Phases in a CANDU Severe
Accident Using RELAP”, CANSAS 2018, China.
20. G. Patterson and D.R. Novog, “Fast Neutron Computed Tomography For Phase Distribution
Visualization”, CNS Annual Meeting Proceedings, 2018.
21. D.R. Novog, “Recent Progress in the Canadian SCWR Safety Analysis”, NURETH 17,
China, 2017.
22. J. Stack, A. Rashkovan and D.R. Novog, “3D Moderator Temperature Measurements in a
Scaled CANDU Moderator Test Facility”, NURETH 17, China 2017.
23. C. Hollingshead, A. Rashkovan and D.R. Novog, “Comparisons of CFD Predications and
PIV Measurements for CANDU Reactor Moderator Inlets”, NURETH 17, China 2017.
24. P. Wu and D.R. Novog, “Comparison of CTF Subchannel Predictions against New Transient
CHF Measurements in high Pressure Water”, NURETH 17, China 2017.
25. F. Salaun and D.R. Novog, “Core Physics Parameter Optimization for the Canadian
SCWR”, International SCWR Workshop, Chengdu, China, 2017.
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26. A. Mogharabi and D.R. Novog, “Comparison of Reactivity Parameters for CANDU and
SCWR Proposed Designs”, International SCWR Workshop, Chengdu, China, 2017.

Interactions /Consultations to Industry
-

OPG Ignite award winner in the Inspection and Maintenance Category (LIBS
applications in CANDU inspections).
Advisory member of the COG Safety and Licensing Technical Committee.
Consultant to OPG on NOP methodologies.
Severe accident modelling research project with the CNSC.
Consultant to COG on strategic direction for Industry Standard Toolset.
Appointed to the Ontario Government Advisory Group on the Provincial Nuclear
Emergency Response Plan.
Television guest (2 appearances) and radio (1 appearance).

A report from the Senior IRC Chair will be included in the 2018-2019 Annual Report.
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Queen’s University – Mark Daymond IRC
UNENE/NSERC IRC Program: Nuclear Materials
Overview
The specific goals of the program are to understand the materials of
the fuel channel, and in particular impacts of processing choices and
their aging mechanisms. The fuel channel includes the pressure
tube, the calandria tube and the spacers which keep them separate
over the lifetime of the channel. For example, one effort has been
into understanding the anisotropic behaviour of pressure tube
material, over a wide range of crystallographic textures and
microstructures and to relate this to the elongation of pressure tubes,
their increase in diameter, their sag and their fracture characteristics.
The research currently concentrates on the effect of manufacturing
variables on the properties microstructure and texture of pressure
tubes, the anisotropic creep of Zr-2.5Nb, the plastic anisotropy of Zr-2.5Nb, Zircaloy-2, the
behaviour of hydrides in bulk Zr-2.5Nb, delayed hydride cracking of Zr-2.5Nb, irradiation
induced degradation of X-750 spacers. During the reporting period, the focus on irradiation
damage and its effects of properties of Zr and Ni based alloys has continued. This latter area
will be a significant part of the Chair program in the future

Program Highlights & Advances in Knowledge
In January 2018, three new Asst. Professors arrived at Queen’s, all with a research focus in the
area of Nuclear Materials. Their specific topic areas are modelling; corrosion; and materials
characterisation of nuclear materials, respectively: these areas are complementary to the
existing expertise and significantly increase the breadth of research possible at Queen’s. With
Malcolm Griffiths as an Adjunct Professor, and Rick Holt as an Emeritus Professor, the total the
number of Faculty at Queen’s working on Nuclear Materials is now seven, and the total
research team (Faculty, postdocs, graduate students and technicians) is presently thirty-six.
The Reactor Materials Testing Laboratory (RMTL) commissioning has continued to progress
well, with significant experimental work carried out including irradiations of Ni and Zr based
alloys. An Operations Licence application has now been submitted to CNSC, allowing us to
move to full operational capacity.
Significant advances have been made in the past year in the study of irradiation induced
elemental segregation and damage. This work has included Nickel X750 spacer materials, with
a focus on understanding the contributing factors towards irradiation induced embrittlement;
relating change in microstructure due to irradiation damage on resultant mechanical properties
of Zr2.5Nb pressure tube material; the impact of irradiation on hydrides in pressure tube
material. We continue to expand our expertise in the area of ion irradiation as a tool to explore
the effect of neutron irradiation.
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Realized outcomes to Industry
Key knowledge transfers include
- With CNL: Developing for the first-time in the world a method allowing for artefacthydride free FIB production of Zr TEM samples. FIB extraction of TEM foils is very
beneficial, allowing for localised removal of samples for subsequent examination. In
particular this opens up research avenues for example when examining crack-tips.
Up until now most users in the literature have reported being plagued by artefact
hydrides when FIB’ing Zr samples (i.e., hydrides that were not there prior to FIB
production). Queen’s and CNL have developed a methodology for reliable artefact
hydride-free FIB sample preparation. This makes the study of real hydrides (e.g., of
relevance to DHC difficult).
-

To Kinectrics: One of our students has developed a methodology to model the
influence of He on changes in structure of X-750 garter springs, and hence on
mechanical properties. This is an important step in modelling the changes in
mechanical properties of X-750 during aging.

In addition, Queen’s (Holt) contributed to an Expert Panel meeting organized by Kinectrics, to
do with the end-of-life fracture program and residual stresses at rolled joints.
Queen’s is working with Kinectrics on studying DHC in high (>100wppm) hydrogen content
pressure tube material, as well as alternative approaches to hydrogen solubility measurement.
This has impact on end-of-life pressure tube conditions, and in our ability to predict how long
the pressure tubes can continue to operate.
Queen’s is working with Kinectrics to provide mechanical test data on proton irradiated Ni X750
spacer material.
This has significant impact in understanding potential for spacer
embrittlement, and hence in predicting maximum life for fuel channels.
The Queen’s RMTL TEM has also been used by CNL for a number of COG projects. These
take advantage of the unparalleled chemical mapping capabilities of the Queen’s TEM, and
include:
 Chemical characterization of elemental distribution at crack tips in stainless steels due to
Stress Corrosion Cracking (i.e., steam generator materials)
 Characterization of irradiation damage to neutron irradiated X750 spacer material,
removed from BP and OPG reactors.
 Characterization of irradiation damage of Zr2.5Nb pressure tube material, of relevance
to the high stress creep projects.
 Characterization of hydrides in Zr2.5Nb pressure tube material, of relevance to DHC.

Research Facilities and Equipment
The RMTL accelerator project funded by CFI/MEDT continues, with equipment purchase,
installation and commissioning competed. A full suite is now operational and dedicated to
nuclear materials testing, including:
 Accelerator (8MeV protons, 12 MeV alpha particles) for irradiation at a range of
conditions;
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FEG TEM (with full suite of holders including tomography, heating, straining, EDX
mapping)
FEG SEM (with EBSD, EDX);
Micromaterials Nanotester, capable of micro and nano testing up to 700degC.
Sample preparation suite
Nested Neutron Spectrometer for energy specific neutron detection (with Tony Waker,
UOIT).

Expected upgrades in 2019 include, in situ mechanical testing in the proton beam; in situ
corrosion testing in the proton beam.

HQP enrolled in the program
The group is led by Prof. Mark Daymond with support from Assoc. Prof. Zhongwen Yao. In
addition, as noted above, 3 new Professors joined the Nuclear Materials program at Queen’s in
2018. While not yet conducting research funded by UNENE, they have already brought in 6
HQP working on nuclear materials issues with other funds. This, together with Prof. Yao’s
group, brings the total Nuclear Materials research team at Queen’s to 36. Many students /
postdocs are co-supervised.
Postdoctoral fellows (5): Fei Long, Matt Topping, Peyman Saidi, Cong Dai, Jason Wang
Continuing PhD students (9): Travis Skippon, Pooyan Changizian, Zhouyao Wang, Alice Mao,
Nima Nikpoor, Segun Aiyeru, Igor Cherubin, Sean Hanlon (part time, at CNL), Yubin Zhao
Continuing MASc students (2): Brodie Moore, Jordon Solomon
New MASc student (1): Rong Guo

HQP that graduated since last report; number, type








Mitch Mattucci (MASc), now at CNL
Oksana Shiman (PhD), now at CNL
Chris Cochrane (PhD), now at CNSC
Cong Dai (PhD), postdoc at Queen’s University
Jason Wang (PhD), postdoc at Queen’s University
Qingshan Dong (PhD), postdoc at Queen’s University
Levente Balogh (postdoc), Faculty at Queen’s University

Publications
Journal papers
1. Q. Wang, F. Long, Z. Wang, N. Guo, M.R. Daymond, “Orientation dependent evolution of
plasticity of irradiated Zr-2.5Nb pressure tube alloy studied by nanoindentation and finite
element modeling”, J. Nuclear Materials, v512, p371-384 (2018)
2. C. Cochrane, M.A. Gharghouri, M.R. Daymond, “Evidence for Transformation-Induced
Plasticity in a High Sn Content Zirconium Alloy”, Acta Mater., v161, p311-319 (2018)
3. Q. Wang, C. Cochrane, H. Yu, M.R. Daymond, “Micropillar compression study on heavy
ion irradiated Zr-2.5Nb pressure tube alloy”, J. Nuclear Materials, v511, p487-495 (2018)

UNENE ANNUAL REPORT 2017-2018

Page 35

4. O.V. Shiman, T. Skippon, E. Tulk, M.R. Daymond, “Strain evolution in Zr-2.5wt.% Nb
observed with synchrotron X-ray diffraction”, Materials Characterization, v146, p35-46
(2018)
5. H. Qin, V. Fallah, Q. Dong, M. Brochu, M.R. Daymond, M. Gallerneault, “Solidification
pattern, microstructure and texture development in Laser Powder Bed Fusion (LPBF) of
Al10SiMg alloy”, Mater. Char., v145, p29-38 (2018)
6. Q. Dong, Z. Yao, P. Saidi, M.R. Daymond, “Effect of pre-existing dislocations on the
formation of dislocation loops: pure magnesium under electron irradiation”, J. Nuc.
Materials, v511, p43-55, 2018
7. C. Cochrane
-phase
zirconium alloy”, Materials and Design, v156, p622-630 (2018)
8. C. Cochrane, M.R. Daymond, “Phase transformation temperatures and solute redistribution
in a quartenary zirconium alloy”, Met. Mat. Trans. A, v49(8), p3468-3485 (2018)
9. F. Long, J. Kacher, Z. Yao, M.R. Daymond “A tomographic TEM study of tensioncompression asymmetry response of pyramidal dislocations in a deformed Zr-2.5Nb alloy”,
Scripta Mater., v153, p94-98 (2018)
10. S.M. Hanlon, S.Y. Persaud, F. Long, M.R. Daymond, Advanced Characterization of
Hydrides in Zirconium Alloys. In: J. Jackson, D. Paraventi, M. Wright (eds) Proc. of 18th Int.
Conf. on Environmental Degradation of Materials in Nuclear Power Systems – Water
Reactors. The Minerals, Metals & Materials Series. Springer, vol 2, p577-597, (2018)
11. H.K. Zhang, Z. Yao, Z. Zhou, O. Kaitasov, M.R. Daymond, “In-situ heavy ion irradiation in
ferritic/martensitic ODS steels at 500ºC”, Mat. Sci. Tech., v34(1), p42-46 (2018)
12. J. Hiscocks, B. Diak, A. Gerlich, M.R. Daymond, Strain localization and failure of dissimilar
magnesium-based alloy friction stir welds, Science and Technology of Welding and Joining,
v23(7), p628-634, 2018
13. O.V. Shiman, E. Tulk, M.R. Daymond, Synchrotron X-ray diffraction study of zirconium
hydride distribution in Zr-2.5%Nb and its redistribution during thermal cycling, Materials
Characterisation, v136, p183-195 (2018).
14. N. Guo, Z. Zhang, Q. Dong, H. Yu, B. Song, L. Chai, C. Liu, Z. Yao, M.R. Daymond,
Strengthening and toughening austenitic steel by introducing gradient martensite via cyclic
forward/reverse torsion, Materials & Design, v143, p150-159 (2018).
15. P. Changizian, A. Brooks, Z. Yao, M.R. Daymond, “Nano-scale mechanical properties and
microstructure of irradiated X-750 Ni-based superalloy”, Met. Mat. Trans. A, v 49(2), p498514, selected as Editors Choice Free Access article. (2018).
16. N.L. Buitrago, J.R. Santisteban, A. Tartaglione, J. Marín, L. Barrow, M.R. Daymond, M.
Schulz, M. Grosse, A. Tremsin, E. Lehmann, A. Kaestner, J. Kelleher, S. Kabra,
“Determination of very low concentrations of hydrogen in zirconium alloys by neutron
imaging”, J. Nucl. Materials, v503, p98-109, (2018).
17. N. Yang, P. Saidi, M.R. Daymond, J.J. Hoyt, “Modelling of particle coarsening and
precipitation free zones”, Modelling and Simulation in Materials Science and Engineering,
v25, 085012 (2017)
Conference presentations
1. M.R. Daymond, “Mechanical properties of ion irradiated alloys: microstructure-property
relationships”, Keynote, Plasticity 2018, Puerto Rico.
2. R. Holt, “Polycrystalline modelling of Zirconium Alloys”, Invited, Workshop on modelling of
materials, 2018, Santa Fe, New Mexico
3. M. Griffiths, “Irradiation damage microstructure in Zr alloys, and its effect on mechanical
properties”, Invited, CCEM Workshop on Nuclear Materials, 2018, Hamilton, Ontario.
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4. P. Saidi, “Molecular Dynamics study of irradiation damage: effect of grain size in a
polycrystal”, TMS 2018, Phoenix Arizona.
5. C. Dai, “Residual point defects and their evolution near dislocation loops and grain
boundaries in α-zirconium: an atomistic study”, TMS 2018, Phoenix Arizona.
6. Z. Wang, “Strain and dislocation evolution at a crack-tip in pure Zr under non-plane strain
conditions”, CNS Annual Conference, 2018, Niagara
7. Q. Wang, “A tomographic TEM study of dislocation slip structures in pure zirconium”,
NuMat 2018, Seattle, Washington
8. Q. Wang, “A tomographic TEM study of dislocation slip structures in pure zirconium”,
NuMat 2018, Seattle, Washington
9. Z. Wang, “Digital image correlation strain measurement and geometrically necessary
dislocation determination at a crack tip in zirconium”, NuMat 2018, Seattle, Washington
10. M. Griffiths, “Irradiation damage microstructure in X-750, and its effect on mechanical
properties”, NuMat 2018, Seattle, Washington
Much of the group (Daymond, Yao, 2 postdocs, 10 students) attended the UNENE R&D
Workshop in December 2017, and presented their work (1 oral presentation, 12 posters).

Interactions/Consultations to industry or others
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.
Prof. Daymond is a member of the COG Fuel Channels Technical Committee, the COG Fuel
Channel Working Group on Crack Initiation and Fracture, the COG Fuel Channel Deformation
Working Group, the COG Working Group on Spacer Degradation and the COG High Stress
Creep Task Group.
Prof. Yao is a member of the COG Fuel Channel Working Group on Crack Initiation and
Fracture. Profs. Holt, Daymond & Yao collaborate with AECL, Kinectrics and Nu-Tech precision
metals on a number of research topics.
Daymond continues his collaboration with the Commissariat a l`ÉnergiesAtomique (CEA) in
Paris. The group there is developing an ion irradiation facility with some overlap in capability
compared to the RMTL, as well as developing models describing polycrystalline plasticity in
irradiated material. He also continues his collaboration with Comisión Nacional de Energía
Atómica of Argentina, working on aspects of hydrides and DHC in Zirconium. Other
collaborations include Penn. State University (USA), University of Manchester (UK), Australian
Nuclear Science and Technology Organization (ANSTO), APS-Argonne National Lab. (USA),
IVEM- Argonne National Lab (USA), Oxford Culham Science Centre (UK), Wuhan University
(China), China Institute of Modern Physics (China) and UBST (China).
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UOIT – Anthony Waker IRC
– Edward Waller (Associate IRC)
UNENE/NSERC IRC Program: Health Physics and Environmental
Safety
Overview
A sustainable nuclear power industry depends on regulatory
compliance;
a
‘social
licence’
for
refurbishment,
decommissioning, waste-management and the introduction of
new reactor technology; and the availability of trained and
engaged contractors and employees. The UNENE Chairs in
Health Physics and Environmental Safety at UOIT were
established in order to provide a research and educational
basis to help meet the challenge of ensuring sustainable
nuclear power production in Ontario, Canada and contribute to
international efforts in nuclear safety and security. In fulfilling
our role of providing applied health physics research for the nuclear industry our activities have
evolved into a program of work integrating real-time radiation detection and measurement;
radiation computational modelling; environmental dosimetry for non-human biota and dosevisualization for training, security and ALARA purposes.
Through the support of UNENE, NSERC and UOIT we have established laboratories for nuclear
instruments and methods; mixed-field radiation measurements; environmental radioactivity;
aerosol science; electron paramagnetic resonance spectrometry; aquatic species radiation
biology; and robotics, virtual and augmented reality capability. Our work provides industry with
expertise and means to test and characterize advanced real-time instruments; insight into the
scientific drivers of regulatory requirements in radiation protection and environmental safety;
and expertise in the potential applications of advanced modelling and visualization technology
for radiation protection training and plant nuclear security. We strive to conduct our research in
a setting that encourages and prepares our students for careers in radiation protection across
the nuclear industry, including the regulatory authorities, equipping them with state of the art
knowledge and skills in radiological science, instrumentation and computation.
During 2017 we graduated three Masters of Applied Science and our total complement of HQP
‘in training’ was 11 PhD, 7 MASc.

