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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 2018-19 members:
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 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
Jatin Nathwani
I am pleased to review our activities at UNENE following my
first year returning as Chair of the Board of Directors. UNENE
continues to actively facilitate R&D programs for our members,
and our educational program is supported at a sustainable
level. Increasingly, UNENE acts as a valued information hub
and collaboration partner.
Our research and education programs are administered by the
UNENE staff team, and overseen by our Research Advisory
Committee and Education Advisory Committee, reporting to the UNENE Board of Directors.
With this guidance, our programs are proceeding well, and are aligned with the direction that
our Board is providing.
The research area has been notable for renewal of our Industrial Research Chair program at
University of Ontario Institute of Technology (now called Ontario Tech University). Ed Waller
has moved from our Associate Chair position to the Senior Chair, with Tony Waker’s retirement,
and the development of new study objectives for the coming associate chair. The renewal of the
Chair program at University of Toronto has resulted in an innovative collaborative program
shared with Queen’s university – a good example for future IRCs. During the year, UNENE
consulted extensively with universities and NSERC, as part of NSERC’s overhaul of its funding
programs. The result looks positive, with UNENE continuing as a qualified and valued partner.
In education, we are pleased to see that the UNENE M.Eng and Diploma-based continuing
education program is steadily increasing enrollment and is on a sustainable path. Feedback
from our part-time students is very positive. In addition, UNENE is exploring innovative
approaches to E&T delivery. At the end of 2018-19, preparations were completed to deliver a
one-week distance-learning course to students at the Polytechnic University of Bucharest,
which would prove out our ability to provide further such courses in future.
UNENE has also been able to add a positive voice as a member of the nuclear community.
During this year, UNENE contributed to the Pan-Canadian SMR Roadmap, outlining for
government, the actions to be taken to develop Small Modular Reactors for Canada. In addition,
UNENE contributes to Canada-wide and international collaborative education programs through
our member universities, and UNENE continues to be valued by the International Atomic
Energy Agency through our collaborative MOU.
One necessary topic to address; as this report is being published (summer 2020), we find
ourselves in extraordinary times due to the spread of the novel coronavirus. The university
sector is going through profound disruption, along with all other walks of life. However, we are
confident in maintaining the strong and sustainable role that the university sector, and UNENE,
will play as we go through, and emerge from, this critical time. UNENE, through its collaborative
approach, and commitment to on-line learning and cooperation, is well-placed to play its part.
Jatin Nathwani,
University of Waterloo
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REPORT OF THE VICE CHAIR
Gary Newman
2018-19 was a year of effective operations and good engagement at
UNENE. The funding industrial members are well represented at the
Board, on the RAC and EAC committees, and through the Technical
Advisory Committees that oversee each individual Research Chair
Program and Collaborative Research Project. While maintaining an
emphasis on longer-term research, the university teams are generating
results that will help our members in the operations of their facilities, in
maintaining safety and reliability, and in looking to the future.
I am always impressed with the vitality shown at our Annual R&D
Workshop, which enables our researchers to share their various
activities, and, in particular, showcases the energy, enthusiasm and innovative thinking of our
students. It is also gratifying to see that most UNENE students are entering the nuclear sector
workforce and gaining from their education and research experience.
UNENE is continuing to show good financial health as a not-for profit partnership, with an
overall balanced budget over the last five years. The growing extent of activities is being
supported by additional efforts from our member organizations. I note that the CANDU Owners
Group (COG) in particular, is extensively involved in collaborations with UNENE, and this is
leading to UNENE universities participating with supply chain companies in COG strategic R&D
projects. This is a good example of UNENE acting as a centre for collaboration. Similarly, I am
encouraged to see UNENE entering into discussions with potential partners such as the Ontario
Nuclear Innovation Institute in Bruce county, and Strathclyde University’s Advanced Nuclear
Research Institute. Collaborations such as these examples have the potential to amplify
UNENE’s efforts and provide further benefits to the nuclear community.
Writing this from the difficult times in summer 2020, I view that UNENE can continue to
effectively play a role in maintaining good research and innovation, and in developing the next
generation of talented people that our industry will need.

Gary Newman
Chief Engineer and Senior Vice President Engineering
Bruce Power
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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
4. Build cooperative partnerships across the nuclear community
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PRESIDENT’S REPORT
Jerry Hopwood
As we complete the publication of our 2018-19 Annual Report, at this
time of writing in spring 2020, we are aware of a world in the midst of
dramatic change, due to the world-wide spread of the Novel
Coronavirus. Our nuclear universities are experiencing change during
this time, with the large-scale adoption of on-line learning and
temporary restraints on research activities. Looking ahead, we can see
short-term uncertainties in how UNENE and our members carry out
our work. But UNENE continues to be able to deliver on its mission.
And the long-term objectives of the organization remain vital. Perhaps
they are more vital than ever, as the supply of clean nuclear energy
and technologies are crucial components of a stable, sustainable and
prospering society.
So, this Annual Report represents our work in the past year of 2018-19, and provides examples
of ways in which the education and research activities of UNENE provide valued contributions
to our nuclear community and society at large. This track record gives us a strong base for
continuing to contribute in an evolving world via our programs, and continue to deliver results
for our members. Our Research Advisory Committee met twice during the year, and
participated in both the review of our programs, and in our NSERC discussions. The RAC was
pleased to see encouraging progress in the latest round of Cooperative Research and
Development projects (CRDs) focussed on decommissioning innovations, and sponsored by
OPG. We anticipate a new round of CRD projects to be launched in the coming year.
In the area of education, in 2018-19 we continued to add to the student body for the M.Eng
program, putting it on a firmer footing. The course schedule is enabling students to progress
well, and preparations continue for new modules. All our M.Eng courses have been delivered in
blended education format, enabling reliance on on-line learning, and this will enable us to
continue to deliver the program as circumstances change. In addition, we have continued to
create on-line introductory courses based on the “Essential CANDU” textbook, and during the
year we prepared to deliver a pilot distance-learning course to Polytechnic University of
Bucharest. The Education Report below provides a full summary of our programs and progress.
In UNENE’s research, we prepared during 2018-19 to adapt to the coming changes in the
NSERC research co-funding model. We received encouraging assurance from NSERC that
UNENE’s system and programs are valued, and that we can expect continued NSERC support.
A highlight is the significant progress being made in a series of innovative collaborative
research projects (CRDs) addressing decommissioning issues, sponsored by OPG. We
successfully renewed the Industrial Research Chair program at Ontario Tech university, and
have prepared the way for UNENE’s first dual-university collaborative research chair program,
shared between University of Toronto and Queen’s university. Our research programs are
guided by input from our industrial members via the Technical Advisory Committees, that feed
back to the research teams on how their results can be applied, and how future work can be
directed.
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UNENE continues to maintain a healthy financial outlook as a not-for-profit partnership. We
have maintained an overall break-even position over the last several years. UNENE is able to
build its role to more fully support its mission by mobilizing the contributions of members in
support of information sharing, coordination and the use of convening power. We see this
cooperation as a way to help UNENE to effectively adapt and develop, during the coming period
of change.
Writing from today’s perspective, I am pleased to review our past progress and look forward to
meeting the challenges ahead. I am anticipating in Spring 2020, the launch of UNENE”s on-line
newsletter, which will provide additional means for us to report regularly on activities, and for
our members to participate and keep in touch.

Jerry Hopwood
UNENE President
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EDUCATIONAL ACTIVITIES
Master’s of Nuclear Engineering (M.Eng.) Degree Program Report
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 industrial-oriented graduate degrees in nuclear-related disciplines, i.e., the Master
of Engineering (M.Eng.), and the Graduate Degree program in Nuclear Engineering,
jointly offered by member universities, with strong UNENE support and overall
coordination. The M.Eng. program is ten-course graduate program 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. Graduate students who are not employed in the
nuclear industry are also welcomed. A Graduate Diploma program is a four-course
alternative offering 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. 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. Single-course enrollment continued to be available
through the participating universities. This flexibility allows industry employees to take a
single 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.
iii. Industrial training using non-graduate courses for industry organizations in Canada, tailored
to address specific industrial and organizational needs.
UNENE continues to offer training courses to the industry organizations that have specific
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needs. In the past 2 years UNENE delivered several sessions of the project management
course at the OPG Darlington site. Also, UNENE delivered the health physics course to the
Bruce Power employees at the Bruce site. Other training courses are being prepared to suit
industry organization needs.
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.
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 nuclear organization, and assuming a sufficient number of attendees, graduate
or training courses can be given at specific sites close to the interested organization.
Synchronous interactive distance education is now a routine part of every course. Each course
is given in class by the instructor, and by Webex in parallel. Also, courses are recorded by
Webex so students can review the material after lecturing in class and in preparation of exams.
UNENE continues the preparation to offer training courses only by distance-education methods.
Also, UNENE continues with preparations to create E-Modules of the selected sections of the
Essential CANDU Textbook.

Figure 1 – Whitby Campus of Durham College – UNENE Venue
Program Management
The education side of UNENE follows guidance and oversight from the Education Advisory
Committee (EAC), which advises the UNENE Board of Directors on education-related issues,
including the curriculum, admission standards, accreditation, course selection and delivery
effectiveness, and program changes. The EAC also reviews and dispositions proposals from
the Program Director on course content, schedule, delivery, and development of new courses.
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The UNENE Program Director is responsible for program management on behalf of UNENE,
including managing student recruitment and enrolment, program logistics, educational quality
and effectiveness, course delivery, instructor selection, communication with instructors, new
courses, and liaison with the core universities which jointly deliver the program.
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 held, on May 11, 2018 at Guelph University,
and the on January 14, 2019, in conjunction with the Annual R&D Workshop. The focus of
these meetings was on the UNENE modifications and changes of the educational programs,
and on the activities to attract more students in the program.
Participating Universities in the UNENE Program
Figure 2 shows the participating universities in the UNENE graduate education program. Blue
coloured universities are core universities which offer courses in the UNENE program, register
students in the program and issue diplomas for these students. McMaster University is shown in
the center because the UNENE office and education administration is located at McMaster. The
program has four Ontario universities, and 4 Canadian universities outside Ontario. As of later
2019, there is one international university (Polytechnic University of Bucharest).

Fi
Figure 2: Participating Universities in the UNENE Graduate Education
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
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with RAC meetings, and they are held before the UNENE Board meetings. The current EAC
Committee Membership is shown in Table 1 (as of Dec 2019).
Table 1: UNENE Education Advisory Committee Membership
UNENE Member
Organization

Representative

UNENE Member
Organization

Bruce Power

Tara Crawford, Jason
Goldberg

Western

OPG

Herminia Roman

Waterloo

CNL

Robert Holmes

Guelph

NWMO

Representative

Peter Tremaine

Queen’s

CNSC

Dan Tello, John
McIntosh

RMC

Emily Corcoran (Vice
Chair)

Kinectrics/Amec

Sean Donnelly

Ecole
Polytechnique

Guy Marleau

SNC Lavalin

Catherine Cottrell

Polytechnica
University of
Bucharest

Daniel Dupleac

COG

Mike Brett, Liette
Lemieux

U. Saskatchewan

Chary Rangacharyulu

McMaster

John Luxat, Dave
Novog

UNB

Derek Lister, Willy
Cook

Ontario Tech U.

Akira Tokuhiro.
Daniel Hoornweg

U. Regina

Esam Hussain

U. Toronto

Roger Newman

U. Waterloo

Mahesh Pandey
(Chair), Mikko
Jirkama

NRCan

Daniel Brady

U.Windsor

Ram Balachandar

Western

Jin Jiang
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By the end of the winter semester in 2019, the number of students remains stable. As shown in
Figure 3, at the end of this reporting period there were 22 active students. The determining
factor in student enrollment is the employer funding and the available time by students to
embark on the demanding graduate program. Figure 3 summarizes the cumulative throughput
of students as of March 31, 2019 for the life of the UNENE M.Eng. program.

Figure 3 – Cumulative Lifetime UNENE Enrollment (2019)
Reporting year April 2018 – March 2019
The UNENE Management, supported by the UNENE Board, continues to discuss various ways
to attract more students in the UNENE educational programs. The UNENE management and
the Program Director continued to explore options to the UNENE 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.
The past academic year UNENE management was focused on increasing the number of
enrolled students in the UNENE M.Eng. Several meetings and discussions were conducted with
the nuclear industry organizations, particularly OPG, BP and CNSC on the possibilities increase
the number of students and customize the education program to better meet the needs of the
nuclear industry.
Course Offerings
Each year during the winter term, UNENE management reviews the schedule for the following
academic year, and requests student opinion. Using this information, UNENE decides on the
potential course schedule changes. If there is a schedule change, students are timely informed.
The UNENE program originally started as Master of Engineering program in a 10-course
format, with an option two courses to be replaced by a project course (mini- thesis course). The
graduate students in this program receive the Master of Engineering diploma from the university
where they were registered.
The currently offered UNENE courses are shown in Table 2.
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Table 2: UNENE Graduate Courses (Core courses shown in blue fonts)

As part of the program modifications during this reporting year the single-course option was
introduced. One single-course option is to register for a single graduate course at any of the
core universities. In this case students receive a graduate credit for one course, but they do not
receive a diploma.
Following education evolution at UNENE, a training program is being developed to offer an
enhanced level of flexibility to the industry. The training program is planned to consist of short
focused training courses (2-3-day courses on specific topics) and comprehensive courses (1-2week courses) based on the currently run graduate UNENE courses. In addition, assuming
financial support by the industry, UNENE can customize training courses on request.
Distance Learning and Online Courses
UNENE has two initiatives in progress related to cooperation with the IAEA. UNENE is
completing preparation for the distance learning 3-day course to be delivered to a group of
students at the Polytechnic University of Bucharest using distance-learning tools. The course is
scheduled for May 2019 by a team of four UNENE professors.
This development may be very important for future UNENE training education model
enhancements. The objective of this project is to demonstrate course delivery efficiency and
practicality. If this course receives good feedback from the industry and the students, it may
become one of the key education and training models that UNENE will offer to the industry.
As per IAEA proposal and support, UNENE with support from COG, is currently involved in a
project to transfer 6 chapters of the CANDU Textbook into E-Modules at the IAEA MOODLE
platform. The objective of this project is to evaluate the effectiveness and practicality of
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delivering training models via electronic media. The following chapters are being transferred:
Reactor Statics, Reactor Dynamics, Thermalhydraulic Design, Nuclear Plant Systems, Nuclear
Plant Operation, and Reactor Safety Design and Safety Analysis. The project is scheduled to be
completed by end of March 2020. If the feedback from the Canadian nuclear industry is positive
on the first version of this new model of professional training delivery, UNENE will continue to
improve and enhance the E-Modules.
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Research Advisory Committee (RAC)
Stephen Bushby (RAC Chair)
The Research Advisory Committee (RAC) is responsible to the
UNENE Board of Directors for oversight of the R&D programs
sponsored by UNENE. The committee issues calls for proposals for
new research projects, reviews and selects proposals for funding, and
provides overall direction to the Industrial Research Chair programs
and to UNENE’s overall research portfolio. The RAC met twice in this
fiscal year, in May 2018 and in January 2019. UNENE staff provide
the secretariat for the RAC (Ben Rouben), and the UNENE President
is an ex-officio member. The RAC completed its review of the latest
call for CRD proposals for UNENE, in the spring of 2018, and during
2018-19, approved the following CRDs for support and NSERC
funding:

•
•
•
•

Suraj Persaud (Queen’s), SCC of Ni-Fe Alloys and IASCC of Stainless Steels: Evaluation
using Micro-mechanical Testing Techniques
Thomas Krause (RMC), ‘Improved Accuracy For PT to CT Gap Measurement’
Willy Cook (UNB), “Evaluation of the Effect of Ion Exchange Resin on Feeder Integrity”
Zhongwen Yao (Queen’s) Investigation of Irradiated Spacer Materials (X750 and Zr-Nb-Cu)

The RAC has also provided extensive advice and guidance to the UNENE President in discussing
with NSERC the application of the new NSERC funding model and guidelines, and this looks to
be coming to a satisfactory conclusion as to UNENE project qualification for NSERC funding.

Steve Bushby
General Manager, S&T Programs, AECL
Chalk River, Ontario
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RAC Members:
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
Daniel Tello
Peter Tremaine
Christina Van Drunen
Ed Waller
Shudong Yu

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
CNSC
University of Guelph
CNL
UOIT
Ryerson University
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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, and steam-generator
chemistry of the CANDU reactor fleet, and the geological
storage of nuclear spent fuel.
The laboratory has unique expertise in the development and use
of quantitative thermodynamic and spectroscopic techniques in
order to understand and model aqueous chemistry under the
extreme conditions that exist in nuclear reactors 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/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 in order to reduce feeder tube thinning and activity
transport.
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 determine experimental values of ΔpKa,1
for phosphoric acid (H3PO4 and D3PO4) in H2O and D2O up to 300 °C. In complementary studies
using Raman spectroscopy, we have developed a novel titanium flow cell with sapphire windows,
which was has successfully been used to determine the deuterium isotope effect on the ionization
constants of the carbonate ion DCO3- from 150 to 200 oC, and the phosphate ion DPO4- from 100
to 325 oC at 20 MPa. 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.
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The experimental results are also being used to validate the accuracy of quantum mechanical
computational techniques (DFT) we are using to estimate D2O isotope effects on the hydrolysis
reactions of Zn2+, Fe2+ and Fe3+ which control zinc oxide and magnetite solubility reactions in
heavy water under CANDU operating conditions.

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.

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 the fate of organic thermal decomposition
products.
COG has provided funding to expand the amine project to include more work on amine and
hydrazine replacements for secondary coolant chemistry control. M.Sc. student Samantha
Binkley joined the Group last September to work on the project. The project will study several
amines, including proposed hydrazine replacements and their decomposition products, using the
new nanocalorimeters and densimeter acquired from our CFI JELF grant. Calorimetric
measurements on the proposed pH control amine DMEA are now complete and being analyzed.
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 325oC) are even more sparse.
Experimental studies to determine La3+ ion pairing with OH- and Cl- up to 335 oC by Raman
spectroscopy and conductivity are complete. The hydroxide results are being 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.
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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 silica capillary cells. These are the first values to be reported above 60 oC, and are now
published. M.Sc. student Jason Sylvester has completed similar measurements on uranyl
chloride to determine values 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. The results are being analyzed.

Raman spectra of aqueous uranyl chloride and uranyl sulfate provide thermodynamic data for modelling
the leaching and “hideout” behaviour of uranium from fuel failures under geological spent-fuel storage
conditions and supercritical water-cooled reactor conditions.

Highly Qualified Personnel: The new tenure-track assistant/associate professor associated with
the IRC is Prof. Khash Ghandi from Mt. Allison University. Prof Ghandi is a Chemical Physicist
and an expert in hydrothermal radiation chemistry and muonium chemistry. He started on July
1, 2018.
Canadian Nuclear Laboratories has continued to support the IRC program by hosting Co-op PhD
and MSc students. The most recent placements were PhD student Jacy Conrad (2017/18) and
Jason Sylvester (2018/19).
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Co-op MSc Student Jason Sylvester with Dr. Ming Huang during his 8-month Co-op work term at Chalk
River Laboratories in 2017/18.

Cases with Realized Outcomes to Industry
PWR Chemistry (EPRI Funded): A major study with independent funding from EPRI to quantify
the thermodynamics of borate ion pairing and polyborate formation up to 350 oC has been
completed. 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 “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.
The results are being incorporated into a new database for the EPRI chemical modelling software
MULTEQ, CHEMWORKS and BOA to model boron “hideout” under PWR fuel deposits so that
the onset of crud-induced power shifts can be predicted and avoided.
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 software MULTEQ.
Hot Conditioning Chemistry: Research from the group contributed to a study by Kinetrics,
funded by OPG, to provide general expertise and modelling input on the most appropriate primary
coolant chemistry for hot start-up of refurbished CANDU reactors.
Contamination of Morpholine by Dissolved CO2. Experimental and modelling studies were
carried out to resolve questions raised by OPG about possible CO2 contamination of morpholine,
and the effect of dissolved CO2 on secondary coolant chemistry during outages and normal
operation under the “Organic Solutes” project. The work indicated that the situations of potential
concern occur during start-up after outages. A COG Report was submitted.
Research Facilities and Equipment
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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 2019: 3 RA, 4 PDFs, 2 Ph.D.s, 2 M.Sc.s.
Co-op M.Sc. student Jason Sylvester has returned from his co-op work term at CNL Chalk
River ending April 2019 (supervised by Ian Muir and Ming Huang).
MSc Student Samantha Binkley began in September, 2018.
Postdoctoral Fellows Dr. Matt Wolf (U. Michigan) and Dr. Radha Shiaramaiah (U. California
Davis) began work in early 2019.

Highly Qualified Personnel that Graduated
•
•

•

Recently graduated Ph.D. students Dr. Chris Alcorn and Dr. Jane Ferguson have taken
postdoctoral positions at Los Alamos National Lab and University of New Brunswick,
respectively.
Ms. Christine McGregor (MSc) began work at Canadian Nuclear Laboratories (Chalk River)
in April 2018.
Dr. Olivia Fandino Torres, (Research Associate), began a staff scientist position at the Marine
Science Laboratory in Brest, France in February, 2019.