Program Results /Highlights (Senior Chair)
Real-time detection
Technological developments for real-time detection and measurement remain at the core of the
Senior Chair research program. Mixed-field neutron-gamma dosimetry with low pressure
proportional counters with different wall-materials continues to be studied and although the work
is currently on hold during a maternity leave we were able to disseminate our findings at the 13th
Neutron and Ion Dosimetry Symposium in Krakow, May 2017. In this work we showed how the
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responses of matched graphite and tissue equivalent plastic walled counters were identical for
photon fields and markedly different in neutron response. Using both devices a more accurate
neutron dose determination in a mixed field could be obtained. The motivation behind this
experimental study is the development of a single instrument capable of accurately assessing
the photon and neutron components of a mixed fields encountered in nuclear power plant
workplaces.
Other ongoing real-time instrument research projects driven by the aspiration to improve
nuclear facility dosimetry and radiation monitoring are:





Gas Electron Multipliers (both thick and thin) for particle range discrimination
Ball-anode hemispherical proportional counters for reduced microphonics and
manufacturing simplicity
Wall-less proportional counter for beta particle near-field dosimetry
Air-flow ionization chamber for sever accident monitoring

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

Environmental Safety
Other aspects of the Senior Chair program address issues of environmental safety. During
2017-2018 two groups of fourth-year project students have been carrying out Port Granby soil
and plant analysis facilitated by the Port Hope Area Initiative. Their work has included soil
analysis form various locations at the Port Granby site and carrying out estimates of worker
doses for different routine operations and accident scenarios. The findings of these
undergraduate projects were presented by the students at the 2018 annual conference of the
Canadian Radiation Protection Association, Quebec City.
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Work also continues with a study of fish eye-lens radiation damage. Work during 2017-2018
has concentrated on developing the culture techniques for dissected eye-lenses and
establishing the irradiation protocol and dosimetry to determine the threshold dose for
measureable impairment of fish lens focal capacity measured by laser scanning.

Program Results /Highlights (Associate Chair)
Computer modeling
Computer modeling is a critical component of all research projects under the research program.
For example, Monte Carlo radiation transport modeling is extensively used for modeling the
dose to non-human biota for comparison with experimental data, as well as for modeling
contact dose, projects described below. Radiation dose
visualization, virtual reality (VR) and augmented reality (AR)
research has been ongoing for almost 10 years within the
Associate Chair’s research program. This research goal has
been to develop a novel method to take in-situ ionizing radiation
measurements and using Monte Carlo methods in real-time,
develop an approximate three dimensional model of the field
distribution in the environment from that data and provide
guidance to monitoring teams on where
radiation sources may be in the environment.
This three dimensional model will be used
for safety, mapping, virtual reality and
augmented reality applications. The result is
the development and integration of a sensor
package consisting of a depth sensor for
environmental scanning, a radiation sensor
for monitoring radiation field intensity combined with supporting software for mapping the
environment, conducting Monte Carlo modeling to deduce radiation field distribution and a
display for communicating the resultant calculated radiation field and provide guidance in three
dimensions to the user. Continuing research investigates virtual and augmented reality
applications to develop an optimal user interface to provide real-time feed-back to the end user.
Successful outcomes have included a generic methodology which can be used to visualize any
radiation field, VR emergency response exercises which have been featured in several
international forums and workshops, and demonstrations of how radiation fields can be
visualized in real time with existing VR/AR equipment. A collaboration with Canadian Nuclear
Laboratories (CNL) has been finalized for establishing numerical models related to experimental
data for aquatic species in controlled exposure environments. In 2014 CNL conducted a
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controlled exposure of aquatic organisms to tritium. Those data will be used to compare against
a proposed improvement in the methodology that ERICA and RESRAD-BIOTA use to predict
concentration values. Subsequently those values will be used to accurately reconstruct a model
of the exposure in MCNP6 to calculate the absorbed dose. This will be compared to the
analytically predicted values. The main focus here will be to assess the capabilities of MCNP6
to correctly model absorbed doses from low-energy beta particles. The main objective of the
research is to do a comparative analysis of the performance of two major modelling tools with a
refining algorithm and to assess the capability of MCNP6 to predict absorbed doses by aquatic
biota. Following the controlled exposure of aquatic organisms to tritium in 2014 by researchers
at CNL information on absorption of the nuclides, concentration data as well as. Those data will
be used to compare against a proposed improvement in the methodology that ERICA and
RESRAD-BIOTA use to predict concentration values. Subsequently those values will be used to
accurately reconstruct a model of the exposure in MCNP6 to calculate the absorbed dose. This
will be compared to the analytically predicted values.
Contact doses
Secondary electron generation on the surface of encapsulated gamma sources can play a large
role in the dose measured near the surface of the encapsulation, or any gamma emitting source
that is in intimate contact with a high Z material, such as a metal. The National Council on
Radiation Protection and Measurements Report No. 40 contains contact dose rate conversion
factors for encapsulated gamma sources, along with
recommended secondary electron correction factors.
However, the secondary electron correction factors were
based on experiments done in the 1930-40 time frame with
encapsulated radium sources, and the correction factors for
the other sources listed in the report were estimated based on
these radium measurements. Monte Carlo simulations were
done using the Particle and Heavy Ion Transport code System
(PHITS), to calculate the contact dose rate conversion factors
for each encapsulated gamma source presented in NCRP-40,
taking into account the dose from both gamma rays and secondary electrons. These
simulations showed that the contact dose rate conversion factors were actually much lower than
those presented in NCRP-40, and the secondary electron contribution was much greater than
the values predicted by NCRP-40. In addition to this computational work, the experiment that
was used to determine the secondary electron correction factors for NCRP-40 was investigated.
This experiment involved measuring the radiation field near an encapsulated radium source
with an ion chamber, and using a magnetic field to separate the secondary electrons from the
gamma radiation. A modernized version of this experiment was designed, and used to show
that secondary electron correction factors measured with this type of setup were not applicable
to the geometry of tissue in direct contact with the encapsulation. The results of the research
was a re-evaluation of the contact dose conversion factors, which is currently being published
and have been adopted by Oak Ridge National Laboratory Radiation Emergency Assistance
Center/Training Site (REAC/TS).
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Robotic radiation field mapping
Radiological emergency situations are hard to plan for due to their evolving nature during the
event. Response protocol and emergency training does not remove people from potentially
being exposed to dangerous situations in order to recover.
RadBot
These personnel rely on personal radiation detectors in order to
navigate through the radioactive area unaware of the possible
danger that could be in the next room. Reacting to sudden
changes in the environment is even more difficult if the dangers
around the personnel are not fully known. Even in low dose rate
radiation environments it would be beneficial to know what the
dose rates are throughout the work area and additionally what
paths should be taken to minimize total dose (to levels as low
as reasonably achievable). An autonomous robot could be very
beneficial in situations where personnel may be exposed to an
unknown radiation environment. Robots have already been used in the nuclear industry for
some time. However, they are often only used in emergency situations as a backup to
personnel when radiation doses are too high or when the area is difficult to enter. Existing
systems are almost always tele-operated as well, relying on the skills of the operator to perform
the task and to be as thorough as possible. An autonomous radiation mapping robot would be
useful as a response option. This type of robot would need to measure radiation fields,
autonomously navigate, produce informative information about the radioactive environment, and
also be easy to use. This radiation robot, being essentially a mobile sensor and aware of its
location, would be able to use its data to not only produce an overall map of every radiation
measurement but be able to process this information further to create a mathematically valid
representation of the environment. To this end, a radiation mapping robot (RadBot) was
developed to autonomously map physical and radiation environments. The system was
successfully demonstrated to be able to map and locate radiation sources in complex
environments. Further development is being undertaken to incorporate dose visualization and
airborne particulate sampling and analysis.

Environmental Safety
With ever growing interest in environmental protection, the need
has risen to investigate the effects of radiation and the resulting
radiation damage to components of the natural environment. In
the past the assumption was made, that if humans are adequately
protected, then other living things, are also likely to be protected.
This has been addressed by a multitude of guidance documents
EPR
spectrum
for zebra
mussels

Zebra mussel dose response
using EPR

(e.g. IAEA, ICRP). Radiation effects studies at the organism level are the main source of
knowledge about radiation effects. The main concerns in the long term are the viability and
success of non-human populations. In order to achieve this, a quantification of radiation effects
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for representative species as well as analysis of effective doses absorbed by the biota are
crucial. Additionally, a methodology for dose measurement is needed to correlate effects and
causes. Experimental radiobiology is at the heart of environmental protection. As an
experimental methodology to quantify radiation damage it is complemented by dose
assessment through measurement and simulation with the goal to better understand the effects
of ionizing radiation. In that context this aspect of the IRC research aims to develop an
integrated approach to dose prediction, measurement and quantification of radiation effects in
aquatic biota. Determining the effects of radiation on aquatic non-human biota and as a result to
aquatic environments is best done by a mixed approach of computational modelling and
experiments involving tissues in order to quantify radiation damage as well as organisms to
assess radiation effects. This research has progressed to develop a mixed approach for
radiation damage assessment in the case of freshwater ecosystems. For this purpose,
modeling techniques, such as Monte Carlo radiation transport modeling, has been employed to
assess theoretical doses to non-human biota under a variety of exposure scenarios. Irradiation
experiments with various gamma energies add to the knowledge base on radiation effects on
aquatic biota, as well as to experimental dosimetry techniques, and these have been performed
at UOIT and the Oshawa General Hospital. With this solid foundation on exposure situations
and biologic effects, Electron Paramagnetic Resonance Spectroscopy (EPR) has been used for
retrospective dose measurement in continuous environmental monitoring, and can be used
under accidental exposure situations. Current research under the IRC is involved with Florida
Flagfish, Zebra Mussels and mammals of interest to indigenous populations.
In addition to the experimental program, there has research conducted towards predicting dose
from external exposure due to deposition requires knowledge of the demographic of the
affected population concerning habits and housing in order to
use appropriate location and occupancy factors. In the newly
proposed methodology in the UNSCEAR 2016 report a
simplified methodology was proposed. This approach uses
one time-independent location factor for indoor occupancy as
well as a single occupancy factor that is independent of the
age and occupation of the population studied. In this research
the two approaches are compared for a variety of population
groups and housing types. It was determined that the new
simplified methodology overestimates the integrated effective
dose over 100 years for both Cs-137 and Cs-134. However an underestimation of the dose can
be observed on the short time scales, especially for the shorter lived Cs-134. Additionally the
annual dose is significantly underestimated for certain types of buildings for both investigated
radionuclides. It was concluded that, while the simplified methodology can reasonably be
applied in urban areas, caution has to be exercised in more complex situations like rural areas.
This research has been peer-review published.

Research Facilities and Equipment
See ‘Overview’ above. To support the research activities of the IRC Chairs UOIT, along with
UNENE, NSERC and CFI funds has put in place dedicated research infrastructure providing a
mixed field irradiation facility; environmental radioactivity laboratory; aerosol laboratory; animal
care facility; nuclear instrumentation development laboratory; and an electron paramagnetic
resonance (EPR) spectrometer laboratory.
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Collaborations and Interactions /Consultations with Industry
International collaborations (Senior Chair):




Experimental microdosimetry and high energy neutron radiation protection dosimetry –
CERN, SCK-CEN (Switzerland and Belgium)
Microdosimetry – Experimental Methods and Applications, Lennart Lindborg and
Anthony Waker, CRC Press, 2017 (Karolinska Institutet, Sweden)
Advanced Radiation Dosimetry European Network Training Initiative (CERN,
Switzerland)

Canadian collaborations (Senior Chair):



Research Materials Testing Laboratory, Queen’s University (neutron dosimetry)
UWO, ORF-RE8 (sever accident mitigation technology)

International collaborations (Associate Chair):
UNSCEAR
 Completed being Chair of expert group on discharge methodology and doses from
electricity generation. Two UN documents published:
 Methodology for Estimating Human Exposures due to Radioactive Discharges
 Radiation Exposure from Electricity Generation
IAEA
 Developing Assessment and Prognosis tools
 Nuclear security exercise planning
 Emergency Preparedness and Response Training performance indicators
 Training system improvements for the Incident and Emergency Centre, IAEA
 Train-the-Trainer workshops for radiation protection in a variety of countries (Greece,
Vietnam, Albania, Argentina)
 Subject matter expert input for the IAEA School of Radiation Emergency Management
(Austria, South Korea, Japan)
TU Wien (Technical University Vienna)
 Collaborate on co-supervise PhD student on illicit radiological material trafficking
data analysis
Canadian collaborations (Associate Chair):






Cytognomix: Collaborate with research on Automatic Chromosome Dicentric Analysis
VisionTec: Collaborate with research on configurable anthropomorphic phantoms
Canadian Nuclear Safety Commission: Official observer for Nuclear Security Force-onForce (FoF) exercises at nuclear facilities
Western University, ORF-RE (severe accident mitigation technology)
Ontario Power Generation, NSERC CRD on Decommissioning Technologies

Publications /Journal Papers
Referred Journal Articles
“Microdosimetry – Experimental Methods and Applications”, Lennart Lindborg and Anthony
Waker, CRC Press, Taylor Francis Group, Boca Raton, London, New York, 2017
“Instrument intercomparison in the high energy field at the CERN-EU Reference Field
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(CERF) facility with the new FLUKA simulations”, N. Dinar, F. Pozzi, M. Silari, S. Chiriotti
Alvarez, M. De Saint-Hubert, F. Vanhavere, O. Van Hoey, G.M. Orchard, A.J. Waker,
Radiat. Meas. 117 (2018) 24-34
“Development of heterogeneous proportional counters for neutron dosimetry”
Faezeh Forouzan and Anthony J. Waker
13th Symposium on ion and neutron dosimetry, Krakow, May 2018
Radiation Protection Dosimetry (2018), pp. 1–4, doi:10.1093/rpd/ncx291
“The response of a multi-element tissue equivalent proportional counter in accelerator
based high-altitude neutron fields”, Gloria M. Orchard and Anthony J. Waker
13th Symposium on ion and neutron dosimetry, Krakow, May 2018
Radiation Protection Dosimetry (2018), pp. 1–4, doi:10.1093/rpd/ncx179
“Technical Communication during Nuclear and Radiological Emergencies with the Tools to
Support International Assessment and Prognosis”, Tzivaki, M., Chaput, J. and Waller, E.,
ASME J. Nuc. Rad. Sci., submitted. 2018.
“Separation of Polymer Mixtures by Length Using a Series of Nanopores connected by
Nanochannels”, Magill, M., Waller, E. and de Haan, H., J. Chem. Phys., submitted, 2018.
“Nuclear Emergencies and Natural Disasters”, Lafortune, J. and Waller, E., J. Emerg.
Manag., submitted. 2018.
“On the use of Location and Occupancy Factors for Estimating External Exposure from
Deposited Radionuclides”, Tzivaki, M. and Waller, E., Health Phys. 115(3): 317-323, 2018.
“A Simulator-based Nuclear Reactor Emergency Response Training Exercise”, Waller, E.,
Bereznai, G., Shaw, J., Chaput, J., LaFortune, J., J. Emerg. Manag.15(6):367-378 , 2017.
“Determination of Activation Products and Resulting Decommissioning Implications for the
Varian TrueBeam Linear Accelerator”, Waller, E., Ram, R. and Steadman, I., Health
Phys., 113(3):227-233, 2017.
“Probabilistic-based Robotic Radiation Mapping using Sparse Data”, McDougall, R.,
Nokleby, S. and Waller, E., ASME J. Nuclear Rad. Sci., DOI 10.1115/1.4038185, 2017.
“Validation of the Rule of Two for Calculating Adversary Neutralization”, Chornoboy, N.
and Waller, E., J. Phys. Sec. 10(1):1-7. 2017.
“MCNP Simulation of In-Core Dose rates for an Offline CANDU Reactor”, Gilbert, J.,
Nokleby, S. and Waller, E., ASME J. Nuclear Rad. Sci. 3(3):1-6, 2017.