Student and Staff Awards:
Graduate students received major scholarships, “best-paper” awards and conference travel
awards. PhD student Jacy Conrad and Research Associate Hugues Arcis won national and
international awards for research excellence in nuclear-related areas.
•

•
•
•

Jacy Conrad (PhD Student): NSERC Alexander Graham Bell Canada Graduate Scholarship
– Doctoral; a Roy G. Post Foundation Scholarship to attend and present poster at the
WM2019 Radioactive Waste Management Conference in Phoenix; Best Student Poster
Award at the 2018 University Network of Excellence in Engineering R&D Workshop; The
Canadian Nuclear Society 2019 R.E. Jervis Award.
Jane Ferguson (PhD Student): Best Ph.D. Student Contribution Award, 42nd Annual
CNS/CNA Student Conference; Giauque Travel Award to present paper at the North
American Calorimetry Conference, Calcon 2018, Lake Tahoe.
Avinaash Persaud (PhD Student) and Samantha Binkley (MSc Student) were selected for
the 2019 Canadian Nuclear Association Conference Student Participation Program (February
2019)
Dr. Hugues Arcis, (Research Associate), has had extraordinary recognition this year by
winning two international awards to scientists under 40 years of age.
o The Stig Sunner Memorial Award (the North American Calorimetry Conference) for
research contributions to thermodynamics and thermochemistry.
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The IAPWS Helmholtz Award (the International Association for the Properties of Water
and Steam (IAPWS) for significant early-to-mid career contributions to areas of research
of interest to IAPWS.
Dr. Jenny Cox, (Senior Research Associate and Laboratory Manager), was nominated
by the Department of Chemistry for a President’s Award for Exemplary Staff Service in the
category of Innovative Leadership.
o

•

Publications / Journal Papers
During the reporting period year, our group submitted and published 5 papers in refereed journals,
published 3 technical reports, and made 8 conference presentations. These included our first
publications on uranium chemistry; and several papers, conference proceedings and reports on
boron, heavy-water and amine chemistry.
Selected examples are given below.
Refereed Publications
1. 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, 122: 10880-10893.
2. Sasidharanpillai S, Arcis H, Trevani L, Tremaine PR (2019). Triborate Formation Constants
and Polyborate Speciation under Hydrothermal Conditions by Raman Spectroscopy using a
Titanium/Sapphire Flow Cell. J. Phys. Chem. B. 123(24):5147-5159.
3. Alcorn CD, Cox JS, Applegarth LMSGA, Tremaine PR (2019). Investigation of Uranyl Sulfate
Complexation under Hydrothermal Conditions by Quantitative Raman Spectroscopy and
Density Functional Theory. J. Phys. Chem. B., In press.
4. Ferguson J., Arcis H., Tremaine P.R. (2019) Thermodynamics of Polyborates under
Hydrothermal Conditions: Formation Constants and Limiting Conductivities of Triborate and
Diborate. J. Chem. Eng. Data., Accepted.
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 (2018).
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 and Major Presentations from Conferences and Workshops
1. Dickinson, S., Wells, D., Bachet, M., Banks, A., Tremaine, P.R., Henshaw, J., Marks, C.
(2018). Borate-silicate complex formation in PWR coolant. Proc. 21st International
Conference on Water in Nuclear Reactor Systems.
2. J.P. Ferguson, H. Arcis, D.H. Hussey, D.M. Wells, P.R. Tremaine. (2018) "Equilibrium and
Transport Properties of Aqueous Triborate up to PWR Coolant Conditions by Flow AC
Conductivity", Proc. 38th CNS Student Conf., Saskatoon,.
3. J. Conrad, S. Sasidharanpillai, P.R. Tremaine, "The second ionization of carbonic acid under
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CANDU primary coolant conditions by Raman spectroscopy". Proc. 42nd Annual CNS/CNA
Student Conference. (June 4, 2018), Saskatoon, SK.
S. Sasidharanpillai, J. P. Ferguson, H. Arcis, J. S. Cox, Daniel. M. Wells and P. R. Tremaine,
“Speciation and Thermodynamic Properties of Aqueous Triborate under PWR Primary
Coolant Conditions by AC Conductivity and Raman Spectroscopy”, Proc, 39th Annual Conf.
Canadian Nuclear Society (2019), Ottawa, Canada.
A. Persaud, S. Sasidharanpillai, JS. Cox, PR. Tremaine., “Antimony Chloride Speciation
Under Hydrothermal Conditions”, Proc. Canadian Nuclear Society 43rd Annual CNS/CNA
Student Conference, (2019), Ottawa, Canada.
S. Binkley, O. Fandino-Torres, J. Cox, and P. Tremaine., “Measurements of Apparent Molar
Volume and Apparent Molar Heat Capacity of Aqueous N,N-Dimethylethanolamine and Its
Protonated Salt from 10-120 °C”, Proc. Canadian Nuclear Society 43rd Annual CNS/CNA
Student Conf., (2019), Ottawa, Canada.
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 International Conference on the Properties of
Water and Steam (ICPWS). Prague. (Oral presentation).
S. Sasidharanpillai*, J. S. Cox, and P. R. Tremaine, “Quantitative Measurements of Aqueous
Boric Acid Speciation up to Hydrothermal Conditions using Polarized Raman Spectroscopy”,
Int.. Conf. Raman Spectroscopy, (2018), Jeju Island, South Korea. (Oral presentation).

Interactions/Consultations to Industry
Committees and Boards:
Dr. Tremaine serves on five industrial advisory committees for the nuclear industry:
•
Member, MULTEQ Database Committee, Electric Power Research Institute (EPRI).
•
Member of the Canadian National Committee of the International Association for the
Properties of Water and Steam (Prof. W. Cook, UNB, Chair).
•
Associate Member of the COG Chemistry Working Group (C. Stuart, CNL, Chair).
•
Member of the Board of Directors of UNENE, representing the University of Guelph
•
Member, Scientific Panel, NWMO/ORF Research Excellence project Environmental Impact
of Engineered Materials Degradation in Porous Consolidated Media"
Project-related Interactions with Industry:
•

•

•

Our UNENE Project Technical Advisory Committee meetings took place on Mar 8th 2018,
and May 15th 2019. Members include representatives from Canadian Nuclear Laboratories
(CNL), Ontario Power Generation (OPG), Bruce Power and the Canadian Nuclear
Regulatory Commission (CNSC0, CANDU Owners Group (COG), the Electric Power
Research Institute (EPRI) and the Nuclear Waste Management Organization (NWMO).
As an NSERC/UNENE Research Chair Dr. Tremaine serves as a member of the UNENE
Research Advisory Committee, and makes quarterly reports to the Committee, and presents
a 20 minute talk to the UNENE Annual Workshop’. Presentations on IRC progress were
made by our students to the ‘UNENE Annual Student Poster Session each year, most
recently in January 2019.
Prof. Tremaine has presented an update on IRC research to the COG Chemistry Working
Group Meeting each year in Toronto, most recently on April 25th 2019, and Sept. 20, 2018.
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Dr. Sasidharanpillai attended the biennial COG Chemistry Workshop on behalf of the group
on June 12 and 13, 2019.
Prof. Tremaine presented a report of IRC progress to the NWMO Project Team, Toronto.
February 14, 2018 and July 2, 2019. Dr. Sasidharanpillai presented an overview of group
research to an NWMO workshop on June 3rd 2019. Dr. Shivaramaiah attended the NWMO
Geoscience Seminar on June 4-5 2019.
Dr. Tremaine provided input on Canadian nuclear industry R&D needs as a member of the
EPRI MULTEQ Database Committee (Monthly conference calls + annual 3-day meeting, last
in Oct 2018). During this period, Version 8 of the MULTEQ Database Committee included
critically evaluated updated databases for the solubility of magnetite, transition-metal ferrites,
lead and chromites. Version 9 (in draft) will include antimony species, KOH for PWR pH
control, some amines, and borate/polyborate species (largely based on our EPRI-funded
project results).
Staff from OPG visited the University for two all-day meetings: Drs. Gabe Nicolaides, Peigang
Cao and Waleed Ahmed toured the Tremaine lab on July 6, 2018; and a team seeking
proposals and collaboration for the Pickering Reactor Decommissioning Program visited for
2-way presentations with the Tremaine Group and Prof. Beth Parker’s Groundwater Group
on March 22, 2019.
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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
Current and Completed Research Projects
The research program at McMaster continues
to be very strong and covers a large number a
projects. These projects are divided into the
following R&D Areas:
Uncertainty Analysis
•
•
•

•
•
•

Developing and Supporting EVS Applications
Uncertainty propagation in reactor physics
simulations (OECD-NEA UAM program)
Best estimate and uncertainty analysis of LOCA

Dynamic sensitivity and uncertainty
analysis of fuel transients in accidents
Application of new toolsets (TRACE/RELAP5, SCALE, PARCs, SERPENT)
Application of dynamic PSA to Risk Informed Methods (with COG support).

Fuel and Fuel Channel Integrity
• Mechanistic modelling of pool boiling CHF on calandria tube surfaces following PT/CT
contact
• Multiphysics investigation of PT hotspot due to localized fuel element-PT contact
• Experimental investigation of quench heat transfer on hot cylinders: Fundamental
experimental and visualization studies of heat transfer to cold water impinging on high
temperature metal surfaces
• Steady-state and transient CHF measurements in water
Severe Accident Analysis, In-vessel Retention, and Risk Analysis
• Mechanistic model of fuel channel disassembly.
• Effectiveness and timing of EME actions
• Coupling of thermalhydraulics and fuel channel mechanical behaviour
• Experimental investigation of CHF limits on downward facing surfaces
• Calandria In-vessel Retention limits
• End-fitting/End-Shield Heat Transfer During a Severe Accident
• Explosive boiling of water and self triggering mechanisms in steam explosions
• Complementary risk analysis methods to address extreme events and accident
mitigation measures.
• Multi-unit risk analysis
Computational and Tool Development, Testing and Validation
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OECD-NEA CFD Benchmark for Mixing Inside Tube Bundles (MATIS Experiment)
CFD analysis of CT thermalhydraulics following PT contact in LOCA
OECD-NEA Thermalhydraulics Benchmarks
IAEA=CRP on PHWR Coupled Phenomena
In-core flux measurements for Physics Code validation.

CANDU Applications and Advanced Reactor Methodologies
• Bruce A and Pickering A moderator subcooling experiments (COG funded)
• Reactor physics of actinide burning and fuel recycling in CANDU
• SERPENT Monte-Carlo Analysis of the CANDU Fuel Design
• Systems analysis of advanced CANDU fuel cycles
• Analysis of power maneuvering capability of thorium fuelled CANDU reactors
• Analysis of SMR concepts: molten salt reactors (Terrestrial Energy), lead cooled reactor
(Sweden) and corrosion resistance of HX tubes for molten salt service.

Training of highly qualified personel
In Program Graduate Students:
Undergraduate students:
Post Doctoral Fellows:
Research Associates:
Research Assistants:
Visiting Sabbatical Professors:

12 Masters
10 Doctoral
2 part time/extended Doctoral
5 planned in 2019, 5 in 2018,
1 (+2 new starting in 2019)
0
0
0

Recent graduations and other news:
ü Small Modular Reactor CREATE Grant approved for funding by NSERC ($2.4M, Novog
PI with UOIT, Queens, Waterloo and UNB).
ü J. Luxat to lead NUTHOS 13 thermalhydraulics conference in Vancouver Canada 2020
– Proposal accepted by NUTHOS, CNS and ANS.
ü J. Luxat (PI) on Proposal for McMaster as Lead Organization on a Joint Canada/ United
States of America/ Belgium/Switzerland/France SMR project under the OECD Nuclear
Energy Agency (NEA) Nuclear Education, Skills, and Technology (NEST) framework.
Proposal submitted to OECD NEA by NRCan. (Partners: U of Saskatchewan, U of
Regina, Texas A&M U, U Wisconsin –Madison, U Michigan, U California – Berkeley,
SCK-CEN [Belgium], EPFL [Switzerland], CNRS [France]). Proposal approved at 1st
NEST Management Board Meeting in Paris, March 28, 2019. Funded at 90,000
Euro/year for 3 years.
ü 3 new COG funded projects in 2018/2019 – Fast Neutron tomography, Risk Informed
Methods, and OECD-NEA international benchmark of CANDU thermalhydraulics (total
$1M+ of additional R&D funding).
ü OPG-IGNITE award for best proposal on fuel channel Inspection (Novogs group).
ü New post-docs in Novog’s group – Javeir Mantecon (June 2019, thermalhydraulics and
PDO) and Anuj Trivedi (August 2019, SMRs)
ü Novog on sabbatical July 2019.
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Benefits to industry:
J. Luxat (Past year)
•
•
•
•

•
•

•
•

Member & Vice-Chair, CSA N290B Technical Committee: Reactor Safety and Risk
Management. Developing nuclear standards CSA N290.16 – BDBA(issued); CSA
N290.17 – PSA (issued); CSA N290.18 – PSR (issued). May 2014 - present
Chair, CSA N290B Technical Sub-Committee developing nuclear standard CSA
N290.18 – PSR.
Independent Expert Reviewer of intervenor concerns presented at recent licensing hearings relating to
severe accidents in CANDU reactors
Research in key phenomena and behavior of severe accident progression in CANDU reactors including
core degradation and disassembly, In-Vessel Retention, chemical thermodynamics of degraded cores,
hydrogen production and transport, fission product release and transport, containment behavior. This
research focuses on supporting industry accident mitigation measures and emergency response planning.
Consolidation of fuel channel integrity analysis based on mechanistic modelling of key behavior.
Establishment of the Centre for Advanced Nuclear Systems (CANS) to provide unique nuclear materials
and thermalhydraulic research infrastructure in Canada. The CANS Post Irradiation Examination (PIE)
facility is the only one of its kind at a university world-wide and is available to handle active samples of
material from Canada’s power reactors. Hot commissioning of PIE facility underway.
Co-PI, CREATE Grant, Canadian Nuclear Energy Infrastructure Resilience under Seismic Systemic Risk (CaNRisk), (Wael el Dakakhni, McMaster, Lead PI), $1,650,000 award
Co-PI, ORF-RE8 Grant, Analysis tools, measurement techniques and systems for mitigating severe
accidents in CANDU nuclear power plants, (J. Jiang, Western, Lead PI), $1,404,703 Award

D.R. Novog (Past year)
•
•
•
•
•
•
•
•
•

•
•
•
•

Author of COG – Joint Project Scope for review of CNSC NOP-E code (with CNSC staff)
Chair – Technical Working Group for evaluation of the CNSC new risk informed tool (NOP-E) 2019-2020.
PI – SMR CREATE gran ($2.4M approved).
Consulting for OPG/Kinectrics on EVS (presentation to Bruce Power, OPG and Kinectrics in May 2018),
CNSC meeting support to OPG (Y. Parlatan) in June 2018.
COG Fuel Channel Modelling Improvement Initiative (CHF and PDO) 2018-2029.
Ontario Ministers Advisory Panel on Provincial Nuclear Emergency Response Plan – PNERP (Master Plan)
(Appointed 2017).
CNSC Advisory Panel on Emergency Planning – KI distribution issues as a follow-up to Pickering
Relicensing.
Independent Expert Consultant to COG on integrated toolset options for safety analysis reporting to the
COG IST Oversight Committee (2016-2017).
Consultant to COG project on CHF and PDO prediction methodologies (2017) – Input into Fuel Channel
Roadmap
External Advisory Member of the Safety and Licensing COG R&D Technical Committee
Support Emergency Mitigating Equipment (EME) strategy and effectiveness for early phase severe
accident mitigation to prevent channel disassembly and/or support in-vessel retention.
Leveraging Funds: Small Modular Advanced Reactor CREATE Grant principal investigator ($2.4M of new
funds).
Leveraging funds: 3 new COG-CRDs approved for 2018: 1 – Dynamic PSA and Risk Informed Methods
(NSERC co-funded), 2 – OECD-NEA CANDU fuel channel thermalhydraulic benchmark, 3 – Fast Neutron
Tomography systems (NSERC co-funded. $400k of additional NSERC funding form 2018-2020).
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Employment HQP grads
NAME
Andrew Morealle
Azin Behdadi

DEGREE
(DATE)
PhD (2012)
PhD (2015)

Kifah Takrouri

PhD (2011)

D. McClure

MASc
(2014)
MASc
(2014)
MASc
(2015)
MASc
(2010)
M.Eng.
(2015)
MASc
(2012)
PhD part
time
MASc
(2012)
PhD (2015)

Michael Scriven
Shaun Yee
Ting Zhou
Tim Alexander
Justin Spencer

David Trudell
David Hummel
Matt Glanfield
Ken Leung
Stephanie
Langton
Matt Ball
Liam Walker
Fabricia Pinero
Curtis McEwan
Brad Statham
Kate Heckman
J. Sharpe
Paul Szymanski

MASc
(2016)
PhD (2013)
Undergrad
(2014)
Post Doc
(2013)
Undergrad
(2010)
BASc
(2014)
MASc
(2014)
PhD (2013)
MASc
(2012)
PhD (2017)
MASc
(2014)

RESEARCH AREA

EMPLOYMENT

Actinide Burning in CANDU
Fuel Channel Integrity/ Severe
Accidents
Quench heat transfer
experiments /Severe
Accidents
Blind benchmark for CFD

CNL
McMaster - PDF

SCWR Lattice physics
modelling
Thorium fueled CANDU

SWI Systemsware
Innovation Corp.
NB Power

MCNP/SERPENT Lattice
Physics
Systems analysis of advanced
fuel cycles
Severe Accidents

U of Florida PDF

Actinide burning CANDU
controllability
Coupled 3D Neutron Kinetics /
Thermalhydraulics
Lattice physics

Kinectrics

Thermalhydraulics
Reactor Physics

Bruce Power
Bruce Power

Lattice Physics Uncertainty
Thermalhydraulics

Financial Forecasting
Services
Bruce Power

Modeling PID Control

Candu Energy

Lattice Physics Uncertainty

Bruce Power

Transient CHF
Two-Phase Flow Instability

Scimetric Ottawa
AMEC-FW

Reactor Physics Analysis (A.
Buijs supervisor, D. Novog
supervisory committee)
Header Pressure and Flow
Gradients Using CFD

NB Power

McMaster - PDF
Kinectrics

Bruce Power
CNL

CNL
MDS

CNSC
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Ahmad Assi

MASc
(2014)

Alexander
Schneider*
Mengmeng Lou

MASc
(2015)
MASc
(2016)
PhD (2018)
PhD (2018)
PhD (in
progress)
PhD (2018)

F. Salaun
F. Zhou
K. Boniface
A. Mogharabi
Tzach Makmal
•

MEng
(2018)

Funded by Government of Israel
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Emergency Mitigation
Preparedness and External
Event Vulnerability
Analysis of postulated Pool
Draining in MNR
SCWR Thermalhydraulics

BWXT

Reactor Physics
Thermalhydraulics
Risk Informed Methods

Bruce Power
OPG
CNL

Reactor Physics

Kuwait (teaching
professor)
Israel Atomic Energy
Commission

Fuel management of MNR and
operational analysis

Israel Atomic Energy
Commission
OPG
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Other research activity
J.Luxat
ü J. Luxat (Principal Investigator) OECD-NEA NEST SMR Project. McMaster University as Leading
Organization with a total of 8 Participating Organizations from 5 counties (Canada, USA, Belgium,
Switzerland, France). Total Award 270,000 Euro (C$ 405.6k) over 3 years.

ü CFI-NIF and MRI award of $18.4M for Centre for Advanced Nuclear Systems (CANS).
J. Luxat – PI .Total Project funding $24.5M. In 2015 a private donation of $645,000 was
received to purchase state of the art radiation monitoring equipment and systems for the
PIE facility. Project completed.
ü J. Luxat, (Co-applicant with researchers from Civil Engineering Dept.) on 3 successful
Research Tools and Instruments (RTI) grant applications for enhanced seismic testing
capability at the McMaster Applied Dynamics Laboratory ($149,500 award for each of
the three applications).
ü

ü
ü

J. Luxat, (Co-PI with researchers from Civil Engineering Dept.) on a successful CREATE grant application for
HQP training in Canadian Nuclear Energy Infrastructure Resilience under Seismic Systemic Risk (CaN-Risk)
($1,650,000 award).
Co-PI, ORF-RE8 Grant, Analysis tools, measurement techniques and systems for mitigating severe
accidents in CANDU nuclear power plants, (J. Jiang, Western, Lead PI), $1,404,703 Award
MITACS Project Award (with Terrestrial Energy), “Cladding of structural materials for corrosion protection
in molten fluoride salts”, $34,000, (2017-2018)

D.R.Novog
ü Small Modular Reactor Training Program (SMART) CREATE-NSERC Grant (2019,
$2.4M)
ü CFI-NIF and MRI award of $18.4M for Centre for Advanced Nuclear Systems (CANS).
D.R. Novog co-applicant.
ü NSERC-COG CRD Principal Investigator on Moderator Subcooling Experiments ($500k,
2015-2018), complete
ü NSERC-NRCAN-AECL Principal Investigator on SCWR Safety Analysis ($300k, 20132016), complete.
ü NSERC Discovery $200k (2017-2022), approved.
ü NSERC Engage $50k (2017), complete.
ü NSERC-COG CRD fast-neutron tomography, $700k (2018) funding approved by
NSERC.
ü NSERC-COG CRD Dynamic PSA for risk informed methods, $150k, approved by
NSERC.
ü COG OECD-NEA Benchmark ($80k), approved.
Publications (last 2 years)
Submitted, Accepted or Published in Journals
1.
2.
3.
4.

D. Wagner, D.R. Novog, R. LaPierre, “Simulation and Optimization of Current Generation in Gallium Phosphide
Nanowire Betavoltaic Devices”, J. of Applied Physics, 2019.
E. MacConnagie, D.R. Novog, “Assessment of Uncertainties Relevant to Measurement of Neutron Flux in a
Nuclear Reactor”, accepted in Nuclear Technology, 2019.
S. McNamee, D. Wagner, E.M. Fiordaliso, D. Novog, R.R. LaPierre, “GaP Nanowire Betavoltaic Device”,
Nanotechnology, 2018.
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 Nuclear Engineering and Design, 2019
(pending COG release).
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8.
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
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P. Wu and D.R. Novog, “Assessment of COBRA-TF Performance for CANDU Type conditions”, accepted in J. on
Nuclear Science and Engineering, 2018.
S. Younan, D.R. Novog, “Assessment of accident tolerant fuels and claddings in a CANDU reactor”, Science and
Technology of Nuclear Installations, 2018.
D. Hummel and D.R. Novog, “Analysis of Shutoff Rod Effectiveness During A Loss of Coolant Accident Using
Coupled Thermalhydraulics and 3-Dimensional Neutron Kinetics”, submitted to J. of Nuclear Engineering and
Rad. Sci., 2018.
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.
A. Mogharabi, D.R. Novog, “Optimal Energy Group Structure of Thorium-Plutonium Fuels in the Canadian
SCWR”, Annals of Nuclear Engineering, 2018.
B. Statham and D.R. Novog, “Transient Blowdown Critical Heat Flux Experiments”, Nuclear Engineering and
Design, April 2017.
F. Zhou, C. Allison, B. Wagner, D.R. Novog, “Mechanistic Modelling and Validation of Core Deformation
Phenomena within the RELAP/SCDAP”, Nuclear Science and Engineering, 2017.
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.
F. Salaun, D.R. Novog, “Optimization of the Canadian SCWR Core Design and Reactivity Mechanisms”, Journal
of Nuclear Engineering and Radiation Science, 2017.
A. Mogharabi 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.
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.
D. Moghul, J. Luxat, “Energetic Liquid Droplet Boiling on High Temperature Metal Surfaces”, Nuclear
Technology, NURETH 17 Special issue, Jan-Feb 2019.
K. Takrouri, J. Luxat, “Modeling of Explosive Boiling Forces during Vapor Explosions: Part I Small- Scale
Explosions”, Nuclear Engineering and Design (Submitted)
K. Takrouri, J. Luxat, “Modeling of Explosive Boiling Forces during Vapor Explosions: Part II Large- Scale
Explosions”, Nuclear Engineering and Design. (Submitted)
K. Takrouri, J. Luxat, “Re-Wetting Delay Time during Jet Impingement Quench Cooling of Hot Curved
Surfaces”, Nuclear Technology (Submitted)
T. Marrone, Z.L. Peng, M. Al Aryan, J. Ballaro, J. Bennett, C. Heysel, J. Luxat, “Commissioning the McMaster
University CANS Hot Cells”, Canadian Nuclear Society Bulletin, Vol. 9, No. 4, September 2018.
K. Takrouri, J. Luxat, M, Hamed, “Measurement and Analysis of the Re-wetting Front Velocity during Quench
Cooling of Hot Horizontal Tubes, Nuclear Engineering and Design, Vol. 311, pp 184-198, 2017.
K. Takrouri, J. Luxat, M, Hamed, “Experimental Investigation of Quench and Re-wetting Temperatures of Hot
Horizontal Tubes Well above the Limiting Temperature for Solid–Liquid Contact”, Nuclear Engineering and
Design, Vol. 311, pp 167-183, 2017.
K. Takrouri, M, Hamed, J. Luxat, “Re-Wetting Delay Time during Cooling of Hot Horizontal Tubes Well above
the Limiting Temperature for Solid–Liquid Contact", (Submitted to International Journal of Heat and Mass
Transfer), 2017.
Azin Behdadi, F. Talebi, J. Luxat, “Critical heat flux for downward-facing pool boiling on CANDU calandria tube
surface”, Nuclear Engineering and Design, Vol. 315, pp 104-116, 2017.
Azin Behdadi, F. Talebi, J. Luxat, “Critical heat flux for downward-facing pool boiling on CANDU calandria
vessel”, Annals of Nuclear Energy, Vol. 110, pp 768-778, 2017.

Referred Conference Proceedings
1.
2.

G. Patterson, D.R. Novog, “Optimization of Source-Detector Configuration for a Prototype Fast Neutron
Tomography System”, Specialists Workshop on Advanced Instrumentation and Measurement Techniques for
Nuclear Reactor Thermal Hydraulics, 2019.
K. Groves, D.R. Novog, “Best Estimate and Uncertainty Analysis Applied to the IAEA CRP on PHWR Transients”,
submitted to BEPU 2020.
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28.
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G. Patterson, D.R. Novog, “Design and Testing of a High Pixel Density Detector Array for Fast-Neutron
Computed Tomography”, accepted in NURETH 2019.
C. Hollingshead, D.R. Novog, “Important Issues in Validating CFD Tools Against High Fidelity Experiments”,
accepted in NURETH 2019.
M. Tucker, D.R. Novog, “The Impact Of Fueling Operations On Full Core Uncertainty Analysis In CANDU
Reactors”, CNS Simulation Symposium, Ottawa, 2018.
R. Ibrahim, A. Buijs and J. Luxat, “A Simplified 2-D Multi-Cell Model for Radial Reflector Modelling in PT-SCWR”,
Proc. 8th Int. Conf. on Simulation Methods in Nuclear Science and Engineering, Ottawa, ON, October 9-11, 2018.
C. Eveleigh, J.R. Kish, J.C. Luxat, “Diffusion Resistance of Claddings for Corrosion Protection in Molten Salt
Reactors”, Proc. 1st Int. Conf. on Generation IV and Small Reactors, Ottawa, ON, November 6-8, 2018
R. Ibrahim, A. Buijs and J. Luxat, “Investigation of Different Methods to Design the Start-Up Core of the Canadian
SCWR”, Proc. 38th Ann. Conf. of the Canadian Nuclear Society, Saskatoon, SK, June 1-4, 2018.
T. Marrone, Z.L. Peng, M. Al Aryan, J. Ballaro, J. Bennett, C. Heysel, J. Luxat, “Commissioning the McMaster
University CANS Hot Cells”, Proc. 38th Ann. Conf. of the Canadian Nuclear Society, Saskatoon, SK, June 1-4, 2018
A. Dion, J. Luxat, “Dynamic Sensitivity Analysis of Fuel Channel Failure During Pressure Tube Deformation in
CANDU Reactors”, Proc. NURETH 17, Xi’an, China, Sep. 3-8, 2017.
J. Luxat, “A Generalized Analytical Model of Fluid Jet Characteristics”, Proc. NURETH 17, Xi’an, China, Sep. 3-8,
2017.
J. Luxat, “Factors Governing the Effectiveness of In-Vessel Retention during Severe Accidents in CANDU
Reactors”, Proc. NURETH 17, Xi’an, China, Sep. 3-8, 2017.
D. Moghul, J. Luxat, “Energetic Liquid Droplet Boiling on high Temperature Metal Surfaces”, Proc. NURETH 17,
Xi’an, China, Sep. 3-8, 2017.
G. Patterson, D.R. Novog, “Progress in the Development of a Fast-Neutron Computed Tomography System”,
accepted to NUTHOS 2018, China.
K. Leung and D.R. Novog, “Measurement of Single-bubble Fragmentation Phenomena Near a Flow
Restriction”, accepted to NUTHOS 2018, China.
M. Tucker and D.R. Novog, “Effect of Nuclear Data Uncertainties on CANDU Reactor Fueling Transients”,
BEPU-2018, Italy.
F. Zhou, D.R. Novog, “Simulation of Core Disassembly Phases in a CANDU Severe Accident Using RELAP”,
CANSAS 2017, China.
D.R. Novog, “Recent Progress in the Canadian SCWR Safety Analysis”, NURETH 17, China, 2017.
J. Stack, A. Rashkovan and D.R. Novog, “3D Moderator Temperature Measurements in a Scaled CANDU
Moderator Test Facility”, NURETH 17, China 2017.
C. Hollingshead, A. Rashkovan and D.R. Novog, “Comparisons of CFD Predications and PIV Measurements for
CANDU Reactor Moderator Inlets”, NURETH 17, China 2017.
P. Wu and D.R. Novog, “Comparison of CTF Subchannel Predictions Against New Transient CHF Measurements
in high Pressure Water”, NURETH 17, China 2017.
F. Salaun and D.R. Novog, “Core Physics Parameter Optimization for the Canadian SCWR”, International SCWR
Workshop, Chengdu, China, 2017.
A. Mogharabi and D.R. Novog, “Comparison of Reactivity Parameters for CANDU and SCWR Proposed
Designs”, International SCWR Workshop, Chengdu, China, 2017.
A. Dion, J. Luxat, ““A Mechanistic Model to Predict Fuel Channel Failure in the Event of Pressure Tube
th
Overheat”, Proc. 36 Annual Conference of the Canadian Nuclear Society, Toronto, ON, Canada, June 19-22,
2016.
F. Zhou and D.R. Novog, “RELAP5 Simulation of CANDU station blackout Accidents with/without external
water make-up”, Pacific Basin Nuclear Conference, China, 2016.
th
B.Statham, D. R. Novog, “Transient Critical Heat Flux Measurements during Blowdown”, Proc. 36 Annual
Conference of the Canadian Nuclear Society, Toronto, ON, Canada, June 19-22, 2016.
F. Zhou, D.R. Novog, C. Allison, “Coupling RELAP5 to Fuel Channel Mechanistic Modelling for Severe Accident
th
Analysis”, Proc. 36 Annual Conference of the Canadian Nuclear Society, Toronto, ON, Canada, June 19-22,
2016.
M. Lou, D.R. Novog, C. Allison, “RELAP5 MOD4 Analysis of the Canadian SCWR to Loss of Coolant Accidents”,
th
Proc. 36 Annual Conference of the Canadian Nuclear Society, Toronto, ON, Canada, June 19-22, 2016.
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Consulting and other advisory activities
J.C. Luxat
•
•

Independent Expert Review for CNSC: Issues relating to severe accidents in CANDU reactors
Chairman, International Nuclear Energy Academy, 2018-2020.

•

President, Canadian Nuclear Society, 2018/2019

•

Member of Project Advisory Committee, Sylvia Fedoruk Canadian Centre for Nuclear Innovation,
Saskatchewan, 2012 -.
General Chair, NUTHOS 13, Vancouver, BC, August 2020.
Chair, International Organizing Committee, SMiRT 25 Conference, Charlotte, NC, USA, August 2019.

•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•

Member, Executive Committee, ANS Thermal Hydraulics Division, 2017-2020
Chair, Conference Planning Committee, ANS Thermal Hydraulics Division, 2017-2022
Member, Program Committee, American Nuclear Society Thermal Hydraulics Division,
2012-.
Member, Honours & Awards Committee, ANS Thermal Hydraulics Division, 2013General Chair, Embedded Topical Meeting on Advances in Thermal Hydraulics (ATH
18), ANS Winter Meeting November, Orlando, Florida, November 2018.
Board of Directors, American Association for Structural Mechanics in Reactor
Technology (AASMiRT) , 2012 –
VP (Canada), American Association for Structural Mechanics in Reactor Technology
(AASMiRT) , elected 2017
Member Advisory Board, International Association for Structural Mechanics in Reactor
Technology (IASMiRT) , 2012 Member (Advisory), COG Safety & Licensing Technical Committee
Member, International Steering Committee, 17th International Topical Meeting on
Nuclear Reactor Thermal Hydraulics (NURETH 17), Xian China, Sep. 3-8, 2017.
Member, Technical Program Committee, 17th International Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH 17), Xian China, Sep. 3-8, 2017.
Panel Co-Organizer & Panel Chair, Panel on Small Modular Reactors, 17th International
Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH 17), Xian China,
Sep. 3-8, 2017.
Panelist Presenter, Panel on Small Modular Reactors, “Challenges to the Deployment of
Small Modular Reactors”, 17th International Topical Meeting on Nuclear Reactor Thermal
Hydraulics (NURETH 17), Xian China, Sep. 3-8, 2017.
Session Chair, NURETH 17, Xi’an, China, Sep. 3-8, 2017.

D.R. Novog
•
•
•
•
•
•
•

COG-CNSC Joint Project on the Review of CNSC Functional Failure evaluation tool (NOP-E) – author of the
review scope document and appointed member of the review team.
Appointed member of the CNSC Advisory Panel of Emergency Planning – KI distribution.
Independent expert for OPG initiated review of NOP methodology (2018). CNSC technical meeting
support acceptance of OPGs upcoming NOP submissions.
Expert advisor to the Minister of Community Safety – Provincial Nuclear Emergency Response Plan
(PNERP), 2017.
Independent Expert Reviewer, Design and Non-Design Basis Accidents for OPG and Bruce Power (20062017).
Technical Committee member for the American Nuclear Society Physics (PHYSOR) and Thermalhydraulics
(NURETH), NUTHOS Conferences
Member (Advisory), COG Safety & Licensing Technical Committee
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Queen’s University – Mark Daymond IRC
UNENE/NSERC IRC Program: Nuclear Materials
Chair: Prof. Mark Daymond Associated Faculty:
Assoc. Prof. Zhongwen Yao (UNENE-CRD holder). Asst. Prof. Suraj Persaud (UNENECRD approved, NSERC application in process). Asst. Prof. Laurent Beland Asst. Prof.
Levente Balogh
Adjunct Prof. Malcolm Griffiths Emeritus Chair: Prof. Rick Holt
Overview
The main goal of the program is to understand the materials of the
CANDU fuel channel, and in particular the impacts of processing
choices as well as the 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. In addition, we are starting
to broaden our view of materials to prepare for choices that may be made regarding Small
Modular Reactors.
CHAIR and UNENE NEWS

The new Professors who arrived in 2018 are setting up complementary research programs, with
multiple collaborations with the Chair and Prof. Yao already initiated. Prof. Persaud has been
awarded a UNENE CRD, and Prof. Beland has a Mitacs with CNL.
QUEEN’S REACTOR MATERIALS TESTING LABORATORY (RMTL)
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 was awarded by CNSC, allowing us to move to full operational
capacity and we have since carried out irradiations for both CNL and Kinectrics as part of their
COG Work Packages.
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CURRENT RESEARCH TOPICS
1. Multiaxial plastic deformation of Zircaloy-2 2. Polycrystalline modeling of strains due to climb
(collaboration with Los Alamos National Lab). 3. Development of texture during a/b phase
transformation of Zr-2.5Nb and Excel 4. Effect of extrusion conditions, Nb content, O content,
on texture and microstructure of Zr-2.5Nb tubes 5. Stress and hydride distribution mapping at
notches in Zr-2.5Nb tubes 6. Strain produced by hydride precipitation in Zr-2.5Nb tubes 7.
Radiation damage in Mg and Zr using electrons, heavy ions and protons (collaboration with U of
Montreal, Argonne National Labs) 8. Radiation damage in Ni X750 using heavy ions and
protons (collaboration with Argonne National Labs) 9. Modelling radiation damage in Zr and Ni
alloys 10. Rate theory modelling of the impact of microstructure on growth and creep 11.
Irradiation of Generation 4 reactor materials in OPAL (collaboration with ANSTO) 12. DHC in
welds and b treated Zr-2.5Nb 13. Measurement of stress relaxation at flaws in irradiated
pressure tube material using synchrotron radiation (with Kinectrics, CRL) 14. Determination of
deformation characteristics of irradiated pressure tube material using in-situ neutron scattering
(with Kinectrics,
CRL) 15. Kinetics of hydride diffusion and precipitation (collaboration with Prof. A. Motta, Penn
State). 16. Impact of microstructure on hydrogen diffusion (collaboration with Dr. J. Santisteban,
CNEA Bariloche). 17. Radiation damage in Gen-IV reactor materials - ODS steels (supported
by additional funding)
Program Highlights & Advances in Knowledge
The Nuclear Materials program has expanded significantly at Queen’s in the last year or two. 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 (Laurent Béland); corrosion
(Suraj Persaud); and materials characterisation of nuclear materials (Leventa Balogh),
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 (including Zhongwen Yao), and the total research team
(Faculty, postdocs, graduate students and technicians) is now over forty. At the end of 2019,
Profs. Persaud and Newman have had an NSERC Alliance Grant been approved which will
support UNENE Research Chairs at U. Toronto (Newman) and Queen’s (Persaud) in Corrosion
of Nuclear Materials – this represents the succession plan to Newman’s existing UNENE IRC in
Corrosion.
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.
In addition, Queen’s (Daymond, plus postdoc Changizian) made significant contributions to a
Topical Meeting organized by WG3 on Spacer Failure Mechanisms.
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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.
• Characterisation of irradiation damage of Zr2.5Nb pressure tube material, of relevance to
the high stress creep projects.
• Characterisation of hydrides in Zr2.5Nb pressure tube material, of relevance to DHC.
Benefits to industry
Direct participation in the Technical Working Groups, including discussion on Work Package
proposals and progress. R. Holt & M. Daymond participates in the COG Fuel Channel Technical
Committee. M. Daymond participates in the COG Fuel Channel Working Group on Crack
Initiation and Fracture, the COG Fuel Channel Working Group on Deformation, the COG
Working Group 3 on Spacers, and the COG Task Group on High Stress Creep. Z. Yao
participates in the COG Fuel Channel Working Group on Crack Initiation and Fracture. M.
Griffiths participates in COG Working Group 3 on Spacers.
Knowledge transfer in 2018, not previously reported: provision of an analysis code for EBSD
data, which allows extraction of dislocation density. This is complementary to the X-ray
diffraction technique currently in use, providing local information (e.g., in front of a crack tip), as
compared to the large-scale average of X-rays. This is being applied by CNL to several material
systems (Zr; steel).
Realized outcomes to Industry
Key knowledge transfers include
- Development of methodology for preparing hydride-artefact free Zr foils by FIB (with
CNL). Focussed Ion Beam (FIB) is a method for generating foils for examination in the
Transmission Electron Microscope, that allows very specific locations to be investigated
(e.g. at a crack tip). The methodology allows reliable production of FIB foils from Zr
alloys (pressure tube, calandria tube, fuel cladding) without production of ‘artefact’
hydrides, allowing insight into aging and degradation mechanisms.
- Matlab based code developed at Queen’s which allows determination of dislocation
density from legacy SEM (EBSD) data. This is complementary to the X-ray diffraction
technique currently in use, providing local information (e.g., in front of a crack tip), as
compared to the large-scale average of X-rays. This is being applied by CNL to a wide
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range of investigations on Zr, Fe and Ni based alloy components providing additional
information on aging and degradation mechanisms.
Ongoing: 4 COG WP (2 x CNL, 2 x Kinectrics); plus a postdoc working on
Kinectrics/Queen’s project on X750 spacers, a PhD student working on a CNL/Queen’s
project on zirconium oxidation and a CNL/Queen’s project on zirconium – iodine stresscorrosion cracking.

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 participates in the COG Fuel Channels Technical Committee, and is a
member of 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).

Other research activity

Collaborative projects with CEA (France), ENSAM (France), Penn. State University (USA), The
Open University (UK), University of Manchester (UK), CNEA (Argentina), Australian Nuclear
Science and Technology Organization (ANSTO), Kinectrics Inc. CRL, Nu-Tech Precision Metals
Inc., APS-Argonne National Lab. (USA), Los Alamos National Lab. (USA) IVEM- Argonne National
Lab (USA), Oxford Culham Science Centre (UK), Wuhan University (UK) and China Institute of
Modern Physics (UK).
Research Facilities and Equipment
The RMTL accelerator project funded by CFI/MEDT continues, with equipment purchase,
installation and commissioning competed. The 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).
Corrosion loop (water), with controlled pH, O and H content, as well as in situ Raman
capability.
In proton beam mechanical testing.

Training of highly qualified personnel
HQP enrolled in the program
With 5 faculty in the area, the research effort at Queen’s has grown significantly over the last 2
years. Many students / postdocs are co-supervised; those supported partially or fully by
Daymond in 2019 are:
Postdoctoral fellows (6): Fei Long, Matt Topping, Peyman Saidi, Cong Dai, Jason Wang,
Qingshan Dong
Continuing PhD students (9): Pooyan Changizian, Zhouyao Wang, Alice Mao, Nima Nikpoor,
Segun Aiyeru, Igor Cherubin, Sean Hanlon (part time, at CNL), Yubin Zhao, Aida Mohammadi,
Continuing MASc students (3): Brodie Moore, Jordon Solomon, Rong Guo
New PhD student (7): Ronit Roy, Iveta Steblevska, Brodie Moore (from MASc), Yu Luo, Vindel
Ramsundar, Aditya Kamath, Adil Shaik,
Movements of highly qualified personnel (2019)
One new PhD student started, Yu Luo, co-supervised by Profs. Daymond & Béland.
HQP that graduated since last report; number, type
• Cong Dai (PhD), now at CNL
• Travis Skippon (PhD), now at CNL
• Jason Wang (PhD), now at CNL
• Zhouyao Wang (PhD), now at CNL
• Brodie Moore (MASc), now PhD at Queen’s
• Jordan Solomon (MASc)
Publications
Journal papers:
1. F. Long, N.N. Badr, Z. Yao, M.R. Daymond, “Characterizing the crystal structure and formation induced
plasticity of g-hydride phase in zirconium”, Materialia, v8, 100454 (2019)
2. C. Dai, P. Saidi, L.K. Béland, Z. Yao, M.R. Daymond, “An atomistic simulation of tension-compression
asymmetry response of pyramidal dislocations in deformed hcp zirconium”, Comp. Mat. Sci., v170, 109183
(2019).
3. C. Dai, P. Saidi, M. Topping, L.K. Béland, Z. Yao, M.R. Daymond, “A formation mechanism of c-component
vacancy loops in a-zirconium”, Scripta Mater., v172, p72-76 (2019)
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4. O. Muránsky, L. Balogh, M. Tran, C.J. Hamelin, J.-S. Park, M.R. Daymond, “On the Measurement of
Dislocations and Dislocation Structures using EBSD and HRSD Techniques”, Acta Mater., v175, p297-313
(2019)
5. H. Yu, Q. Dong, H.K. Zhang, Z. Yao, M. Kirk, M.R. Daymond, “In situ study of heavy ion irradiation induced
lattice defects and phase instability in b-Zr”, J. Nuc. Materials, v522, p192-199 (2019).
6. C. Dai, F. Long, P. Saidi, L. K. Béland, Z. Yao, M.R. Daymond, “Primary damage production in the presence of
extended defects and growth of vacancy-type dislocation loops in α-zirconium”, Physical Review Materials,
v3(4), p043602 (2019).
7. C. Cochrane, T. Skippon, M.R. Daymond, “Effect of rate on the deformation properties of metastable b in a high
Sn content zirconium alloy”, Int. J. Plasticity, v119, p102-122 (2019)
8. O. Shiman, M.R. Daymond, “Phase transformation and microstructural changes during the hydriding and aging
processes in a dual phase Zr alloy”, Material Chemistry and Physics, v231, p48-59 (2019)
9. Q.B. Ho, O. Osazuwa, R. Modler, M.R. Daymond, M. Gallerneault, M. Kontopoulou, Exfoliation of graphite and
expanded graphite by melt compounding to prepare reinforced, thermally and electrically conducting polyamide
composites, Comp. Sci. and Tech., v176, p111-120 (2019)
10. T. Skippon, L. Balogh, M.R. Daymond, “Comparison of Electron Backscattering and X-ray Diffraction
Techniques for Measuring Dislocation Density in Zircaloy-2”, J. Applied Crystallography, v52, p415-427 (2019)
11. A. Motta, L. Capolungo, L.Q. Chen, M.N. Cinbiz, M.R. Daymond, D. Koss, E. Lacriox, A. Manera, G. Pastore,
P.C. Simon, M. Tonks, B. Wirth, M. Zikry, Hydrogen in Zirconium Alloys: a review, J. Nuclear Materials, v518,
p440-460 (2019)
12. Q. Dong, Z. Yao, H. Qin, M.R. Daymond, “Effect of the addition of Cu on irradiation induced defects and
hardening in Zr-Nb alloys, J. Nuclear Materials, v519, p10-21 (2019)
13. C. Dai, P. Saidi, L.K. Béland, Z. Yao, M.R. Daymond, “Deformation-free nanotwin formation and growth in hcp
materials”, in Material Research Letters, v247, p111-114 (2019)
14. Q. Dong, P. Saidi, H. Yu, Z. Yao, M.R. Daymond, “A direct comparison of annealing in TEM thin foils and bulk
material: application to Zr-2.5Nb-0.5Cu alloy”, Materials Characterisation, v151, p175-181 (2019)
15. Q. Wang, N. Guo, F. Long, M.R. Daymond, “Effect of heavy ion irradiation on Zr-2.5Nb pressure tube alloy, Part
1: orientation dependent mechanical response”, J. Applied Physics, v125, 085108 (2019)
16. Q. Wang, L. Balogh, Q. Dong, N. Guo, Z. Yao, M.R. Daymond, “Effect of heavy ion irradiation on Zr-2.5Nb
pressure tube alloy, Part 2: orientation dependent dislocation loop propagation and elemental redistribution”, J.
Applied Physics, v125, 085109 (2019)
17. C. Cochrane, M.R. Daymond, “Effect of temperature and loading sense on transformation-induced plasticity in a
high Sn content zirconium alloys”, Mat. Sci. Eng. A, v748(4), p313-326 (2019).
18. Z. Wang, Q. Wang, M.R. Daymond, “Mode I Fracture Testing on Non-Plane Strain Zirconium Foils”, Eng.
Fracture Mechanics, v209, p48-60 (2019)
19. S.M. Hanlon, S.Y. Persaud, F. Long, A. Korinek, M.R. Daymond, “A solution to FIB induced artefact hydrides in
Zr alloys”, J. Nuclear Materials, v515, p122-134 (2019)
20. P. Changizian, Z. Yao, C. Lu, F. Long, M.R. Daymond, “Radiation Effect on Nano-indentation Properties and
Deformation Mechanism of a Ni-based Superalloy X-750”, J. Nuclear Materials, v515, p1-13 (2019)
21. T. Skippon, C. Cochrane, M.R. Daymond, “Crystallographic Orientation Sensitive Measurement of Strain Rate
Sensitivity in Zircaloy-2 via Synchrotron X-ray Diffraction”, Int. J. Plasticity, v113, p1-17 (2019)
22. Q. Dong, Z. Yao, H. Qin, M.R. Daymond, “Irradiation damage and hardening in pure Zr and Zr-Nb alloys at 573
K from self-ion irradiation”, Materials and Design, v161, p147-159 (2019)
23. Z. Wang, C. Cochrane, T. Skippon, Q. Dong, M.R. Daymond, “Dislocation evolution at a crack tip in a
hexagonal close packed metal under plane-stress conditions”, Acta Mater., v164, p25-38 (2019)
24. S. Xu, Z. Zhou, F. Long, H. Jia, N. Guo, Z. Yao, M.R. Daymond, “Combination of back stress and Orowan
strengthening in bimodal structured Fe-9Cr-Al ODS steel with high Al addition”, Materials Science and
Engineering A, v739, p45-52 (2019)
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Additional journal publications in 2019