Conference Presentation/ Poster
“Population-scale Biodosimetry with the Automated Dicentric Chromosome Identifier and
Dose Estimator (ADCI) Software System”, Rogan, P., Ali, S., Li, Y., Shirley, B., Wilkins, R.,
Flegal, F., Cooke, R., Peerla-Proulx, T., Waller, E., Knoll, J., EPR Biodose 2018
Conference, Munich, Germany. 11-15 June 2018.
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“The Radiation Dose Response of Mollusc Shells from the Great Lakes”, Tzivaki, M. and
Waller, E., EPR Biodose 2018 Conference, Munich, Germany. 11-15 June 2018.
“The Use of Virtual Reality as an Instruction and Exercise Tool in the Nuclear Emergency
Response Community”, Chaput, J. and Waller, E., Annual meeting of the Canadian
Radiation Protection Association, Quebec City, Quebec, 30 April-3 May 2018.
“Try the Virtual Reality Simulator for Emergency Preparedness and Response”, Chaput, J.
and Waller, E., Annual meeting of the Canadian Radiation Protection Association, Quebec
City, Quebec, 30 April-3 May 2018.
“Training and Exercising the Nuclear Safety and Nuclear Security Interface Incidence
Response through Synthetic Environment, Augmented Reality and Virtual Reality
Simulations”, Waller, E. and Chaput, J., IAEA Int. Conf. Physical Protection of Nuclear
Materials and Nuclear Facilities, Vienna, Austria. 13-17 Nov 2017
“Detection of early radiation damage to the eye-lens of rainbow trout”, Marta Kocemba,
Canadian Radiation Protection Association annual meeting, Saskatoon, June, 2017
“Development of heterogeneous proportional counters for neutron dosimetry”, Faezeh
Forouzan, Anthony J. Waker, 13th International Symposium on Neutron and Ion Dosimetry,
May 15-19, 2017, Krakow, Poland
”The response of a multi-element tissue equivalent proportional counter in accelerator
based high altitude neutron fields”, Gloria M. Orchard, Anthony J. Waker,13th International
Symposium on Neutron and Ion Dosimetry, May 15-19, 2017, Krakow, Poland
“On the use of Location and Occupancy Factors for Estimating External Exposure from
Deposited Radonuclides”, Tzivaki, M. and Waller, E., 4th International Conference on
Radioecology and Environmental Radioactivity (ICRER), Berlin, Germany. 3-8 September
2017.
“On the use of Location and Occupancy Factors for Estimating External Exposure from
Deposited Radionuclides”, Tzivaki, M. and Waller, E., 62nd Annual Meeting of the Health
Physics Society. Raleigh, North Carolina. 9-13 July 2017.
“Improved Contact Dose Rate Conversion Factors and Secondary Electron Correction
Factors for Encapsulated Gamma Sources”, Heritage, E. and Waller, E., 62nd Annual
Meeting of the Health Physics Society. Raleigh, North Carolina. 9-13 July 2017.
“MCNP Modeling of Various Sand Compositions”, Graham, H. and Waller, E., 62nd Annual
Meeting of the Health Physics Society. Raleigh, North Carolina. 9-13 July 2017.
“Development of a Radiation Triage Mask”, Brown, C. and Waller, E., 62nd Annual Meeting
of the Health Physics Society. Raleigh, North Carolina. 9-13 July 2017.
“International Guidance on Radiation Emergency Management”, Waller, E., Annual
meeting of the Canadian Radiation Protection Association, Saskatoon, Saskatchewan, 5-7
June 2017.
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“Updated Contact Dose Rate Conversion Factors for Encapsulated Gamma Sources
Including Secondary Electron Emission”, Heritage, E. and Waller, E., Annual meeting of
the Canadian Radiation Protection Association, Saskatoon, Saskatchewan, 5-7 June 2017.
“Initiatives to Integrate Nuclear Security with Radiation Protection Education and Training”,
Harris, J. and Waller, E., 6th International Conference on Education and Training in
Radiological Protection (ETRAP 2017), Valencia Spain. 30 May – 2 June 2017.
“Integrated Engineering Design Approach for Undergraduate Teaching”. Perera, S.,
Waller, E., Ulrich, R., Labana, T., Harvel, G. and Brown, C., Proc. 26th CANCAM. Victoria,
BC. 29 May – 1 June 2017.
“Experimental Testing of an Autonomous Radiation Mapping Robot”, Hosmar, M.,
Nokleby, S. and Waller, E., Canadian Committee for the Theory of Machines and
Mechanisms (CCToMM M3 Symposium 2017), Montreal, Quebec. 25-26 May 2017.
“Radionuclide Analysis of Low-Level Radioactive Soil from the Port Granby Waste
Management Facility”, Adrien Beckford, Anne Nicholas and Robert Petrican, Canadian
Radiation Protection Association Annual Meeting, Quebec City, June, 2018
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University of Toronto – Roger C. Newman IRC
UNENE/NSERC IRC Program: Corrosion Control and Materials
Performance in Nuclear Power Systems
Overview
This IRC program is in its third 5-year term, which began in September
2014. The research focuses on mechanisms, prediction and control of
metallic corrosion, with ancillary activities such as studies of hydrogen in
pressure tube material and electrochemical condition monitoring generally.
The materials studied range from industrial alloys through pure laboratory
melts.
The IRC research takes place alongside studies of copper corrosion
relevant to nuclear waste disposal, funded by NWMO and recently
augmented by a new ORF program based at Western University. Roger
Newman also held NSERC Discovery and Discovery Accelerator grants for
research in nanoporous metals.

2017-2018 Highlights
Collaboration with the CCEM, McMaster University, and former PhD student Suraj Persaud and
CNL colleagues continued, while increased use was made of advanced methods in the OCCAM
facility at UofT. In January 2018, Suraj joined Queen’s University as Assistant Professor, and
there are plans for an eventual succession in the corrosion area over the next decade. We
continue to seek high-quality output in the high-resolution characterization of cracks and surface
corrosion, using analytical electron microscopy and atom-probe tomography (APT). A number
of MASc students have been working on a diverse range of topics, including lead effects on
corrosion, internal oxidation, and the stability of sulfate in steam generator crevice environments
(and the effects of the resulting reduced sulfur species). A localized corrosion modeling activity,
started early in 2017, continued – specifically directed at phenomena relevant to nuclear steam
generators, but also with a broader strategic aim of making the group self-sufficient in reactiontransport modeling. Other new projects involve dealloying of Monel, molten-salt corrosion
relevant to SMRs, and revisiting the concentration of corrodents in steam-generator crevices
and deposits.
The high-resolution characterization of cracks and surface corrosion is of keen interest to
industry, especially the achievement of relatively routine cross-sections of crack tips and
subsequent TEM study. In the coming years, such studies will become routine for the analysis
of plant artefacts, a huge leap forward from the conventional SEM era.
There are strong synergies between the IRC research and the group’s research on functional
nanoporous metals. Former PhD student Ayman El-Zoka, now at the University of Antwerp, has
published extensive APT and TEM studies of such materials, which can lead to superior
methods for nanoscale study of important plant-related phenomena (see for example
Nanoscale, 10, 4904–4912 (2018)).
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Some specific highlights are now presented. In collaboration with Suraj Persaud and the CCEM,
PhD student Mariusz Bryk has obtained a new level of resolution in the analytical TEM of stress
corrosion crack tips in Alloy 800 – Figure 1. Depending on the age of the crack tip being
examined, there are either lumpy enrichments of metallic Ni, as observed previously for “old”
crack tips (crack on the right), or an extremely fine nanoporosity that must be the triggering
factor in crack extension for “fresh” crack tips (crack on the left) –

Figure 1
MASc student Hao Zhu made further progress in the understanding of the resistance of Alloy
690 to stress corrosion cracking in primary water (PWSCC). Figure 2 shows the typical
appearance of the alloy surface after exposure to a simulated PWSCC environment. The
nodules within the grains are Ni. expelled by internal oxidation of Cr, just as we observe in Alloy
600, as first shown by Persaud a few years ago, but near the grain boundaries we see a
protective Cr-rich oxide. We have gone back and forth in the interpretation of this observation,
but Hao has now performed an analytical TEM study - Figure 3 - that takes us closer to a
convincing resolution of the issue. Near the grain boundary, which is just out of view on the right
side of the image, internal oxidation occurs, just as within the grain, but after a while a healing
layer of oxide forms at the boundary of the internal oxidation zone around the grain boundary
and the intact alloy (bright lines in Cr and O on the right-side of the image). This seems to be
due to lateral expulsion of Ni towards the grain boundary, adding to its expulsion to the surface
and facilitating beneficial Cr oxidation. External Ni nodules form at first, but then stop growing.
Hao Zhu also did similar experiments on model alloys close to the 690 composition, prepared
with our cold-crucible melter. Alloys with 30 and 35% Cr were compared. Remarkably, even the
35% Cr alloy showed internal oxidation within many grains, but it showed a higher proportion of
grain surfaces (close to {100} planes) that showed protective external oxide.
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The Research Group and its Facilities
As of April 2018, the group consisted of 6 PhD students, 3 MASc students, 2 postdoctoral
fellows, and one Senior Research Associate. Several undergraduates and MEng students also
contributed over this reporting period. About 2/3 of this effort was supported by the IRC
program.
The group is well equipped for electrochemistry and microscopy, including atomic force
microscopy, and has a growing facility for high-temperature, high-pressure testing in water,
steam or aqueous solutions. An Arcast cold-crucible induction melter is now in regular use for
preparation of model alloys. We increasingly exploit the local OCCAM facility for electron
microscopy and surface science. Particular students are being trained to use some of the
advanced methods personally.
Three recent PhD graduates (Adrian Vega, Jagan Ulaganathan, Suraj Persaud) were working
at Canadian Nuclear Laboratories, until Persaud joined Queen’s University as Assistant
Professor in January 2018. Numerous alumni work for OPG.

Examples of Specific Industry Interactions
There has been continuing consulting assistance to OPG in the area of electrochemical
monitoring in reinforced concrete for life prediction of dry storage containers for used nuclear
fuel. The contractor started site work at the Darlington WMF in 2012, and data are being
analyzed as they are produced. Miscellaneous assistance was given in areas such as
dealloying of Monel and corrosion of Alloy 600.
Concrete collaborations are under way with CNL, specifically with Jared Smith, and this will be
a growth area in the next few years.

Public Output
Invited presentations were given at the Canadian Materials Science Conference in Ottawa, the
100th Canadian Chemistry Conference in Toronto, an ASTM symposium on Advances in
Electrochemical Techniques for Corrosion Monitoring in Atlanta, FIMPART 2017 in Bordeaux,
the NACE annual conference in Phoenix (presented by Persaud – memorial symposium for
Roger Staehle), and at Aalto University (Finland). Several contributed talks and posters were
presented nationally and internationally.
Publications arising from the IRC program included the following –
S.Y. Persaud, J.M. Smith and R.C. Newman. (2018). Nanoscale Precursor Sites and their
Importance in the Prediction of SCC Failure. Corrosion (special issue in memoriam Roger
Staehle), in press.
S.Y. Persaud, B. Langelier, A. Korinek, G.A. Botton and R.C. Newman. (2018). Characterization
of Initial Intergranular Oxidation Processes in Alloy 600 at a Sub-Nanometre Scale. Corrosion
Science. 133: 36-47.
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B. Langelier, S.Y. Persaud, A. Korinek, T. Casagrande, R.C. Newman and G.A. Botton. (2017).
Effects of Boundary Migration and Pinning Particles on Intergranular Oxidation Revealed by 2D
and 3D Analytical Electron Microscopy. Acta Materialia. 131: 280-295.
J. Ulaganathan, A.G. Carcea, R.C. Newman, R.I. Barabash and N.S. McIntyre. (2017). Mapping
of Changes in Microscopic Strain in Alloy 600 during Multi-Step Applications of Mechanical
Stress. Surface and Interface Analysis. 49: 1442-1448.
Van Anh Nguyen, Anatolie G. Carcea, Mahmoudreza Ghaznavi and Roger C Newman. (2018).
Status of pitting corrosion prediction in mixed solutions containing reduced sulfur species. Proc.
ASTM Symposium on Advances in Electrochemical Techniques for Corrosion Monitoring,
Atlanta, in press.
S.Y. Persaud, J.M. Smith, C.D. Judge, M.A. Bryk, R.C. Newman, G. Burke, I. de Curieres, B.
Capell, and M.D. Wright. (2017). Using Modern Microscopy to ‘Fingerprint’ Secondary Side
SCC in Ni-Fe-Cr Alloys. Proc.18th Int. Conf. on Environmental Degradation of Materials in
Nuclear Power Systems–Water Reactors (Portland, USA), in press.
S.Y. Persaud, A. Eskandari, H. Zhu, B. Langelier, G.A. Botton, and R.C. Newman. (2017).
Advanced Characterization of Oxidation Processes and Grain Boundary Migration in Ni Alloys
Exposed to 480°C Hydrogenated Steam. 18th Int. Conf. on Environmental Degradation of
Materials in Nuclear Power Systems–Water Reactors (Portland, USA), in press.
A. Foroozan E., A. G. Carcea and R. C. Newman. (2017). Sulfur and Lead Effects on Nickel
and its Alloys in High-Temperature Aqueous Solutions. Corrosion/2017, Research in Progress
Symposium, New Orleans.
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University of Waterloo – Mahesh D. Pandey IRC
UNENE/NSERC IRC Program: Risk-Based Life Cycle Management of
Engineering Systems
Overview
The main focus of the Waterloo Chair program is the development of
probabilistic models and uncertainty analysis methods to improve the
aging management and life cycle performance of nuclear plant systems.
The basic research is driven by practical applications to critical nuclear
plant systems, including fuel channels, feeders, and steam generators,
and other important systems, structures, and components. In addition to
supplying HQP to the industry, the program also provides valuable
training to plant engineers in the areas of risk and reliability analysis.
One of the main highlights of the past year has been the development of
a numerical finite element model (FEM) for the deformation analysis of
CANDU fuel channels. This capability, which was previously limited to
the vendor domain, has allowed us to explore and study many critical issues related to fuel
channel assessment, including pressure tube to calandria tube (PT-CT) contact. The insights
gained from the FEM model have allowed us to develop more efficient and robust probabilistic
assessment methods for both individual fuel channels and the entire reactor core.

Program Results /Highlights
Probabilistic Assessment of PT-CT Contact in Fuel Channels
The creep deformation in zirconium alloys has been extensively studied leading to the
development of explicit constitutive equations that describe the deformation of the pressure
tube (PT) and the calandria tube (CT) as a function of operating variables. Numerical
implementations of these models have largely been confined to the vendor domain (e.g.,
CDEPTH model), which are not accessible to the research community.
For this reason, we have implemented the creep laws
successfully into the finite element modelling (FEM)
software Abaqus, resulting in a powerful tool for
exploring many research issues related to the
deformation assessment of CANDU fuel channels.
One of the main issues of concern is the contact of the
hot PT with the cooler CT, potentially leading to
cracking and leak and/or rupture of the pressure tube. Because of uncertainties in the model
input parameters, estimating the PT-CT contact using the current approach of Monte Carlo
simulation is quite time consuming (i.e., requiring the repeated evaluation of the FEM code),
which is a key challenge for probabilistic assessment of the reactor core.
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Using our FEM model, we have gained rich insight to the fuel channel deformation process,
which has allowed us to develop alternate, and more efficient methods for estimating the
probability of contact of pressure tubes. These models consider the impact of uncertainties in
the key variables, such as the end slopes and creep factor, and can be calibrated using
inspection data for any specific channel. An example plot of the predicted PT-CT gap for a fuel
channel is shown in Figure 1.
We will continue to use the FEM model not only to advance the probabilistic methods
associated with PT-CT contact assessment, but also to investigate other important aspects of
the fuel channel deformation process.

Figure 1: PT-CT gap in a fuel channel estimated at 200,000 effective full power hours (EFPH).
Identifying Blunt Flaws in Feeder Piping
Blunt flaws are typically caused by fretting, pitting, or flow accelerated corrosion (FAC), and
result in local stress concentrations with the potential for crack initiation and leak. The proper
characterization of local wall thinning and detected flaws as either blunt or sharp is highly
important for structural integrity and fitness for service assessment, as the evaluation
procedures are different depending on the flaw shape.
Using OPG’s large database of feeder wall thickness inspection data, we have developed a
methodology for identifying blunt flaws in feeder piping. The flaw edge and size are identified
by calculating the three-dimensional slope vector (i.e., magnitude and direction) of each point in
the kriging interpolated wall thickness profile. The transition from a steeper slope to a relatively
flat profile is then used by a search algorithm to determine the flaw edge (see Figure 2). In
addition to identifying blunt flaws, the developed methodology also provides a convenient way
for characterizing the flaw dimensions for structural integrity assessment.
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Figure 2: Identified flaw edge (solid black line) for an example feeder pipe. The large white
circle represents the critical (maximum) size for a blunt flaw.
Estimating Flaw Growth Rates in Steam Generator Tubing
The main challenge in the degradation assessment of steam generator (SG) tubing is the
measurement error associated with the inspection tools. The condition of the tubes is primarily
assessed using eddy current inspection techniques, which are subject to both flaw detection
and sizing errors. Large measurement errors can mask the estimation of degradation rates and
tube end of life, resulting in unnecessary (and early) plugging of the tubes.
In this project, we developed an assessment methodology based on the maximum likelihood
estimation (MLE) method to estimate the flaw growth rates in SG tubing. The MLE approach is
highly flexible, and hence not only able to incorporate flaw sizing errors from different inspection
tools, but also include the censoring of small flaw sizes (i.e., when the measured flaw size is not
known precisely, and reported only as being less than some limiting value, e.g., < 20 %
through-wall).
The analysis can also consider correlated error structures, for example, when the sizing error
changes (i.e., increases or decreases) with the measured flaw size. Figure 3 shows the
example results of flaw size measurements using both the X-probe eddy current and the
ultrasonic (UT) inspection tools. As shown in Figure 3, both the mean and standard deviation of
the eddy current sizing error changes with the flaw size in this case (it is assumed that the error
associated with the UT measurements is negligible).
The developed methodology can be used to estimate both the population flaw growth rate
distribution, applicable to any uninspected tubes, as well as the flaw specific growth rate
distribution using an empirical Bayesian approach. The flaw growth rate distributions are then
used to estimate the probability of tube plugging by the end of the fitness for service evaluation
period.
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Figure 3: Flaw depths measured by X-probe and ultrasonic (UT) inspection tools.