25. T. Skippon, L. Balogh, M.R. Daymond, “Comparison of Electron Backscattering and X-ray Diffraction
Techniques for Measuring Dislocation Density in Zircaloy-2”, J. Applied Crystallography, v52, p415427 (2019)
26. A. Motta, L. Capolungo, L.Q. Chen, M.N. Cinbiz, M.R. Daymond, D. Koss, E. Lacriox, A. Manera, G.
Pastore, P.C. Simon, M. Tonks, B. Wirth, M. Zikry, Hydrogen in Zirconium Alloys: a review, J. Nuclear
Materials, v518, p440-460 (2019)
27. Q. Dong, Z. Yao, H. Qin, M.R. Daymond, “Effect of the addition of Cu on irradiation induced defects
and hardening in Zr-Nb alloys, J. Nuclear Materials, v519, p10-21 (2019)
28. C. Dai, P. Saidi, L.K. Béland, Z. Yao, M.R. Daymond, “Deformation-free nanotwin formation and
growth in hcp materials”, in Material Research Letters, v247, p111-114 (2019)
29. Q. Dong, P. Saidi, H. Yu, Z. Yao, M.R. Daymond, “A direct comparison of annealing in TEM thin foils
and bulk material: application to Zr-2.5Nb-0.5Cu alloy”, Materials Characterisation, v151, p175-181
(2019)
30. Q. Wang, N. Guo, F. Long, M.R. Daymond, “Effect of heavy ion irradiation on Zr-2.5Nb pressure tube
alloy, Part 1: orientation dependent mechanical response”, J. Applied Physics, v125, 085108 (2019)
31. Q. Wang, L. Balogh, Q. Dong, N. Guo, Z. Yao, M.R. Daymond, “Effect of heavy ion irradiation on Zr2.5Nb pressure tube alloy, Part 2: orientation dependent dislocation loop propagation and elemental
redistribution”, J. Applied Physics, v125, 085109 (2019)
32. C. Cochrane, M.R. Daymond, “Effect of temperature and loading sense on transformation-induced
plasticity in a high Sn content zirconium alloys”, Mat. Sci. Eng. A, v748(4), p313-326 (2019).
33. Z. Wang, Q. Wang, M.R. Daymond, “Mode I Fracture Testing on Non-Plane Strain Zirconium Foils”,
Eng. Fracture Mechanics, v209, p48-60 (2019)
34. S.M. Hanlon, S.Y. Persaud, F. Long, A. Korinek, M.R. Daymond, “A solution to FIB induced artefact
hydrides in Zr alloys”, J. Nuclear Materials, v515, p122-134 (2019)
35. P. Changizian, Z. Yao, C. Lu, F. Long, M.R. Daymond, “Radiation Effect on Nano-indentation
Properties and Deformation Mechanism of a Ni-based Superalloy X-750”, J. Nuclear Materials, v515,
p1-13 (2019)
36. T. Skippon, C. Cochrane, M.R. Daymond, “Crystallographic Orientation Sensitive Measurement of
Strain Rate Sensitivity in Zircaloy- 2 via Synchrotron X-ray Diffraction”, Int. J. Plasticity, v113, p1-17
(2019)
37. Q. Dong, Z. Yao, H. Qin, M.R. Daymond, “Irradiation damage and hardening in pure Zr and Zr-Nb
alloys at 573 K from self-ion irradiation”, Materials and Design, v161, p147-159 (2019)
38. Z. Wang, C. Cochrane, T. Skippon, Q. Dong, M.R. Daymond, “Dislocation evolution at a crack tip in a
hexagonal close packed metal under plane-stress conditions”, Acta Mater., v164, p25-38 (2019)
39. S. Xu, Z. Zhou, F. Long, H. Jia, N. Guo, Z. Yao, M.R. Daymond, “Combination of back stress and
Orowan strengthening in bimodal structured Fe-9Cr-Al ODS steel with high Al addition”, Materials
Science and Engineering A, v739, p45-52 (2019)
Conference presentations:
1. Q. Wang (oral), True stress-true strain curves of irradiated Zr-2.5Nb pressure tube calculated based
on nanoindentation and finite element modeling, at ASTM Zirconium in the Nuclear Industry 19th
International Symposium, Manchester UK.
2. N. Badr (oral), Phase and crystal structure determination of hydride precipitates formed in Zirconium
alloys with low hydrogen concentration combining nano-beam electron diffraction, HRTEM, EELS, and

UNENE ANNUAL REPORT 2018-2019

3.
4.
5.

6.

7.
8.
9.

10.

11.

12.

13.
14.

Page 45

high-resolution synchrotron diffraction, at ASTM Zirconium in the Nuclear Industry 19th International
Symposium, Manchester UK.
Q. Dong (poster), Effect of the addition of Cu on irradiation induced defects and hardening in Zr-Nb
alloys, at ASTM Zirconium in the Nuclear Industry 19th International Symposium, Manchester UK.
F. Long (poster), Phase characterization of Zr-Nb-Fe ternary system at the Zr-Nb rich side, at ASTM
Zirconium in the Nuclear Industry 19th International Symposium, Manchester UK.
Levente Balogh (oral invited), Irradiation defects in Zr alloys: a comparison between transmission
electron microscopy and diffraction line profile analysis, Materials Science & Technology 2019,
Portland OR, USA
Fei Long (oral invited), Dynamical deformation mechanism study on a zirconium alloy by in-situ TEM
deformation coupled with 3D dislocation tomography, Materials Science & Technology 2019, Portland
Oregon, USA
Travis Skippon (oral invited), Characterisation of GNDs in Zirconium using EBSD, Materials Science &
Technology 2019, Portland Oregon, USA
Igor Cherubin (oral), Effect of proton irradiation on mechanical properties of zirconium hydride,
Materials in Nuclear Energy Systems 2019, Baltimore MD, USA
P. F. D. Bennett (oral), M. Topping, R. Underhill, J. Morelli, M.R. Daymond, T. W. Krause, Resistivity
Change in CANDU® Pressure Tube Material due to Heat Treatment, at International Conference of
Materials, Chemistry and Fitness for Service Solutions for Nuclear Systems, Toronto
P. Changizian (oral), Z. Yao, M. R. Daymond, Nano-mechanical analysis of irradiation-induced
microstructural degredation in a Ni-based superalloy X-750, Conference of the Canadian Society for
Mechanical Engineering 2019, London ON.
Qiang J. Wang (oral), Christopher Cochrane, Travis Skippon, Zhouyao Wang, H. Abdolvand, Mark R.
Daymond, Orientation dependent irradiation hardening in pure Zr studied by nanoindentation, TEM,
and crystal plasticity finite element modeling, Conference of the Canadian Society for Mechanical
Engineering 2019, London ON.
Zhouyao Wang (oral), Mark Daymond, Plastic deformation evolution at a crack tip in zirconium foil,
Conference of the Canadian Society for Mechanical Engineering 2019, London ON.
Brodie Moore: Proton irradiation creep rig at RMTL; UNENE R&D Annual workshop, January 2019
Cong Dai: A mechanism for the nucleation threshold for radiation induced c-loops in Zr; UNENE R&D
Annual workshop, January 2019

Members of the group attended the Biennial COG Fuel Channel Seminar, with Daymond giving
an oral presentation, and 9 posters by students / postdocs.
Much of the group (Daymond, Yao, Persaud, Beland, Balogh, 4 postdocs, 16 students)
attended the UNENE R&D Workshop in December 2019, and presented their work (14 posters)
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Ontario Tech University – Edward Waller IRC
– Anthony Waker, Senior Chair (outgoing)
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 young professionals and contractors,
trained and engaged with the industry. The UNENE
Chairs in Health Physics and Environmental Safety at
Ontario Tech were established in order to provide
research and training for sustainable nuclear power
production in Canada and to contribute to international
efforts in nuclear safety and security. This reporting
period began at a critical juncture for the UNENE
Chairs at Ontario Tech due to the impending retirement and non-renewal of the incumbent Senior
Chair position. This required the submission to NSERC of a new Senior Chair proposal and the
recruitment of a new faculty member with whom to pursue a new Associate Chair. It is pleasing
to report success in both these endeavors. In December 2018 Dr. Waller was successful in
receiving NSERC approval for his new five year program of research as Senior Chair holder and
in January 2019 we were joined by Dr. Kirk Atkinson as a new faculty member in health physics
and radiological science who has submitted his Associate Chair proposal to NSERC and we await
the NSERC Industrial Research Chair site visit scheduled for December 2nd 2019.
Through the support of UNENE, NSERC and Ontario Tech 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. The EPR spectrometer,
acquired under the Chair, has been upgraded to add goniometer capability for sample rotation
and incorporation of a marker assembly for spectral stability. The new Senior Chair position has
enabled us to enhance our irradiation capability with a Hopewell 350 Ci Cs-137 high dose-rate
gamma cabinet irradiator and, if successful, the proposed Associate Chair program will enable
us to invest in high capacity computing for advanced multi-physics computational modelling codes
and imaging technology for sub-surface tomography. 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, plant nuclear security and environmental protection. 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.
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HQP in training (outgoing Senior Chair)




MASc (3)
PhD (4)
Research Assistant [part time] (1)

Program Results /Highlights (Outgoing Senior Chair- A.J. Waker)
The outgoing Senior Chair’s second five-year term ended in March 2018 and in view of there
being no planned renewal of the Chair NSERC agreed to a one year program extension to enable
ongoing projects to be supported. These remaining projects deal with real-time detection methods
for mixed field monitoring in nuclear power plants and environmental protection studies focused
on radiation damage to non-human biota.
Ongoing real-time instrument research projects, driven by the goal to improve nuclear power plant
dosimetry and radiation monitoring, are:
•

Gas Electron Multipliers (both thick and thin) for particle range discrimination, which is
important for tritium and alpha monitoring in mixed fields

•

Neutron/gamma monitoring with low-pressure proportional counters constructed with
different wall-materials for mixed neutron fields found in operating power plants and
nuclear fuel storage bays

•

Wall-less proportional counter for hot-particle and beta particle near-field dosimetry
addressing occupational exposure events that may arise in nuclear power plant operation
and nuclear decommissioning activities

•

Development of a real-time eye-dose monitor to provide a rapid assessment of radiation
fields encountered in a nuclear power plant and addressing the problem of lower
regulatory limits for eye-lens exposure to be imposed by the CNSC

•

A matched pair of ionization
chambers, one sealed the other an
open air-flow for severe accident
monitoring in a NNP (collaborative
Ontario
Research
Foundation
project with Western University).
Results of this work were presented
at
Advanced
Nuclear
Instrumentation Measurements and
Methods
(ANIMMA)
2019
in
Portoroz, Slovenia, May 2019
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A dual chamber alpha
monitor with rapid radon
rejection capability to
address the problem of
nuisance
alarms
generated by radon
progeny in controlled
area exit monitoring
systems. A prototype
device
has
been
constructed and current
results of this work were
presented at ANIMMA
2019

In environmental safety, non-human
biota studies work continued with the
study of fish eye-lens radiation damage.
During 2018-2019 we concluded our first
study to determine the threshold dose for
measureable impairment of fish lens
focal capacity measured by laser
scanning. The conclusion drawn from
this study was that up to an accumulated
dose of 2 Gy no visual impairment could
be detected measured as a deterioration
in focal capacity. The results of this work were presented at the International Congress on
Radiation Research (ICRR-2019) in Manchester, UK in September 2019.
HQP in training (incoming Senior Chair – Dr. Waller)




MASc (10)
PhD (9)
Post-Doctoral Fellows (1)

Program Results /Highlights (Associate Chair – E. J. Waller)
The outgoing Senior Chair’s position has been awarded to the outgoing Associate Chair,
providing a continuity of the research program. The overarching program statement is that
“Protection of the environment relies on the continued safety and security of nuclear technology”.
This is explored under different research objectives and projects, outlined below.
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Electron Paramagnetic Resonance Retrospective
Dosimetry in zebra mussels has yielded a number of
papers and conference presentations. It has been found
that the abundant zebra mussel species can be a good
indicator of anthropogenic dose.
•
Electron
Paramagnetic
Resonance Retrospective Dosimetry oriented towards valued
ecosystem components for indigenous communities has resulted in
development of a moose voxelized phantom for Monte Carlo
dosimetry, and will aid in understanding dose to the indigenous
communities.

•

Electron Paramagnetic Resonance Retrospective Dosimetry oriented to chronic low dose
human populations by studying tooth samples from dental clinics in and around the
Durham region. This research will provide physical dosimetry to compare with
epidemiological and environmental studies conducted around nuclear plants.

•

Synthetic environment training and exercising has
yielded an abundance of results on the
international stage regarding the use of virtual
reality for training emergency first responders and
transportation accidents involving nuclear and/or
radiological material. This research has been
derived from research into dose visualization for
ALARA practices.

•

Development of a radiation
Triage Mark for assisting
responders to nuclear or
radiological incident and
accidents
has
included
detector
integration
for
cadmium
zinc
telluride
gamma spectrometers and
GM alpha/beta detection

•

Recent research involving the application of administrative monetary penalties in nuclear
security regulation has acquired some notoriety and has been presented at the Institute
for Nuclear Materials Management conference where it won best paper, and has been
presented at the International Atomic Energy Agency.

Collaborations and Interactions / Consultations with Industry
International collaborations (Outgoing Senior Chair):
 Experimental microdosimetry and detector development for radiation protection in a high
energy accelerator environment – CERN, Geneva, Switzerland
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Canadian collaborations (Outgoing Senior Chair):
• Research Materials Testing Laboratory, Queen’s University (neutron spectrometry and
monitoring)
• UWO, ORF-RE8 (sever accident mitigation technology)
• Ontario Power Generation, NSERC, CRD on Decommissioning Technologies
• Canadian Nuclear Laboratories-COG Work-package on neutron metrology
International Collaborations (Senior Chair):
IAEA
•
•
•

Expert advice on formation of an education and training network for Emergency
Preparedness and Response (iNetEPR) for the Incident and Emergency Centre, IAEA
Train-the-Trainer workshops for radiation protection in a variety of countries (Argentina,
Lebanon, Estonia)
Subject matter expert input for the IAEA School of Radiation Emergency Management
(Austria, China)

TU Wien (Technical University Vienna)
• Collaborate on co-supervision of PhD student on illicit radiological material trafficking data
analysis
Canadian Collaborations (Senior Chair):
•
•
•
•
•

Cytognomix: Collaborate with research on Automatic Chromosome Dicentric Analysis
VisionTec: Collaborate with research on configurable anthropomorphic phantoms
Western University, ORF-RE (severe accident mitigation technology)
Ontario Power Generation, NSERC CRD on Decommissioning Technologies
CANDU Owners Group (COG), Chronic Low Dose Estimation using EPR

Publications /Journal Papers
Referred Journal Articles:
“Meeting Cytogenetic Biodosimetry Capacity Requirements of Population-scale Radiation
Exposures with Geostatistical Sampling”, Rogan, P., Lu, R., Mucaki, E., Waller, E. and Knoll, J.,
PLOS ONE, submitted. 2019.
“Consideration and Application of Administrative Monetary Penalties in Nuclear Security”,
Vucicevic, J. and Waller, E., Int. J. Nuc. Sec. submitted. 2019
“MINOTAUR – A Combined Adversary-Responder Approach to Physical Protection System
Effectiveness with Stochastic Uncertainty Analysis”, Waller, E., Int. J. Nuc. Sec. in preparation.
2018.
“Examination of Secondary Electrons Generated by Encapsulated Gamma Sources to Improve
Contact Dosimetry Estimates”, Heritage, E. and Waller, E. Heath Phys. Under revision. 2019.
“Nuclear Emergencies and Natural Disasters”, Lafortune, J. and Waller, E., J. Emerg. Manag.,
17(4):257-269, 2019.
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“Technical Communication during Nuclear and Radiological Emergencies with the Tools to
Support International Assessment and Prognosis”, Tzivaki, M. and Waller, E., ASME J. Nuc.
Eng. Rad. Sci., 5:1-10, 2019.
“A Sequential Nanopore-Channel Device for Polymer Separation”, Magill, M., Waller, E. and de
Haan, H., J. Chem. Phys., 149(17):1-12, 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.
Conference Presentation/Poster:
“Consideration of Administrative Monetary Penalties in Nuclear Security Regulation”, Vucicevic,
J. and Waller, E. IAEA Int. Conf. Security Rad. Mat. Vienna, Austria. 3-7 Dec 2018.
“Case Study: Enhancing Human Reliability Tools for Nuclear Maintenance”, Momin, G., Panchal,
R., Liu, D., Perera, S., Waller, E. and Tokuhiro, A. ASME 2018 Power & Energy Conference,
Lake Buena Vista, Florida, USA, 24-28 June 2018
“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.
“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.
“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
The IRC program focusses on deepening the understanding of corrosion
processes in steels and other metal alloys applicable to nuclear facilities.
Behaviour associated with trace impurities, water chemistry and the effects
of radiation are considered. Most recently, long-term corrosion impacts for
waste container behaviour are under study.
Benefits to industry
Continuing to assist OPG with ongoing corrosion issues, especially related
to Monel. Developing close links with CNL on current and future activities. Continuing to advise
OPG on electrochemical monitoring of a dry storage container for used fuel at the Darlington
Waste Management Facility.
Training of highly qualified personnel
In this period the activity supported by the IRC consisted of two ongoing PhD students, part of
the activity of another PhD student, Senior Research Associate Dr. Anatolie Carcea, and two
MASc students. MASc student Victor Muthomi is currently on a leave of absence, working at
Bruce Power.
Given the current timeline for the remainder of the 3rd IRC term (the nominal end date is
September 2019), there are no plans to recruit any more students. NSERC are currently
evaluating an application for a cost-free extension. The Queen’s relationship mentioned last
time is ongoing, and Roger Newman attended the NSERC site visit in Kingston.
IRC Research Projects Active During this Period
Comparative stress corrosion cracking studies of Alloys 600 and 800 Lead and sulfur effects in
SCC precursors Model alloy design and manufacture for corrosion studies Revisiting
underdeposit corrosion in boilers
Reaction-transport modelling for localized corrosion cavities Molten salt electrochemistry
capability relevant to SMRs Organic acid effects on dealloying of Monel and other corrosion
issues
External Employment of Group Alumni
During this period approximately 8 people were working for OPG and 3 for CNL, the latter
including 2 PhD graduates. Others are working for peripheral companies such as Eco-Tec, and
former postdoctoral fellow Nick Senior is managing several nuclear industry programs at
Canmet-Materials.
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Other research activity
Our NSERC Discovery Grant was just renewed for a further 5 years at a very good rate,
$64,000 pa. A project funded by NWMO and ORF on copper corrosion has been extended
through 2021.
Publications and other output
Journal Articles published, accepted or submitted.
S.Y. Persaud, J.M. Smith, and R.C. Newman, Nanoscale Precursor Sites and their Importance
in the Prediction of Stress Corrosion Cracking Failure, Corrosion, 75, 228-239 (2019).
V.A.T. Nguyen, A.G. Carcea, M. Ghaznavi, and R.C. Newman, The Effect of Cation
Complexation on the Predicted “B” Value in Galvele’s Pit Model, J. Electrochem. Soc. (special
issue in memoriam Hugh Isaacs), in revision.
Conference Papers published
V.A.T. Nguyen, A.G. Carcea, M. Ghaznavi, and R.C. Newman, Status of Pitting Corrosion
Prediction in Mixed Solutions Containing Reduced Sulfur Species, ASTM STP 1609, Advances
in Electrochemical Techniques for Corrosion Monitoring, pp 280-293 (2019).
The NSERC Discovery program continues to produce high-impact publications on
nanomaterials, with synergies across the group’s research including the IRC program.
Other Output and Activity
rd
Roger Newman spoke at the3 International Symposium on Nanoporous Materials by Alloy
Corrosion, Philadelphia, 2019.
Plans are underway for Queens University to host the next ICG-EAC meeting, a major nuclear
industry materials event focusing on environment assisted fracture. Roger Newman will be
involved in the organization and delivery.
Roger Newman continues to assist Shell with ongoing corrosion issues in GTL plant, especially
their unique boilers. He is also involved in corrosion issues in recovery boilers in pulp mills. All
this activity helps to interpret and extend phenomena observed in nuclear steam generators.
New faculty & teaching news
There has been no progress on the NWMO-sponsored IRC position in corrosion at UofT
Scarborough, which is perhaps now defunct. Jane Howe, a renowned TEM specialist, joined
UofT as Associate Professor in a joint Chem Eng and Materials position. Plans are under way
for collaboration in advanced microscopy methods applicable to the IRC program.
Advances in knowledge
Only incremental advances to report this period.
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University of Waterloo – Mahesh 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 scope of the research is driven by practical
applications to critical nuclear plant systems, such as fuel handling
systems, fuel channels, safety valves, and fire protection systems.
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.
Main highlights of the past year have been the development of
ageing management optimization tools, machine learning algorithms
for modeling plant data, and data analytics methods to extract fuel handling (FH) performance
data. This program continues to support industry’s needs for safe and cost effective power
generation and life cycle management of nuclear plants systems.

Program Results /Highlights
Optimization of Ageing Management Programs for Reactor Components
As existing fleet of nuclear plants continues toward long term operation through life extension
projects, aging management programs have become effective tools to mitigate the effects of
degradation and improve the safety and operability of reactor components.
In case of a large population of components, it is not feasible to inspect the entire component
population in a single maintenance outage. Rather, the population is inspected in an
incremental manner through periodic inspections scheduled over a longer period of time,
However, a longer program with small sample size would not be effective in weeding out
degraded components, whereas a frequent inspection program could affect the safety of
inspectors without much gain in useful information. Thus, there is an optimal balance between
the sampling frequency and the effectiveness of aging management.
This project developed a probabilistic model to optimize the sample size and frequency of
inspections so that the percentage of remaining degraded components are maintained below a
level that does not affect the operational reliability, as specified by applicable codes and
standards.
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Figure 1: A periodic inspection and replacement program to reduce the impact of degradation
An application of the proposed model is illustrated in Figure 1, where the effect of a 3-year
inspection and replacement program is illustrated in terms of a reduction in the fraction of
remaining degraded components in the population. The analysis showed that a delayed start of
the program in year 12 is more beneficial than starting at year 3, given the probabilistic nature
of degradation process. It is assumed that mean lifetime of the component is 60 years with a
coefficient of variation of 0.40. The effect of other management strategies can be investigated
using the developed model.
Health Monitoring of Fuel Handling Systems
The fuel handling (FH) system is one of the most important systems to achieve high generation
efficiency at a CANDU station. Any functional failure in FHS impedes the fueling operation and
adversely affects the generation plan. This project is developing a suite of tools and methods for
health monitoring of various critical components of the FHS using the real time data extracted
from the log files of FH computers.

Figure 2: Fault occurrence trends in two photoelectric sensors
Photoelectric sensors are used to control the position of a fueling trolley system with a high
degree of precision. A fault in the sensor forces the control computer to trigger an OP Stop

UNENE ANNUAL REPORT 2018-2019

Page 56

which interrupts the operation. Since replacement of such sensors is an involved and time
consuming task, a reliability assessment model has potential to minimize unnecessary
maintenance work. In this project, fault frequency data were extracted from log files and a
probabilistic model of sensor fault rate was developed. An end of life criterion was developed
using a change point detection algorithm.
Figure 2 shows statistical trend plots of fault occurrence data in two photoelectric sensors
mounted on a trolley-half. A sharp change point in fault rate of sensor ZE1 in 2016 suggests the
need for sensor replacement, whereas sensor ZE2 can continue in service as it does not exhibit
any unusual fault pattern.
Machine Learning Algorithms for Modelling of RIHT Data
In a nuclear reactor with aging heat transport system, an accurate prediction of the reactor inlet
header temperature (RIHT) is required to ensure compliance with safety standards. Since RIHT
data form a nonlinear and non-stationary time series with high correlation, traditional statistical
methods are not applicable to analyze the data. This project developed machine learning
algorithms for data modeling and prediction purposes. This project developed an LSTM (long
short-term memory) architecture of the neural network (NN) for modeling the RIHT as a function
of the boiler pressure, feed water temperature and steam line pressure.

Figure 3: Comparison of prediction of RIHT by the neural network model against the recorded
data (normalized data plot)
Figure 3 shows that the proposed LSTM-NN model can be calibrated using the available data
and then it is able to predict RIHT time series with high accuracy. This model can be used by
the plant operator to forecast the RIHT values as a function of operational inputs. The
developed model is generic in nature and it can be applied to other plant operating data sets.
Benefits to Industry
•
•
•
•

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

Other Research Activity
•
•
•
•

Statistical estimation of life expectancy of nuclear waste canisters
Life cycle management of temperature control valves
Reliability assessment of encoders used in the fuel handling system
Modeling of parameter uncertainty in the probabilistic assessment

Current HQP
MASc: 4, PhD: 4, Research Associates: 1, PDF: 1
HQP Graduation and Placement
•
•

Dr. B. Liu, completed Post-Doc training in October 2018, currently Lecturer in
Strathclyde University, UK.
Dr. E. Higo completed his PhD and joined Nuclear Research Centre, Tokyo, Japan.

Publications /Journal Papers
Publications in Refereed Journals
(1)

(2)

(3)

(4)

A.K. Jarvine, A.G. Murchison, P.G. Keech, and M.D. Pandey. (2019). A probabilistic model for
estimating the life expectancy of used nuclear fuel containers in a Canadian geological
repository: Baseline model. Nuclear Engineering and Design, 352, 12 pages.
I. Hazra, M.D. Pandey, and M.I. Jyrkama (2019). Estimation of Flow-Accelerated Corrosion Rate
in Nuclear Piping System. Journal of Nuclear Engineering and Radiation Science. ASME,
Accepted manuscript posted August 5, 2019. doi:10.1115/1.4044407.
B. Li, M.D. Pandey, K.S. Dai, Y. Lu, Y.Z. Zhou, Y. F. Shi and Z.B. Ding (2019). Effects of Soil
Parameter Variabilities on the 2 Estimation of Ground-Motion Amplification Factors. Earthquake
Spectra, Accept 16 April 2019.
Cai, Z., Xie, W.C. Pandey, M.D. and Ni, S. (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.

Conference Papers/Presentations
(5)

(6)

Jyrkama, M.I., Pandey, M.D., and Li, M. (2019). Estimating Degradation Growth Rate and Time of
Component Replacement From Limited Inspection Data Using Mixed-Effects Modelling. pp 1-10.
Structural Mechanics in Reactor technology (SmiRT 25), Aug. 4-9, 2019, Charlotte, North
Carolina, USA.
J.J. Song, P.K. Chan and M.D. Pandey (2018). Best-estimate plus uncertainty analysis of CANDU
fuel reliability using manufacturing data and simulated core data. pp. 1-10. Proceedings of

UNENE ANNUAL REPORT 2018-2019

Page 58

ICONE-27, 27th International Conference on Nuclear Engineering, May 19-24, 2019, Ibaraki,
Japan.
Pandey, M.D. and Manzana, N. (2019). An Investigation of Non-Stationary Nature of Ice
Accretion Data. pp.1-6. 18th Int. Workshop on Atmospheric Icing on Strcutures (IWAIS), June 2328, Reykjavik, Iceland

(7)

Interactions /Consultations to Industry
•
•
•
•
•

A research project with NWMO on the life assessment of nuclear waste canisters.
Member, Expert Panel, Climate Change Effects on Core Public Infrastructure, National Research
Council of Canada.
Member, Expert Review Panel, IC-IMPACT, a Canadian Network of Centres of Excellence (NCE)
Member, PSA Working Group, COG.
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 16th successful year of this IRC program. With support from
UNENE industrial partners and NSERC, this program has been
renewed for the 4th term until 2024. This research program has been
recognized internationally as a centre of excellence in Control,
Instrumentation and Electrical Systems for nuclear power plants. In
total, over 58 Highly Qualified Personnel (HQP) have been successfully
trained, many of whom are now playing important roles in the nuclear
industry in Canada, as well as internationally.
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 in the third term of 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) modelling and 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 and COG sponsored projects, an NSERC CRD grant, an NSERC
CREATE grant, an NSERC CONNECT grant and the University Innovation Fund. All the
objectives in the third term of this IRC program have been achieved successfully.
Program Results /Highlights
A significant amount of research work has been carried out in the period from 2018 to 2019.
Substantial progress has also been made during this period in several key areas of the
investigation. Some selected activities are highlighted in the following.
A real-time wireless remote monitoring system that can operate reliably under severe accident
conditions have been designed and developed. A prototype system that can survive high levels
of radiation seen after a severe accident has been designed and constructed. This system has
used system-level redundancy in combination with radiation shielding to reduce the effects of
radiation on the devices to increase he overall reliability of the system. A prototype is shown in
Fig. 2. The behaviours of the prototype system under radiation conditions has been investigated
experimentally using a Gamma source at The Ohio State University. Furthermore, a next
generation system relying on component-level redundancies and a modular architecture to cope
with high levels of temperature, pressure and radiation, as well as flooding/submerged conditions
is being carried out. Prototype development is in progress. Three journal articles and two
conference papers have been published based on these works.
Fault detection and identification (FDI) of systems/sensors in NPPs has also been investigated
during this reporting period. FDI techniques have been used in NPPs to monitor conditions of
equipment and to detect abnormalities in systems. In one work, a technique has been developed
that combines parity space residuals and SVM classifications to determine the decision threshold
using a statistical decision-making scheme, in situations where there is not sufficient information
about the probability distribution function of parity space residuals. In another work, faults in
sensor channels when the sensors are part of a closed-loop system has been investigated. Such
faults can be difficult to detect due to the reduced or masked effects of the fault through feedback
control actions during a dynamic transient process. Detection of these types of faults within a
steam generator (SG) level control system is investigated, and specific analytical redundancy
formulations have been derived. The effectiveness of the proposed approach has been
demonstrated through analysis and simulation. Two journal papers have been published based
on these works.
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Fig. 2: A radiation tolerant remote monitoring system for severe accident conditions in NPPs.
Some work has also been done for cyber security in nuclear power plants. The focus of the
investigation has been protecting I&C systems of a nuclear power plant from adverse insider
attacks. In this regard, a security assessment enhancement platform for cyber-physical systems
has been designed, analyzed and implemented in a NPP physical simulator, namely, the NPP
process control test facility (NPCTF) at Western University. Two journal papers have been
submitted based on this work.
Research Facilities and Equipment
Over the last 16 years, the chair and his team has established a suite of state-of-the-art research
facilities to support the IRC program and to create a hands-on environment to train highly qualified
personnel (HQP). The facilities have been upgraded continuously to support the on-going
research needs. The NPCTF has been instrumented with WirelessHART, ZigBee, and ISA
100.11a based sensor nodes, as well as custom-made wireless and smart sensors. DeltaV and
Siemens DCS systems have been implemented to operate/communicate with the NPCTF.
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A summary of the major facilities is listed below:
•
•
•
•
•
•

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

•

•
•
•
•
•

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
NPP Process Control Test Facility
(NPCTF)

Current HQP (as of March 31, 2019)
•
•
•
•

Dr. Jin Jiang (IRC Chair)
Dr. Xinhong Huang (Research Engineer)
Dr. Ataul Bari (Research Engineer)
Dr. Muhammad Sajid (Postdoctoral
Fellow)
Dr. Shuang Zhao (Postdoctoral Fellow)
Dr. Ahmad EI Assaf (Postdoctoral
Fellow) (Training completed on August
31, 2018)
Dr. Sungwhan Cho (Postdoctoral Fellow)
(Training completed on October 31,
2018)
Mr. Binggang Cui (Research Assistant)
(Training completed on August 31, 2018)

•
•
•
•

• Mr. Qiang Huang (PhD Candidate)
(Training completed on April 30, 2019)
• Ms. Xirong Ning (PhD Candidate)
(Training completed on August 31, 2019)
• Ms. Xiaojia Han (Visiting PhD Student)
(Training completed on August 31st,
2019)
• Mr. Yongqiang Deng (PhD Candidate)
• Mr. Ning Pan (MESc Candidate)
(Training completed on August 31st,
2018)
• Mr. Madison McCarthy (MESc
Candidate) (Training completed on April
30, 2019)

HQP that Graduated
Shown in the above table.
Employment of Completed HQPs Currently Working in Canada
•
•
•

Dr. Sungwhan Cho
Dr. Qiang Huang
Mr. Madison McCarthy

---- CNSC (Ottawa, Ontario)
---- Lenbrook Canada Solutions (Toronto, Ontario)
---- Kinectrics, Toronto

Publications /Journal Papers
Journal Papers:
[1] X. R. Ning, and J. Jiang, “Design, analysis and implementation of a security assessment
enhancement platform for cyber-physical systems,” IEEE Transaction on Industrial
Informatics, (Submitted on June 10, 2019).
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[2] 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,
Vol. 82, pp. 31-43, October 2019.
[3] Q. Huang, and J. Jiang, “An Overview of Radiation Effects on Electronic Devices under
Severe Accident Conditions in NPPs, Rad-Hardened Design Techniques and Simulation
Tools,” Progress in Nuclear Energy, Vol. 114, pp. 105-120, July 2019.
[4] S. Cho, and J. Jiang, “Fault Detection and Identification for Sensor Channels in Steam
Generator Level Control Loops," IEEE Transactions on Nuclear Science, Vol. 66, Iss. 5, pp.
771-781, May 2019.
[5] J. H. Lu, G. R. Zhu, H. Wang, F. Lu, J. Jiang, C. T. Mi, “Sensitivity Analysis of Inductive Power
Transfer Systems with Voltage-Fed Compensation Topologies,” IEEE Trans. on Vehicular
Technology, Vol. 68, Issue 5, pp. 4502-4513, May 2019.
[6] Z. Y. Wang, Q. Zhang, Y. N. Yue, J. W. Xu, W. Xu, X. H. Sun, Y. Q. Chen, J. Jiang, and
Y. Liu, “3D printed graphene/polydimethylsiloxane composite for stretchable strain sensor
with tunable sensitivity,” Nanotechnology, Vol. 30, No. 34, pp. 1-10, May 2019.
[7] J. H. Lu, G. R. Zhu, D. Y. Lin, S-C Wong, and J. Jiang, "Load-Independent Voltage and
Current Transfer Characteristics of High-Order Resonant Network in IPT System," IEEE
Journal of Emerging and Selected Topics in Power Electronics, Vol. 7, Issue 1, pp. 422-436,
March 2019.
[8] X. S. Li, L. C. Lei, L. Ma, and J. Jiang, "Applications of GA-PF to Fault Detection in a Nonlinear
Tank System - A Case Study," ISA Trans. (Submitted on Nov. 13, 2018).
[9] Q. Huang, and J. Jiang, "A Methodology for Designing Radiation-Tolerant Electronic Systems
without relying on Rad-Hardened Components," IEEE Transactions on Nuclear Science,
(Submitted on Oct. 25, 2018).
[10] 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, Vol. 65, Issue 9, pp. 2582-2592, August 2018.
Refereed Conference Papers:
[1]

Q. Huang, J. Jiang and Y. Q. Deng, "Comparative Evaluation of Three Wireless Sensor
Transceivers in a High Radiation Environment,” Proceeding of International Conference on
Advancements in Nuclear Instrumentation Measurement Methods and their Applications
(ANIMMA), Portorož, Slovenia, 17-21 June, 2019.

[2]

J. Jiang, C. Zhang, and B. G. Cui, “Some Unique Considerations in Supercritical Watercooled Reactor based Nuclear Power Plants,” Proceedings of 11th Nuclear Plant
Instrumentation, Control and Human-Machine Interface Technologies (NPIC&HMIT 2019),
pp, 1406 -1415, Orlando, USA, February 9-14, 2019.

[3]

M. McCarthy, A. Bari, and J. Jiang, "Wireless sensor networks for real-time monitoring in
nuclear power plants," Proceedings of 11th Nuclear Plant Instrumentation, Control and
Human-Machine Interface Technologies (NPIC&HMIT 2019), pp. 1785-1794, Orlando, USA,
February 9-14, 2019.

[4]

M. G. Liu, X. S. Li, J. Jiang, and W. Chen, "Moving Window ICA Method with Adaptive
Thresholds for Fault Detection," Proc. of the 29th International Workshop on Principles of
Diagnosis, pp. 223 - 229, Warsaw, Poland, Aug. 27 - 30, 2018.

Interactions/Consultations to Industry
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The Chair and his research team have organized and/or participated in several nuclear industry
related research activities during this reporting period. The chair has collaborated with MDA
Corporation and CNL on a COG SRD project titled “On-line Monitoring and Condition-based
Maintenance”. From the Chair’s team, Dr. Ataul Bari visited MDA Corporation, Brampton on
March 19th, 2019 and attended a project meeting. The chair’s team has also engaged in a project
with Mr. Abuzafar Ali, Section Manager (Nuclear Engineering), OPG, to jointly investigate the
performance of a custom-made wireless monitoring system developed for OPG. Mr. Ali and his
team visited the Chair’s lab on July 6th, 2018 in this regard. The project is ongoing. In another
project, the chair and his team has entered into a discussion with Mr. Shaun Abbas, Section
Manager (Design Programs), Bruce Power, for a potential test-deployment of some severe
accident monitoring devices at Bruce Power. The prototype devices that can be test-deployed
are currently being developed at Western University.
Furthermore, the Chair and three other principal investigators (PIs) of an ORF-RE project, Prof.
John Luxat from McMaster University, Prof. Tony Waker and Prof. Ed Waller from UOIT met on
October 29th at Candu Owner’s Group (COG), Toronto, for the 4th Project Meeting. The project
focuses on development of a remote monitoring system under a severe accident in a nuclear
power plant. During the meeting, the three research teams presented their activities and current
progress, and future plans. 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.
The 14th UNENE Annual Workshop on Nuclear Instrumentation and Control (I&C) was held on
December 14th, 2018 at Darlington Energy Complex (DEC) of OPG. Over forty-five participants
from Canadian and international nuclear industry attended the Workshop, including distinguished
guests, such as Jerry Hopwood from the UNENE, Bhaskar Sur from Canadian Nuclear
Laboratories (CNL), John de Grosbois from CANDU Owners Group (COG), Sean Belyea and
Zhao Chang Zeng from Canadian Nuclear Safety Commission (CNSC), Majid Borairi from Candu
Energy Inc., Don Hayter from OPG, Steve Yang from Doosan HF Controls (HFC), USA, and
Dongyi Chen from University of Electronic Science and Technology of China. Keynote speeches
were delivered by Jerry Hopwood on UNENE collaboration in the nuclear industry, Bhaskar Sur
on cyber security, John de Grosbois on strategic R&D initiative on reduced outages, and Sean
Belyea on regulatory perspectives on small modular reactors (SMRs) in Canada. The workshop
participants also visited OPG computer labs where Fuel Handling Computers, SDS Computers,
DCCs, and Programmable logic controllers were developed and maintained. A group photo from
the workshop is shown in Fig. 3. The 15th UNENE Annual Workshop on Nuclear I&C will be held
on November 22nd, 2019.

Fig. 3 The 14th Annual UNENE I&C Workshop at OPG.
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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 timevarying 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. Over the past year, the two students have worked to understand
the underlying physics of the corium flows. From a literature review, they have identified high
quality experimental data to use for validation of numerical results and have developed a
methodical validation plan. The students are working in parallel using different turbulence
modelling approaches. Mahsa Rezaee will be using Reynolds-Averaged Navier-Stokes (RANS)
modelling which will facilitate the study of corium flows in large three-dimensional geometries.
Dijo David is using scale resolving turbulence modelling (Large Eddy Simulation) to obtain high
resolution results, but on more limited geometries. As a starting point, to ensure correct use of
the codes, both students simulated laminar natural convection in a square cavity and compared
to benchmark solutions. Excellent agreement between our predictions and the benchmark
solutions was obtained. Sample results from Dijo David’s simulations using the open-source
computational fluid dynamics code “OpenFOAM” are shown in Figure 1. This figure shows the
predicted isotherms, the benchmark solution, and velocity vectors for Rayleigh of 105 for the
laminar natural convection case.
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Figure 1: Predicted isotherms (left), benchmark solution (middle), and sample of velocity
vectors (right) for natural convection of air at Rayleigh = 105.
Turbulent natural convection of air in a square cavity was also explored and compared to the
experimental measurements from the literature for Rayleigh =1.6x109 . The model included
radiation heat transfer between the hot and cold walls. These simulations were performed using
a Reynolds-Averaged Navier-Stokes turbulence model by Mahsa Rezaee. Figure 2 below shows
the predicted and measured temperature distribution in the vicinity of the hot wall. These results
were obtained using the commercial code ANSYS-CFX with a k-w-SST turbulence model.

Figure 2: Sample validation results for turbulent natural convection of air in a square cavity. This
figure shows the predicted and measured dimensionless temperature profile in the vicinity of the
hot wall.

Cases with Realized outcomes to Industry
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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.
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 as the student’s progress with their research.
Interactions /Consultations to Industry
We have been actively engaging with industry throughout this project. 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. We also met with Deep Home from
Kinectrics-NSS on December 3, 2018 to discuss the research. The full Technical Advisory
Committee met at Kinectrics head office in Toronto on January 25, 2019.
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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
Fuel channels in CANDU® nuclear reactors consist of a pressure
tube (PT) that is contained within a calandria tube (CT). The PT
carries reactor fuel bundles and heat transport coolant (~300 °C),
and is thermally isolated from the heavy water moderator (~80°C)
by the gas-filled CT. Four annulus spacers mounted along the
channel separate the PT and CT, preventing contact and thereby,
potential formation of hydride blisters on the PT that 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-tocontact 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 whose variation may
affect the inspection outcome [1-3]. Semi-analytical and finite element method models of EC
response to changes in gap, developed in this project and validated against in-laboratory
measurements, were used to examine the relative effects of various parameters [4, 5]. The semianalytical model approximates the PT inside the CT as two concentric tubes [5, 7, 8]. This model
accounts for PT curvature exactly, but allows the CT to have a variable radius of curvature in
order to vary gap [5, 6]. The semi-analytical model allows rapid determination of response to gap
and provides a means of accurately evaluating sensitivity to variation of essential parameters [5].
In order of significance, these have been identified as EC probe lift-off, and PT wall thickness and
resistivity [5]. The surface riding capability of the EC probe has been used to justify that lift-off
variations are not a significant factor affecting gap measurement accuracy. However, recent work
[3] has demonstrated that probe lift-off does vary at locations of local PT deformation due to PT
constrictions and loaded spacers. PT wall thickness variations can be compensated for by
ultrasonic measurements [1]. In contrast, PT resistivity is assumed to only vary over a small range
[3]. However, over the past year laboratory measurements have demonstrated the potential for
in-reactor thermal conditions to modify PT resistivity [6, 13-16]. Therefore, future improvements
in gap measurement accuracy will need to address the variation of this essential parameter. Along
with demonstration of the feasibility of liquid injection shutdown system (LISS) nozzle proximity
measurements under variable in-reactor conditions using the gap probe [6, 12, 17-19], this
completes all of the objectives of this project in its final year.
The completed 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.
2. Assemble an experimental set-up for laboratory PT to CT gap measurement using actual
transmit-receive eddy current probe technology.
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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.

4.

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.

5.

Use models to explore effects of variable in-reactor measurement conditions.

6.

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.