Other Research Activity
The following research projects are progressing as per the original research plan:





Value of information approach to optimize the inspection of nuclear plant systems
Probabilistic modeling of aging-related degradation processes (e.g., steam generator
tube degradation, fuel channel deformation, etc.)
Modeling of flow accelerated corrosion and probabilistic assessment
The use of inspection data in planning future inspections of plant systems

Benefits to Industry






Effective life cycle management of nuclear plant systems
Risk-informed fitness for service assessment of reactor components and piping systems
Improved communication with the regulator about managing the risk
Minimize cost penalties associated with increased inspection and outage duration
Overall improvement in operational efficiency and environmental compliance of nuclear
power generation

Current HQP
MASc: 2, PhD: 6, Research Associates: 2, PDF: 1

HQP that Graduated



Dr. N. Manzana, completed PhD degree in August 2018.
Dr. Bo Li, Assistant Professor, Sichuan University, China, January 2018
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Publications /Journal Papers
Publications in Refereed Journals
1. Manzana, N., Pandey, M.D. and van der Weide, J.A.M. (2018). The Probability Distribution
of Maximum Load Generated by Stochastic Hazards Modelled as Shock, Pulse and
Alternating Renewal Processes. Accepted for publication in ASCE-ASME Journal of Risk
and Uncertainty in Engineering Systems, Part A: Civil Engineering.
2. Higo, E. and Pandey, M.D. (2018). Determination of sample size to support diagnostic
inspection of components. Accepted in International Journal of Quality Engineering and
Technology. (24 June 2018)
3. Pandey, M.D., Tallavo, F.J., Christodoulou, N.C., Leitch, B.W. and Bickel, G.A. (2018).
Understanding the mechanics of creep deformation to develop a surrogate model for
contact assessment in CANDU fuel channels. Nuclear Engineering and Design, 330, 141156.
4. Pandey, M.D. and van der Weide, J.A.M. (2018). Probability distribution of the seismic
damage cost over the life cycle of structures. Structural Safety, 72, 74-83.
5. Li, B., Cai, Z., Xie, W.C. and Pandey, M.D. (2018). Probabilistic Seismic Hazard Analysis
Considering Site-Specific Soil Effects. Soil Dynamics and Earthquake Engineering, 105,
103-113.
Conference Papers/Presentations
6. Ramachandra Prabhu, S., Jyrkama, M.I., and Pandey, M.D. (2018). Identifying the Random
Field Properties of Wall Thinning due to Flow-Accelerated Corrosion. 42nd Annual
CNS/CSA Student Conference, June 3-6, 2018, Saskatoon, SK.
7. Pandey, M.D. (2018). A Probabilistic Approach to the Estimation of Pipe Failure Rates
Using FAC Degradation Monitoring Data. OECD-NEA Workshop, April 26-27, 2018, Paris.
8. Jyrkama, M.I., Pandey, M.D., and Li, M. (2018). Methodology for Identifying Blunt Flaws
Using Ultrasonic In-Service Inspection Data. ASME Pressure Vessels & Piping Conference
(PVP 2018), July 15-20, 2018, Prague, Czech Republic, PVP2018-85138.
9. Tallavo, F.J., Pandey, M.D., Jyrkama, M., Christodoulou, N.C., Bickel, G.A., and Leitch,
B.W. (2018). A Comparative Evaluation of Finite Element Modeling of Creep Deformation of
Fuel Channels in CANDU Nuclear Reactors. ASME Pressure Vessels & Piping Conference
(PVP 2018), July 15-20, 2018, Prague, Czech Republic, PVP2018-84982.
10. Pandey, M.D. and Jyrkama, M.I. (2018). Calibration of Inspection Strategies in Support of
Aging Management Programs: A Probabilistic Approach. 26th International Conference on
Nuclear Engineering (ICONE 26), July 22-26, 2018, London, England, ICONE26-81115.

Interactions /Consultations to Industry







Speaker at the “2nd International Seminar on Probabilistic Methodologies for Nuclear
Applications” hosted by the CNSC in Ottawa, October 25-26, 2017.
Visit to Canadian Nuclear Laboratories (Chalk River): Series of presentations and
discussions with CNL scientists related to our ongoing research work, with the outcome
of increasing the extent of collaboration and facilitating data exchange with industry
experts.
Risk and reliability workshop with OPG staff in June 2018.
Member of CSA technical subcommittee for the development of the new standard
N290.9 “Reliability and maintenance programs for Nuclear Power Plants”.
Co-Editor of the International Journal of Reliability Engineering and System Safety.
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Western University – Jing Jiang IRC
UNENE/NSERC IRC Program: Controls, Instrumentation and
Electrical Systems
Overview
This is the fifteenth successful year of operation of the Control,
Instrumentation & Electrical Systems (CIES) Laboratory at The
University of Western Ontario. With support from UNENE industrial
partners and NSERC, the research lab has become an internationally
recognized centre of excellence in Control, Instrumentation and
Electrical Systems for nuclear power plants. In total, over 55 Highly
Qualified Personnel (HQP) have been successfully trained, many of
them are now playing important roles in the nuclear industry in Canada,
as well as internationally.

Research Program
The overall research program is summarized in Fig. 1. The research activities have been
divided into two main themes: (1) Advanced Control Systems; and (2) Performance and Status
Monitoring for nuclear power plants.

Fig. 1: Research activities under the IRC program
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The research under the first theme is further divided into safety systems and process control
systems. Research topics include 1) predictive safety systems, 2) passive safety systems, 3)
intelligent autonomous control, 4) control for SCWR (Super Critical Water Reactor), and 5)
adoption of advanced technologies (fieldbus, wireless, FPGA) in plant control systems. Under
the second theme, techniques for both pre-accident and post-accident condition monitoring
systems are examined. Topics include: 1) wireless technologies for equipment health
monitoring within a nuclear power plant, 2) smart sensors for plant condition monitoring, 3) plant
environment monitoring during normal operation, and 4) plant and environment monitoring
under severe nuclear accident conditions, where radiation hardened wireless sensor
technologies are parts of the investigation. In this reporting period, significant efforts have been
placed on topic 4).
The scope of the research program has also been expanded with supplementary financial
supports from ORF, CMC, CNL sponsored projects, an NSERC CRD grant, an NSERC
CREATE grant, and the University Innovation Fund. It is expected that 21 highly qualified
personnel will be trained through this program over the 5-year period of the third term of the IRC
program.

Research Activities
A significant amount of research work has been carried out in the period from 2017 to 2018.
Some selected activities are summarized below.
During this reporting period, progress has been made for the design and development of a realtime monitoring system that can operate effectively under harsh environmental conditions
caused by a severe accident in a nuclear power plant (NPP). A harsh environment can be
characterized by elevated levels of temperature, pressure, humidity, and radiation. Monitoring
systems designed for normal operations may become unreliable or even fail to operate under
such conditions. An accident in a NPP may also cause gaseous explosions, thus to disrupt
existing electrical and communication infrastructure (i.e. on-site/off-site power, wired
communication channels, and/or cellular towers). This may lead to a complete failure of the
monitoring devices and systems, resulting in a total information blackout, such as what occurred
during the Fukushima accident. In response to the accident in Fukushima, the Canadian
Nuclear Safety Commission has developed two regulations in 2014: (a) REGDOC-2.10.1
Nuclear Emergency Preparedness and Response, and (b) REGDOC-2.3.2 Accident
Management. These documents provide high-level requirements and guidance for Canadian
nuclear industry to develop, implement, and validate an 'integrated accident management
program', known as IAMP. To develop an effective IAMP, a robust communication system is
necessary to communicate key information about the plant systems and environmental
parameters to the Emergency Response Centre for effective mitigation. Furthermore, real-time
rapid assessment of accident severity and environment conditions are critical to minimize the
impacts of the accident.
The monitoring system that is under development at Western aims to support the needs related
to severe accident management in nuclear power plants, in particular, the monitoring of key
systems in a plant and its environment in the immediate aftermath of a severe nuclear accident.
The proposed system can be pre-deployed in and around a nuclear power plant and can remain
passive until the system is needed. A conceptual illustration of the proposed system is shown in
Fig. 2. The proposed system can provide critical information including temperature, pressure,
water & liquid levels, radiation levels, and hydrogen and other gas concentrations.
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Fig. 2: The proposed telemetry system for monitoring a nuclear power plant environment

The research in this area is also expanded through additional support from an ongoing ORF-RE
project, entitled “Analysis tools, measurement techniques and systems for mitigating severe
accidents in CANDU nuclear power plants”. The project is in collaboration with Prof. John Luxat
from McMaster University, and Prof. Tony Waker and Prof. Ed Waller from UOIT.
As a part of the monitoring system, a radiation-tolerant wireless device has been designed
using a redundant architecture and diversified commercial off-the-shelf (COTS) components
[J2]. This system makes use of both radiation shielding and radiation-tolerant design to mitigate
the impact of radiation and to prolong the life of the electronics components.
The proposed radiation-tolerant architecture includes triple module redundant design with spare
units, which is further protected by layers of radiation shielding (as illustrated in Fig. 3) to
increase the radiation tolerance while preventing common-mode damages. There are three
layers of protection. The first layer (Fig. 3 (d)) encloses the second and the third layers (Fig. 3
(b) & (c)). Each layer is composed of different materials, which are determined by the type of
semiconductor devices used on those circuit boards inside the third layer as illustrated in Fig.3
(a).
The developed radiation-tolerant redundant architecture with diversified elements is shown in
Fig. 4. This architecture can prolong the life for both devices and systems through the following:
 independent built-in redundant channels,
 on-line fault detection,
 real-time prognostic protection,
 rapid power off/on recovery, and
 reduction of modes of common-mode damages.
The architecture consists of an active triple modular redundancy (TMR) (
) core
with spare units (
) for replacement of the potentially failed units. Both
measurements and self-diagnostic functions are accomplished in the TMR core.
is the input
of the power supply, and
and
are the power supplies for the active unit and its spare unit.
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Fig. 3: Multi-layers radiation shielding
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Fig. 4: The rad-hard architecture
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Fig. 5: Prototype construction of a severe accident monitoring system
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Furthermore, progress has also been made for the development of a second set of monitoring
system that can perform reliably in environment that may also include, in addition to the high
level of radiation, high temperature, pressure, humidity, gaseous explosion, fire, water (flooding)
and corrosion. To achieve reliable data communication, this system is equipped with multiple
diverse wireless channels that include short-range and long-range radio frequency
transmissions, wired communication channels for connection through penetration, and shortrange underwater acoustic channels to handle potential submerged conditions. The system
devices will use the concept of radiation hardened system design, harsh environment protection
enclosures, and radiation shielding to protect the electronic components from environmental
and radiation damages. Some prototypes devices for both monitoring systems have been
developed at Western, and are shown in Fig. 5.
Development of an ISA100.11a standard based Industrial Wireless Sensor Network
(IWSN) testbed
An ISA100.11a standard based Industrial Wireless Sensor Network (IWSN) testbed that uses
industry-grade devices and system has been developed. This is done in collaboration with the
Canadian Microelectronics Corporation (CMC). The main objective of the testbed is to facilitate
investigation on potential issues of designing and deploying industrial wireless systems in
nuclear power plant environments for real-time plant status monitoring. The testbed can support
various research areas, such as advanced control, wireless sensor networks, fault diagnostics,
smart sensors, and passive safety.

Fig. 6: Nuclear Power Plant Process Control Test Facility (NPCTF)

This testbed has been deployed at Western University on the Nuclear Power Plant Process
Control Test Facility (NPCTF). NPCTF is a physical simulator for the control system of a typical
CANDU based nuclear power plant (NPP). The NPCTF (see Fig. 6) uses real media (water, air)
and industry-grade sensors and actuators. The NPCTF simulates the following major systems
and components of an NPP:
 Reactor
 Steam generator (SG)
 Pressurizer
 Turbine and generator

UNENE ANNUAL REPORT 2017-2018





Page 62

Feed water
Inventory feed and bleed
Shutdown systems
Passive safety system: natural flow-ECCS (Emergency Core Cooling System)

This IWSN testbed includes the following devices and components







ISA100.11a Field Router and IO Device shown in Fig. 7 (a)
ISA100.11a Backbone Router/Gateway shown in Fig. 7 (b)
Analog Input Port Connections shown in Fig. 7 (c)
Software development kit with licenses available for purchase by other researchers
User interface to the wireless sensor nodes installed on the NPCTF
Remote access and database software

(a)

(b)

(c)

Fig. 7 The ISA100.11a devices used in the testbed include (a) Field Router and IO
Device, (b) Backbone Router/Gateway, and (c) Analog Input Port Connections

Self-powered efficiency booster for passive heat removal system
The essence of the safety system is to shut down the fission reaction and to remove the
residual heat from the reactor as effectively and quickly as possible. In case of a total station
blackout, natural circulations are often used to circulate the water through the reactor core and
take the heat out of the reactor. The natural circulation is mainly based on temperature induced
density differential of the working fluid (water in this case) in the gravity field. As a result, the
driving force to initiate and to sustain the circulation can be very small, which makes the passive
safety system inefficient/ineffective.
A new concept of using a self-powered efficiency booster to improve the performance of the
natural circulation has been developed. The concept of the booster has been analyzed based
on energy functions. In an earlier work, a booster is designed based on a turbine-generatorpump configuration using working fluid of a lower boiling point. During the reporting period, an
efficiency booster has been developed using a thermoelectric-generator-pump arrangement.
This booster does not require any external power source to operate. The power comes from the
temperature differential between the heat source and the heat sink by using a thermoelectric
generator.
A typical thermoelectric generator (TEG) is made of semiconductor or alloy materials with
unique thermoelectric properties. Whenever there is a temperature differential, TEG produces
electricity. One major advantage of using a TEG is that the thermal to electricity conversion is
stationary and no moving parts are involved. This results in distinctive advantages over the

UNENE ANNUAL REPORT 2017-2018

Page 63

turbine-based design, i.e. reduced complexity in design and operation, which leads to higher
degree of reliability.
Three types of boosters with different mechanical structures and external heat transfer modes
of heat exchanger tubes have been considered [J 4]. Type #1 contains a heat exchanger made
of thermoelectric materials, which works as a TEG. As heat transfers from the hot fluid in the
heat exchanger tubes to the cold water in the heat sink, (i.e. cooling tank), part of the heat
energy is converted into electricity. The generated electricity is channeled to the pump through
a power unit, which is used for regulating the output voltage and power distribution in case of
multiple loads. With the pump, stronger driving force is generated for the circulation flow.

Fig. 8 Experimental apparatus with the booster
With a Type #1 booster, even though the circulation flow of the loop (and subsequently, the
heat transfer rate from the heat source to the heat exchanger tubes) has been enhanced,
external heat transferred from the heat exchanger tubes, however, remains to be natural
convection. Heat transfer coefficient in this mode is much smaller than that of forced
convection. To improve the external heat transfer capability, a shell is added around the heat
exchanger tubes. A second pump (also powered by the TEG) is added at the inlet of the shell,
which creates a forced circulation of the water in the tank through the shell. In this second
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design, heat transfer at the outside wall of the heat exchanger tubes is now forced convection.
The heat transfer capability is thus enhanced at the expense of adding a second self-powered
pump.
Even though the heat transfer capability of the heat exchangers has been improved in the
second design, but if the second pump fails, the heat transfer could be suppressed by the shell.
This can potentially make it even worse than the pure natural convection in the first design. To
achieve both heat transfer enhancement and being fail-free, a Type #3 booster is developed. In
the third design, a group of agitators powered by the TEG are installed in the cooling tank.
External wall of these heat exchangers are cooled by stirred flow.
Modeling and analysis of three different booster architectures have been carried out.
Furthermore, a lab-scale proof-of-concept experimental set-up has been constructed to validate
the effectiveness of the design (Fig. 8). Results have consistently demonstrated that the booster
can potentially improve the heat transfer capability by a factor of four over natural circulation
loop in a passive residual heat removal system. Heat transfer rate for Type #3 booster is shown
in Fig. 9 and the performance of loops with Type #3 booster against the natural circulation loop
in shown in Fig. 10.
For benchmarking purposes, the performance of the developed TEG based booster has been
compared with that of a previously developed turbine-based booster. Even though the degree of
heat transfer enhancement of the former is lower than that of the latter, it can still significantly
improve the heat transfer rate of a natural circulation system. The new design also has several
unique advantages. The most notable one is that there are no moving components in the power
generation units, which leads to improved reliability and reduced maintenance tasks.

Fig. 9 Heat transfer rate for Type #3 booster

Fig. 10 Performance of loops with Type #3
booster against the natural circulation loop

Development of an engineering simulator for NPCTF
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The physical simulator NPCTF (NPP process control test facility) at Western is based on a
scaled version of real plant processes. It has been developed using physical components to
support research in instrumentation and control (I&C) of a nuclear power plant (see Fig. 6).
Even though this facility has proved to be a must-have system for any nuclear I&C system
research activities, it is not without limitations of its own. Because this facility is made up with
physical components, many variables are bounded by their safe operating ranges. This
fundamentally limits the applicability of the facility in studying NPP under accident conditions,
where excursions of the physical variables, such as pressure, temperature, may suppress the
safe limits of the physical components. Furthermore, the facility can only be used for one
experiment at a time. Therefore, an engineering simulator (ES) based on software model has
been developed to extend the functionalities of the NPCTF to examine accident scenarios and
to allow multiple users to run different experiments. The ES has been described by the models
for thermal-hydraulic systems in the NPCTF as well as the corresponding NPP processes.
Since the main objective of the NPCTF is to support I&C research activities, the dynamic
behavior of the system is tailored to match typical characteristics of a nuclear power plant with
proper scaling. The sizing of the system components are determined based on analytical
calculations under different steady-state operating conditions. Similarly, dynamic models have
to be used in the ES to capture the time-dependent characteristics of the thermal-hydraulic
systems in the NPCTF. Hence, one of the major tasks for developing the ES has been to
construct a set of accurate dynamic models.
The models for the ES are developed on component-by-component basis with one-to-one
correspondence to the elements in the NPCTF. The components and their connecting pipes are
treated as the simulation objects. These objects are then integrated together to form the entire
ES. To provide user-friendly graphical user-interface, the graphical editor in Simulink has been
adopted to form the simulation environment. The main requirements for the ES are defined as
follows:
 All the components in the simulator shall be executed free-from numerical instabilities;
 One can freely assign values and units for the parameters of these components;
 The responses of the simulator should be identical (or very close) to the responses
observed from the NPCTF when the same inputs are presented; and
 All the simulation results can be exported to easily accessible data sets for further
analysis.
The structure of the ES is similar to the actual P&ID of the NPCTF, in element-by-element form.
Software models are developed for each element as well as connecting links. The development
process of the ES can be summarized in three phases:
1) Preparation for the component blocks by configuring the selected built-in blocks of the
Simscape toolbox, and creating custom-built component blocks based on their
mathematical relations using Simscape language, if no suitable built-in blocks are found;
2) Construction of the entire simulator by properly integrating these component blocks; and
3) Commission of the ES by ensuring data type compatibility and run time sequence. The
overall organization of the functional blocks in the ES is shown in Fig. 11.
The entire ES is constructed by integrating the selected Simscape built-in and the custom-built
component blocks. The main loops in the ES are the primary loop, the secondary loop, and the
pressurized air loop. Feeding and draining water loops are connected to the SG and the
pressurizer. Since the hydraulic loops work with moving fluids, all the branch components in the
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loops have to be subject to certain levels of hydraulic resistance in the simulation environment,
as well as the boundary components that provide pressures. Using the physical network
approach of Simscape, the connected branches and boundary components form a dynamic
model for the entire simulator in terms of a matrix differential equation. By employing a robust
solver, the solution of the matrix differential equation has been solved for different initial and
operating conditions. The outputs of the ES can then be found from these solutions.

Fig. 11 Organization and classification of functional blocks in the engineering simulator

The performance of the ES has been validated by comparing the simulation results against the
true measured responses from the NPCTF under similar operating scenarios. The focus of the
validation is on the dynamic behaviors of the thermal-hydraulic processes. The validation
process has been a two-step process: (a) individual model validation; and (b) integrated system
validation. Key steps include






Collecting and processing experimental data
Applying the selected experiment data as inputs to the models
Performing simulation on the ES under similar conditions as in the NPCTF operation
Comparing the simulation results against those from the experimental outputs on the
NPCTF
Analyzing the differences and modifying the models in the ES
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This procedure has been performed for each major component in the ES, and several iterations
was needed to ensure that the simulator can produce similar results as that from the NPCTF.
Fault detection and identification of systems in nuclear power plants: optimal fault
classification
Fault detection and identification (FDI) techniques have been used in nuclear power plants
(NPPs) to monitor conditions of equipment and to detect abnormalities in systems. Early
detection of potential problems can prevent costly breakdowns and improve the plant safety.
Many FDI techniques for sensors have been proposed with diverse applications to NPPs.
These techniques have not only improved plant availability and operability, but also have
become trusted aids to plant operators for making effective and timely decisions, thereby
enhancing overall plant safety.
In model-based FDI, analytical redundancies among system variables are often used to create
residual signals (i.e., the difference between the measurement and its estimate of a system
variable). The residuals would be zero or near zero when there are no faults. When a fault
occurs, the residuals will diverge from zero. One way to generate the residual signal is by a
parity space approach. With appropriately constructed parity space, faults can be identified
directly based on the univariate statistical analysis of the residuals.

Fig. 12 Architecture of the FDI system for the feed-water heater control loop
To achieve optimal separation among fault classes in the parity space, a Fisher discriminant
analysis (FDA) based method has been developed. For fault identification using FDA, the data
collected from the system under specific fault conditions are first categorized into classes. The
FDA scheme determines a set of linear transformation vectors. These vectors are ordered in
such a way to maximize the scatter among different classes, while minimizing the scatter within
each class. In the parity space, the proposed FDI approach determines the optimal projecting
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directions using these FDA vectors. The projected data will form scattered clusters
corresponding to the fault classes.
The NPCTF is used to validate the proposed FDI method in an online and real-time
environment. The hardware architecture for the FDI system is shown in Fig. 12. The residual
generator routine is implemented in NI’s LabVIEW environment. Examples of FDA
classifications with simulated faults on the NPCTF are shown in Fig. 13.

Fig. 13 Examples of FDA classification

Other Activities
In addition to the above, the Chair and his research team have organized and/or participated in
several technical and research activities, both in Canada and internationally. In Canada, the
13th Annual UNENE Nuclear I&C Workshop was organized, which was held on October 10th,
2017 at Bruce Power, Ontario. Several representatives from UNENE industrial partners as well
as other local and international organizations attended the workshop. In the summer of 2017,
the Chair also visited SLAC National Accelerator Laboratory at Stanford University (Fig. 14).
The Chair and three other principal investigators of the ORF-RE project, Prof. John Luxat from
McMaster, Prof. Tony Waker and Prof. Ed Waller from UOIT met in UOIT on October 27, 2017
for the 2nd Project Meeting, and at Western April 26th, 2018 for 3rd Project Meeting,
respectively. During both meetings, all parties presented their activities and current progress,
and also laid out their plan for the future. The project manager, Dr. Xinhong Huang and key
project staff, Dr. Ataul Bari, both from Western team, also attended the meeting along with other
key project staff from Western, McMaster and UOIT.
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Prof. Jiang receives Distinguished University Professorships (DUP) Award
Prof. Jiang has been named as one of the recipients of Distinguished University Professorships
(DUP) Award by the Western University. The Distinguished University Professorship Award
acknowledges sustained excellence in scholarship over a substantial career at Western. A
picture of Dr. Jiang receiving the DUP award is shown in Fig. 15.

Fig. 14 Visit to SLAC National Accelerator
Laboratory at Stanford University

Fig. 15 Dr. Jiang receives 2018
Distinguished University Professorships
(DUP) Award

The 13th NSERC/UNENE nuclear I&C workshop on I&C systems for nuclear power plants
The 13th annual UNENE nuclear I&C workshop was held on October 10th, 2017 at Bruce
Power. Over twenty-five participants from the Canadian and US nuclear industry attended the
workshop, including distinguished guests such as Marcel de Vos from Canadian Nuclear Safety
Commission (CNSC), Mike Brett from CANDU Owners Group (COG), Don Hayter from Ontario
Power Generation (OPG), Robert Holmes from Canadian Nuclear Laboratories (CNL), John
Harber from Candu Energy Inc., Steve Yang from Doosan HF Controls (HFC), as well as Adam
Forystek , Scott Hilts, Randy Long , John Bird and Patrick Desbiens from Bruce Power. A group
photo of the attendees is shown in Fig. 16.
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Fig. 16 The 13th Annual UNENE I&C Workshop at Bruce Power.
Adam Forystek delivered the opening remarks, in which he discussed the uniqueness of the
UNENE collaboration with the nuclear industry. He also explained how UNENE can help to
improve the nuclear industry by challenging the status quo, facilitating exchange of ideas, and
serving as a vehicle between academics and industry to explore new ways to improve safety
and operation of nuclear power plants.
During the workshop, experts from the nuclear industry shared their knowledge and experience
on advanced instrumentation, control, and measurement technologies as well as recent
activities on cyber-security. Keynote speakers include Scott Hilts, Marcel de Vos, Robert
Holmes, John Harber, Mike Brett, and Steve Yang. Furthermore, Dr. Jiang and the members of
UWO team also presented their latest research progress.
One of the highlights in this year’s workshop was a tour of the Bruce Power Fire-fighting
Training Facility. Physical mock-ups of equipment models and realistic plant layouts as well as
real fire and smoke are used to effectively train fire fighters to deal with emergency situations. A
live demo was also conducted to show the harsh reality associated with an industrial fire and
the importance of fire safety.

Research Facilities
Over the last fifteen years, the established a suite of state-of-the-art research facilities to
support research activities in the IRC program and to create a hands-on training environment
for highly qualified personnel (HQP). The facilities have been upgraded to support the on-going
research needs. The NPCTF has been instrumented with WirelessHART, ZigBee and ISA
100.11a based sensor nodes. DeltaV DCS system has been implemented to operate the
NPCTF. A summary of the major facilities is listed below:
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Darlington NPP simulator
Tricon v9 safety system
HFC 6000 safety system
HFC non-safety DCS
FPGA development systems
Siemens PCS 7 redundant DCS
control system
Honeywell C-300 DCS
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Emerson DeltaV DCS with full
fieldbus connectivity
Hardware experimental test bench
Wireless monitoring nodes based on
WirelessHART, ZigBee, and
ISA100.11a standards
Smart sensor development systems,
and
Nuclear Power Control Test Facility
(NPCTF)

Current Members of Research Team (as of December 31st, 2017)








Dr. Jin Jiang (IRC Chair)
Dr. Xinhong Huang (Research
Engineer)
Dr. Ataul Bari (Research Engineer)
Dr. Sungwhan Cho (Postdoctoral
Fellow) (Training completed on
October 31, 2018)
Dr. Dongqing Wang (Postdoctoral
Fellow) (Training completed on March
15, 2018)
Mr. Binggang Cui (Research
Assistant) (Training completed on
August 31, 2018)
Mr. Drew Rankin (PhD Candidate)
(Training completed on August 31st,
2017)









Ms. Xirong Ning (PhD Candidate)
Mr. Qiang Huang (PhD Candidate)
Mr. Yongqiang Deng (PhD Candidate)
Mr. Long Ding (Visiting PhD Student)
(Training completed on August 31st,
2017)
Mr. Ning Pan (MESc Candidate)
(Training completed on August 31st,
2018)
Mr. An He (MESc Candidate)
(Training completed on August 31st,
2017)
Mr. Madison McCarthy (MESc
Candidate)

Employment of Completed HQPs Currently Working in Canada




Dr. Drew Rankin
Mr. An He
Dr. Sungwhan Cho

----Bruce Power (Tiverton, Ontario)
---- DMAC Automation Ltd. (St. Thomas, Ontario)
---- CNSC (Ottawa, Ontario)

Publications (selected)
Journal Papers
1. S. Cho, and J. Jiang, "A Fault Detection and Isolation Technique using Nonlinear Support
Vectors Dichotomizing Multi-class Parity Space Residuals," IFAC Journal of Process
Control, (Submitted on April 23, 2018).
2. Q. Huang, and J. Jiang, "A Radiation-tolerant Wireless System using a Redundant
Architecture and Diversified Commercial off-the-shelf (COTS) Components", IEEE
Transactions on Nuclear Science, (Accepted on June 5, 2018).
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3. S. Cho, and J. Jiang, "Optimal Fault Classification using Fisher Discriminant Analysis in the
Parity Space for Applications to NPPs," IEEE Trans. on Nuclear Science, Vol. 65, Iss. 3, pp.
856-865, February 7, 2018.
4. D. Q. Wang, J. Jiang, and Y. Liu, “A Thermoelectric Generator based Efficiency Booster for
Performance Enhancement of Natural Circulation Systems,” Nuclear Engineering and
Design, Vol. 320, pp. 187-199, 2017
5. L. Ding, H. Wang, J. Jiang, and A. D. Xu, “SIL verification for SRS with diverse redundancy
based on system degradation using reliability block diagram,” Reliability Engineering and
System Safety, Vol. 165, pp. 170-187, Sept. 2017
6. R. V. Maitri, C. Zhang and J. Jiang, "Computational Fluid Dynamic Assisted Control System
Design Methodology using System Identification Technique for CANDU Supercritical Water
Cooled Reactor (SCWR)," Applied Thermal Engineering, Vol. 118(2017), pp. 17-22, 2017.
7. S. Cho and J. Jiang, "Change Detection in the Mean of a White Gaussian Process by the
Backward Standardized Sum," Journal of Communications in Statistics – Theory and
Methods, Vol. 46, 2017 - Issue 17, pp. 8401-8418, 2017
8. B. Cui and J. Jiang, "Development of an Engineering Simulator for a Physical Component
based Nuclear Process Control Test Facility," Journal of Simulation Modelling Practice and
Theory, Elsevier, Vol. 71, pp. 83-101, 2017
9. D. Q. Wang, Y. Liu, J. Jiang, W. Pang, W. M. Lau, and J. Mei, “Potential applications of
thermoelectric generator in passive cooling system of nuclear power plants,” Journal of
Electronic Materials, Vol. 46, No. 5, pp. 3109-3114, May 2017.
Refereed Conference Papers
1. J. H. Lu, G. R. Zhu, J. Jiang, W. J. Li, and B. Li, “Load-independent transconductance and
ZPA input for symmetrical resonant converter in IPT systems," The IEEE Energy Conversion
Congress and Exposition, Cincinnati, OH, USA, Oct. 1 - 5, 2017.
2. Q. Huang and J. Jiang, "Radiation-Tolerance Assessment of a Redundant Wireless
Devices," International Conference on Advancements in Nuclear Instrumentation
Measurement Methods and their Applications (ANIMMA), Liege, Belgium, 19-23, June 2017.
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Western University – Clara Wren IRC
UNENE/NSERC IRC Program: Radiation-Induced Chemistry and
Corrosion
Overview
The main objective of the projects carried out in the 3rd term of the IRC
is to provide the scientific and technical basis for assessment of the
integrity and longevity of the new NWMO design for a used nuclear fuel
container (UFC), and OPG nuclear reactor structural components.
The new design for a UFC uses a pressure-grade carbon steel (CS)
vessel with its outer surface coated with a thin layer of copper. One
concern regarding the structural integrity of the new UFC design is the
potential for internal localized corrosion of the CS vessel. Moisture
trapped inside a UFC could condense within the gap between the
hemispherical head and the cylindrical body of the vessel. A corrosion issue concerning OPG
reactor structural components arose from a recent inspection of Pickering Unit 6 that found a
leak in the end shield cooling (ESC) tank. Moisture from the leak could reach a location in the
annular air gaps that exist in the supporting structure for the ESC system. This raises the
potential for accelerated (galvanic) corrosion attack on CS welded to stainless steel (SS) that
make up the supporting structures.
The safety assessments for these steel structures require prediction of the corrosion rate in
environments, and over long service lifetimes, that are well beyond those that can be easily
tested in a laboratory. Corrosion is a complex process involving many electrochemical and
chemical reactions that are coupled with interfacial transfer and solution transport of metal
cations. Because of this complexity, existing corrosion rate models were often formulated based
on overall phenomenological behaviours. However, the complexity also makes the extrapolation
of these models to conditions beyond the studied ranges problematic. The UFC and the reactor
structures will be exposed to very different environments from those commonly employed in
tests for determining corrosion rates. The water volume per unit surface area (of water droplets
and gaps) would be small and the water would be stagnant. The initial pH of the water would be
neutral or higher and the ionic strength of the water would be very low. More importantly the
corrosion system is exposed to a continuous flux of -radiation in both cases. Under these
conditions there is the potential for strong feedback between different elementary processes. To
determine the overall corrosion rate it is critical to identify and decouple the key elementary
processes controlling the overall rate of corrosion and to formulate the rate and flux equations
for the elementary processes as a function of solution conditions. The rate equations can then
be coupled and solved numerically. The effects of solution parameters on the overall corrosion
rate can then be quantified through their effects on individual elementary processes.
The final goal of the IRC research is to develop corrosion dynamics models that can be used to
assess the integrities of the newly proposed UFC and the OPG reactor structures with
confidence. Towards this goal the 3rd term of the IRC focuses on four research projects: (1)
steady-state water and humid-air radiolysis kinetics to determine the concentrations of
radiolytically produced oxidants, (2) radiolysis-induced independent general corrosion of CS
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and SS, (3) radiolysis-induced water-droplet and crevice/gap corrosion of CS in the
environments anticipated inside the NWMO UFC, and (4) radiolysis-induced galvanic corrosion
of coupled CS and SS in the environments anticipated in the annular air gaps of the OPG
reactor supporting structure.