Program Results /Highlights
This project was funded from August 1, 2014 to December 31, 2018, having received a one year
extension, which accommodated the originally allocated funding. Over the past 4 years all 6
objectives listed above were achieved. The program supported three masters students [4-6]
resulting in three peer reviewed journal publications [7-9] and three conference publications [1012], although several more are anticipated. Mark Luloff, is currently empolyed at CNL, Chalk River
Laboratories and the two remaining students, Geoff Klein and Perryn Bennett, have entered Ph.D.
programs. Students have developed planar analytic [4, 9], semi-analytic concentric tube [5, 7, 8]
and 3D FEM models [5] of pressure tube to calandria tube gap probe response. Validation of all
model results and evaluation of their relative accuracy using acquired experimental data have
been made [4-9].
In the past year, capability to accurately measure proximity of LISS nozzles to PTs using the gap
probe in the presence of multiple essential parameter variations, has been demonstrated [6].
Figure 1 shows the relative geometry of the gap probe, fuel channel and LISS nozzle. The LISS
nozzle passes orthogonally under two rows of fuel channels in CANDU® reactors. Feasibility of
measurement of proximity of LISS nozzles, using the gap probe to submillimeter accuracy for
distances of less than 15 mm to the PT has been demonstrated [6].
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Figure 1: Cutout view of drive-receive coil configuration of gap inside the pressure tube (PT) and
surrounding calandria tube (CT). The LISS nozzle passes orthogonally beneath the fuel channel.
Relevant measurement parameters are as identified.
In-reactor PT resistivity has been assumed to only vary within a range, which is nominally higher
than the accepted standard resistivity of 52-53 µΩ×cm that is used for calibration [1, 2]. This
variation has been shown to have a significant effect on gap probe reseponse [5], and therefore,
is a potential source of error for gap measurement. Potential for resistivity variation, due to
variable in-reactor temperature conditions has recently been demonsostrated [6,13-16]. In this
study [6,13-16] the effect on PT resistivity under anaerobic furnace conditions at 400 °C and 450
°C, for varying periods of time, was investigated. These conditions accelerate the temperature
induced phase transformations that take place over longer periods of time under actual reactor
operating conditions, where temperatures are between 250 °C and 310 °C. Heat treatment
partially decomposes b-Zr and produces varying fractions of ω-Zr as shown in Figure 2 [14].
Resistivities of heat-treated PT samples were observed to decrease by up to 10% (4.5 µΩ×cm)
with time in the furnace as shown in Figure 3 [15]. These results have implications for estimated
uncertainty of PT to CT gap measurement, where temperature variation arises along the channel
and between 6 and 12 o’clock at a given axial position. The potential for circumferential variation
of resistivity on PT to CT gap measurement accuracy has motivated funding under COG for the
development of an inverse model, based on the semi-analytic concentric tube model [5, 7, 8]. The
inverse model will allow extraction of PT resistivity from gap measurement data, improving gap
measurement accuracy and providing an additional tool for monitoring in-reactor PT condition.
The acceptance by the industry of the recommendation to improve gap measurement accuracy
by measuring resistivity addresses Objective 6 of this UNENE funded program.

Figure 2: TEM Imaging of ω- phase growth from control to 1000 hour sample [14].
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Figure 3: Relative Resistivity Change as a function of duration of heat treatment on a logarithmic
time scale. The two temperatures follow a linear trend in semi-log space [16].
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Cases with Realized outcomes to Industry
Mark Luloff has implemented analytical models of the gap response at CNL.

PT Sample 6

PT Sample 3
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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)
Mark Luloff (November 2016)
Publications /Journal Papers
Peer Reviewed Journal Publications
1) G. Klein, M.S. Luloff, J. Morelli, T.W. Krause, ‘Evaluation of Concentric Tube Model for
Pressure Tube to Calandria Tube Gap Measurement’, IEEE Sensors Journal, Vol. 19,(15) August
2019 Pgs. 6233-6239. DOI:10.1109/JSEN.2019.2909493
2) G. Klein, J. Morelli, T.W. Krause, ‘Analytical Model of the Eddy Current Response of a DriveReceive Coil System inside Two Concentric Tubes’, NDT&E Int. Vol. 96, June 2018, Pgs. 18-25.
https://doi.org/10.1016/j.ndteint.2018.03.003.
3) M. S. Luloff, D. Desjardins, J. Morelli and T.W. Krause, “Solution for a Transmit-Receive Eddy
Current Probe above a Layered Planar Conductive Structure,” NDT&E Int. Vol. 96, June
2018, Pgs. 1-8. https://doi.org/10.1016/j.ndteint.2018.02.003
Conference Proceedings
4) Mark Luloff, J. Morelli and T.W Krause, “Simultaneous Extraction of Multiple Parameters from
a Transmit-Receive Eddy Current Probe above a Layered Planar Conductive Structure”, for
ASME journal of Nondestructive Evaluation, Diagnostics and Prognostics of Engineering
Systems, to be published.
5) G. Klein, J. Morelli and T.W. Krause, ‘Model Based Optimization of Driver-Pickup Separation
for Eddy Current Measurement of Gap’, 44th Annual Review of Progress in Quantitative
Nondestructive Evaluation, Vol. 1949, (Ó 2018 AIP Publishing, Melville), AIP Conf. Proc.,
110006, 6 Pgs.
6) P. Bennett, P.R. Underhill, J. Morelli and T.W. Krause, ‘Eddy Current Proximity Measurement
of Perpendicular Tubes from within Pressure Tubes in CANDU© Nuclear Reactors’, 44th
Annual Review of Progress in Quantitative Nondestructive Evaluation, Vol. 1949, (Ó 2018
AIP Publishing, Melville), AIP Conf. Proc., 230009, 4 Pgs.
Conference Presentations/Poster (not repeated from above)
7) P. F. D. Bennett, M. Topping, R. Underhill, J. Morelli, M.R. Daymond and T. W. Krause, ‘Can
Operating Conditions affect CANDU® Pressure Tube Resistivity?’, CAP Congress, Simon
Fraser University, June 3-7, 2019. Poster
8) P. F. D. Bennett, M. Topping, R. Underhill, J. Morelli, M.R. Daymond and T. W. Krause,
‘Resistivity Change in CANDU® Pressure Tube Material due to Heat Treatment’, 1st Int. Conf.
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in Material, Chemistry, Fitness-For-Service Solutions for Nuclear Systems, Markham, ON,
May 15-17, 2019. Oral
9) P. F. D. Bennett, M. Topping, R. Underhill, J. Morelli, M.R. Daymond and T. W. Krause, ‘Heat
Treatment Effects on CANDU® Pressure Tube Resistivity’, 13th CANDU Owners Group Fuel
Channel Seminar, Deer Creek Golf Club – Ajax, ON, May 13-15, 2019. Poster
10) P. F. D. Bennett, M. Topping, R. Underhill, J. Morelli, M.R. Daymond and T. W. Krause,
‘Effects of Heat Treatment on CANDU® Pressure Tube Resistivity’, UNENE R&D Workshop,
Four-Points Sheraton Hotel – Toronto Airport, Jan. 14-15, 2019. Best oral presentation
award.
11) P. Bennett, P.R. Underhill, J. Morelli, T.W. Krause, ‘Eddy Current Measurement Of Proximity
Of LISS Nozzles To Fuel Channels In CANDU Nuclear Reactors’, NDT in Canada 2018
Conference, Halifax Convention Centre, June 19-21, Student Poster Competition, First Place
Winner.
12) P. Bennett, P.R. Underhill, T.W. Krause, ‘LISS Nozzle - Fuel Channel Proximity
Measurements’, Ignite Durham 2017, OPG Boardroom Competition, Whitby Town Hall,575
Rossland Road East, Whitby Nov.29, 2017. Semi-finalist Presentation to OPG Boardroom
judges.
20) P. Bennett, P.R. Underhill, J. Morelli, T.W. Krause, ‘Proximity Measurements of LISS Nozzles
to CANDU Fuel Channels using the Eddy Current Gap Probe’,11th International Conference
on CANDU® Maintenance and Nuclear Components, Toronto Marriott Downtown Eaton
Centre Hotel, Oct 1-4, 2017
Interactions /Consultations to Industry
•
•
•
•
•
•
•

P. Bennett, P.R. Underhill, J. Morelli, T.W. Krause, ‘Parameters Affecting LISS Nozzle Pressure Tube Proximity Measurement using the Gap Probe’, 230 Westney Road, Station
P55-4 Ajax, ON, Apr. 25, 2018.
G. Klein, J. Morelli and T.W Krause, ‘Comprehensive Modelling for Eddy Current Based
Pressure Tube to Calandria Tube Gap Measurements’, 230 Westney Road, Station P55-4
Ajax, ON, Apr. 25, 2018.
P. Bennett, P.R. Underhill, T.W. Krause, ‘LISS Nozzle - Fuel Channel Proximity
Measurements’, Ignite Durham 3 Minute Pitch Competition, Darlington Energy Complex, 1855
Energy Drive, Courtice, ON, Nov. 14, 2017.
G. Klein, J. Morelli and T.W Krause ‘ Comprehensive Modelling for Eddy Current Based
Pressure Tube To Calandria Tube Gap Measurements’, Ontario Power Generation, 230
Westney Road, Ajax, Ontario, Aug. 31, 2017.
P. Bennett, K. Faurschou, J. Morelli and T.W Krause ‘Identification of frequencies for the
minimization of lift-off effects in gap measurement’, Ontario Power Generation, 230 Westney
Road, Ajax, Ontario, Aug. 31, 2017.
G. Klein, J. Morelli and T.W Krause, ‘ Comprehensive Modelling for Eddy Current Based
Pressure Tube To Calandria Tube Gap Measurements’, Canadian Nuclear Laboratories,
Chalk River Laboratories, Aug. 24, 2017.
P. Bennett, K. Faurschou, J. Morelli and T.W Krause, ‘Identification of frequencies for the
minimization of lift-off effects in gap measurement’, Canadian Nuclear Laboratories, Chalk
River Laboratories, Aug. 24, 2017.
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Ontario Tech University – Atef Mohany
University of Guelph – Marwan Hassan (co-applicant)
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 sensors
which are flush mounted on the inner wall of the pipeline.
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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 transmission loss achieved using one Hershel-Quincke
device. Figure 4 shows the effect of the diameter ratio between the Hershel-Quincke and the main
pipe as well as the location of the Hershel-Quicke along the main pipe on its insertion loss
characteristics. In all 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

Figure 4: Effect of Herschel-Quincke placement along the piping system and its diameter ratio
on the acoustic insertion loss
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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
reduced-order 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. The fluid flow is simulated using a pseudo turbulence forces, motion dependent forces,
as well as forces due to acoustic pressure pulsations.
A comparison between the work rate obtained from the current numerical simulations with that
obtained experimentally by Yetisir and Fisher (1997) for a single fuel element is shown Figure 6:

1.6
Experimental
Simulations

Work Rate [mW]

1.4
1.2
1
0.8
0.6
0.4
0.2
0

0

1

2

3

4

Preload

Figure 6: comparison of the work rate from a single fuel element, square points represent
experimental data and solid line represents simulation results
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The RMS of the Von Mises stress at a fuel bundle end-plate subjected to random turbulence
excitation is shown in Figure 7. For this case, the simulation was performed on a fuel bundle with
37 fuel elements. Some of the locations of the maximum stresses shown in Figure 7 correspond
to the location where end-plate cracks were observed.

Figure 7: RMS of the Von Mises stress at a fuel bundle end-plate

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 Figure 8(a)
and as built in Figure 8(b). The test section shown in Figure 8(b) is made from PVC, however, a
stainless test section was later installed. 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. The performance of the
acoustic damping devices that were developed using the first experimental loop in air have been
validated using the water loop. This loop accounts for the difference in the speed of sound
between air and water, the material of the test section, as well as the pressure of the working
fluid.
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Figure 8(a): 3D CAD of the water loop that was commissioned for this project

Figure 8(a): the commissioned water loop as built
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Current HQP
Degree/Position
Post-Doctoral Fellow
PhD
MASc
Undergraduate Research Student
Totals

Applicant
1
1
0
0
2

Co-Applicant
0
1
0
0
1

1
2
3
6

0
0
1
1

HQP that Graduated
Post-Doctoral Fellow
MASc
Undergraduate Research Student
Totals

Publications /Journal Papers in 2019
1. T. Lato and A. Mohany, M. Hassan, (2019), “An Innovative Passive Damping Device for
Suppression of Acoustic Pressure Pulsations: The Infinity Tube”, Journal of American
Acoustical Society (accepted for publication with minor revision).
2. K. Sachedina, A. Mohany, M. Hassan, (2019), “Experimental Study on Damping Acoustic
Pressure Pulsations in Pipeline System using Helmholtz Resonators”, Journal of Pressure
Vessel Technology (accepted for publication with minor revision)
3. O. Elbanhawy, M. Hassan, A. Mohany, (2019), “Simulation of Motion-dependent Fluid
Forces in Fuel Bundles”, Nuclear Engineering and Design (accepted for publication with
minor revision).
4. O. Elbanhawy, M. Hassan, A. Mohany, (2019), “Simulations of Fully-Flexible Fuel Bundle
Response Due to Turbulence Excitation”, Proceedings of the ASME 2019 Pressure
Vessels & Piping Conference, July 14-19, 2019, San Antonio, TX, USA.
5. T. Lato and A. Mohany, (2019), “Passive damping of pressure pulsations in pipelines using
Herschel-Quincke tubes”, Journal of Sound and Vibrations, (448), 160 – 177.
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. Moreover, this work
has been presented in the COG - FNOC working group.
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Ontario Tech – Glenn Harvel CRD
CRD Title: Waste Management and Radionuclide Monitoring
Overview
This research focusses on three themes: Low Energy Radionuclide
Monitoring, Waste Capture and Decontamination, Waste Segregation
and Decommissioning Project Management. The work is progressing
well with several milestones completed and working towards integration
of the various technologies. The work is supervised by Glenn Harvel
(PI), Ed Waller, and Tony Waker.

Program Results /Highlights
Theme 1: Low Energy Radionuclide Monitoring.
The approach under study is the use of a Gas-ionization type detector modified for the detection
of low energy emissions such as those associated with Tritium and Fe-55. The actual detector
under study is a Thick Gas Electron Multiplier (THGEM) as these devices can be manufactured
in-house and provide the possibility of particle-tracking and hence the discrimination between
short range electrons and beta particles from the longer-range electrons or betas arising from
gamma rays and radioactive noble gases. A reference THGEM detector has been built for the
determination of gas-gain, a critical property which will determine the lowest energy of detection,
and computer simulation models have been developed to calculate both gas-gain as well as the
optimum size of the signal read-out pads. The simulation models and experiments both show
that the THGEM gas-gain is not as great as desired, thus, for detection of tritium, there will be a
requirement to cascade the GEM structures to increase the overall gas-gain to a level sufficient
for low-energy beta particle detection. For tritium discrimination the optimum signal read-out pad
diameter was determined to be 2.5 mm. The graduate student carrying out this investigation will
be defending his thesis in November.
Different methods for converting tritiated heavy water into a vapour form for direct injection into a
GEM detector, thus reducing the need for a much higher gain, have been studied. The results
suggest that either electrolysis or atomization methods should be used to maximize the amount
of tritium in the vapour environment. There is some concern regarding the oxygen or water
vapour content. Consideration is being given to mixing the tritiated vapour with the cover gas
before injection to help reduce the amount of oxygen that may be present in the device.
Theme 2: Waste Capture and Decontamination
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The approach is to consider the use of electrostatic or electrohydrodynamic forces and plasmabased techniques for the ionization and capture of radioactive species. Experiments based upon
Iodine metal have been completed using the experimental apparatus shown in Figure 1. The
technique has demonstrated the proof of principle that Iodine vapour generated during
decommissioning activities would be captured by electrostatic methods. The plasma generation
system has also been procured and is in the final stages of testing. This system will be used,
along with the spectroscopy system, and a plasma torch system to characterize the types of
aerosols that will be produced during decommissioning activities. The results suggest that the
use of the electrostatic filters combined with other roughing filters (HEPA, etc.) will improve dose
reduction during the decommissioning process. This work has been published in part in
references 1-5.

Figure 1: Experimental Setup for Iodine Recovery Testing

Theme 3: Waste Segregation and Decommissioning Project Management
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A significant literature review has been completed on the decommissioning technologies available
in terms of the methods used for dismantling as well as the methods used to decontaminate and
the subsequent secondary contamination that may occur by using such methods. This review
has formed the foundation of a decontamination data base that can be used to assist workers in
identifying optional methods for decontamination as well as the impact of deferred
decommissioning versus prompt decommissioning. This work is currently being prepared for
submission to the ICONE28 conference.

Cases with Realized outcomes to Industry
The work is still mostly in the development phase. It is expected that the database for
decontamination selection could be used by OPG as a preliminary tool within the year. The
electrostatic technique requires optimization. Some form of the technique could be used very
quickly if required but for optimizing the use during decommissioning, the system needs to be
integrated.

Research Facilities and Equipment
This work has supported the development of the lab through equipment as follows:. A 2.45 GHz
Microwave generator has been procured with similar capabilities as the system used in Japan.
The system is operational and commissioned. The test section for the generation of plasma is
under construction.
A high resolution spectrometer has also been procured for the accurate determination of species
in a plasma environment along with the colorimetry attachments for the detection of species in
solution for post-experiment analysis. This system will allow us to identify the species generated
by plasma torches and other dismantling techniques and their associated energies. Combined
with existing particle size analyzers, we will be able to characterize the input species into the
filtration systems and thus optimize roughing filters to electrostatic filters.
A plasma torch has also been procured that will generate industrial scale particles for comparison
to the laboratory plasma system.

Current HQP
The current status of HQP is shown in Table 1. There are openings for additional students and
we expect to add several Master level students in 2020 as well as more undergraduate students
and international visitors through our on-going collaboration with Japan.
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Table 1: HQP Generated from this project
Program Type
Completed
Undergraduate
6
M. Eng.
0
M. ASc.
0
PhD
0
Visitors, PDFs, Industry, etc.
3
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In Progress
0
2
2
1
0

HQP that Graduated
Five of the undergraduates under this work have graduated. One continued on to study Master
level work. One is expected to join the team in 2020 at the Master level. The other 3 are currently
employed with two of them directly employed in the nuclear industry.
Of the 3 visitors from Japan, one has continued on to his PhD and continues to collaborate with
this project. The other two are currently employed in the Japanese nuclear industry.

Publications /Journal Papers
1. G. Harvel, T. Sunagawa, and K. Yamamoto, “Recovery of Radioactive Iodine from
Nuclear Power Plants using a Microwave Based Plasma Technique”, International
Journal of Plasma and Environmental Science and Technology, 11(2): 122-127, 2018.
2. T. Sunagawa, G. Harvel, Y. Aoki, M. Umeda, J.Hayami, K. Sakakibara, H. Goto, T.
Ebina, M. Taguchi, N. Nagasawa, S. Yoshihashi, M. Hatashita, K. Kume, and T. Sakura,
“Development of the Gel Indicator Using PVA and KI”, Journal of Fukui University of
Technology, August 2017
3. G. Harvel, T. Sunagawa, and H. Ino, “Capture of Vapour Iodine using an Electrostatic
Nozzle”, 4th ISNPEDADM Conference, Corsica France, October 2019.
4. N. Somer, G. Harvel, and T. Sunagawa, “Investigation of Vapour Iodine Produced by
Plasma”, 4th ISNPEDADM Conference, Corsica France, October 2019.
5. Y. Aoki, G. Harvel, and T. Sunagawa, “Research and Development of a New Type Gel
Dosimeter” PVA-KI Gel Dosimeter”, PBNC 2018, San Francisco, USA, October 2018
Interactions /Consultations to Industry
This work allows continued collaboration with Japan. As such, our research team has been able
to visit Fugen and Monju plants in Japan and learn about their decommissioning activities. These
trips have led to a presentation of Japan’s nuclear decommissioning environment to OPG
employees as well as the CSA N294 committee on nuclear decommissioning.
The collaboration with Fukui University of Technology continues. We have already sent 4
students to Japan and have received 12 students in Canada as part of student exchanges.
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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 (BIM); (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)
proof-of-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 as proposed in this phase are complete and
enhancements are being discussed for the next phase. Semantic model development,
optimization for packing, and non-destructive evaluation tasks are ongoing, and will continue into
the next phase. Both OPG and the academic team have met several times (on-site and via biweekly conference calls) during the last year, and this close interaction is expected to continue
into the final year.
Program Results, Highlights and Advances in Knowledge
The research started in September 2017, with five graduate students working on the project,
supervised by the project investigators. These activities are grouped into the following four areas:
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1. 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. Scanto-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 been completed:
•
•

•
•
•

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.
Integration of a spherical camera, along with the drivers and calibration for generating
fused color maps.
3D mapping software development for continuous scanning using multi-sensor data;
performed tests to compare against Faro scans and implemented scans using a stop-andgo solution.
Hardware and software testing including scanning the OPG mock-up facility.

This platform provides 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 being developed during the course of this project.

Figure 1 – Mobile UGV Platform showing the mobile and stop-and-go mapping kits
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2. Material characterization using non-contact sensors
The central objective of this task is to estimate global material properties of materials from data
collected using non-contact sensors in an automated fashion, potentially using the UGV. Such
information can be used to enrich the semantic models to be developed for the purposes of
decommissioning.
Significant 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—the relative changes in ultrasonic wave
propagation parameters (up to 90% change) are compared to changes in destructive test
results such as static Young’s modulus and compressive strength (up to 22%).
A set of ultrasonic transducers was tested using a high-frequency Doppler laser
vibrometer (Figure 2). Detailed analysis of the transducer’s surface displacements
revealed that the transducer’s vibration is far more complex than it is commonly assumed
in practice. The calibrated numerical models will be used to predict the response in real
configurations reducing the testing time in the laboratory
Laboratory experiments were conducted on concrete beams in two conditions: intact and
damaged. The new signal processing technique (Figure 3) improves the evaluation of
attenuation up to 50% for the concrete beams tested (eight specimens)
Ultrasonic wave propagation parameters (i.e. attenuation, surface wave velocity, and
dynamic Young’s modulus) were compared with large deformation parameters extracted
from uniaxial compression tests. Micro-cracks do not significantly affect concrete strength
(2% reduction); because, micro-cracks are closed during loading in uniaxial compression
tests. However, the specimen deformation and the static Young’s modulus are affected
by the presence of micro-cracks (up to 22%). Whereas, wave attenuation shows
significant sensitivity to early damage (up to 90%).
The prototype of the ultrasonic transducer holder for the surface measurements based on
3D-printed elements and polymer wedges (improved impedance matching) is being
developed.

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.
3. 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

UNENE ANNUAL REPORT 2018-2019

Page 89

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.

Figure 2 – Ultrasonic wave patterns in ultrasonic transducer acquired with laser vibrometer

Figure 3 – Typical spectra obtained in the tests (a) and new wavelet synchro-squeezed
transform results enabling visualization of the frequency content over time and extraction of
vibration modes.
Significant progress has been achieved with respect to the following tasks:
•
•
•
•
•

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).
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BIM model development – the 3D BIM model of structure lab of the University of Waterloo
is created from laser scanning as a case of study (see Fig. 5).
An interface is developed, with all the functions needed for decommissioning.
management: scans visualization, models viewer, live sensor data graph, schedule and
link to the documents of the project (see Fig. 6).