Program Results (Progress in 2017-2018)
Preamble: Due to the Chair’s personal circumstances which required an extended leave of
absence, the Chair requested a one-year no-cost extension of her NSERC portion of the IRC
funding. This request was approved and it resulted in a delay of NSERC’s release of the 2018
instalment by 12 months while adding a sixth year to her IRC term. No industrial funding was
changed.
Project 1: Chemical kinetics of -radiolysis of liquid water and humid air
The technical objective of this project is to develop and refine chemical kinetics models for (1)
-radiolysis of liquid water and (2) -radiolysis of humid air, that can predict the production rates
of chemical species that must be considered in evaluating the long-term corrosion of the steels
used in the UFC and the ESC supporting structure.
Two models for -radiolysis of liquid water, free of any ions that are susceptible to radiolysis
induced reactions (referred to as pure water) and water initially containing nitrate and nitrite
(referred to as nitrate solutions), were developed in the previous IRC terms. In this term these
models are being refined and used to calculate the concentrations of radiolysis products (e.g.,
H2O2, O2) as a function of pH, temperature, and initial concentrations of dissolved O2 and nitrate
at the radiation dose rates anticipated in the UFC and the reactor structures.
A humid-air radiolysis model (HARM) has been developed and is used to calculate timedependent concentrations of radiolysis products. These calculations are performed as a
function of temperature, relative humidity in air and radiation dose rate. The model calculation
results are analyzed to formulate the overall radiolytic production rate of nitric acid that may be
absorbed in the water that the UFC or the ESC supporting structure steels may come into
contact with.
The calculation results using these models are being applied to the design and analysis of steel
corrosion studies to determine the mechanism of radiolysis-induced corrosion of steels. The
work in this area resulted in a publication (#3 in the publication list below) in a peer reviewed
journal. In addition, the work provided important background information for published studies
on copper corrosion (#1 and #2 in the publication list).
Project 2: Radiolysis-induced independent general corrosion of CS and SS
This project consists of systematic studies on the effects of physical and chemical parameters
of a solution on steel corrosion dynamics. These parameters include solution volume per unit
surface area, pH, ionic strength, dissolved O2, concentrations of nitric acid and H2O2 (key
radiolysis products), and with or without -radiation. Corrosion dynamics are investigated by
performing various electrochemical analyses and coupon exposure studies as a function of
corrosion time. For electrochemical studies, both conventional and non-standard techniques
developed as part of the IRC program, are used. The electrochemical tests were augmented
with post-test surface and solution analyses to study oxides formed on corroded surfaces and to
determine the dissolved metal content in the solution phase.
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The systematic studies have produced many unusual observations that have not been reported
in previous corrosion studies on steels, particularly CS. The studies to date conclude that for CS
corrosion a large number of elementary reactions and transport processes need to be
considered in determining the overall corrosion rate as a function of solution parameters. This is
because Fe0(m) can oxidize to cations with more than one oxidation state (Fe2+(aq) and Fe3+(aq))
with very different chemical properties. Their reaction products can precipitate as gelatinous
hydroxides on the metal surface which can grow into oxides with varying compositions, lattice
structures and morphologies.
We have shown that the corrosion dynamics in the early stages (Stage 1) of corrosion can be
easily modeled using classical electrochemical reaction rate equations coupled with mass
transport flux equations, similar to the approach used in existing corrosion dynamic models.
However, because metal oxidation and solution transport of metal cations determine the overall
corrosion rate of CS in aerated solutions or other oxidizing environments these equations must
be formulated for metal ions, rather than for oxidants that are normally considered in the
existing models. We have established a mechanism for CS corrosion dynamics that progresses
beyond Stage 1. The mathematical formulation of the model for the long-term corrosion of CS
have just begun. More systematic studies on the effects of solution parameters on corrosion
dynamics during the transition from Stage 1 to Stage 2 and beyond are required to refine the
mechanism and build a database of parameters prior to the development of a high-fidelity
corrosion model.
For SS corrosion may not progress beyond Stage 1 in which the overall metal oxidation process
results in mainly metal dissolution. Due to the presence of a protective oxide layer, metal
oxidation at the metal/oxide interface and not the transport of metal cations to the solution
controls the rate of the overall corrosion process. Nevertheless, a SS corrosion rate model must
consider the behaviour of the protective oxide layer that can change as corrosion progresses.
The mass and charge balance (MCB) model that was developed for corrosion of passive alloys
such as Alloy 800 and Stellite-6 in the previous IRC term can be used for the modeling of SS.
The work on CS corrosion is being documented in a PhD thesis (the thesis defense is
scheduled for Dec. 11, 2018) and three manuscripts that will be submitted for peer reviewed
journal publication shortly. The results from this project provide necessary baseline data for a
mechanistic understanding of the localized corrosion studies performed under Projects 3 and 4

Project 3: Radiolysis-induced localized corrosion of CS
The technical objectives of this project are to provide experimental data and model analyses that
can be used to assess the long-term integrity of the proposed NWMO UFC container weld
design, and to determine the effect of -radiation on crevice corrosion in confined volumes, such
as those encountered in weld cracks or crevices, or in water droplets.
The studies to date have found that galvanic coupling between the bold and crevice surfaces
accelerates the corrosion on the bold rather than the crevice surface. This observation is
opposite to the normal crevice corrosion phenomenon observed for more passive alloys.
Hence, we have coined the term ‘inverse crevice corrosion’ for this phenomenon. Our study
indicates that inverse crevice corrosion occurs because the overall oxidation of CS progresses
from production of mainly soluble ferrous species to production of mainly insoluble ferric
species. This progression is faster in a smaller water volume. Based on these observations, the
possible iron oxidation reactions, dissolution processes, and formation of the hydroxide/oxide
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oxidation products were identified. This work was summarized in a peer reviewed journal
publication (#6 in the publication list).
Project 4: Radiolysis-induced galvanic corrosion of CS and SS
The technical objectives of this project are to provide experimental data and model analysis that
can be used to assess the integrity and longevity of the ESC supporting structure, in particular,
the potential for accelerated (galvanic) corrosion attack on CS-SS welds, and to determine the
effects of radiolysis on the galvanic corrosion.
The effect of -radiation and solution parameters on the galvanic corrosion of a carbon steelstainless steel couple (CS-SS) has been investigated by performing both electrochemical and
coupon immersion tests on isolated CS, SS and galvanically coupled CS-SS. Increasing
temperature or -irradiation increases the corrosion rates of the alloys initially, but it also
accelerates the formation and growth of protective oxides on CS, suppressing subsequent
metal oxidation. As a result, the acceleration of CS corrosion due to galvanic coupling
diminishes with increasing temperature and with radiation present. This work is currently being
summarized for a peer-reviewed journal publication.

Research Highlights (2017-2018):
The expertise and research capabilities that have been developed through the IRC program
have been instrumental in securing two NSERC CRD grants with the nuclear industry partners
(UNENE(OPG) and NWMO), and renewal of the Chair’s NSERC Discovery grant:
 NSERC/UNENE(OPG) CRD: Methodology development for volume reduction and safe
storage and disposal of low and intermediate level radioactive wastes (2017 Sept – 2019
Dec, Total funding, $345K ($138K (OPG) + $207K (NSERC)).
 NSERC/NWMO CRD: Development of a mechanistic model for -radiolysis induced copper
corrosion (2017 Nov – 2020 Oct; Total funding, $514K ($240K (NWMO) + $274K (NSERC))
 NSERC DISCOVERY: Radiation assisted materials performance (2018 Apr – 2023 Mar;
$79K per year).
The key invited international activities of the Chair include:
 Panel at the US DOE Workshop on Basic Research Needs for Future Nuclear Energy.
Rockville, Maryland, US, 2017 Oct.
 Keynote speaker at the Fukushima Research Conference on “Corrosion Prediction and
Mitigation for Key Components of Fukushima Daiichi”, Fukushima, Japan, 2017 Nov.

Research Facilities and Equipment
The Chair’s laboratories are equipped with a suite of instruments for performing leading-edge
research in the field of radiation-induced chemistry and corrosion, including (Fig. 1):
 a Co-60 gamma radiation chamber that provides a high dose rate (1.9 kGy/h in May 2018),
 a suite of electrochemical equipment including potentiostats and frequency response
analyzers, ultra-low current and voltage measuring systems,
 several pressure vessels for high temperature/pressure water and supercritical water
corrosion studies,
 a gas chromatograph with mass selective, thermal conductivity, electron capture detectors,
 a UV-Vis absorbance and fluorescence spectrometer, a photoemission spectrometer,
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an attenuated reflectance Fourier transfer infrared (AR-FTIR) spectrometer,
a scanning optical microscope with a very high resolution,
an inductively coupled plasma-optical emission spectrometer (ICP-OES),
a 20W Q-switched pulsed ytterbium-doped fiber laser operating at 1064 nm,
a 3 point flexural test machine.

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

Potentiostat

3-point test machine

GC-MSD/TCD/ECD

Q-switched pulsed ytterbium-doped
fiber laser
FTIR and accessories

High T/P
Autoclave

UV-Vis absorbance and fluorescence
spectrometer

Optical microscope

ICP-OES

Fig. 1: Major equipment and instruments in the Wren laboratory.

HQP (2017 - 2018):
 Current research team:
Research associate/assistant: Dr. J. Joseph, Mr. G. Whitaker
11.5 PhD students: D. Guo, R. Morco, J. Turnbull (co-supervised), Y.G. Shin, M. Li,
R. KarimHaghighi, M. Zakeri, M. Naghizadeh, M. Bahrami, L. Grandy, T.V. Do
 Training completed: M. Momeni (PhD, 2017 Nov), A. Jean (MSc, 2017 May)
 Key student achievements:
Dan Guo (2018): Roy G. Post Foundation Scholarship (International)
M. Momeni (2017): Canadian Nuclear Society Jervis Student Achievement Award
R. Morco (2017): Roy G. Post Foundation Scholarship (International)

Peer-Reviewed Publications (2017 - 2018)
1. B. Ibrahim, D. Zagidulin, M. Behazin, S. Ramamurthy, J.C. Wren, D.W. Shoesmith*. The
Corrosion of Copper in Irradiated and Unirradiated Humid Air. Corr. Sci., 141, 53-62 (2018).
2. J. Turnbull, R. Szukalo, M. Behazin, D. Hall, D. Zagidulin, S. Ramamurthy, J.C. Wren, D.W.
Shoesmith*. The Effects of Cathodic Reagent Concentration and Small Solution Volumes on
the Corrosion of Copper in Dilute Nitric Acid Solutions, CORROSION. 74, 326-336 (2018).
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McMaster University– Marilyn Lightstone CRD
CRD Title: CFD Analysis of Natural Convection Heat Transfer in
Volumetrically Heated Corium Melt for CANDU Reactors
Overview
Under severe accident conditions, such as what occurred at the
Fukushima Daiichi nuclear power plant in 2011, melting of the
nuclear fuel rods and the interior reactor core components can
occur forming a molten corium pool and leading potentially to a
breach of the reactor vessel. There is thus a need to ensure that
the cooling on the exterior of the vessel is sufficient to maintain
vessel integrity. Safety analysis in the nuclear industry uses
simplified models based on heat transfer correlations to predict the
heat transfer to the vessel wall for this assessment. The current
UNENE/NSERC-CRD research will use computational fluid
dynamics to obtain detailed information on the natural convection
fluid flow, and local and time-varying heat transfer rates at the vessel wall. These will be used
to assess the appropriateness of the underlying assumptions in the simplified integral codes
which are currently used in the nuclear industry for beyond design basis analysis.

Program Results /Highlights
The research was approved to start in January 2018. Due to visa constraints, the graduate
students started on May 1, 2018. It is expected, however, that the results of this research will
provide detailed predictions of wall heat flux and corium fluid flow and heat transfer which can
be used for assessment of in-vessel retention.

Cases with Realized outcomes to Industry
The completed research will be used to assess the validity of the underlying assumptions in
codes such as MAAP-CANDU which are used for assessment of in-vessel retention under
severe accident conditions.

Research Facilities and Equipment
Due to the computational nature of this research, the research facilities consist of desktop
computers with access to Compute Canada’s high-performance computing for the
computational intensive simulations.
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Current HQP
Two Ph.D. students (Mahsa Rezaee and Dijo David) started at McMaster University on May 1,
2018.

HQP that Graduated
None yet. Anticipated graduation of the Ph.D. students is in 2022.

Publications /Journal Papers
Journal papers are expected once research results have been obtained.

Interactions /Consultations to Industry
We are working with Justin Spencer and Robert David from CNL on computational modelling of
their corium melt experiments and held a video skype meeting on October 10, 2018. In
addition, we are consulting with Deep Home from Kinectrics-NSS on the research. We are
planning a technical advisory committee meeting in the late fall of 2018.
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Royal Military College of Canada – Thomas Krause CRD
CRD Title: Comprehensive Model of Eddy Current Based Pressure
Tube to Calandria Tube Gap Measurement
Overview
CANDU® reactor fuel bundles are immersed in a heat transport
coolant (~300 C) within a 6 m long pressure tube (PT). A gasfilled calandria tube (CT) surrounds the PT and thermally isolates it
from the heavy water moderator (~80C) surrounding the fuel
channels. Four annulus spacers separate the hot PT from the cool
CT, to prevent contact and thereby, potential formation of hydride
blisters on the PT, which can lead to cracking. In-reactor gap
monitoring is performed from within the PT by an eddy current
(EC) probe that is sensitive to CT proximity [1]. The EC based gap
measurement is used in predictions of time-to-contact between PT
and CT and is therefore, important for safety and licensing of
CANDU® reactors. Gap measurement accuracy can be improved
by correctly compensating for all the essential parameters that may affect the inspection
outcome. These parameters include PT wall thickness, PT and CT resistivity, and probe lift-off
from the PT surface [1-3]. The relative effects of various parameters can be evaluated by
application of a comprehensive model of EC response to changes in gap. Analytical models that
account for driver and pickup coil interaction with the PT and CT have been developed for an
axially symmetric representation of PT to CT gap as a layered infinite planar structure [8]. A
semi-analytical model has been developed by approximating the PT inside the CT as two
concentric tubes [4-7]. While this concentric tube model accounts for PT curvature exactly, it
allows the CT to have a variable radius of curvature in order to vary gap [4-7]. The concentric
tube model allows rapid determination of response to gap and a means of accurately evaluating
sensitivity to variation in essential parameters [5]. A full three dimensional (3D) finite element
method (FEM) model of transmit-receive EC response to changes in PT to CT gap has also
been developed for evaluating gap measurement accuracy [5]. The 3D model is required to
incorporate effects of curved PT and CT geometry, local variations in PT diameter, ovality, PT
wall thickness and resistivity, and probe lift-off and tilt. A validated 3D eddy current model could
be used as part of an inspection qualification program by inexpensively supplementing
laboratory and field measurements and assisting in quantification of the effect of essential
parameters on gap measurement accuracy.
The objectives of this project are:
1.
Generate a comprehensive model of eddy current measurement of pressure tube to
calandria tube gap beginning with a 2D analytical model followed by 3D FEM
(COMSOL) modelling in order to quantify the effects of essential parameters on gap
measurement accuracy (completed).
2.
Assemble an experimental set-up for laboratory PT to CT gap measurement using
actual transmit-receive eddy current probe technology (completed).
3.
Acquire EC signals under variable PT and CT gap, PT resistivity variation, local
pressure tube diameter and wall thickness variations, PT and CT ovality, and
proximity of external structures such as LISS nozzles (in progress).
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Validate theoretical models with data obtained, first under laboratory conditions,
simulating actual fuel channel geometries, and second, if available by examination of
real in-channel inspection data (laboratory portion has been completed).
Use models to explore effects of variable in-reactor measurement conditions
(completed).
Make recommendations for achieving improvements in accuracy within existing gap
measurement systems and identify key parameters affecting PT to CT gap
measurement accuracy with the goal of providing support for inspection qualification
programs (in progress).

Program Results /Highlights
This project was funded as of August 1, 2014, but has received an extension to December 31,
2018. In the past 4 years progress was made towards objectives 1 to 6 above, with 4 of the 6
objectives having been completed and the remaining 2 nearing completion. Masters students
starts have been September 2014, May 2016 and September 2017. Two masters students have
graduated, one of whom, Mark Stephen Luloff, is currently empolyed at CNL, Chalk River
Laboratories. Students have developed planar analytic, semi-analytic concentric tube and 3D
FEM models of pressure tube to calandria tube gap probe response. Basic comparisons of all
model results with acquired experimental data have been made.
Perryn Bennett, a current masters student in the program, was one of four semi-finalists in the
Ignite Durham 2017 Pitch Competition, making a presentation to the OPG Boardroom panel of
judges, Nov.29, 2017 [12]. The pitch was to develop an algorithm to extract the proximity of
Liquid Injection Shutdown System (LISS) nozzles, which pass perpendicularly underneath some
fuel channels, from already existing or to-be-acquired EC gap data. Feasibility of the technique
has already been demonstrated in the laboratory [10] and accuracy has been estimated as 2
mm to within two standard deviations [12]. The technique would reduce reliance on externally
contracted LISS proximity measurements, performed using optical methods and would help
reduce total radiation exposure to personnel.
Concentric Tube Analytical Model
The next step in development of analytical solutions, beyond the planar model [2,8],
incorporated curvature by approximating PT and CT configuration as concentric tubes [4-7].
Figure 1 shows the parameters used in the semi-analytical model.
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Figure 1: Side view of the drive-receive coil configuration inside the pressure tube (PT). The
inner radii of the PT and calandria tube (CT) are denoted by IRPT and IRCT, respectively. The
wall thickness of the PT and CT are denoted by WTPT and WTCT, respectively [5].
COMSOL Multi-Physics FEM Models
A 3D FEM model, using COMSOL version 5.2a (AC/DC module with frequency domain
analysis), was developed to accurately account for PT and CT parameters, such as tube
curvature, varying wall thickness and lift-off [5,7]. The model used the actual curved tube
geometry along with a multi-turn drive coil excited by a 1 V, 4.2 kHz time-harmonic voltage
source to match the experimental configuration. An example of the FEM model output for a
single drive coil is shown in Figure 2.

Figure 2: Eddy current distribution (arrows) due to excitation of a drive coil (grey) on a curved
surface [5].