•

Figure 3 – BIM Revit models in FORGE

Figure 4 – Some of the two dozen attendees at OPG 3D workshop in May at Waterloo

(a)
(b)
Figure 5 – Scan-to-BIM: from laser scans to 3D models: (a) Point cloud of the structure lab in
Revit®; (b) Final 3D model
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Figure 6 – General aspect of the interface
4. 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:
•
•
•
•
•
•
•
•
•

Literature review on 3D packing optimization theory – synthesis of theory from
geotechnical, 3D printing, graphics and logistics industries has been completed (e.g.,
Figure 7 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 preliminary automated packing algorithm base on the geometry constraint using
scanned point cloud data has been developed (see Fig. 8).
Proof of concept for the use of metaheuristics, such as genetic algorithm and simulated
annealing as a solution approach (see Fig. 9).
Interactive packing platform with a multi-objective scoring system and underlying physics
engine – under development (see Fig. 10).
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(a)

(b)

Figure 7 – 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.
(a)
(b)

Figure 4. Eight scanned instances

FigureFigure
4. Eight
scanned
instances
8 – Packing
result using
the preliminary

automated packing algorithm: (a) Scanned

instances; (b) Packing result

Figure 9 – Packing result for three tubes with different diameters using evolutionary solver
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(a)
(b)
Figure 10 – Interactive packing platform development: (a) with Rhino Kangaroo physics engine;
(b) with Unity game engine
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 Figure 1.
Current HQP Enrolled in the Program
The following HQP were/are enrolled:
• Yinghui Zhao – PhD (100%)
• Piotr Wiciak – PhD (50%)
• Nicolas Charron – PhD (25%)
• Steve Phillips – PhD (25%)
HQP Graduated
•

Elvina Mery – MASc, completed (100%)

Publications
Several publications are expected from this project in the next year and will be reported in the
final report.
Interactions with industry
•
•
•
•

OPG and UNENE progress meeting at Waterloo on March 19, 2019
Set up a table and showcased this project (attended by all the students and Professor
Narasimhan) at the OPG Innovation Summit held at DEC on June 20.
NWMDER Conference, Ottawa, Sep 11, 2019 (invited presentation by Prof. Narasimhan
session on the current UNENE decommissioning project)
Bi-weekly calls between the university team and OPG
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Western University – Clara Wren CRD
CRD Title: Methodology Development for Volume Reduction and Safe
Storage and Disposal of Solid and Liquid Radioactive Wastes and
Secondary Wastes
Overview:
This CRD Project Started in September 2017 in support of OPG’s R&D
initiative on the development of safe and economically viable
technologies for interim storage and permanent disposal of low and
intermediate level wastes in a deep geologic repository (L&ILW DGR).
The project addresses two important aspects of the initiative: reduction
of the volumes of metallic wastes and immobilization of dispersive
wastes.
OPG plans to shut down a number of its nuclear reactors, nominally
starting in 2025, with decontamination and decommissioning to follow. D&D activities require
interim storage and permanent disposal of non-fuel low and intermediate-level (L&ILW)
radioactive waste generated from reactor operations and refurbishments. OPG is in the process
fo gaining regulatory approval for a L&ILW deep geological repository (DGR), an underground
facility to be located ~80m below the surface in low permeability limestone. Once this facility
has been approved and opened, the wastes currently stored in above-ground facilities, as well
as new wastes, will be transferred and stored there, for 60-100 years (the “pre-closure period”)
before the DFGR is permanently closed. Waste packages must remain stable and prevent
release of radionuclides or toxic/inflammable compounds during this period. It is also important
to minimize the volumes of waste materials in storage. Of particular concern is the minimization
of the quantity of metals, due to the possibility of corrosion leading to hydrogen generation.
To address volume reduction, and the immobilization of dispersive wastes, this project explores
the potential of (1) a laser ablation technology for the removal of radioactive surface
contaminants (e.g. oxide deposits) from metallic wastes, and (2) an encapsulation technology
for radioactive ion exchange resin wastes, using geopolymers. The initial phase is summarized
here. A more detailed report will be presented in the 2019-20 Annual Report.
Program results and advances in knowledge
1) Removal of oxide surface deposits by laser ablation
For out of reactor metal alloys such as feeder and steam generator piping and tubing,
contamination is limited to outer surface materials. Conventional chemical decontamination is
well understood but generates large volumes of secondary waste. Use of physical removal such
as laser ablation has the potential to minimize this.
Laser technologies to remove oxide surface layers are already established, using UV-visible or
near infra-red (IR) frequency ranges. The study examines the performance of near-IR lasers as
a tool for surface decontamination. This technique operates by depositing energy on the
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metallic substrate under the oxide contamination layer, causing the surface layer to be expelled
through ablation. This leaves the metallic layer in a rougher state compared to UV-visible
lasers, but has the advantage that near-IR laser energy can be transmitted through optical
fibres for greater control, efficiency and precision. We have prepared non-radioactive
surrogates of the actual piping materials, and have studied the effects of laser energy delivery
with different patterns and energy concentrations.
In summary, we have been able to grow different iron oxides on carbon steel, ranging from a
uniform layer of magnetite to a dual layer of magnetite and ferric oxides with thicknesses up to
200µm. We identified laser pulse radiance as the key parameter affecting oxide remval
efficiency, nearly independent of oxide tupe and thickness, We have initiated corresponding
studies for mixed Co-Fe oxides on carbon steel and oxides on Alloy-800 (Fe-Ni-Cr). Work on
developing and oxide collection system is under way.
2

Immobilization of Ion-Exchange Resin Wastes Using Geopolymers

This CRD also explores an innovative technology for encapsulating radioactive ion exchange
resins (IXRs) to improve the safety and cost of their processing, transportation, storage and
disposal. The resins are typically insoluble organic polymers, in the form of small microbeads,
(0.25-0.5 mm) that flow like liquids.
A common material used for immobilization for L&ILW wastes is ordinary Portland
cement,(OPC), which is a hydraulic binding material. Hydraulic binding materials harden by
reacting with water but also form water-resistant products, and so can be considered for longterm encapsulation of wastes.
This project explores the suitability of geopolymers for encapsulating organic IXR wastes.
Geopolymers are produced by mixing solid aluminosilicate materials with strong alkaline
solutions, often also containing soluble silicate.
These materials may offer benefits compared to OPR. Their fabrication does not produce large
amounts of CO2, and the smaller pore sizes reduce water that can be trapped in the
geopolymer network, potentially reducing hydrogen evolution from water radiolysis, and
resulting leaching of the encapsulated material. Experimental studies were conducted to
determine the effects of starting IXR material, IXR loading in the matrix, g-radiation and curing
temperature, on the polymerization efficiency in loading, and in leaching rates for key long-lived
isotopes. Studies are being carried out both with no radiation loading, and with g-radiation.
In summary, the work has included fabrication of geopolymer-IXR composites with different IXR
loadings, and comparison with OPC-IXR composites. The geopolymer composites are showing
superior properties relative to the cement matrices. We are finding them to be smoother and
more compact, with smaller pore size, higher IX-resin encapsulation capacity, better
compressive strength, and significantly lower leaching rates. Results are showing that, if
anything, g-radiation may improve the geopolymerization (curing) process and the compressive
strength of the geopolymer-IXR composites. Studies on long-term effects of radiation have just
begun.
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HQP (2018-19)
Research Associate/Assistant: Dr. J. Joseph, Mr. G Whitaker
2 PhD students: R. Morco, T.V. Do
Peer-Reviewed Publications
1) R.P. Morco, J.M. Joseph, G. Whitaker, B. Noye, V. Bostan, D. Jarron, C. Wren, Immobilization of
Radioactive Wastes Using Geopolymers, Proc. WM2019 Conference, March 3-7 2019, Pheonix,
Arizona.
2) T.V. Do, J.M.Joseph, G. Whitaker, B. Noye, V. Bostan, D. Jarron, C. Wren, Methodology for
Volume Reduction of Radioactive Metallic Waste, Proc. WM2019 Conference, March 3-7 2019,
Phoenix, Arizona.
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Executive summary
Purpose of report and scope
Status of our audit
The purpose of this report is to engage in an open dialogue with you regarding our audit
of the financial statements of University Network of Excellence in Nuclear Engineering
(the "organization") for the year ended March 31, 2019. This communication will assist
the Board in understanding our overall audit strategy and results of audit procedures
and includes comments on misstatements, significant accounting policies, sensitive
estimates and other matters.
We have substantially completed our audit of the financial statements of the
organization and the results of that audit are included in this report.
The information in this document is intended solely for the information and use of the
Board of Directors and management. It is not intended to be distributed or used by
anyone other than these specified parties.
·Receipt of signed management representation letter (a draft has been attached in the
appendices)

We have obtained our engagement letter originally dated August 15, 2019, which
outlines our responsibilities and the responsibilities of management.

Approach
We were engaged to provide the following deliverables:
Our audit approach requires that we establish an overall strategy that focuses on risk
areas. We identify and assess risks of material misstatement of the financial
statements, whether due to fraud or error. The greater the risk of material misstatement
associated with an area of the financial statements, including disclosures, the greater
the audit emphasis placed on it in terms of audit verification and analysis. Where the
nature of a risk of material misstatement is such that it requires special audit
consideration, it is classified as a significant risk.
Deliverable
Report on the March 31, 2019 financial statements Communication of audit strategy and results
September 6, 2019 September 6, 2019

We will finalize our report upon resolution of the following items that were outstanding
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as at September 6, 2019:
iv.

Approval of the financial statements by the Board

v. Procedures regarding subsequent events
Our approach is discussed further in the Appendix A.
Report to the Board – Audit strategy and results University Network of Excellence in Nuclear Engineering | For the year ended
March 31, 2019 1

Audit risks and results
We have executed our audit in accordance with our approach summarized in
Appendices A and B. We highlight our significant findings in respect of identified
significant risks.

Significant risks
Area of focus
Why there is a risk
Our response and findings
Risk of management override
This is a presumed fraud risk.
Our response:
This risk primarily relates to the small entity accounting environment and the ability for management
to override internal controls.
·Test the appropriateness of journal entries recorded in the general ledger and other adjustments
made in the preparation of the financial statements.
·Discuss the risk of fraud with the engagement team including how fraud is most likely to occur and
maintain professional scepticism throughout.

Our findings: ·No matters of concern were noted.
Report to the Board – Audit strategy and results University Network of Excellence in Nuclear Engineering | For the year ended
March 31, 2019 2
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Adjustments and uncorrected
misstatements
Adjustments
Misstatements identified and adjusted in the financial statements by the organization as
a result of our audit procedures are as follows:
Increase (Decrease)

Change in

Financial

Position

Operations Effect

Description

Assets

Liabilities

Net assets

Excess of
revenues over
expenses

To adjust prepaid expenses to
actual

$ (241,215)

$ (241,215)

To accrue current year audit
fees

$12,212

($12,212 )

To record expenses paid after
year-end relating to the current
year-end

$36,294

$(36,294)

To adjust deferred grants to
actual

$(46,000)

$46,000

$2,506

$(243,721)

Total adjusted misstatements

$ (241,215)

Uncorrected misstatements
Our audit did not identify any unadjusted non-trivial misstatements.

Summary of disclosure matters
Our audit did not identify any unadjusted non-trivial misstatements of disclosure
matters.

Report to the Board – Audit strategy and results University Network of Excellence in Nuclear Engineering | For the year ended
March 31, 2019 3
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Other reportable matters
Internal control
The audit is designed to express an opinion on the financial statements. We obtain an
understanding of internal control over financial reporting to the extent necessary to plan
the audit and to determine the nature, timing and extent of our work. Accordingly, we do
not express an opinion on the effectiveness of internal control.
We have a rigorous process where we continually monitor and maintain our
independence. The process of maintaining our independence includes, but is not limited
to:
If we become aware of a deficiency in your internal control over financial reporting, the
auditing standards require us to communicate to the Board those deficiencies we
consider significant. However, a financial statement audit is not designed to provide
assurance on internal control.
·Identification of threats to our independence and putting into place safeguards to
mitigate those threats. For example, we evaluate the independence threat of any nonaudit services provided to the organization

Please refer to Appendix D for a detailed explanation of the following internal control
observations noted during our audit:
·Segregation of duties

Independence
·Confirming the independence of our engagement team members We have identified
no information regarding our independence that in our judgment should be brought to
your attention.
Report to the Board – Audit strategy and results University Network of Excellence in Nuclear Engineering | For the year ended
March 31, 2019 4
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Appendix A – Overview and approach
Our audit is planned with the objective of obtaining reasonable assurance about
whether the financial statements as a whole are free from material misstatement, so
that we are able to express an opinion on whether the financial statements are
prepared, in all material respects, in accordance with Canadian accounting standards
for not-for-profit organizations. The following outlines key concepts that are applicable
to the audit, including the responsibilities of parties involved, our general audit approach
and other considerations.

Roles and responsibilities
Role of the board of directors
·Help set the tone for the organization by emphasizing honesty, ethical behaviour and fraud
prevention ·Oversee management, including ensuring that management establishes and maintains
internal controls to provide reasonable assurance regarding

Role of management
·Prepare financial statements in accordance with Canadian accounting standards for not-for-profit
organizations ·Design, implement and maintain effective internal controls over financial reporting
processes, including controls to prevent and detect fraud ·Exercise sound judgment in selecting
and applying accounting policies ·Prevent, detect and correct errors, including those caused by
fraud ·Provide representations to external auditors ·Assess quantitative and qualitative impact of
misstatements discovered during the audit on fair presentation of the financial statements

Role of Grant Thornton LLP
·Provide an audit opinion that the financial statements are in accordance with Canadian accounting
standards for not-for-profit organizations ·Conduct our audit in accordance with Canadian Generally
Accepted Auditing Standards (GAAS) ·Maintain independence and objectivity ·Be a resource to
management and to those charged with governance

reliability of financial reporting ·Oversee the work of the external auditors including reviewing and
discussing the audit plan
·Communicate

matters of interest to those charged with governance

·Establish an effective two-way communication with those charged with governance, to report
matters of interest to them and obtain their comments on audit risk matters
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Audit approach
Our understanding of the organization and its operations drives our audit approach,
which is risk based and specifically tailored to University Network of Excellence in
Nuclear Engineering.

The five key phases of our audit approach
Phase
Our approach
1. Planning
·We

obtain our understanding of your operations, internal controls and information systems

·We

plan the audit timetable together

2. Assessing risk
·We

use our knowledge gained from the planning phase to assess financial reporting risks

·We

customize our audit approach to focus our efforts on key areas

3. Evaluating internal controls
·We

evaluate the design of controls you have implemented over financial reporting risks

·We identify areas where our audit could be more effective or efficient by taking an approach that
includes testing the controls
·We

provide you with information about the areas where you could potentially improve your controls

4. Testing accounts and transactions
·We

perform tests of balances and transactions

·We use technology and tools, including data interrogation tools, to perform this process in
a way that enhances effectiveness and efficiency

5. Concluding and reporting
·We

conclude on the sufficiency and appropriateness of our testing

·We

finalize our report and provide you with our observations and recommendations

Our tailored audit approach results in procedures designed to respond to an identified

UNENE ANNUAL REPORT 2018-2019

Page 105

risk. The greater the risk of material misstatement associated with the account, class of
transactions or balance, the greater the audit emphasis placed on it in terms of audit
verification and analysis.
Throughout the execution of our audit approach, we maintained our professional
skepticism, recognizing the possibility that a material misstatement due to fraud could
exist notwithstanding our past experiences with the entity and our beliefs about
management’s honesty and integrity.

Materiality
The purpose of our audit is to provide an opinion as to whether the financial statements
are prepared, in all material respects, in accordance with Canadian accounting
standards for not-for-profit organizations as at March 31, 2019. Therefore, materiality is
a critical auditing concept and as such we apply it in all stages of our engagement.
The concept of materiality recognizes that an auditor cannot verify every balance,
transaction or judgment made in the financial reporting process. During audit planning,
we made a preliminary assessment of materiality for the purpose of developing our
audit strategy, including the determination of the extent of our audit procedures. During
the completion stage, we consider not only the quantitative assessment of materiality,
but also qualitative factors, in assessing the impact on the financial statements, our
audit opinion and whether the matters should be brought to your attention.

Fraud risk factor considerations
We are responsible for planning and performing the audit to obtain reasonable
assurance as to whether the financial statements are free of material misstatement
caused by error or by fraud. Our responsibility includes:
·The identification and assessment of the risks of material misstatement of the
financial statements due to fraud through procedures including discussions amongst
the audit team and specific inquiries of management
· Obtaining sufficient appropriate audit evidence to respond to the fraud risks noted
· Responding appropriately to any fraud or suspected fraud identified during the

audit
Due to the inherent limitations of an audit, there is an unavoidable risk that some
material misstatements may not be detected and this is particularly true in relation to
fraud. The primary responsibility for the prevention and detection of fraud rests with
those charged with governance and management.
We are required to communicate with you on fraud-related matters, including:
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·Obtaining an understanding of how you exercise oversight of management's

processes for identifying and responding to the risks of fraud in the entity and the
internal control that management has established to mitigate these risks
·Inquiring as to whether you have knowledge of any actual, suspected or alleged fraud
affecting the entity

The following provides a summary of some of the fraud related procedures that are
performed during the audit:
· Testing the appropriateness of journal entries recorded in the general ledger
and other adjustments made in the preparation of the financial statements
· Reviewing accounting estimates for biases
· Evaluating the business rationale (or the lack thereof) for significant

transactions that are or appear to be outside the normal course of operations

Quality control
We have a robust quality control program that forms a core part of our client service.
We combine internationally developed audit methodology, data analytics technology
that allows us to examine large amounts of data, rigorous review procedures,
mandatory professional development requirements, and the use of specialists to deliver
high quality audit services to our clients. In addition to our internal processes, we are
subject to inspection and oversight by standard setting and regulatory bodies. We are
proud of our firm’s approach to quality control and would be pleased to discuss any
aspect with you at your convenience.
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Appendix B – Audit plan and risk
assessment
We have executed our audit in accordance with our plan outlined below. We continually
reassess the need for changes to our planned audit approach throughout the audit.

Risk assessment
Our risk assessment process identified certain significant risks, which are included
under “Audit risks and results” in our report. In addition, we identified certain other areas
where we focused our attention as follows:
Risk area
Accruals and expenses
Why it is a risk area
Accruals and expenses, specifically towards year-end, could be understated or not recorded in
correct period
Audit procedures and findings
·We prepared an analysis that compared expenses recognized to those recognized in the prior year
and investigated any significant or unusual differences.
·We subjected all expense details to testing by way of sampling. For all items sampled, we obtained
supporting documentation (invoice, cheque) and ensured the amount was appropriately recognized.
·We obtained a listing of disbursements subsequent to year-end and selected a sample of
disbursements for testing. For each item tested, we obtained the invoice and cheque and ensured
that the amount was recorded in the correct period.
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Appendix C – Draft management
representation letter
September 6, 2019
Grant Thornton LLP Suite 501 201 City Centre Drive Mississauga, ON
L5B 2T4 Dear Mr. Shannon:
We are providing this letter in connection with your audit of the financial
statements of the University Network of Excellence in Nuclear Engineering (the
“Organization”) as of March 31, 2019, and for the year then ended, for the
purpose of expressing an opinion as to whether the financial statements present
fairly, in all material respects, the financial position, results of operations, and cash
flows of the University Network of Excellence in Nuclear Engineering in
accordance with Canadian accounting standards for not-for-profit organizations
(ASNPO) principles.
We acknowledge that we have fulfilled our responsibilities for the preparation of
the financial statements in accordance with ASNPO and for the design and
implementation of internal controls to prevent and detect fraud and error. We
have assessed the risk that the financial statements may be materially misstated as a
result of fraud, and have determined such risk to be low. Further, we acknowledge
that your examination was planned and conducted in accordance with Canadian
generally accepted auditing standards (GAAS) so as to enable you to express an
opinion on the financial statements. We understand that while your work includes
an examination of the accounting system, internal controls and related data to the
extent you considered necessary in the circumstances, it is not designed to identify,
nor can it necessarily be expected to disclose, fraud, shortages, errors and other
irregularities, should any exist.
Certain representations in this letter are described as being limited to matters that
are material. An item is considered material, regardless of its monetary value, if it is
probable that its omission from or misstatement in the financial statements would
influence the decision of a reasonable person relying on the financial statements.
We confirm, to the best of our knowledge and belief, as of September 6, 2019, the
following representations made to you during your audit.
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Financial statements

1 The financial statements referred to above present fairly, in all material respects,
the financial position of the Organization as at March 31, 2019 and the results of
its operations and its cash flows for the year then ended in accordance with
ASNPO, as agreed to in the terms of the audit engagement.
Completeness of information
1. 2

We have made available to you all financial records and related data and all
minutes of the meetings of directors, and committees of directors, as agreed
in the terms of the audit engagement. Summaries of actions of recent
meetings for which minutes have not yet been prepared have been provided
to you. All significant board and committee actions are included in the
summaries.

2. 3

We have provided you with unrestricted access to persons within the
Organization from whom you determined it necessary to obtain audit
evidence.

3. 4

There are no material transactions that have not been properly recorded in the
accounting records underlying the financial statements. The adjusting journal
entries which have been proposed by you are approved by us and will be
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recorded on the books of the Organization.
4. 5

There were no restatements made to correct a material misstatement in the
prior period financial statements that affect the comparative information.

5. 6

We are unaware of any known or probable instances of non-compliance with
the requirements of regulatory or governmental authorities, including their
financial reporting requirements.

6. 7

We are unaware of any violations or possible violations of laws or regulations
the effects of which should be considered for disclosure in the financial
statements or as the basis of recording a contingent loss.

7. 8

We have disclosed to you all known deficiencies in the design or operation of
internal control over financial reporting of which we are aware.

8. 9

We have identified to you all known related parties and related party
transactions, including sales, purchases, loans, transfers of assets, liabilities
and services, leasing arrangements guarantees, non- monetary transactions
and transactions for no consideration.

9. 10

10.

Youprovidedanonauditservicebyassistinguswithdraftingthefinancialstatementsandrelatednotes.
In connection with this non-audit service, we confirm that we have made all
management decisions and performed all management functions, have the
knowledge to evaluate the accuracy and completeness of the financial
statements, and accept responsibility for such financial statements.
11 You provided a non-audit service by assisting us with preparing the
income tax accruals and related financial statement disclosures. In
connection with this non-audit service, we confirm that we made all
management decisions and performed all management functions, have the
knowledge to evaluate the accuracy and completeness of the income tax
accruals and related disclosures, and accept responsibility for such accruals
and disclosures.
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Fraud and error
.

12 WehavenoknowledgeoffraudorsuspectedfraudaffectingtheOrganizationinvolv
ingmanagement; employees who have significant roles in internal control; or
others, where the fraud could have a non- trivial effect on the financial
statements.

.

13 WehavenoknowledgeofanyallegationsoffraudorsuspectedfraudaffectingtheOr
ganization’s financial statements communicated by employees, former
employees, analysts, regulators or others.

.

14 Weacknowledgeourresponsibilityforthedesign,implementationandmaintenanc
eofinternalcontrolto prevent and detect fraud.

Recognition, measurement and disclosure
.

15 Webelievethatthesignificantassumptionsusedbyusinmakingaccountingestimat
es,includingthose used in arriving at the fair values of financial instruments
as measured and disclosed in the financial statements, are reasonable and
appropriate in the circumstances.

.

16 Wehavenoplansorintentionsthatmaymateriallyaffectthecarryingvalueorclassific
ationofassetsand liabilities, both financial and non-financial, reflected in the
financial statements.
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.

17 Allrelatedpartytransactionshavebeenappropriatelymeasuredanddisclosedinthef
inancialstatements.

.

18 Thenatureofallmaterialmeasurementuncertaintieshasbeenappropriatelydisclos
edinthefinancial statements, including all estimates where it is reasonably
possible that the estimate will change in the near term and the effect of the
change could be material to the financial statements.

.

19 Anybusinesscombinationthatoccurredduringtheyearhasbeenproperlyaccounte
dforwith appropriate consideration of amounts that should be allocated to
goodwill and other intangible assets.

.

20 AnygoodwillorintangiblesonthebooksoftheOrganizationareevaluatedwheneve
reventsorchanges in circumstances indicated the carrying amount may not
be recoverable to determine whether or not they have been impaired, and an
appropriate loss provision is provided in the accounts where there has been
a permanent impairment.

.

21 All outstanding and possible claims, whether or not they have been discussed
with legal counsel, have been disclosed to you and are appropriately
reflected in the financial statements.

.

22 All liabilities and contingencies, including those associated with guarantees,
whether written or oral, have been disclosed to you and are appropriately
reflected in the financial statements.

.

23 All“offbalancesheet”financialinstrumentshavebeenproperlyrecordedordisclosedinth
efinancial statements.

.

24 With respect to environmental matters:

a) at year end, there were no liabilities or contingencies that have not already been
disclosed to you;
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b) liabilities or contingencies have been recognized, measured and disclosed, as
appropriate, in the financial statements; and
c)
commitmentshavebeenmeasuredanddisclosed,asappropriate,inthefinancialstatemen
ts.
.

25 TheOrganizationhassatisfactorytitleto(orleaseinterestin)allassets,andtherearen
oliensor encumbrances on the Organization’s assets nor has any been
pledged as collateral.

.

26 Wehavedisclosedtoyou,andtheOrganizationhascompliedwith,allaspectsofcont
ractualagreements that could have a material effect on the financial
statements in the event of non-compliance, including all covenants,
conditions or other requirements of all outstanding debt.

.

27 The Goods and Services Tax (GST) and Harmonized Sales Tax (HST)
transactions recorded by the Organization are in accordance with the federal
and provincial regulations. The GST and HST liability/receivable amounts
recorded by the Organization are considered complete.

.

28 Therehavebeennoeventssubsequenttothestatementoffinancialpositiondateupt
othedatehereof that would require recognition or disclosure in the financial
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statements. Further, there have been no events subsequent to the date of the
comparative financial statements that would require adjustment of those
financial statements and related notes.
Other

29
Wehaveconsideredwhetherornoteventshaveoccurredorconditionsexistwhichmaycas
tsignificant doubt on the Organization’s ability to continue as a going concern and
have concluded that no such events or conditions are evident.
Yours very truly,
Benjamin Rouben (Secretary/Treasurer)
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Appendix D – Internal control letter
September 6, 2019
University Network of Excellence in Nuclear Engineering 897 King Street
West Hamilton, ON L8S 1K5
Attention: Management and the Board
In connection with our audit of the financial statements of the University Network
of Excellence in Nuclear Engineering (the “Organization”) as of March 31, 2019
and for the year then ended, Canadian Auditing Standards require that we advise
management and the Board of Directors (hereinafter referred to as “those charged
with governance”) of the following internal control matters identified during our
audit:
Our responsibility

Our responsibility, as prescribed by the Canadian Auditing Standards, is to plan
and perform our audit to obtain reasonable assurance about whether the financial
statements are free of material misstatement, whether caused by error or fraud. An
audit includes consideration of internal control over financial reporting (hereinafter
referred to as “internal control”) as a basis for designing audit procedures that are
appropriate in the circumstances for the purpose of expressing our opinion on the
financial statements, but not for the purpose of identifying deficiencies in internal
control or expressing an opinion on the effectiveness of the Organization’s
internal control. Accordingly, we express no such opinion on internal control
effectiveness.
Identified deficiencies in internal control

A deficiency in internal control (“control deficiency”) exists when the design or
operation of a control does not allow management or employees, in the normal
course of performing their assigned functions, to prevent or detect misstatements
on a timely basis.
Significant deficiencies

A significant deficiency is a deficiency, or a combination of deficiencies, in internal
control over financial reporting that is less severe than a material weakness, yet
important enough to merit attention by those responsible for oversight of the
Organization’s financial reporting (also referred to as those charged with
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governance). Our consideration of internal control would not necessarily identify
all deficiencies in internal control that, individually or in combination, may be
significant deficiencies.
We consider the following identified control deficiencies to be significant
deficiencies.
Segregation of Duties
Segregation of duties is a key control designed to prevent employees from both
being able to commit and conceal errors or irregularities in the normal course of
their duties. The ideal segregation of duties occurs when different employees
initiate, authorize, record, verify, and report transactions, and have custody of
assets. Adequate segregation of duties is required in order to ensure that the
Organization’s assets are properly safeguarded.
Supervision acts as a compensating control in some cases where, because of the
size of the organization, complete segregation of duties is not possible. However,
supervision will only detect an error; it will not prevent it from occurring. The
Organization relies on management and contracted accountants. We realize that it
is often difficult to have an appropriate segregation of duties in these
circumstances.
We continue to recommend that management review ways to properly segregate
the custody of assets from the posting in the accounting records and reconciliation
process.
***
This communication is intended solely for the information and use of
management, those charged with governance, and others within the Organization
and is not intended to be and should not be used by anyone other than these
specified parties.
Yours sincerely,
Grant Thornton LLP
Scott Shannon, CPA, CA, CMA, CBV Partner
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Appendix E – Auditing developments
Canadian Auditing Standards (CASs) and other Canadian Standards issued by the AASB
Effective date
Amendments to CAS 250, Consideration of Laws and Regulations in an Audit of Financial
Statements The amendments to this standard have not changed the work effort of the auditor and
serve to clarify existing guidance.
CAS 250 (revised) applies to audits of financial statements for periods ending on or after December
15, 2018.
The key changes are intended to:
·help

the auditor decide whether to report identified or suspected non-compliance to authorities
outside the entity

·clarify the auditor’s duty of confidentiality and any additional responsibilities the auditor may have
according to laws, regulations and relevant ethical requirements
·enhance consideration of the implications of non-compliance with laws and regulations for the
audit
·emphasize the fact that, in certain cases, communication with management or those charged with
governance may be restricted or prohibited by law or regulation

Canadian Auditing Standards (CASs) and other Canadian Standards issued by the AASB
Effective date
Amendments to CAS 700 and other standards pertaining to Reporting on Audited Financial
Statements and adoption of 701, Communicating Key Audit Matters in the Independent
Auditor’s Report
The key changes to the existing Canadian standards as a result of adopting CAS 700 (revised) and
CAS 701 are as follows:
The new reporting standards apply for periods ending on or after December 15, 2018, with earlier
application permitted.
·Expanded

disclosures regarding management’s responsibilities related to going concern,
specifically: the responsibility to assess the entity’s ability to continue as a going concern and
whether the use of the going concern basis of accounting is appropriate as well as disclosing, if
applicable, matters relating to going concern
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The communication of key audit matters in the auditor’s report is required for audits of entities listed
on the TSX, other than entities required to comply with National Instrument 81-106, Investment Fund
Continuous Disclosure, for periods ending on or after December 15, 2020.
·Expanded disclosures regarding the auditor’s responsibilities related to going concern, specifically:
the requirement to conclude on the appropriateness of management’s use of the going concern
basis of accounting and, if based on the audit evidence obtained, whether the auditor concludes a
material uncertainty exists related to events or conditions that may cast significant doubt on the
entity’s ability to continue as a going concern. If the auditor concludes that a material uncertainty
exists, the auditor is required to draw attention in their report to the related disclosures
·Disclosure

of the engagement partner’s name in auditor’s reports for audits of listed entities

·Changes to the descriptions of the responsibilities of management, the auditor and those charged
with governance, including a reference to who within the entity is responsible for overseeing the
reporting process (when those charged with governance are distinct from management) (ISA 700)
·Adoption of a new standard (CAS 701) that deals with the requirements when the auditor will be
communicating the matters judged to be most significant to the audit in the audit report, either
because the auditor has chosen to do so or because law or regulation requires key audit matters to
be described in the auditor’s report

It is believed that these changes will enhance the communicative value of the auditor’s report and
also improve the overall quality of the audit and financial reporting.
In its September 2018 meeting, the AASB decided to further amend the auditor reporting standards
such that auditors will be required to communicate key audit matters in the auditor's report for audits
of complete sets of general purpose financial statements of entities listed on the Toronto Stock
Exchange (TSX), other than entities that are required to comply with National Instrument 81-106
Investment Fund Continuous Disclosure. Such requirements are effective for periods ending on or
after December 15, 2020.
Amendments to CAS 720, The Auditor’s Responsibilities Relating to Other Information The
main changes are as follows:
· broadening

and clarifying the scope of other information by linking it to the concept of an
“annual report”
· enhancing
· providing

the auditor’s work effort with respect to other information

transparency by requiring reporting on the auditor’s work relating to other

information
CAS 720 applies for periods ending on or after December 15, 2018, with earlier application
permitted.
The concept in extant CAS 720 that other information is not audited (i.e. that auditors do not provide
assurance on the other information) has been retained.
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Canadian Auditing Standards (CASs) and other Canadian Standards issued by the AASB
Effective date
Amendments to CAS’s related to the subject of Addressing Disclosures in the Audit of
Financial Statements
The AASB has approved certain changes to the standards that clarify how auditors should address
the audit of financial statement disclosures. The changes include:
These revised standards apply for periods ending on or after December 15, 2018, with earlier
application permitted.
· Clarifying

the meaning of “Disclosure”(CAS 200)

· Providing guidance to auditors to address audit considerations relating to disclosures early
in the Audit (CAS 210, 260,

300)
·Disclosure considerations in identifying, assessing and responding to risks of material
misstatement (CAS 240, 315, 320 and 330)

Clarifying and elaborating on expectations of the auditor when evaluating misstatements and
forming an opinion (CAS 450 and 700).
Revisions to CAS 540 Auditing Accounting Estimates, including Fair Value Accounting
Estimates, and Related Disclosures
In June 2018, the IAASB approved a revised version of ISA 540 Auditing Accounting Estimates and
Related Disclosures. In revising the standard, the IAASB focused on improving the scalability of the
ISA to very simple accounting estimates, as well as the most complex accounting estimates. The
standard was also revised to clarify the relationship between ISA 540 (revised) and the other ISAs
and the requirements when using the work of management's expert as audit evidence in testing how
management made the accounting estimate. The AASB concluded that the changes to the ISA
would be adopted as CASs, with no special amendments being necessary with respect to the
Canadian auditing environment.
The revised standard is effective for audits of financial statements with periods ending on or after
December 15, 2019.
Canadian Exposure Drafts issued by the AASB
Effective date
Proposed changes to CAS 315 Identifying and Assessing Risks of Material Misstatement
In July 2018, the IAASB issued an Exposure Draft proposing changes to ISA 315 that could drive
more consistent and effective identification and assessment of the risks of material misstatement by
auditors. The AASB has published an Exposure Draft of the equivalent Canadian standard, which
includes the same proposed revisions as the ISA with no Canada-specific amendments. Key
amendments include the following:
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·Focusing

on the applicable financial reporting framework in identifying and assessing risks of
material misstatement

·Updating the understanding of the system of internal control, including clarifying the work effort for
understanding each of the components of internal control and "controls relevant to the audit", as well
as the relationship between this understanding and the assessment of control risk
·Updating aspects relating to IT, in particular to the IT environment, the applications relevant to the
audit and general IT controls relevant to the audit
·Introducing the new concepts of inherent risk factors, relevant assertions, significant classes of
transactions, account balances and disclosures, and the spectrum of inherent risk

Separating the inherent risk and control risk assessments for assertion level risks, enhancing the
requirements relating to financial statement level risks, and updating the definition of "significant
risks"
Proposed changes to CAS 700 Forming an Opinion and Reporting on Financial Statements
The AASB proposes that these changes be effective for audits of financial statement periods ending
on or after December 15, 2021.
As noted above, Key Audit Matters are required to be communicated for audits of complete sets of
general purpose financial statements of entities listed on the Toronto Stock Exchange (TSX) (other
than entities that are required to comply with National Instrument 81-106 Investment Fund
Continuous Disclosure) for periods ending on or after December 15, 2020. The AASB proposes
expanding the requirements for auditors to communicate Key Audit Matters for audits of complete
sets of general purpose financial statements so that they apply to:
· All

entities listed on the TSX, TSXV, NEO and CSE

· All entities required to comply with National Instrument 81-106 Investment Fund
Continuous Disclosure

Canadian Auditing Standards (CASs) and other Canadian Standards issued by the AASB
Effective date
The AASB believes that expanding the applicability of Key Audit Matter reporting would serve the
public interest by improving the alignment of the Canadian standards with those used in other
jurisdictions, improving the consistency of reporting across the entities listed above, and enhancing
the communicative value of the report, benefitting the financial statement users. The AASB is
currently gathering feedback on its Exposure Draft based on comments received from stakeholders.
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Appendix F – Accounting developments
Accounting – Standards issued by CPA Canada [updated March 31, 2019]
Effective date
Preface to the CPA Canada Handbook – Accounting
The CPA Canada Handbook (the CPA Handbook) is structured to accommodate the different
standards that apply to the different categories of organizations.
· Preface

to the CPA Canada Handbook – Accounting

· Part

I – International Financial Reporting Standards (IFRS)

· Part

II – Accounting Standards for Private Enterprises (ASPE)

· Part

III – Accounting Standards for Not-for-Profit Organizations (ASNPO)

· Part

IV – Accounting Standards for Pension Plans

Not-for-profit organizations (NPOs) who report under Part III of the CPA Handbook are also required
to follow the standards in Part II of the CPA Handbook for those areas that are not addressed in Part
III of the CPA Handbook.

Accounting – Standards issued by CPA Canada [updated March 31, 2019]
Effective date
Amendments to Section 3856 Financial Instruments The Section has been amended to provide
new guidance on the accounting for financial instruments in a related party
Fiscal years beginning on or after January 1, 2020. Early adoption is permitted.
transaction and to update the disclosure requirements about risks. The amendments:
·require the initial measurement of financial instruments in a related party transaction at cost,
except for: (1) equity or debt instruments quoted in an active market, (2) debt instruments when the
inputs significant to the determination of the fair value of the instrument are observable, or (3)
derivative contracts, all which are initially measured at fair value
·determine initial cost based on whether or not an instrument has repayment terms as follows: when the instrument has repayment terms, at the undiscounted cash flows, excluding interest and
dividend

payments less impairment losses previously recognized by the transferor -when the instrument has
no repayment terms, using the consideration transferred or received by the enterprise
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·align the subsequent measurement requirements of a financial instrument with the instrument's
initial measurement, such that, for financial instruments in a related party transaction:

-investments in equity instruments quoted in an active market and derivative contracts, which must
be initially measured at fair value, are subsequently measured at fair value
-debt instruments quoted in an active market or for which the inputs significant to the determination
of the fair value of the instrument are observable such that they must be initially measured at fair
value, are subsequently measured at amortized cost
-all other financial instruments in a related party transaction are subsequently measured at cost
less any impairment
·provide guidance on how to measure an impairment of a debt and equity instrument that was
measured at cost in a related party transaction
·require NPOs to recognize the forgiveness of a related party financial asset in the statement of
operations require enterprises to prepare their financial instrument disclosures using enterprisespecific information.

Amendments to Section 4460 Disclosure of Related Party Transactions by Not-for-Profit
Organizations The Section has been amended to clarify that an NPO shall apply Section 3856
Financial Instruments, in ASPE in the
Fiscal years beginning on or after January 1, 2020. Early adoption is permitted.
accounting for and disclosure of financial instruments in a related party transaction.
Section 4433 Tangible Capital Assets Held by Not-for-Profit Organizations
This new Section, which replaces Section 4431 Tangible Capital Assets Held by Not-for-Profit
Organizations, requires the application of Part II of the CPA Handbook - ASPE Section 3061
Property, Plant and Equipment and ASPE Section 3110 Asset Retirement Obligations for tangible
capital assets held by NPOs, and provides guidance on contributed assets and write-downs of
tangible capital assets.
Fiscal years beginning on or after January 1, 2019. Early adoption is permitted.
The main changes from Section 4431 are as follows:
·tangible capital assets are written down to fair value or replacement cost to reflect partial
impairments when conditions indicate that the assets no longer contribute to an organization's ability
to provide goods and services, or that the value of future economic benefits or service potential
associated with the tangible capital assets are less than their net carrying amounts
·the standard provides examples of conditions that may indicate impairment of tangible capital
assets
·the

disclosure requirements in ASPE Section 3063 Impairment of Long Lived Assets are required
for impairments of tangible capital assets held by NPOs
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Accounting – Standards issued by CPA Canada [updated March 31, 2019]
Effective date
Section 4434 Intangible Assets Held by Not-for-Profit Organizations
This new Section, which replaces Section 4432 Intangible Assets Held by Not-for-Profit
Organizations, requires the application of Part II of the CPA Handbook - ASPE Section 3064
Goodwill and Intangible Assets for intangible assets held by NPOs, and provides guidance on
contributed assets and write-downs of intangible assets.
Fiscal years beginning on or after January 1, 2019. Early adoption is permitted.
The main changes from Section 4432 are as follows:
·intangible assets are written down to fair value or replacement cost to reflect partial impairments
when conditions indicate that the assets no longer contribute to an organization's ability to provide
goods and services, or that the value of future economic benefits or service potential associated with
the intangible assets are less than their net carrying amounts
· the

standard provides examples of conditions that may indicate impairment of intangible
assets
· the

disclosure requirements in ASPE Section 3063 Impairment of Long Lived Assets are
required for impairments of
intangible capital assets
Section 4441 Collections Held by Not-for-Profit Organizations
This new Section, which replaces Section 4440 Collections Held by Not-for-Profit Organizations,
requires all collections to be recorded on the statement of financial position and measured at either
cost or nominal value. An NPO is required to measure all collections using the same method, unless
they choose cost and the cost cannot be reasonably determined. In that case, a nominal amount
may be used for that item or items.
Fiscal years beginning on or after January 1, 2019. Early adoption is permitted.
Section 4441 also includes the following additional guidance:
·how

to determine the cost of collections, including contributed items of a collection

·collections are written down to their fair value or replacement cost to reflect partial impairment of
the collections whenever events or changes in circumstances indicate that its net carrying value may
exceed fair value
· the

standard provides examples of conditions that may indicate impairment of a collection

· how

to account for the disposal of items in a collection, including the disposal of items
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contributed to a collection that
are subject to external restrictions
·disclosures regarding the disposal of collection items, the use of the proceeds from disposed items
and the partial write-downs of collections
·a consequential amendment made to Section 1501 First-time Adoption permitting a first-time
adopter to apply the transitional provisions in Section 4441 on the initial adoption of ASNPO

Amendments to Section 3051 Investments Section 3051 Investments has been amended to:
Fiscal years beginning on or after January 1, 2018. Early adoption is permitted.
·add

guidance on how to apply the cost method

·add two indicators of impairment relating to the acquisition of an additional interest, sale of a
portion of an interest, or dilution of an investor's interest in an investe

Accounting – Standards issued by CPA Canada [updated March 31, 2019]
Effective date
2017 Improvements to ASPE
The Accounting Standards Board (AcSB) makes annual changes to standards through an annual
improvements process which include changes consisting of relatively limited amendments to clarify
guidance or wording within the standards, or to correct for relatively minor unintended
consequences, conflicts or oversights.
Fiscal years beginning on or after January 1, 2018. Early adoption is permitted.
The following standards were amended in the 2017 process:
Accounting Policies

·Section

1505 Disclosure of

The amendment to Section 1505 requires the disclosure of accounting policies "in one of the first
notes," rather than as the first note, to the financial statements.
·Section

1506 Accounting Changes

The amendment to Section 1506 removes the requirement to disclose the amount of an adjustment
related to an accounting policy change for the current period and instead requires disclosure “for
each of the prior period(s) presented”.
·Section 1521 Balance Sheet The amendment to Section 1521 clarifies the line items required to be
separately presented in the balance sheet and

the line items that may either be presented separately in the balance sheet or in the notes to the
financial statements. ·Section 1651 Foreign Currency Translation
Prior to the improvement, Section 1651 forbids the reversal of previously recorded write-downs of
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inventory in the translated financial statements of an integrated foreign operation. This contradicts
Section 3031, which requires that previous write-downs to inventory be reversed under certain
circumstances. The amendments allow previously recorded write-downs of inventory to be reversed
under certain circumstances in translated financial statements, consistent with Section 3031.
·Section 3065 Leases The amendment to Section 3065 clarifies that only the amount of the
allowance for impairment requires disclosure and

not the carrying amount of impaired operating lease receivables.

Proposed modifications to the accounting
standards for not-for-profit
organizations in the private sector
In 2015, the AcSB formed the Not-for-Profit Advisory Committee (hereinafter “the
NFPAC”). The NFPAC is acting in an advisory capacity to the AcSB and assisting them
in maintaining and improving accounting standards for NPOs in the private sector. The
NFPAC consists of a Chair, who is a member of the AcSB, and 16 other members with
a range of backgrounds and experience including preparers, users and auditors of NPO
financial statements.
Below is a summary of each project approved by the AcSB and the activities completed
on the project to date:
Contributions – Revenue Recognition and Related Matters
·During this project, the AcSB is conducting further research on the recognition of
revenue from contributions and will address the implications of deliberations relating to
the size exemption for capital assets and financial statement presentation
·The NFPAC has discussed: -the reasons for the current two methods of accounting
for contributions (deferral method and restricted fund method) -how the two methods
serve the conceptual principles in Section 1001 Financial Statement Concepts and the
effect on donors
-common issues and areas of accounting for contributions that need improvement
-the pros and cons of the two methods ·The AcSB has performed research
consisting of the following:
-an analysis of NPOs’ financial statements to understand the types of contributions
organizations receive and the types of organizations that use the deferral method
versus the restricted fund method
-consultations with NPOs to understand the terms and conditions of the various types
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of contributions received and why they use the deferral method versus the restricted
fund method to account for those contributions
-consultations with the users of NPO financial statements, including foundations,
government funders, a lender and not-for-profit directors, to understand what
information they need to make decisions
·As a next step, the AcSB has directed its staff to begin developing a consultation
paper on the following topics: -restricted contributions
-endowment contributions -pledges
-bequests -contributed materials and services -the $500,000 capital assets size
exemption and -presentation
Combinations
·The AcSB was informed by NPO stakeholders that combinations between NPOs are
becoming more common in the current economic climate. Currently the handbook
provides no accounting guidance in this area. In June 2018, the AcSB approved a
project to provide guidance on the initial measurement of a combination involving an
NPO and the relevant disclosures. The project will explore the accounting for
combinations completed by:
-NFPOs applying Part III of the CPA Canada Handbook – Accounting
-to the extent transactions with similar characteristics exist, for-profit enterprises
applying Part II of the Handbook ·The AcSB will consult with stakeholders and
tentatively plans to issue an exposure draft in the second half of 2019, pending
finalization of the
project’s scope ·The NFPAC has discussed proposals for determining if a combination
of two or more NPOs or an NPO with a for-profit enterprise may be
accounted for as a merger, and issues that may arise when accounting for a
combination as an acquisition
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