3D FEM, planar analytical and concentric-tube model results were compared with experimental
results, obtained under conditions of variable PT wall thickness and resistivity for 6 PT samples
with properties shown in Table 1 [5-7]. Impedance plane display of the three different model
results, compared with experimental results of pickup coil response for gap changing from 0.5
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to 16 mm, is shown in Figure 3. The origin corresponds to infinite gap (no CT), while data
furthest from the origin corresponds to 0.5 mm PT-CT gap. The various analytical and FEM
method models were compared, first with experimental results in the 0 to 5 mm gap range,
which is the expected range of minimum gap at the bottom of the fuel channel and second, at
the top of the fuel channel where maximum gap is located. The average root-mean-square
error (RMSE) of the 6 PT samples, obtained for the flat plate analytical model was 0.3 mm,
while the RMSE was 0.06 mm for each of the concentric tube and 3D FEM (true geometry)
models. The relative error at maximum gap (at about 16 mm gap) was 6% for the flat plate
model and 1% for each of the concentric tube and 3D FEM models.
Table 1: Wall thickness (WT) and resistivity (ρ) of different PT samples used in measurements
and models. PT Sample 1 was used for the calibration between both models and
measurements.
(±

0.05) PT Resistivity @ 20 C (± 0.7)
[μΩ∙cm]
54.2

PT
Sample
1 (Cal.)

PT WT
[mm]
4.04

2

3.97

57.5

3

3.51

53.9

4

3.94

52.8

5

3.78

53.9

6

4.41

53.9

Conclusions
A semi-analytical model that accounts for PT curvature and approximates the PT-CT
configuration in fuel channels as concentric tubes has been developed. In this concentric-tube
model the gap is varied by changing the curvature of the CT. Model results show excellent
agreement with both experimental and 3D FEM model results. RMSE in the 0 to 5 mm gap
range, the expected range of minimum gap at the bottom of the fuel channel, is less than 0.1
mm, and at maximum gap relative error is 1% for a 4.2 kHz excitation frequency.
In the coming year development of inverse models based on analytical planar and semianalytical concentric-tube models will be investigated for the simultaneous extraction of gap,
resistivity and PT wall thickness from experimental gap data. In addition, the effect of LISS
nozzles on gap measurement will continue to be investigated experimentally.
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Figure 3: Impedance plane display of receive coil’s voltage for concentric tube (o), flat-plate ()
and FEM true geometry () models compared with experimental results () for PT Samples 2
to 6 at 4.2 kHz. Inset in upper right corner shows a blow-up of signal and model response for 9
mm to maximum gap [5].
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Cases with Realized outcomes to Industry
Mark Luloff has implemented analytical models of the gap response at CNL [4,7].

Research Facilities and Equipment
Royal Military College possess an MS5800 eddy current system as used for in-reactor
inspections and 3 COMSOL licences operated on dual-quad workstations with average of 180
GBytes RAM, each, as well as coil winding equipment and 3D printing capability.

Current HQP
One Masters Level student (Perryn Bennett).

HQP that Graduated
Geoff Klein (November 2017)
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UOIT – Atef Mohany CRD
CRD Title: Investigation of the Dynamic Response of CANDU Fuel
Bundle Due to Acoustic Pressure Pulsations in the HTS Piping System
Overview
This project is in collaboration with COG (CANDU Owners Group). The
main objectives of this project are to experimentally investigate the
effectiveness of passive acoustic damping devices on the attenuation
of acoustic pressure pulsations in piping systems and to numerically
simulate the dynamic response of CANDU fuel bundles due to acoustic
pressure pulsations. The traditional designs of passive acoustic
damping devices are typically very large making their implementation in
existing industrial facilities problematic in many cases. Therefore, this
research focuses on designing and testing a series of acoustic
dampers aimed at use in industrial installations. The devices are
significantly smaller than traditional designs to maximize their
usefulness in industrial applications, and are capable of being used in arrays. They are
distributed throughout the piping system in order to minimize their size and be capable of
damping numerous acoustic modes to accommodate changing operating conditions. The
numerical simulation of the CANDU fuel bundle are performed using INDAP (Incremental
Nonlinear Dynamics Analysis Program) which is an in-house general purpose finite element
program capable of simulating the nonlinear dynamics of nuclear and power equipment
subjected to fluid excitations.

Program Results /Highlights
Experimental Part:
The experimental part of this project is conducted using two different experimental loops. The
first loop is an air loop, as shown schematically in Figure 1, and it is designed so that different
acoustic damping devices placements along the standing wave could be tested. This includes
the pressure anti-node (zero location), pressure node (λ/4 location) and a midpoint between the
former two positions (λ/8 location). The flow is driven by a centrifugal air blower and the
maximum flow velocity achievable in this experimental set-up is 25 m/s. An absorptive muffler
was utilized to eliminate the acoustical effects of the blower. A flow control valve is utilized to
adjust the flow velocity through the test section. The experimental setup is designed to excite
acoustic resonance using an excitation source located either upstream or downstream of the
damping devices. Test sections with two different diameters, namely 101.6 mm (4 in.) and
152.4 mm (6 in.), were experimentally tested. The lengths tested include 2.235 m (88 in.), 3.353
m (132 in.) and 4.47 m (176 in.). The acoustic pressure is measured by means of ¼” phase
matched pressure microphones which are flush mounted on the inner wall of the pipeline.

UNENE ANNUAL REPORT 2017-2018

Page 90

Figure 1 - Schematic of the experimental set-up
for the air loop pipeline system
The results show that the use of multiple passive control devices in strategic locations along the
pipeline achieved a pressure pulsation suppression of 25 dB. Figure 2 shows the effect of
placing multiple Helmholtz Resonators (HR) with different volumes along the pipeline on the
acoustic transmission loss. Figure 3 shows the sound attenuation achieved using one HershelQuincke device. In both cases, acoustic pressure pulsations were excited at 150 Hz which is
similar to that generated by the primary heat transport pumps in some CANDU reactors.

At same antinode

At different antinodes

Figure 2: Effect of HR volume and location along the piping system on the transmission loss
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Figure 3: Effect of Herschel-Quincke placement along the piping system on the acoustic
transmission loss
Numerical Part
To discretize the fuel
bundle
3D
block
elements is usually
utilized but it results in
a very large number of
elements and nodes.
Such approach were
utilized successfully in
investigating the static
response of the fuel
system. However, for
the case of simulating
dynamic response for
large number of time
steps, such approach
needs
very
large
running
time.
Therefore, a reducedorder model is utilized
in this work. The
model represents the fuel rods by 30 beam elements each of which has 12 degrees of freedom.
In addition the endplates is discretized by 1222 plate elements. A four-node isoparametric
quadrilateral element was used to model both endplates. The 37 rods were coupled with the
two endplates by utilizing common 74 nodes between the beam element and plate element.
A comparison between the work rate obtained from the current numerical simulations with that
obtained experimentally by Yetisir and Fisher (1997) is shown in the following figure:
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Cases with Realized outcomes to Industry
N/A at the moment

Research Facilities and Equipment
The second experimental loop of this project is a water loop, shown schematically in the figure
below. The length of the test section is about 6 m and its diameter is 4 inch. The maximum flow
rate achievable in this test section is 7 m/s (i.e. 56 kg/s), which is far more than what is
expected in a CANDU fuel channel.

Figure 6: 3D CAD of the water loop that was commissioned for this project
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2

MASc

1

1
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2

1

Totals

3

2

HQP that Graduated
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Canada.
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Interactions /Consultations to Industry
We are in touch with the Technical Advisory Committee (TAC) and copies of the papers were
shared with them prior to publication to provide their feedback on the work.
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UOIT – Eleodor Nichita CRD
CRD Title: Improved CANDU Core Homogenization and Benchmark
Models
Overview
With concerns about climate change ever present, nuclear energy
continues to be an attractive source of electricity which has minute
CO2 emissions and is stable, reliable, and almost inexhaustible. In
Ontario, the CANDU-reactor fleet has been providing approximately
50% of the provincial electricity supply. For CANDU reactors to
continue to be an important contributor to the provincial energy supply
they have to satisfy ever increasing economic and safety demands. In
particular, increasingly accurate and detailed simulation models are
required for the safety analysis of existing, as well as future, CANDU
reactors. The broad objective of this proposal is twofold: To develop a
new, more accurate, method for calculating the neutron power
distribution in a nuclear reactor by using advanced homogenization
methods and to develop detailed CANDU-specific benchmark problems to test the newlydeveloped method, as well as other methods and codes in current use in the Canadian nuclear
industry. As a result of the proposed research, the Canadian nuclear industry will enjoy
improved capabilities of its computer simulation tools. For its part, the University will increase its
expertise in the area of advanced nuclear reactor simulation tools and its graduate students
trained as part of this project will enjoy sound knowledge of nuclear engineering and experience
working on a challenging engineering problem. New knowledge will be generated and
advancements will be made in the area of nuclear engineering related to CANDU reactors.

Program Results /Highlights
1. Global-local iterations using discontinuity factors
As part of this project, a new global-local iteration model was developed for CANDU
lattices, whereby cross sections and discontinuity factors are generated using nonreflective node-boundary conditions. The node boundary conditions are determined by
performing iterations between the core calculations and the single-node (cell)
calculations. At each iteration, node boundary conditions from the previous core
calculation are used in a single-node (cell) calculation to calculate updated cross
sections and discontinuity factors which are used in the subsequent core calculation.
The iterative process continues until convergence. Single-cell (lattice) calculations are
performed using the lattice code DRAGON and core calculations are performed using
the DISDIF3D diffusion code developed at UOIT, which is a finite-difference diffusion
code that allows the use of discontinuity factors. Additionally, the method also allows
the direct calculation of individual pin powers.
A 3x3-cell, two-dimensional, test model was developed to test the global-local iteration
method and pin-power reconstruction for CANDU configurations. Results for the 3x3
model show pin power errors below 0.5% when diffusion calculations are compared with
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transport (DRAGON) calculations. This work generated three publications so far (3, 8,
9).
2. Investigation of a partial-cell homogenization model
One potential way to reduce homogenization-related errors for neutronics calculations is
to use smaller homogenization regions which can be homogenized either using simple
flux weighting or using the superhomogenization (SPH) approach. Such a partial-cell
homogenization method, which does not rely on discontinuity factors, has the advantage
of not requiring any changes to be made to the existing full-core diffusion codes and
only requires a change in the procedure for generating cell-averaged cross sections.
The possibility of using partial-cell homogenization was therefore investigated. A
CANDU cell was divided into rectangular sub-regions and homogenized cross sections
were generated for the sub-regions using both simple, flux-weighted cross sections and
SPH-corrected cross sections. Additionally, lattice calculations were performed using
both single-cell models and multi-cell models. DRAGON models for CANDU bundles
were developed and used to generate homogenized cross sections for parts of the cell.
Diffusion calculations were performed using DONJON. A partial-core benchmark model
was used to compare transport results with results obtained using full-cell
homogenization and with results obtained using partial-cell homogenization, to assess
the efficacy of the latter.
Some results were published in the Transactions of the American Nuclear Society (4, 7)
and additional results will be presented at the 8th CNS Conference on Simulation
Methods for Nuclear Engineering (2).
3. Development of CANDU benchmarks
Possible concepts, configurations and size for full-core and partial-core benchmarks
have been discussed with the technical advisory committee and two benchmark models
have been developed. This work generated three publications (1, 5, 6).

Cases with Realized outcomes to Industry
The advanced homogenization based on global-local iterations (track 1) has the potential to
allow better accuracy of full-core neutronics calculations and allows the computation of
individual pin powers.
The developed benchmarks (track 3) will be very useful for industry code verification, as will the
newly-implemented DONJON capacity to account for position-dependent delayed-neutron
fractions.

Research Facilities and Equipment
N/A

Current HQP
2 Ph.D. Students
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HQP that Graduated
2 M.A.Sc. Students
1 PDF

Publications /Journal Papers
1. Q. Liu and E. Nichita, “Position-Dependent Delayed-Neutron Fractions for IQS Calculations
and Application to PHWR Kinetics Calculations”, accepted, Nuclear Engineering and
Design, (2018)
2. T. Ferguson and E. Nichita, “A Study of Superhomogenization Applied to PHWR Lattices”,
accepted, the 8th CNS Conference on Simulation Methods for Nuclear Engineering, Oct 911, 2018, Ottawa, ON
3. P. Schwanke and E. Nichita, “A Global-Local Approach for Time-Dependent Lattice
Homogenization”, accepted, PHYTRA4 – The Fourth International Conference on Physics
and Technology of Reactors and Applications, Marrakech, Morocco, September 17-19,
2018
4. T. Ferguson and E. Nichita, “Application of Multi-Node SPH Factor Generation to PHWR
Lattice Homogenization”, Trans. Am. Nucl. Soc., 118, (2018)
5. P. Schwanke, Q. Liu and E. Nichita, “A Multi-Purpose Homogeneous-Node Benchmark for
PHWR Configurations”, Trans. Am. Nucl. Soc., 116, (2017)
6. P. Schwanke and E. Nichita, “Analytic Benchmark for Fuel-Reflector PHWR Configurations”.
Proc. 37th Annual Conference of the Canadian Nuclear Society, June 4 – June 7, Niagara
Falls, ON, Canada, (2017)
7. E. Nichita and S. Mohapatra “Application of SPH Factors to PHWR Lattice
Homogenization”, Trans. Am. Nucl. Soc., 114, (2016)
8. E. Usalp and E. Nichita, “Leakage-Corrected Discontinuity Factors for PHWR Lattices – A
simple Test”, Proc. 7th International Conference on Modelling and Simulation in Nuclear
Science and Engineering, Ottawa, Ontario, Canada, October 18-21, (2015)
9. E. Nichita and E. Usalp, “Pin Power Reconstruction for PHWR Reactors Using LeakageCorrected Discontinuity Factors”, Trans. Am. Nucl. Soc., 112, (2015)

Interactions /Consultations to Industry
Regular meetings were held with the OPG collaborator and two additional meetings with the full
advisory committee. Additionally, the research team participated in three two-day meetings of
the UNENE RAC.
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University of Waterloo – Carl Haas CRD
CRD Title: Robotics and Automation for Optimal Characterization for
Nuclear Power Plant Decommissioning
Overview
Nearly a third of the world’s nuclear power plants (NPPs) are over 30
years old, and a large number of these will be decommissioned in the
coming decades, including the Ontario Power Generation’s Pickering
NPP. The focus of this research project is on developing automation
and robotic methods, specifically environment characterization to aid in
the deconstruction of NPPs. The ultimate goal of this work is to reduce
exposure to humans from decommissioning activities, which includes
demolition, packaging and removal of debris, and safe storage
activities. It is anticipated that the results of this study will significantly
enhance the tools and the process of providing semantic model inputs
regarding the facility environment to decommissioning robots,
automated waste selection, and packing optimization for low to intermediate waste disposal.
Given the context, the project aims to address the following main objectives: (i) develop efficient
methods to create as-built Building Information Models; (ii) develop and implement the requisite
characterization information necessary to populate such models, specifically targeting and
optimizing automated decommissioning tasks and the types of equipment to be used; (iii) proofof-concept demonstration of the concepts and tools which will be developed during this project;
and (iv) build on the knowledge gained in meeting the preceding objectives to address inventory
assessment and selective disassembly for optimization of demolition, disassembly and packing.
While this phase of the study will focus on the facility characterization using sensors, it is
anticipated that this work will lay the groundwork for the design and development of robotic
tools and equipment to assist with decontamination and dismantling activities in the subsequent
planned phases of this research partnership.
Progress is being reported on various tasks as outlined in the original proposal. The project
activities completed during the last year have largely been on track with the initial projections,
with some minor adjustments. The staffing and activities are ongoing in earnest, and remaining
activities will be completed as per the original schedule. The mobile robotic platform, mapping
software, and sensor integration tasks are nearly complete. Semantic model development,
optimization for packing, and non-destructive evaluation tasks are ongoing, and will continue
into the new year. A majority of the remaining work will be focused on these tasks in the
remaining two years of the project. Both OPG and the academic team have met nearly a dozen
times (in-person and via video conferencing) during the last year, and this close interaction is
expected to continue into the second and final years.

UNENE ANNUAL REPORT 2017-2018

Page 99

Program results, highlights and advances in knowledge
The research started in September 2017, with five graduate students currently working on the
project, supervised by the project investigators. Progress highlights include mobile platform
integration, mapping software and trial deployment, a workshop in May on 3D modeling and
scanning with over two dozen participants from OPG and Clearpath Robotics, and substantial
progress on our initial research activities. These activities are grouped into the following four
areas:
Data acquisition system development and rapid scan-to-BIM
The main activity in this task is the development of a mobile UGV hardware and software
platform to carry a range of sensors to enable scan-to-BIM, NDE, and supporting inspection
tasks. Scan-to-BIM is the process of taking laser point clouds and processing them into
semantically meaningful building information models (BIM). In terms of research contributions,
this platform will help us answer questions such as: “What is required to perform scan-to-BIM
using a mobile platform equipped with relatively low cost sensors, with and without fixed
targets?” And, “What fidelity we could achieve with respect to the “gold-standard” of fixed laser
scanners that use stationary targets?” Subsequently, we would like to evaluate and quantify
both the quality of such scans and how downstream applications (e.g., quantity estimations,
planning and animation for automated disassembly processes, packing optimization, etc.) are
impacted, specifically with regards to decommissioning applications, by using data from such
mobile scans. The following tasks have either been completed or well underway:







Hardware construction and interface for the 3D medium range laser scanner with the
UGV robot (see Figure 1)
Interfacing of three optical wide field of view (FOV) cameras, inertial measurement unit
(IMU) and a radiation dosimeter with the UGV – single camera integration complete,
including hardware work, calibration, and software for fusing image data with laser
scanner data. Radiation dosimeter compatibility and utility for this project is still being
investigated.
3D mapping software development for continuous scanning using multi-sensor data;
performed tests to compare against Faro scans and implemented scans using a stopand-go solution.
CRio® and ROS integration for incorporating NDE sensors completed
Hardware and software testing and trouble-shooting well underway and will proceed
throughout as needed

This platform will provide flexibility in terms of objectively comparing a wide range of existing
and new algorithms related to SLAM-based 3D mapping, inventory assessment, packing
optimization and disassembly which will all be developed during the course of this project.
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Figure 1 – Mobile UGV Platform showing the mobile and stop-and-go mapping kits

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





Development of a NDE method based on changes in ultrasonic surface/guided wave
velocity and surface/guided wave attenuation – spacing between transducers reduced
(i.e. for f=150 kHz: fifteen wavelengths; for f= 250 kHz: five wavelengths) to avoid
frequency shift based on initial analysis and lab experiments
Ultrasonic transducers were scanned with laser vibrometer in air. These results were
used to compute transfer function (TF) estimator first, followed by the next phase which
involves transducer scans coupled with glass and concrete blocks
Evaluation of the correlation functions between surface/guided wave velocity and the
modulus of elasticity; and surface/guided wave attenuation and material conditions –
initiated

Detailed plans to integrate NDE sensors into the mobile platform are being discussed and will
be finalized pending the outcome of this phase of exploratory work.
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Figure 2 – Ultrasonic wave patterns in concrete acquired with laser vibrometer and sensor
system

BIM (Building Information Model) development
The central objective of our work will be to develop a BIM specifically to address the
management, visualization and planning of decommissioning. The BIMs created using 3D
scanned point clouds (TLS and mobile LIDAR point clouds) will be enriched with other semantic
information such as material properties, and a framework for how this information can lead to
better informed decommissioning planning will be developed. The tasks envisioned in this
phase of research will include inventory assessment (quantity take-offs), selective disassembly
planning and input to 3D packing optimization. For deconstruction sequencing, we plan to
develop methods to assess global structural stability and simulate such sequences on the FE
models constructed from BIMs. The form and structure of the model developed will be uniquely
suited for the preceding purposes and for nuclear power plant decommissioning. As well,
prototype model segments of the Pickering NPP will be developed and linked to data collected
in this research and the related research projects such as the UT UAV study. The BIM created
will be a central repository and access point for most of the research program outcomes and
data. Significant progress has been achieved with respect to the following tasks and details are
as follows:






3D point cloud acquisition is ongoing; we have acquired scanned data of the SDIC lab
using both a high-density laser scanner and LIDAR. We have also completed outdoor
scans using GPS measurements
BIM model development – a 3D reactor model has been transformed to Revit (Figure 3),
and a cloud hosted BIM environment in which NDE, quantity tracking and engineering
data can be integrated is being constructed in the FORGE environment
Automatic conversion algorithms – graduate student training is complete and
implementation has started
Disassembly methods – work has started on understanding the state-of-the-art in
disassembly, and recent OPG plans have been studied
BIM semantic content development – OPG 3D workshops held in May (see Fig. 4)

UNENE ANNUAL REPORT 2017-2018

Page 102

Figure 3 – BIM Revit models in FORGE

Figure 4 – Some of the two dozen attendees at OPG 3D workshop in May at Waterloo
Packing Optimization
Currently, research on nuclear waste is more focused on the waste disposal aspect: selection of
technical options for waste processing and storage, performance and safety assessments of
disposal facilities, etc. Research on the packing of nuclear waste is quite limited, while the
packing problem in other industries has been a big concern, as better packing strategies can
directly cut the budget of packaging and shipping. In the additive manufacturing industry,
commonly known as 3D printing, packing and fabricating different objects simultaneously in one
build chamber, instead of printing them one object at a time, has become one effective solution
that has been studied to increase productivity. Similarly, the packing problem has been applied
to the garment industry, sheet metal cutting, furniture making and shoe manufacturing to save
material and to reduce costs. Progress is described on the following tasks:
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Literature review on 3D packing optimization theory – synthesis of theory from
geotechnical, 3D printing, graphics and logistics industries has been completed (e.g.,
Figure 5 for some examples from the literature)
Commercial 3D packing optimization software – several software packages have been
evaluated for functionality, fit-for-purpose and cost
Multi-objective optimization model – development has begun
Visualization tools – commercial and custom options are being evaluated
Economic model and experimental design for quantifying potential benefits of higher
packing density in terms of labour reduction and packing units reduction – under
development
Optimal balance between automated tools and manual intervention – under study

(a)

(b)

Figure 5 – images of packing optimization examples from the literature: (a) Reprinted from
“HAPE3D—a new constructive algorithm for the 3D irregular packing problem *”, by X. Liu, J.
Liu, A. Cao, and Z. Yao, Front Inf. Technol. Electron. Eng., vol. 16, no. 5, pp. 380–390, May
2015; (b) Reprinted from "Level-set-based partitioning and packing optimization of a printable
model", by M. Yao, Z. Chen, L. Luo, R. Wang, and H. Wang, ACM Trans. Graph., vol. 34, no. 6,
pp. 1–11, 2015.

Cases with Realized outcomes to Industry
Since the research is in its initial phases, this is expected in the future.

Research Facilities and Equipment established
See Figures 1 and 2.
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Current HQP enrolled in the program
The following HQP are enrolled:






Elvina Mery – MASc (100%)
Yinghui Zhao – PhD (100%)
Piotr Wiciak – PhD (50%)
Nicolas Charron – PhD (25%)
Steve Phillips – PhD (25%)

HQP graduated
Since the research is in its initial phases, this is expected in the future.

Publications
Since the research is in its first year, this is expected in the future.

Interactions with industry
In addition to the workshop held in Waterloo in early May, a 3D Scanning Workshop was held at
OPG’s 777 Brock Road Auditorium in Pickering with over three dozen attendees from OPG.
Presentations included:





Introduction by Dr. Haas who facilitated the remainder of the workshop
Presentations by each group on uses (specifics on application, HW/SW used, value
added/benefit):
o Darlington – Martin Vanderheyden
o Refurb – Perrik Le Dreff
o IRI – Rick Cook
o Pickering - Michael Cleave
o RG - Bez Alavi
o Pickering Safe Store – Vasile Bostan
o Design Industry Platforms – Paul Murray
Action Plan
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University of Waterloo – Wei-Chau Xie CRD
CRD Title: Seismic Risk Analysis of Nuclear Plants
Overview
The objectives of this research are
 to develop comprehensive methodologies for the accurate
determination of floor response spectra (FRS);
 to develop methods for accurate estimates of seismic fragility of
systems, structures, and components (SSCs) by considering
multiple ground motion parameters (GMPs) to ensure that SSCs in
nuclear power plants (NPPs) are seismically qualified in a costeffective way; and
 to generate drift-free, consistent, and spectrum-compatible ground
motion time histories for various dynamic analyses of NPP
structures.
The outcomes are critical for Seismic Margin Assessment (SMA) and
Seismic Probabilistic Risk Assessment (SPRA) of nuclear power plants.

Research Team
In 2016, two Ph.D. students (Wei Jiang, Zhen Cai) graduated. Both Dr. Jiang and Dr. Cai
worked as a postdoctoral fellow for a short period of time after graduation. Dr. Wei Jiang is
working at Candu Energy Inc. and Dr. Zhen Cai is working at National Research Council of
Canada. One Ph.D. student (Yang Zhou) continued to work on the project under this CRD.

Progress
Some significant progresses in 2016-2017 are highlighted in the following.
A Direct Method for Generating FRS Considering Soil-Structure Interaction
A methodology is developed for generating FRS considering the effect of dynamic soil-structure
interaction based on the substructure technique and the direct spectra-to-spectra method
developed in this CRD. Dynamic stiffness matrix of a three-dimensional structure with a rigid
foundation subject to three translational and three rotational base excitations is derived, and is
expressed in terms of the modal information of the structure. A transfer matrix which is
dependent on the dynamic stiffness matrix of the structure-foundation system and that of
generalized soil springs is developed to modify the tri-directional response spectra at the
foundation level of free field (FIRS) in soil medium. The modified response spectra, called
foundation level input response spectra (FLIRS), are then used as the input to the fixed-base
structure to generate FRS using the direct spectra-to-spectra method. Numerical examples of a
reactor building and a service building in nuclear power plants demonstrate the accuracy and
efficiency of the proposed method. FRS with 50% and 84% Non-Exceedance Probability (NEP)
given by the method agree extremely well with the FRS obtained from a large number of time
history analyses.
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Seismic Fragilities Analysis Using Multiple Ground Motion Parameter
Seismic fragility analysis (FA) has been widely used to evaluate seismic capacities of SSCs in
NPPs. In seismic FA, a single GMP, such as peak ground acceleration, is used to represent the
seismic capacities and fragilities of SSCs. However, a number of problems of seismic FA, due
to the use of a single GMP, are recognized in practice.
An improved seismic FA method, which overcomes the problems in traditional seismic FA by
using multiple GMPs, was proposed. It gives more realistic seismic capacity and fragility
estimates of SSCs. By incorporating vector-valued probabilistic seismic hazard analysis,
weighted seismic capacities and fragilities are represented by a selected GMP, which can be
readily applied in traditional SMA and seismic PSA.
As an example, seismic fragility curves and High Confidence and Low Probability of Failure
(HCLPF) seismic capacity of a heat exchanger are calculated by the traditional and improved
FA methods. By using two GMPs, i.e. spectral acceleration at the longitudinal direction of the
heat exchanger and peak ground acceleration, the weighted median seismic capacity of the
heat exchanger has a remarkable 53.9% increase, and the weighted HCLPF seismic capacity is
increased by 26.1%. Both results indicate that, by using multiple GMPs, the improved FA
methodology could uncover the excessive conservatism in the traditional method, resulting in
more accurate estimates of seismic capacity and fragility of SSCs and more accurate
assessment of seismic risk in NPPs.
Generating Spectrum-Compatible Time Histories In many earthquake engineering
applications, such as evaluation of dynamic response analysis of inelastic structures, sloshing
analysis, or analysis of multi-supported systems (e.g. piping), time history analysis may be
required, with ground motions being the input. Over the past decades, considerable efforts have
been made to develop algorithms for generating spectrum-compatible time histories. In earlier
work by my research team, Hilbert-Huang Transform technique is used to analyze frequency
contents and amplitudes of seed motions. Through adjusting the frequency contents and
amplitudes of seed motions, spectrum-compatible time histories are obtained.
Before and after an earthquake, the ground is at rest. Naturally, acceleration, velocity, and
displacement time histories should be zero at both ends as well if there is no permanent ground
displacement. However, there are drifts in the generated velocity and displacement time
histories caused by the integration of an accelerogram, in which the time histories are not at
rest at one or both ends. This phenomenon was first reported by Housner but gave no remedy.
Newmark standardized baseline correction by using a polynomial. The baseline correction
approach using the Butterworth filter has been implemented by USGS to process recorded
ground motions.
Baseline correction, although endorsed by codes and standards, is not a suitable remedial
measure because it introduces a large low-frequency component and renders the corrected
time histories no longer mutually consistent, in which integration (or differentiation) of one
process is not equal to the supposedly related process. In spite of practical implications, drift
and inconsistency have not been resolved satisfactorily for decades.
Our research team discovered that, in addition to numerical errors, drift is caused by
overdeterminacy in the constants of integration. To solve the problem of drift in time histories,
the eigenfunctions from an eigenvalue problem, which is described by a sixth-order ordinary
differential equation satisfying the six initial and terminal at-rest conditions, are derived as a
basis of expansion. The eigenfunctions are used to expand an accelerogram. A method using
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the Hilbert-Huang transform and optimization was developed to modify a real recorded
accelerogram using the eigenfunctions to generate time histories compatible with the target
response spectra without drift. Drift-free consistent velocity and displacement time histories are
then obtained, also in terms of the eigenfunctions, without direct integration and baseline
correction. Furthermore, a method of optimization was also proposed to modify a set of tridirectional real recorded accelerograms using the eigenfunctions to generate consistent tridirectional time histories compatible with the target response spectra without drift.
Realistic ground motion time histories that are drift-free and consistent are critical for the results
of time history analyses to be acceptable in practice. By using eigenfunctions expansions, we
are able to generate drift-free and consistent time histories rigorously, without resorting to
baseline correction, a challenge that has long been conceded to be unattainable.

Interaction with Industry
Our research team has been working very closely with the Department of Engineering Analysis,
Candu Energy Inc. by working on projects of their immediate interest and through providing
training.

Publications
Journal Papers

1. Wei Jiang, Yang Zhou, Wei-Chau Xie, Mahesh Pandey, “Direct Method for Generating Floor

Response Spectra Considering Soil-Structure Interaction,” Soil Dynamics and Earthquake
Engineering, (in revision).

2. Zhen Cai, Wei-Chau Xie, Mahesh D. Pandey, Shun-Hao Ni, 2018, “Determining Seismic
Fragility of Structures and Components in Nuclear Power Plants Using Multiple Ground
Motion Parameters – Part I: Methodology,” Nuclear Engineering and Design, 335, 195–201,
doi.org/10.1016/j.nucengdes.2018.05.013.

3. Zhen Cai, Wei-Chau Xie, Mahesh D. Pandey, Shun-Hao Ni, 2018, “Determining Seismic
Fragility of Structures and Components in Nuclear Power Plants Using Multiple Ground
Motion Parameters – Part II: Application,” Nuclear Engineering and Design, 335, 186–194,
doi.org/10.1016/j.nucengdes.2018.05.016.

4. Bo Li, Zhen Cai, Wei‐Chau Xie, Mahesh Pandey, 2018, “Probabilistic Seismic Hazard

Analysis Considering Site-Specific Effects,” Soil Dynamics and Earthquake Engineering,
105, 103-113, doi.org/10.1016/j.soildyn.2017.11.029.

5. Wei Jiang, Wei Liu, Wei-Chau Xie, Mahesh D. Pandey, 2017, “A Scaling Method for
Generating Floor Response Spectra,” Annals of Nuclear Energy, 110, 613–632.

Li, Binh‐Le Ly, Wei‐Chau Xie, Mahesh D. Pandey, 2017, “Generating
Spectrum‐Compatible Time Histories Using Eigenfunctions,” Bulletin of the Seismological
Society of America, 107(3) 1512–1525, DOI: 10.1785/0120160206.

6. Bo

7. Zhaoliang Wang, Wei-Chau Xie, and Mahesh Pandey, 2016, “Computationally Efficient

Vector-valued Seismic Risk Analysis of Engineering Structures,” ASCE’s Journal of
Structural Engineering, 142(9), doi: 10.1061/(ASCE)ST.1943-541X.0001504.
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8. Bo Li, Wei-Chau Xie, Mahesh D. Pandey, 2016, “Newmark Design Spectra Considering

Earthquake Magnitudes and Site Categories,” Earthquake Engineering and Engineering
Vibration, 15(3), 519–535, doi:10.1007/s11803-016-0341-1.

9. Bo Li, Wei-Chau Xie, Mahesh D. Pandey, 2016, “Generate Tri-Directional SpectraCompatible Time Histories Using HHT Method,” Nuclear Engineering and Design, 308, 73–
85, doi:10.1016/j.nucengdes.2016.08.009.

UNENE ANNUAL REPORT 2017-2018

AUDITOR’S REPORT 2018

Page 109

UNENE ANNUAL REPORT 2017-2018

Page 110

UNENE ANNUAL REPORT 2017-2018

Page 111

UNENE ANNUAL REPORT 2017-2018

Page 112

UNENE ANNUAL REPORT 2017-2018

Page 113

UNENE ANNUAL REPORT 2017-2018

Page 114

BOARD OF DIRECTORS AND OFFICERS for the year 2017-2018
Voting Members and Directors

Andy Hrymak
Board Chair
Western University

Gary Newman
Board Vice-Chair
Bruce Power

Robert Homes
CNL

Richard Zytner
U of Guelph

John Preston
McMaster U

Dean Townsend
OPG

Amir Fam
Queen’s U

Glenn Harvel
UOIT

Grant Allen
U of Toronto
U of Toronto

Jatin Nathwani
U of Waterloo

UNENE ANNUAL REPORT 2017-2018

Page 115

Non-Voting Members

John Mackinnon
AMEC Foster Wheeler

Mike Brett
COG

Thomas Krause
RMCC

Fred Dermarkar
COG

Keith Dewar
CNSC

Jean Koclas
École Polytechnique

Sermet Kuran
SNC-Lavalin

Chary Rangacharyulu
U of Saskatchewan

Paul Gierszewski
NWMO

Derek Lister
U of New Brunswick

Ram Balachandar
U of Windsor

UNENE ANNUAL REPORT 2017-2018

Page 116

Committee Chairs and Vice-Chairs

Mahesh Pandey
Chair, EAC
U of Waterloo

Stephen Bushby
Chair, RAC
AECL

Emily Corcoran
Vice-Chair, EAC
RMCC

Officers and Staff

Jerry Hopwood
President

Ben Rouben
Secretary/Treasurer

Jim Findlater
Accountant

Nik Popov
Program Director

Lori Cole
Administration

University Network of Excellence in Nuclear Engineering
Department of Engineering Physics
McMaster University
Hamilton, ON, Canada L8S 4L7
www.unene.ca
© 2018

UNIVERSITY NETWORK OF EXCELLENCE IN NUCLEAR ENGINEERING
RÉSEAU D’EXCELLENCE UNIVERSITAIRE EN GÉNIE NUCLÉAIRE
DEPARTMENT OF ENGINEERING PHYSICS
McMASTER UNIVERSIT Y
1280 MAIN STREET WEST, HAMILTON, ON, L8S 4L7 CANADA

W W W.UNENE.CA
©2018

